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The synthesis of valuable chemicals from lignocellulosic biomass is a promising approach to develop 

the chemical industry in a more sustainable and environmentally friendly way. Following this 

statement, during this thesis, fibre sludge, a cellulosic residue from the pulp and paper industry, was 

utilized as feedstock for the production of lactic acid. Lactic acid is an important platform chemical, 

with possible applications in different industries and in the production of biodegradable plastics, green 

solvents and many other valuable compounds. 

 

During the practical work of this thesis, two mechanocatalytical pre-treatments in a ball-mill have been 

performed to depolymerise the cellulosic fibre sludge and make the carbohydrates accessible for further 

conversion. Besides the, already by other researchers studied, acid-catalysed ball-milling, different 

bases with respective concentrations are tested as milling catalysts. The aim was the comparison of 

these two pre-treatment methods. The conversion to lactic acid was performed with 0.5 g specimen of 

this processed fibre sludge, in 3 mL water at 180 °C for 2 h. During the conversion three different types 

and concentrations of a base catalyst were tested and additionally also a Lewis acid metal salt catalyst.  

The alkali conversion conditions originated from the basic milling catalysts directly and the acidic pre-

treated samples were neutralized and adjusted respectively.  The sample analysis was performed with 

High-Performance Liquid Chromatograph comprising an Ultraviolet-Visible Spectrometer as detector.  

 

The thereby gained results allow only an estimated discussion and conclusion. The acid-catalysed ball-

milling resulted in water-soluble sugars that could be readily converted to lactic acid, nevertheless with 

low yields (maximum yield = 2.28 %) under the applied conditions. The conversion of the base-

catalysed ball-milled fibre sludge did not show improved lactic acid yields when compared to the results 

generated from fibre sludge that has been milled without catalyst. Apart from the conclusion that the 

acidic mechanocatalytic pre-treatment depolymerised the cellulose better than the basic one, no further 

conclusions could be made, due to the non-ideal analysis method. Therefore, the main goal for future 

research would be the development of a suitable analysis method. Then, the practical approach of this 

thesis could be researched more reliable and be systematically developed. 
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CONCEPT DEFINITIONS AND ABBREVIATIONS 

 

 

Abbreviations 

 

BS  Base solution  

DHA   Dihydroxyacetone  

FS  Fibre sludge 

GC   Gas chromatography 

GLY  Glyceraldehyde 

HMF  5-hydroxymethyl-2-furaldehyde 

HPLC   High-performance liquid chromatography 

LC   Liquid chromatography  

NMR   Nuclear magnetic resonance spectroscopy  

PET  Poly(ethylene terephthalate)  

PLA  Poly(lactic acid)  

PP  Polypropylene 

PS  Polystyrene  

PTFE  Polytetrafluoroethylene 

RID   Refractive Index Detector 

UV-Vis  Ultraviolet-Visible Spectrometry  

 

 

Sum formulas of chemical compounds 

 

AlCl3  Aluminium chloride  

AlO4
5-  Aluminium oxide 

BF3  Boron trifluoride 

Ba(OH)2  Barium hydroxide  

BaSO4  Barium sulphate 

CaCO3  Calcium carbonate, trivial “chalk” 

CO2  Carbon dioxide 

Ca(OH)2  Calcium hydroxide  

CaSO4·2H2O  Calcium sulphate dehydrate, trivial “gypsum” 



 

 

Er(OTf)3  Erbium triflate  

H2SO4  Sulphuric acid  

H3O
+  Hydronium ion 

HCl  Hydrochloric acid 

Ln(OTf)3  Lanthanide triflates (general compound group) 

NaOH   Sodium hydroxide 

NH4OH  Ammonium hydroxide 

NiCl2  Nickel chloride 

OH-  Hydroxide ion 

SiO4
4-  Silicon oxide 

SnCl4  Tin(IV) chloride  

Sr(OH)2  Strontium hydroxide 

ZnCl2  Zinc chloride 

ZnSO4  Zinc sulphate 

 

 

Equation symbols and units  

 

c  Concentration  mol/L 

dp  Particle size   μm 

h  Height, peak height  cm, here: mV  

H  Plate height   cm, mm, μm 

KW  Ion product   mol2/L2 

L  Column length  unit of length or time 

μ  Mean   same unit as data 

m  Mass   g 

M  Molar mass   g/mol 

n  Amount of substance  mol 

N  Number of theoretical plates (no unit) 

p  Pressure   Pa 

R2  Coefficient of determination (no unit) 

T  Temperature   K, °C 

σ  Standard deviation  same unit as data 

tr  Retention time  min 



 

 

u  Flow rate   mL/min 

V  Volume   m3, L, mL 

w1/2  Width at peak half-height  unit of length or time 

Y  Yield    % 

 

 

Coefficients and constants 

 

A Coefficient for broadening due to multiple paths   m 

B Coefficient of longitudinal diffusion   m2/s 

C Coefficient for broadening due to finite rate of mass transfer s 

R Gas constant     8.314 J/(mol K) 

 

 

Concept definitions 

 

Chemocatalysis Usage of chemical compounds to catalyse conversion reactions; The catalyst 

lowers thereby the activation energy, increases the reaction rate and can 

improve the product selectivity, without getting consumed itself. The 

equilibrium of the reaction remains the same, as both the reaction and its reverse 

reaction are enhanced. Chemocatalysis is to be circumscribed from biocatalysis, 

where enzymes or other biological molecules act as catalysts. (Burrows, 

Holman, Parsons, Pilling & Price 2013, 717; Dev, Srivastava & Karmakar 2018, 

217.) 

 

Eluent strength: Describes during liquid chromatography the capability of the mobile phase to 

adsorb on the surface of the stationary phase. Per definition this adsorption 

energy is measured for pure silica as stationary phase. According to this 

definition, pentane is designated an eluent strength of 0 and the value is positive 

for more polar mobile phases. The process of replacing the adsorbed sample 

compounds on the stationary phase with molecules of the mobile phase, during 

the chromatographic analysis, is called elution. (Harris & Lucy 2015, 675-676.) 



 

 

Gradient elution: Refers to liquid chromatography; During this operation mode the liquid mobile 

phase undergoes a composition change during the analytical performance. 

Conventionally the eluent strength of the mobile phase is increased so that 

compounds of the analysed sample, which interact stronger with the stationary 

phase, are eluted too. (Harris & Lucy 2015, 676.) 

 

Hydrolysis:  This term refers to chemical reactions where, with the aid of water, chemical 

bonds in organic compounds get broken and new molecules emerge. This bond 

cleaving can be catalysed by the addition of acids or bases, the choice depends 

on which molecule undergoes the breakage. (Katyal & Morrison 2007, 520.) 

 

Hydrothermal 

reaction conditions: 

Hydrothermal reaction conditions comprise water (or sometimes other solvents) 

at high temperatures and pressures. Products can be readily synthesised, as 

intermediate compounds and feedstocks are dissolving more easily under these 

conditions. (Fang, Sculley, Zhou & Zhu 2011.) 

 

Isocratic elution: Describes the operation mode, when during liquid chromatography the 

composition of the mobile phase is not changing. This can refer either to one 

single solvent or a fixed mixing ration of several solvents. (Harris & Lucy 2015, 

678.) 

 

Mechanocatalysis: Describes processes that combine mechanical forces with chemical catalysts; A 

prominent, frequently studied and utilized example is thereby the 

depolymerisation of cellulose in a ball-mill with an acid catalyst. (Schüth, 

Rinaldi, Meine, Käldström, Hilgert & Kaufman Rechulski 2014.) 

 

Normal-phase 

chromatography: 

It refers to an operation mode of a liquid chromatograph. Thereby the stationary 

phase is more polar than the mobile phase. (Harris & Lucy 2015, 675.) 

 

Pre-treatment:  A process that prepares a feedstock for the actual, subsequently utilized method, 

reaction or application in a process. 

 

Reversed-phase 

chromatography: 

During this type of chromatography, the mobile phase is more polar than the 

stationary phase (Harris & Lucy 2015, 675). 
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1 INTRODUCTION 

 

 

Energy generation, chemical production and in general today’s society is strongly dependant on fossil 

oil resources. Facing the fact that these resources are finite and contribute severely to the worldwide 

crisis of global warming and climate change, it is obvious that from now onwards, among others, the 

trend has to go towards the utilization of renewable feedstocks, materials and energy. A promising 

sustainable feedstock option is biomass from plants. In contrast to fossil resources which comprise a 

cycle time of more than 107 years, the cycle time of biomass is less than 103 years. Moreover its growth 

consumes atmospheric carbon dioxide (CO2), together with sunlight and it is widely available. In general 

non-food crops, such as lignocellulosic biomass or biomass residues are favoured as feedstocks, to not 

bring competition into the food producing agricultural sector. In this regard the production of chemicals 

and materials from plant-biomass is an important and promising development towards sustainability that 

can overcome at the same time obstacles and challenges of current production paths. (Clark & Deswarte 

2008, 3-4; Dusselier, Van Wouwe, Dewaele, Makshina & Sels 2013.) 

 

Lactic acid is a platform chemical of great importance and high demand. It is extensively applied in the 

food, cosmetic, pharmaceutical and chemical industry, with a promising application in the production of 

the biodegradable plastic poly(lactic acid) (PLA). While this first synthetic production path was based 

on fossil feedstocks, 90 % of the lactic acid is nowadays produced by fermentation of suitable 

carbohydrates. (Dusselier et al. 2013; Li, Deng, Li, Zhang & Wang 2018; Groot, Van Krieken, Sliekersl 

& De Vos 2010, 4.) 

 

As an alternative to the current fermentative production path of lactic acid, research focuses on the 

conversion of carbohydrates with aid of chemocatalysts. Heterogeneous and homogeneous catalysts are 

explored, such as zeolites, activated carbon, Lewis acids and bases. To develop the production approach 

in the sustainable direction, the direct conversion of cellulose is studied as well and different pre-

treatment methods for (lingo-)cellulosic materials are examined. This would make the method directly 

available for renewable feedstocks. (Dusselier et al. 2013; Li et al. 2018.) A popular and well researched 

pre-treatment approach is the acid-catalysed deep depolymerisation of cellulose in a ball-mill. The result 

are water-soluble sugars that can be converted subsequently into other chemical products. (Schüth et al. 

2014.)  

 



2 

 

Additional to that, Kleine, Buendia & Bolm (2012) observed that the glycosidic bonds present in 

cellulose can also be cleaved with base-catalysed ball-milling, despite the fact that these bonds are 

claimed to be stable to bases according to literature (Kleine et al. 2012; Hart, Craine, Hart & Hadad 

2007, 264). 

 

Oriented on this background, during this thesis a chemocatalytical synthesis approach for lactic acid is 

experimentally researched. The feedstock is fibre sludge, a cellulosic residue from pulp and paper 

industry. The experimental procedure is developed by the instructor Yue Dong and performed by the 

student. It is distinguished in three major steps:  

 

During the pre-treatment, the base-catalysed ball-milling is tested on the fibre sludge, with three different 

bases. For comparison, the already proved efficient acidic milling is performed. Next, the processed 

fibre sludge is converted in 3 mL water at 180 °C for 2 h. During the conversion three types of metal 

salts are tested as Lewis acid catalysts. Furthermore, the reaction takes place in an alkali catalysed 

environment. Thereby three concentrations of three different types of bases are studied. During the 

alkali-pre-treatment these base catalysts are added directly. The acidic processed fibre sludge on the 

other hand is neutralized and brought to the same alkaline concentrations with the same three bases prior 

the conversion. As the last step, the converted samples are analysed with High-Performance Liquid 

Chromatography to determine the produced lactic acid concentrations. 

 

Based on the analytical results, the effect and efficiency of the two pre-treatment approaches can be 

assessed and compared, via comparing the lactic acid yields generated from each pre-treated substrate.   

This comparison of the alkaline and acidic pre-treatment methods is the main aim during this thesis. 

Additionally, the influence of the present base type during the conversion reaction and its concentration 

can be evaluated. Moreover, it can be determined which type of metal salt catalyst enhances the 

conversion reaction best. Several factors, namely the milling time, the acid amount, the reaction 

temperature and time during the conversion and the added amounts of metal salt catalyst are kept 

constant and the effect of varying these factors is not researched within this thesis.  

 

Regarding the structure of this work, first an overview of the theoretical background of the topic is given. 

Second, the motive for a novel production path and the current state of research are outlined. Thereby 

the review article by Dusselier, Van Wouwe, Dewaele, Makshina & Sels (2013) and the one by Li, Deng, 

Li, Zhang & Wang (2018) proved itself to be valuable resources, giving a good overview of the current 

state of knowledge in this research field. This section is followed by the documentation of the utilized 
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experimental equipment, chemicals and materials and the experimental procedure. Finally the 

determined results are given, evaluated and discussed.  

 

With this thesis it is aimed to gain experience in the experimental exploration of a novel, externally 

defined chemocatalytic synthesis approach, by applying competences gained during the previous study 

years. Furthermore, the goal is to gain an extensive knowledge regarding chemical production from 

sustainable, lingo-cellulosic feedstocks, different mechanocatalytical pre-treatment methods for this 

biomass, chemical conversion engineering via exploring certain catalysts and, in general, about lactic 

acid as a valuable chemical with a variety of applications. Respective research articles and suitable books 

and publications act thereby as aid to achieve those aims. 
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2 THEORETICAL BACKGROUND 

 

 

In this chapter the theory related to the thesis topic is outlined. In the beginning lignocellulosic biomass 

and its main components are explained, followed by a characterization of the utilized feedstock fibre 

sludge. Next, the product compound lactic acid is described and related theory given. Finally High-

Performance Liquid Chromatography as method for the sample analysis is theoretically explained. 

 

 

2.1 Lignocellulosic Biomass 

 

Lignocellulosic biomass is a feedstock, which chemically comprises primarily the polysaccharides 

cellulose and hemicellulose and furthermore lignin. The biomass is derived from sources like wood and 

wood industry residues but also from agricultural residues or waste emerging in the food, paper and pulp 

industry. (Clark & Deswarte 2008, 8; Koutinas, Du, Wang & Webb 2008, 87.) An overview of what 

different wood and non-wood lignocellulosic biomasses typically consist of, is given in table 1. The 

biomass composition depends strongly on the location where it grew, if fertilizers were applied and how 

the material was stored afterwards. The table thus gives values that help to roughly estimate the contents 

and composition of different lignocellulosic biomasses. To define the listed extractives in this table more, 

this expression defines compounds that are either soluble in water or a neutral organic solvent like diethyl 

ether, acetone, ethanol or toluene, to mention a few. (Alén 2000, 29; Arshadi & Sellstedt 2008, 151.) 

 

TABLE 1. Composition of lignocellulosic biomass types (adapted from Alén 2000, 29.) 

Component Woody feedstock 

composition in % dry solids 

Non-woody feedstock 

composition in % dry solids 

Cellulose 40 – 45 30 – 45 

Hemicellulose 25 – 35 20 – 35 

Carbohydrates total 65 – 80 50 – 80 

Lignin 20 – 30 10 – 25 

Extractives 2 – 5 5 – 15 

Proteins < 0.5 5 – 10 

Inorganics 0.1 – 1 0.5 – 10 
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The following chapters outline the three main components of lignocellulosic biomass, cellulose, 

hemicellulose and lignin in more detail. 

 

 

2.1.1 Cellulose 

 

Cellulose is an unbranched biopolymer that consists of β-D-glucopyranose molecules, linked together 

via 1,4-β-glycosidic bonds. Thereby the oxygen contained in the glucopyranose ring takes alternatingly 

an “upwards” and “downwards” position. Seen of the point of view of organic chemistry, the glucose 

units are connected by acetals, as two ether functional groups are attached to the carbon atom 1. These 

acetals can be cleaved only in presence of water, with acids as catalysts but show stability against attacks 

with bases. (Hart et al. 2007, 262, 264 & 479.)  

 

The stereochemical structure of cellulose is depicted in figure 1. Additionally a general acetal is shown 

in figure 2.  

 

 

FIGURE 1. Cellulose molecule, basic polymer chain structure (adapted from Hart et al. 2007, 479.) 

 

FIGURE 2. General acetal (adapted from Hart et al. 2007, 262.) 

 

Cellulose chains can comprise on average 5000 glucopyranose-monomers linked together, whereby each 

single monomer comprises three hydroxyl groups. These groups are responsible for hydrogen bonds that 

connect single cellulose chains to each other, forming micro fibrils of remarkable physical strength. The 

fibrils have partly an ordered, crystalline structure and are partly present in an amorphous, so unordered 

state. Cellulose shows a quite inert behaviour when it comes to chemical reactions. (Hart et al. 2007, 

479; Alén 2000, 34-35.) 
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2.1.2 Hemicellulose 

 

In contrast to cellulose the structure of hemicellulose is less clearly determined. Under the term 

hemicellulose, different branched polymers, based on saccharide monomers are understood, whereby 

the structure differs in plant and wood types. The main building units are different hexoses, pentoses or 

deoxyhexoses and furthermore uronic acids are contained. The main sugar monomers of the 

hemicellulose of wood are depicted in figure 3. (Alén 2000, 35.) 

 

 

FIGURE 3. Basic sugar monomers of wood hemicellulose (adapted from Alén 2000, 35.) 
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Regarding the wood types, softwood consists of 25 - 30 % hemicellulose observed in the dry wood 

solids, while hardwood consists of 30 - 35 % hemicellulose in the dry solid wood. Also the hemicellulose 

composition itself differs, as the moieties depicted in figure 3 are linked differently for the hemicellulose 

of this two wood types. (Alén 2000, 28 & 36.) Moreover, it is important to mention that hemicellulose 

is less chemical and thermal stable than cellulose, a property which is related to the missing crystallinity 

and the smaller polymerisation degree, in contrast to the cellulose micro fibrils. (Alén 2000, 36.) 

 

 

2.1.3 Lignin 

 

Lignin is the hypernym for the substance acting as “glue” in lignocellulosic biomass feedstock plants, 

due to the fact that this molecule group is sticking the cellulose and hemicellulose together in the plant’s 

cell walls. (Turley 2008, 35; Gullichsen 1999, A26.) In contrast to cellulose and hemicellulose the lignin 

monomers are not carbohydrates, but aromatic and phenolic molecules. These molecules are linked 

together randomly, following no structural system, creating a complex and amorphous three-dimensional 

polymer. The main monomers are depicted in figure 4. (Alén 2000, 39.) 

 

 

FIGURE 4. Monomers of lignin (adapted from Alén 2000, 39.) 

 

The basic units to build lignin shown in figure 4 are linked together either with ethers (carbon - oxygen 

- carbon) or carbon - carbon linkages. The ether bonds are thereby more frequently present, with the      

β-O-4 linkage being the most abundant in both soft- and hardwood. Depending on the wood or plant 

type the different monomers occur with different percentages in the respective lignin macromolecules. 

(Alén 2000, 39-40.) 
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2.2 Fibre Sludge 

 

Fibre sludge (FS) is a residual from the pulp and paper industry and it is in general a (ligno-)cellulosic 

feedstock. It is a waste stream coming from paper and board mills and also from chemical and 

mechanical pulp mills. In pulp and board mills FS is generated at the paper or cardboard machine, in 

mechanical pulp mills during the cleaning and processing of the raw materials, which are wood logs, 

wood chips or saw dust. During chemical pulping it emerges as a waste stream from the wastewater 

treatment of the pulp bleaching step. As FS contains a lot of water, it is dewatered with a roll press to a 

higher solid content. Sometimes waste streams are combined and for example bark sludge is added to 

the FS and the mixture is dewatered together. Then it comprises apart from the cellulosic fibre rejections 

some lignin as well. (Hassan, Villa, Kuittinen & Pappinen 2018; Holm, Lassi & Hernoux-Villière 2013.) 

 

The composition of FS depends strongly on the process and process setup it origins from. It usually 

contains primarily rejected fibres and its fragments but as aforementioned also residuals of bark and 

wood, fillers, cooking chemicals, grit and other inorganic material but also biological sludge from the 

effluent treatment. (Dahl & Watkins 2008, 138-139 [Hynninen 1998, 113.])  

 

In total it is estimated that 2,186,000 t of FS are produced by the mechanical pulping and the paper and 

board manufacturing sectors of the Finnish forest industry every year. Currently FS is categorized as 

low-value side stream and gets first dewatered and subsequently it is used for the heat and energy 

production via incineration. Some is also used for landscaping, to improve soil or it is disposed to a 

landfill, just to mention some disposal options. (Hassan et al. 2018, 11-12; Dahl & Watkins 2008, 151-

162 [Hynninen 1998, 109.]) 

 

 

2.3 Lactic Acid 

 

Lactic acid is the trivial name for 2-hydroxypropanoic acid, a molecule comprising the sum formula 

C3H6O3. It is the most basic 2-hydroxycarboxylic acid or α-hydroxy acid. (Groot et al. 2010, 4.) In the 

following chapters first the two enantiomers of lactic acid are outlined. Next the physical and chemical 

properties of this compound are given, as well as the current approach to produce it industrially. In the 

end application and usage possibilities for lactic acid are given. 
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2.3.1 The enantiomers of lactic acid 

 

The second carbon atom in the lactic acid molecule is connected to four different substituents, which 

makes it the chiral carbon atom. Thus, lactic acid is existing in two stereochemical forms, so as two 

enantiomers: R- and S-lactic acid. These two enantiomers comprise the same sum formula, but the four 

different substituents connected to the chiral carbon atom are arranged mirror-inverted. They are 

depicted in figure 5 whereby the figures in the top depict them in structural formula, whereas the second 

line shows the three-dimensional view. The carbon atoms are depicted in black/ grey colour, oxygen in 

red and hydrogen atoms are shown in white. 

 

 

 

FIGURE 5. Structural formula of the enantiomers of lactic acid (adapted from Hart et al. 2007, 165.) 

 

The two letters specifying the two enantiomers origin from the Latin language: R is derived from the 

word “rectus” which means “right”. It refers to the fact that when the three highest priority substituents 

are imagined in a circle, with the lowest priority substituent showing to the back, the three substituents 

decrease in priority clockwise, so to the right. S-lactic acid, originating from the Latin word “sinister” 

for “left”, has substituents which priorities decrease counter-clockwise. (Sharma 2011, 31 & 44.) 
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The physical and chemical properties of both enantiomers are the same, with two exceptions: 

Chemically, the enantiomers differentiate when they react with other enantiomers. This chemical 

reaction diversity of R- and S-enantiomers plays a significant role especially in biology, where many 

enzymes are enantiomers themselves and, thus, are enantiomer-selective in their reactions. (Hart et al. 

2007, 164-165.) Physically, R- and S-lactic acid rotate plane-polarized light into different directions 

(Groot et al. 2010, 4). An equimolar, a mixture of respectively 50 % of each enantiomer, is called racemic 

mixture. Due to the equal presence of both enantiomers, the mixture is optically inactive. (Sharma 2011, 

42.) 

 

A different notation for R-lactic acid is D-lactic acid and S-lactic acid can also be labelled L-lactic acid. 

(Groot et al. 2010, 4.) In literature mostly the D/L-notation is applied, which is the reason why this 

notation is used from now onwards in this thesis.  

 

 

2.3.2 Physical and chemical properties of lactic acid 

 

The main physical properties of lactic acid are listed in table 2. 

 

TABLE 2. Properties of lactic acid (adapted from Dusselier et al. 2013 [Galactic 2012; Datta 2000; 

Groot et al. 2010; Jin, Tian & Wang 2010; Chahal & Starr 2000.]) 

Property Isomer or concentration Reported range / value 

Melting point D or L 

racemic 

52.7 – 53.0 °C 

16.4 – 18.0 °C 

Boiling point at 1,87 kPa D or L 103 °C 

Solid density at 20 °C - 1.33 g/mL 

Liquid density at 25 °C 20 w% 

88.6 w% 

1.057 g/mL 

1.201 g/mL 

 

Chemically, lactic acid is really reactive as it comprises a hydroxyl and a carbonyl group. It can react, 

via self-esterification with other lactic acid molecules, to lactoyl lactic acid and further to the cyclic 

monomer of poly(lactic acid) (PLA), lactide. Moreover, lactic acid can be decarboxylated, hydrogenated, 

dehydrated, reduced and condensed to different compounds, many of these products are later named in 

table 3. (Okano, Tanaka & Kondo 2014, 354; Wee, Kim & Ryu 2006.) 
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2.3.3 Current production path - Fermentation 

 

Nowadays 90 % of the worldwide produced lactic acid is manufactured via fermentation. Thereby 

microorganisms are used to convert carbohydrates to lactic acid, whereby glucose and sucrose are the 

main feedstocks. Regarding the fermentation itself, the bacteria can be traditionally distinguished into 

two types according to how they produce the lactic acid. Microorganisms that use the homofermentative 

approach break down 1 mol of glucose to 2 mol of lactic acid according to the Embden-Meyerhof path. 

At the heterofermentative approach glucose is converted to lactic acid, carbon dioxide and either ethanol 

or acetate in equimolar amounts, via phosphoketolase. The heterofermentative approach though can be 

seen as an over-simplified category, in reality some heterofermentative bacteria also use the 

homofermentative approach simultaneously and some produce the mentioned products differently than 

via phosphoketolase. (Groot et al. 2010, 6; Okano et al. 2014, 356.) 

 

The main bacteria strains that are currently commercially used for lactic acid production belong to the 

species of Lactobacillus, Lactococcus and Enterococcus. Also a fungus, Rhizopus is in use. Some special 

species produce stereochemical pure lactic acid, whereby the industrially fermentative production of L-

lactic acid is much less a challenge than the stereochemical pure production of D-lactic acid. 

Nevertheless, every species has its advantages and disadvantages and their optimization is tried via 

genetic engineering. (Groot et al. 2010, 5-6; Okano et al. 2014, 356.) 

 

The whole industrial fermentative production process of lactic acid comprises many steps and additional 

chemicals. An overview of the common production process is given in the block diagram in figure 6. 
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FIGURE 6. Scheme of fermentative LA production (adapted from Dusselier et al. 2013; Groot et al. 

2010, 8.) 

 

The easiest feedstock to ferment is sucrose from sugar cane or sugar beets, as they require no or only 

little (pre-)treatment in form of minor purifications. Feedstocks like cellulose or starch, which is a 

mixture of the glucose homopolymers amylopectin and amylose are requiring a more extensive pre-

treatment to create fermentable sugars. Despite the more demanding pre-treatment, lignocellulosic 

biomass can be seen as ideal feedstock for the fermentative lactic acid production, as it is, in contrast to 

the sucrose and starch sources, not edible and widely abundant. (Groot et al. 2010, 7.) 

 

For the fermentation process itself the fermentable feedstock is mixed with the microorganisms and the 

nutrients they require to grow. As the pH drops due to the produced lactic acid, alkali materials like 

hydrated lime (calcium hydroxide, Ca(OH)2) or chalk (CaCO3) are added to keep the pH in a desired 

range beneficial for the microorganisms to perform the fermentation. The thereby emerging calcium 

lactate is separated from the biomass. (Groot et al. 2010, 7-8.) 

 

The lactic acid is freed from the calcium lactate state via the addition of sulphuric acid (H2SO4). This 

leads to crude lactic acid but also to about 1 t of gypsum (CaSO4·2H2O) or other insoluble salts per 1 t 

of lactic acid. The gypsum or other salts cannot be used for construction and have to be disposed as 
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waste. (Dusselier et al. 2013.) Responding to that, also gypsum-free processes have been developed but 

the big industrial breakthrough of them has not happened yet (Groot et al. 2010, 9-10). 

 

The crude lactic acid is then further concentrated and can be purified with different unit operations 

(Esterification/saponification, extraction, distillation, etc.) depending on its further quality demands and 

also on a consideration of the advantages and disadvantages of each method (Groot et al. 2010, 9). 

 

 

2.3.4 Applications and usage of lactic acid 

 

Currently lactic acid is used in primarily four sectors: the food, cosmetic, pharmaceutical and chemical 

industry. The food industry uses with around 70 %, so far the biggest percentage of the currently 

produced lactic acid and compounds derived from it. Table 3 shows the current and future possible 

usages of lactic acid.  

 

TABLE 3. Applications of lactic acid (adapted from Wee et al. 2006; Dusselier et al. 2013.) 

 Food industry Cosmetic industry Chemical industry  Pharmaceutical 

industry 

U
sa

g
es

 o
f 

la
ct

ic
 a

ci
d

  Acidulants 

 Preservatives 

 Flavours 

 pH regulators 

 Improving 

microbial quality 

 Mineral fortification 

 Moisturizers 

 Skin-lightening 

agents 

 pH regulation 

 Anti-acne agents 

 Humectants 

 Anti-tartar 

agents 

 pH regulation 

 Neutralizers 

 Chiral 

intermediates 

 Green solvents  

 Cleaning agents 

 Slow acid release 

agents 

 Metal complexing 

 Parental/I.V. solution 

 Dialysis solution 

 Mineral preparations 

 Tabletting 

 Prostheses 

 Surgical sutures 

 Controlled drug 

delivery systems 

L
a
ct

ic
 a

ci
d
 a

s 
fe

ed
st

o
ck

    Propylene glycol 

 Acetaldehyde 

 Acrylic acid 

 Propanoic acid 

 2,3-pentanedione 

 Ethyl lactate (green solvent) 

 1,2-propanediol 

 Pyruvic acid 

 Lactide  poly(lactic acid) 
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Especially its applications in the chemical sector, where lactic acid acts as a promising platform 

chemical, may be highlighted at this point, as it comprises many novel possible and alternative 

production paths and a research focus lies on the production of the chemicals listed in table 3.  

 

For example, acrylic acid and its esters are highly demanded chemicals but their current production is 

based on fossil oil. Thus producing it from lactic acid, which was derived itself from renewable 

feedstocks, would provide an alternative, sustainable manufacturing path. The same would be the case 

for 1,2-propanediol and acetaldehyde, whereby the second mentioned chemical has a lower market value 

than lactic acid itself. Producing acetaldehyde from lactic acid might, therefore, only gain attention in 

the future when the current fossil feedstock ethylene is getting scarce and/or lactic acid experiences a 

price drop. (Dusselier et al. 2013.) 

 

Very promising is the conversion of lactic acid to the bio-based, under industrial composting conditions 

biodegradable, thermoplastic poly(lactic acid) (PLA). PLA is similar in its properties to polystyrene (PS) 

and poly(ethylene terephthalate) (PET). Its currently main bulk producers, NatureWorks and PURAC, 

claim that it has the potential to replace these two fossil-based plastics as well as polyamide, poly methyl 

methacrylate and polyurethane, also because PLA is processible with most existing equipment and 

machinery. Apart from the fact that, due to the sustainable, re-growing feedstock, carbon dioxide is 

fixated, energy saved and the amount of landfilled plastics can be reduced. PLA is furthermore easy to 

recycle by breaking the polymers back to lactic acid via hydrolysis or alcoholysis. (Okano et al. 2014, 

355 [Shen, Haufe & Patel 2009]; Groot et al. 2010, 3; Södergård & Stolt 2010, 27.) 

 

In general the behaviour of PLA regarding processing, crystallization or degradation and its physical 

properties is depending on the ratio of the lactic acid enantiomers used to produce it. For example, the 

production of commercial PLA with high crystallinity requires a stereochemical pure feedstock 

comprising either only D- or L-lactic acid. The stereochemical pure PLA also comprises the highest 

melting point. A remaining challenge is, thus, to produce enantiomer pure L- and D-lactic acid, which 

requires extensive research in the areas of fermentative D-lactic acid production and the separation of 

racemic mixtures. (Groot et al. 2010, 3; Wee et al. 2006.)  
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2.4 High-Performance Liquid Chromatography 

 

As during the experimental part of this thesis High-Performance Liquid Chromatography is utilized for 

the sample analysis, in the following theoretical chapters the theory behind this method is outlined. How 

chromatography as general analysis method works is explained first, followed by more detailed 

information concerning High-Performance Liquid Chromatography. Then suitable detectors are 

explained, as well as the chromatogram as analysis output, band broadening and how substances are 

qualified and quantified. 

 

 

2.4.1 General working principle of chromatography 

 

During chromatography a liquid sample mixture containing different compounds is separated and 

analysed qualitatively regarding the types of compounds present, and quantitatively determining the 

present amount of the respective compound. To achieve this, the mixed sample is transported by a mobile 

phase through a column which contains a stationary phase. As the different substances in the sample 

interact differently with this stationary phase, the compounds get ‘delayed’ differently within the column 

and thus leave it not together but subsequently following each other, achieving separation. The separated 

compounds create unique signals in a suitable detector. These signals are converted and plotted 

graphically as peaks in the chromatogram, which shows the results of the analysis.  

 

The above mentioned stationary phase can be a solid or liquid layer coated to the wall or to the solid 

filling within a column. Depending on the nature of the stationary phase and the compounds in the 

sample, the interaction and separation between them can be based on adsorption, ion-exchange, partition, 

size exclusion or affinity. The mobile phase can be either a liquid (Liquid chromatography (LC), High-

Performance Liquid chromatography (HPLC)) or a gas (Gas chromatography (GC)). (Harris 2009, 459-

461.)  

 

When the compounds in the analysed sample allow it, GC is preferred over LC, as GC is usually cheaper, 

provides a better efficiency regarding the compound separation and, moreover, the method results in 

smaller waste amounts. Nevertheless, LC is a powerful tool to analyse compounds that are not volatile 

enough for GC. (Harris & Lucy 2015, 668.) As HPLC is later used during the experimental procedure, 

the theory explained in the following chapters concerns that method.  
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2.4.2 Working principle of High-Performance Liquid chromatography 

 

During HPLC, a liquid sample gets, together with the liquid mobile phase, pushed by an applied pressure 

through a packed column. The packed column is filled with material of micrometre-size, which leads to 

a high-resolution separation of the different compounds present in the sample. (Harris & Lucy 2015, 

668.) The general HPLC-equipment consists of an automatic sampler, which takes a specimen of the 

sample that has to be analysed. Pumps deliver the sample and the liquid mobile phase (the solvent). As 

to the chromatography column high pressure is applied, a special sample injection valve is required to 

deliver the sample and the solvent to the column. This injection valves work with loops, comprising one 

loop of defined volume for the sample and an additional line for the solvent. When the valve is switched, 

the solvent line gets connected to the filled sample loop and the sample gets flushed into the column 

with the mobile phase. (Harris & Lucy 2015, 668 & 686.) 

 

The columns for HPLC are, in their efficiency, strongly dependant on the particle size of their filling 

material: the smaller the size of the filling material, the higher the efficiency of the column and the better 

the resolution of the separation. Smaller filling material nevertheless also requires a higher applied 

pressure to keep the same flow rate as through a column with bigger sized filling material. The column 

itself is usually located in a heatable oven, to maintain the column temperature constant. With a higher 

temperature also the viscosity of the solvent decreases, which either speeds up the flow rate at maintained 

pressure, or requires at lower pressure at the same rate. The column is very sensitive to solid impurities 

or sample compounds that absorb strongly on the stationary phase. Thus, a short guard column is 

installed in front of the main column (if the main column is not too short itself – a guard column might 

not be cost efficient in that case). It is from the same material as the main column but captures the 

aforementioned impurities or compounds that would otherwise damage the main column. The guard 

column is frequently replaced. (Harris 2009, 494; Harris & Lucy 2015, 668, 671 & 694) 

 

As filling material of the column act, usually, round particles of silica, comprising a high material purity 

and micro-porosity. On the surface of this filling, a solid or liquid stationary phase can be attached, or 

the compounds adsorb on the surface of the silica directly. Regarding the polarity of this stationary phase 

in comparison to the mobile phase (the solvent), two performance modes are distinguishable: During 

normal-phase chromatography the stationary phase is more polar than the solvent and in reversed-phase 

chromatography the opposite is the case. The commonly utilized mode is the reverse one. (Harris 2009, 

494.) 
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As for the mobile phase, either one single solvent or constant solvent mixture is used in the process of 

isocratic elution. During gradient elution the combination of different solvents is changed over time. To 

explain gradient elution the term eluent strength has to be introduced: Eluent strength refers to the ability 

of the solvent to adsorb on the stationary phase itself. This is a main feature during LC based on 

adsorption, as the solvent stands thereby in competition with the compounds of the analysed samples for 

the spots available for adsorption on the stationary phase’s surface. The higher the eluent strength, the 

stronger the solvent binds to the stationary phase, replacing thereby the adsorbed sample compounds, 

washing them out of the column. During gradient elution the solvent mixture is adjusted over time 

towards an increasing eluent strength, leading to compounds that adsorb weakly on the stationary phase 

leaving the column in the beginning, while stronger adsorbed compounds are replaced by the solvent on 

the stationary phase later, when the solvent gets stronger. (Harris 2009, 491-492; Harris & Lucy 2015, 

674-675.) 

 

After the column follows a suitable detector, for example a mass spectrometer or an ultraviolet detector, 

whereby the second mentioned is the most common detector type applied (Harris & Lucy 2015, 668 & 

709). 

 

 

2.4.3 Ultraviolet-Visible Spectrometry and Refractive Index Detectors 

 

The equipment for an Ultraviolet-Visible Spectrometry (UV-Vis) comprises one lamp emitting 

ultraviolet light (for example a deuterium lamp) and one lamp emitting light in the visible wavelength 

range (for example a tungsten lamp). The wave-lengths can be adjusted narrowly with a monochromator. 

The emitted light passes through the sample and a detector is awaiting it on the other side. The light 

absorbed by the sample creates a reduced signal in the detector, compared to the detector signal which 

is created by the light absorption of a reference solution. (Harris & Lucy 2015, 492-493.) 

 

Commonly, a photodiode array takes up the full spectrum of each separated sample compound that 

leaves the column. For qualitative analysis this spectrum is compared with a database. (Harris & Lucy 

2015, 503 & 709-710.)  

 

Refractive Index Detectors (RID) is a more universal detector, with a low sensitivity compared to the 

UV-Vis detector. Nevertheless, it is a useful tool in general and to detect sample compounds that do not 

absorb UV-light sufficiently. Its working principle is based on the fact that the compounds in the sample 
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deflect light rays differently than the pure solvent which transports no sample – the reflective index is 

thus different. Therefore, it can be seen that the RID is not suitable to be applied during gradient elution, 

as there the solvent composition and as a result also the refractive index is permanently changing. (Harris 

2009, 498; Harris & Lucy 2015, 690-691.) 

 

 

2.4.4 The theory behind the chromatogram 

 

The response of the detector is plotted in a chromatogram in dependency of the time. In the ideal case 

all components of a sample are clearly separated from each other and leave the column at different times, 

becoming visible in the chromatogram as separate peaks, whereby each peak represents one separated 

compound. (Harris 2009, 461-462.) 

 

The ideal peak has the shape of the bell-curve of Gauß, defined by the mean value μ and the standard 

deviation σ. The peak is characterized by its peak high h, and its width at half-height, w1/2. The time, 

until the peak of a compound appears is the characteristic retention time tr for a molecule. A parameter 

indicating how well two substances got separated from each other in the column is the resolution. A high 

resolution means that two peaks are clearly differentiable from each other. The resolution improves with 

the length of the column. (Harris 2009, 463-464.) 

 

The jargon used for chromatography is adapted from the field of distillation. One term frequently used 

in both areas is the number of theoretical plates N. It expresses theoretically the creation of an 

equilibrium between the mobile and stationary phase in chromatography. Substances that interact more 

with the stationary phase create more of these equilibriums, which results in a higher number of 

theoretical plates N for this compound and also a higher retention time. N therefore can be calculated for 

each compound using w1/2 and tr. The units of these two measures can be the one of time or volume. This 

dependency is depicted in equation 1. (Harris 2009, 462.) 

𝑁compound =
5.55 ∙ 𝑡r

2

𝑤1/2
2  (1) 

The height of one plate H is calculated in dependency of the length of the column L. The respective 

formula is given in equation 2. A small plate height corresponds to a high efficiency of the column. 

(Harris 2009, 463; Harris & Lucy 2015, 669.) 
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𝐻 =
𝐿

𝑁
 (2) 

To come back to the closed columns used during HPLC, a decrease in the packing material size 

corresponds to a reduced H. Based on this fact and equation 2, in reality the approximate N for a packed 

column of the length L (in cm) can be expressed with the dependency shown in equation 3. dp expresses 

the particle size in μm. (Harris & Lucy 2015, 669.) 

𝑁column, reality =
3000 ∙ 𝐿

𝑑p
 (3) 

 

 

2.4.5 Band broadening 

 

When a sample is applied to the column, the molecules of one compound eventually diffuse away from 

their original narrow formation in a band. This effect, known as longitudinal diffusion, makes the peaks 

broader and increases with the time the compound stays in the column. Longitudinal diffusion can thus 

be decreased by a higher flow rate u of the mobile phase. Furthermore, parts of the molecules of one 

compound get delayed as the equilibrium between the mobile and stationary phase needs some time to 

adjust. Meanwhile the flow rate transports the other molecules further and broadening due to the finite 

rate of mass transfer occurs. In contrast to first one, this phenomenon increases with the flow rate. An 

optimum flow rate keeping both broadening types as small as possible while keeping the aforementioned 

resolution high, has thus to be found. Additionally broadening of the band occurs also independently 

from the flow rate, for example because molecules can be more or less hindered by the packing of the 

column. (Harris 2009, 465-466.) 

 

The actual plate height in dependency of the flow rate causing two of the three broadening effects is 

determined via the van Deemter equation, given in equation 4.  

𝐻(𝑢) ≈ A +
B

𝑢
+ C ∙ 𝑢 (4) 

The empirical coefficient A describes thereby the flow rate independent broadening due to multiple 

possible paths through the column, while with coefficient B the longitudinal diffusion decreasing with 

increasing flow rate is expressed. Coefficient C depicts the broadening due to insufficient time for 
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equilibrium adjustment, increasing with the flow velocity. (Harris 2009, 466; Jennings & Poole 2012, 

116.) 

 

The three types of broadening are schematically shown in figure 7, whereby the broadening due to 

multiple paths through the column is exemplary shown for a packed column. 

 

 

FIGURE 7. Scheme of the three broadening phenomena (adapted from Harris 2009, 465-466.) 
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2.4.6 Qualitative and quantitative determinations 

 

To determine which compound is present in the sample, during HPLC / UV-Vis analysation, the 

retention time is compared to the retention time of a known substances. The known substance has to be 

analysed thereby under the same conditions as the actual samples. 

 

To find out how much of a respective substance is present, for the quantitative analysis a series of 

calibrations is performed, so samples of different known concentrations of a substance are analysed. The 

areas or heights of the resulting chromatograms are then plotted against the concentrations and a 

calibration line is obtained. With this tool, the areas of unknown samples can be transferred back into 

concentrations. (Harris & Lucy 2015, 686-687; Prichard 2003, 25.) 
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3 STATE OF KNOWLEDGE  

 

 

Within the chapter “State of Knowledge” at first the reason for a novel lactic acid production path is 

outlined. Next, the current state of research to produce lactic acid from carbohydrate feedstocks, via 

chemocatalytical pathways, is described. Finally, the respective chemocatalytic reaction route from 

glucose as feedstock to lactic acid as product is explained. 

 

 

3.1 Motivation for a novel lactic acid production path 

 

The current fermentative production path of lactic acid, as outline in chapter 2.3.3, bears several 

disadvantages. First, the addition of alkali compounds to remain the desired pH-value during 

fermentation and the thus subsequent required acid addition, results in a significant mass of salt waste, 

for example gypsum. Also the approaches to perform the fermentation process gypsum-free are not yet 

industrially performed. The scheme in figure 7 outlines that numerous separation and purification steps 

that are needed, which are a huge cost factor. The complex process of fermentative lactic acid production 

is also a demanding project for upscaling and therefore cost intensive. (Dusselier et al. 2013.) 

 

Moreover, the current fermentation approach produces primarily L-lactic acid, but due to increasing 

demands and interests for high quality PLA, significant amounts of D-lactic acid will be required in the 

future. Even though some microorganisms are capable of producing selectively D-lactic acid, their 

production is low and not commercially performed currently. (Dusselier et al. 2013.) Also, the method 

cannot be applied directly to cellulosic, lignocellulosic or hemocellulosic feedstocks, as in this case a 

comprehensive pre-treatment is necessary to create fermentable sugars (Wang, Liu & Dong 2013). 

 

To summarize, the existing fermentation path comprises many drawbacks, as the aforementioned 

required pH-adjustment with alkali materials and the subsequent required acid addition, resulting in the 

waste masses. This, together with the fact that the many purification steps are expensive, makes the 

whole process complicated to upscale. The conventional fermentation process might therefore not be 

able to meet the increasing global demand of lactic acid, which grows by 5 - 8 % per year. The demand 

is especially pushed by the conversion possibility of lactic acid to PLA, for which also the need of pure 

D-lactic acid emerges. This need cannot yet be satisfied with the fermentative production path. 

(Dusselier et al. 2013.) 
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Novel research approaches therefore study the production of lactic acid from different sugars and 

glycerol via chemocatalytic pathways. The further discussions of this novel paths focuses on biomass 

and hexose feedstocks for the conversions. (Dusselier et al. 2013.) 

 

 

3.2 Current state of research 

 

An overview of the different researched chemocatalytic routs to convert carbohydrate molecules to lactic 

acid is given in the review article of Dusselier et al. up to the beginning of the year 2013. It is 

distinguished in general between heterogeneous and homogeneous catalysed conversion reactions and 

reactions performed under hydrothermal subcritical conditions are outlined separately. Li, Deng, Li, 

Zhang &Wang give an updated review of research results up to the middle of 2018, whereby this team 

focuses more on the reaction mechanisms and influencing factors. (Dusselier et al. 2013; Li et al. 2018.) 

 

In general, the explored conversion paths take place in the liquid phase, either in water, producing lactic 

acid directly, or within different alcohols, for example methanol or ethanol acting as solvents. Thereby, 

a respective alkyl lactate like methyl lactate or ethyl lactate is generated. (Li et al. 2018.) Both mild and 

harsh, hydrothermal reaction conditions have been applied to different feedstocks and were studied with 

numerous different catalysts ranging from bases and zeolites to activated carbon and Lewis acid metal 

salts. With mild conditions reaction temperatures below 200 °C are meant, whereas harsh, hydrothermal 

conditions happen above this temperature, leading to a (sub)critical environment for the reaction taking 

place in water. (Dusselier et al. 2013.) 

 

Different catalysts are explained in the following chapters and additionally different ball-milling 

approaches as pre-treatment to make cellulose accessible as reaction feedstock are outlined.  

 

 

3.2.1 Alkali catalysts 

 

Jin & Enomoto (2010) gave an overview of how under hydrothermal conditions carbohydrates, including 

cellulose feedstocks, can be converted rapidly to different products, including different carboxylic acids 

like acetic acid, formic acid, lactic acid and levulinic acid but also 5-hydroxymethyl-2-furaldehyde 

(HMF) and 2-furaldehyde.  
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The reaction to lactic acid takes place in water at around 300 °C without any additional catalyst. This is 

because water at high temperatures comprises certain properties, including an ion product KW that is at 

temperatures between 250 °C and 300 °C, significantly higher than at room temperature. This indicates 

that sufficient amounts of OH- and hydronium (H3O
+) ions are available, creating conditions in which 

base-catalysed reactions can take place without additional catalysts. Nevertheless, the so produced lactic 

acid yields are with about 20 % quite low. (Jin & Enomoto 2010 [Shaw, Brill, Clifford, Eckert & Franck 

1991; Marshall & Frank 1981.]) 

 

Therefore, base catalysts are added to bring more OH- ions into the reaction environment and the lactic 

acid yield is increased significantly at the same temperatures. Base catalysts are not only used under 

hydrothermal, but also under the aforementioned mild reaction conditions.  

 

Furthermore, also the cation of the base has an impact on the reaction. This was shown by experiments 

of Esposito & Antonietti (2013), who examined the effect of different base cations on the hydrothermal, 

anaerobic conversion of glucose to lactic acid. Bases with monovalent ions, as they are present in NaOH 

in form of Na+ or in ammonium hydroxide (NH4OH) as NH4
+ lead to a lactic acid yield of 17 % with 

NaOH and a neglectable small yield when NH4OH was applied. At equal OH- concentrations and 

conditions, bases with divalent ions resulted in lactic acid yields between 40 % and 53 %. The studied 

bases with divalent ions were thereby strontium hydroxide (Sr(OH)2) with Sr2+ as ion, Ca(OH)2 with 

Ca2+ and Ba(OH)2 with Ba2+. It is supposed that the bigger atom radius of these divalent, earth-alkali 

cations and also their stronger positive charge is the reason for their better catalytic performance. The 

proposed working principle is that the divalent ions form more easily an intermediate complex with the 

carbon atom 3 and 4 in the carbohydrate molecule, enhancing the cleavage there during retro-aldol 

fragmentation. This crucial step in the formation path of lactic acid from glucose is outlined more 

detailed in chapter 3.3, when the reaction path is for lactic acid from glucose is outlined. (Li et al. 2018 

[Esposito & Antonietti 2013.]) 

 

Ba(OH)2 as alkali catalyst leads to really good results also when applied under mild conditions. Li, Shen, 

Smith and Qi (2017a) achieved a lactic acid yield of 95.4 % when they converted glucose at room 

temperature and 1 bar pressure, anaerobically for 48 h. The team additionally studied some other 

feedstocks and bases but the aforementioned combination lead to the optimum results. (Li et al. 2017a.) 

 

Finally, it has to be mentioned that at hydrothermal conditions without any catalyst the main product is 

actually HMF. The compound emerges when hexoses are dehydrated in presence of acid catalysts. 
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During the hydrothermal reaction temperatures sufficient amounts of H3O
+ ions are present in water, as 

aforementioned. The maximum yield of HMF appears at temperatures between 280 – 300 °C. The 

addition of small amounts of acid catalysts enhances the production of HMF. (Jin & Enomoto 2010.) 

Therefore, the production of HMF can be considered as a competing side reaction when carbohydrates 

are converted under hydrothermal reaction conditions or at mild conditions in presence of acid catalysts, 

including the later outlined Lewis Acid catalysts (Rasrendra, Makertihartha, Adisasmito & Heeres 

2010.) This thesis, nevertheless, is focussing on the production of lactic acid. Therefore, this possible 

side-reaction towards HMF is duly noted, nevertheless it is not the central point of this thesis and thus 

not outlined further. 

 

 

3.2.2 Non-alkali catalysts 

 

Also the use of non-alkali catalysts has been explored and both homogeneous and heterogeneous ones 

were reported. The first experiments with homogeneous catalysts were conducted during the conversion 

of trioses to lactic acid with tin chlorides by Hayashi & Sasaki (2005). With USY zeolites the first 

heterogeneous catalyst was reported by Janssen, Paul, Sels & Jacobs (2007) and subsequently also a 

variety of solid Lewis acids was explored as catalysts. These earlier studies converted different trioses 

as feedstocks, until Holm, Saravanamurugan & Taarning (2010) used sucrose, glucose and fructose as 

feedstocks for their conversion reactions, applying tin loaded β-zeolites for catalysis. Some recent 

reports also described the direct conversion of cellulose feedstocks. (Dusselier et al. 2013 [Hayashi & 

Sasaki 2005; Janssen et al. 2007; Holm et al. 2010.]) 

 

The aforementioned zeolites are a family of chemical structures based on silicon, aluminium and 

phosphorous oxides, which are arranged in a microporous β-cage-system. This cage system consists of 

24 of these metal oxides, for example SiO4
4- or AlO4

5- that are present as atomically tetrahedrons. 

Thereby the metal ion is located in the tetrahedron centre and the four oxygen ions are surrounding it, 

creating the four corners of the tetrahedron. This is exemplary shown in figure 8(a) for SiO4
4-. 24 of such 

metal oxide tetrahedrons are then linked together in a ball like structure, the aforementioned β-cage. 

Such a cage is depicted in figure 8(b). Every corner represents hereby the centre of a tetrahedron and the 

single tetrahedrons are attached to each other via oxygen bridges, which are shown as the connecting 

lines in that figure. (Pfenning 2015, 422-423.) 
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FIGURE 8(a). Tetrahedron structure of SiO4
4- and 8(b). β-Cage structure (adapted from Pfenning 2015, 

422-423.) 

 

Depending on how these cages are interlocked, varying big cavities emerge in zeolites. Due to the so 

created porosity, they provide internal space for other chemical compounds and also due to their varying 

cavity-structures they can act, next to their many different other applications, as heterogeneous catalysts. 

(Pfenning 2015, 422.) 

 

The aforementioned Lewis acids are acceptors of electron pairs. Many metal cations are Lewis acids and 

they are highly suitable to act as catalysts for the conversion of carbohydrates to lactic acid. Examples 

are the cations of aluminium (Al(III)), indium (In(III)), manganese (Mn(III)), iron (Fe(II)), cobalt 

(Co(II)), nickel (Ni(II)), copper (Cu(II)), zinc (Zn(II)), zirconium (Zr(II)) and tin (Sn(II)). Some Lewis 

acids work both in water and methanol as reaction medium, although many basic Lewis acids, for 

example aluminium chloride (AlCl3), boron trifluoride (BF3) or tin(IV) chloride (SnCl4) are decomposed 

or get deactivated when water is included in the reaction. They cannot be reused then. In contrast to 

them, lanthanide triflates (Ln(OTf)3), especially erbium triflate (Er(OTf)3), showed stability also in water 

and excellent catalytic effects under hydrothermal reaction conditions. (Dusselier et al. 2013; Wang et 

al. 2013 [Kobayashi, Sugiura, Kitgawa & Lam 2002]; Pfenning 2015, 309 & 478; Li et al. 2018.) 

 

 

3.2.3 Mechanocatalytic pre-treatment: substrate ball-milling with catalyst 

 

Cellulose is, due to its crystalline structure described in chapter 2.1.1, very inert to chemical reactions. 

Thus Dusselier et al. (2013) lists different treatment methods that can be applied to break this structure 

and make the glycosidic bonds within the molecule abundant to reactions and increase the chemical 

reactivity of the biopolymer. The methods range from solving the cellulose in ionic liquids, mineral acids 
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and acid resins to ball-milling it or applying a plasma. Also different compounds and salts have been 

used to digest the molecule’s defined structure. As during the experimental part of this thesis 

mechanocatalytical ball-milling with a catalyst is used for pre-treatment, of all mentioned pre-treatment 

types, this one will be discussed further. (Dusselier et al. 2013.) 

 

In general, combining ball-milling of a substrate with any catalyst is a mechanocatalytic process, as it 

combines mechanical and chemical aspects. The mechanical impact forces emerging in the ball mill are 

enhancing the chemical reaction that takes place between the substrate (cellulose in this case) and a 

suitable catalyst. While conventional ball-milling only breaks down the crystalline parts of the cellulose, 

resulting in comminuted, amorphous cellulose, the addition of a suitable catalyst triggers additionally to 

the mechanical comminution a chemical reaction. Therefore the method comprises several benefits. The 

catalyst addition reduces the required milling times drastically, leading to a lower energy consumption 

and reduced costs when upscaled. Moreover, the mechanocatalytical ball-milling can be applied to a 

variety of feedstocks and less waste is produced due to the lack of solvents. It can be integrated in 

existing plants and at least for bioethanol production plants, an assessment of results gained by laboratory 

experiments supports the suggestion that mechanocatalytical ball-milling will prove itself sustainable 

and economical when applied in these factories. (Schüth et al. 2014; Carrasquillo-Flores, Käldström, 

Schüth, Dumesic & Rinaldi 2013 [Hick, Griebel, Restrepo, Truitt, Buker, Bylda & Blair 2010.]) 

 

As suitable catalyst to depolymerise cellulose, strong acids are reported. Acids are suitable to cleave 

acetals in the presence of water and thus induce the hydrolysis of cellulose to water soluble sugars. (Hart 

et al. 2007, 264; Carrasquillo-Flores et al. 2013.) The pure chemical approach of the cellulose hydrolysis 

with an acid has to be performed at high temperatures and therefore also results in many unwanted by-

products. By merging the acid catalysis with the mechanical forces during ball-milling, this obstacle can 

be overcome. The microcrystalline structure is destroyed by the physical comminution. The H+ ions 

provided by the acid protonate the glycosidic bonds, but again the mechanical forces are required to 

activate this latent intermediate state and enable the changes in conformation that are needed to deeply 

depolymerise and convert the cellulose into water soluble oligosaccharides. A higher efficiency can 

thereby be achieved when the substrate is not milled with the solid acid but impregnated with the 

concentrated liquid form of it. Thus contact obstacles between the two former solid materials could be 

improved. Nevertheless if the impregnation is performed with a mixture of the liquid acid with a solvent, 

a subsequent solvent-removal step is necessary before the impregnated substrate can be milled. 

Alternatively the impregnation can be performed with gaseous hydrogen chloride, whereby no solvent-

removal is necessary in that case. Furthermore, if the subsequent reaction that is performed with the 
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milled, acidic substrate does not take place in an acidic environment, also a neutralization of the 

processed substrate is required. (Schüth et al. 2014; Carrasquillo-Flores et al. 2013 [Hick et al. 2010].) 

 

Kleine et al. (2012) examined a pre-treatment method to break the β-O-4 bonds present in lignin, as 

explained in chapter 2.1.3. As lignin bonds can be cleaved by solutions of strong bases, the team 

combined base catalysts with the mechanical forces generated in a ball mill. Thereby they also observed 

that cellulose impurities present in a lignin sample were depolymerised as well and the respective 

glycosidic bonds of the cellulose got broken down too with their examined method. This was seen in the 

results of the nuclear magnetic resonance spectroscopy (NMR) after the grinding, where the typical 

patterns for the glycosidic bonds were missing. Thus, the team proposed that this method, ball-milling a 

substrate with an alkali catalyst, also works as pre-treatment for wood and further thought for other 

lignocellulosic material. (Kleine et al. 2012.) This observation is researched further during the work of 

this thesis. 

 

Finally, Li, Yan, Shen, Qiu & Qi (2017b) developed a direct process to produce lactic acid by ball milling 

glucose with Ba(OH)2 as catalyst. Under the studied optimum conditions, a moderate yield of 35.6 % 

lactic acid could be achieved after 4 h of ball-milling 0.5 g glucose with 1.5 g Ba(OH)2.  

 

 

3.3 General reaction path: Glucose to Lactic Acid 

 

The conversion path from glucose to lactic acid is quite well explored. 1 mol of glucose is converted to 

2 mol of lactic acid. The path stays primarily also the same when alkali material or Lewis acids are added 

as catalysts. It is important to note at this point that quite complex catalytic systems, consisting of a 

combination of alkali and Lewis acid catalysts, are applied. Sometimes also zeolites and activated carbon 

are added as well. Nevertheless, the general reaction scheme remains the same and it is presented in 

figure 9, for the reaction in water. (Wang et al. 2013; Dusselier et al. 2013; Li et al. 2018.) 
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FIGURE 9. Conversion path of glucose to lactic acid (adapted from Dusselier et al. 2013; Li et al. 2017a.) 

 

The glucose as starting point for the reaction can be generated from cellulose for example by acid-

catalysed depolymerisation. Ball-milling of the cellulosic substrate increases the reactivity of it even 

further. (Dusselier et al. 2013.) 

 

The glucose undergoes isomerisation to fructose in the pathway to be converted to lactic acid. To be 

more specific, this conversion of glucose to fructose takes place via the Lobry de Bruyn – Alberda van 

Ekenstein transformation (Jin & Enomoto 2010 [Speck 1958].) The isomerization step can be enhanced 

by the addition of Lewis acid catalysts. The activation energy for this step is lowered from initially 

100.8 kJ mol-1 (24.1 kcal mol-1) without any catalyst to 54.4 kJ mol-1 (13.0 kcal mol-1). This maximum 

decrease of the activation energy was achieved with Al3+ ions that were coordinated with OH- ions from 

an alkali catalyst. Other metal salts, partly combined with bases decreased the activation energy as well 

but less strongly. The effect of the OH- ions shows that also alkali catalysts promote the isomerization 

step, which explains why often bases and Lewis acids are applied together as catalysts and their 

influences on the reaction are explored combined. (Dusselier et al. 2013; Li et al. 2018.) 
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Fructose is cleaved to the two triose intermediates, glyceraldehyde (GLY) and dihydroxyacetone (DHA) 

by retro-aldol fragmentation. This fragmentation was detected to be the rate determining step in the 

whole reaction series, with an activation energy of 137.24 kJ mol-1 (32.8 kcal mol-1). Thereby again both, 

Lewis acids or alkali materials, have a catalytic effect. In case of the Lewis acids, Sn2+ ions lowered the 

activation energy most. Regarding the base, the OH- ions are promoting the breakage of the carbon-

carbon bonds during the retro-aldol fragmentation step. Moreover, especially divalent alkali-earth 

cations like Ba2+ or Ca2+ are supposed to form intermediate complexes that support the cleavage of the 

fructose between the carbon atom 3 and 4, additionally to the effect of the OH- ions. (Li et al. 2018.) 

 

The two trioses GLY and DHA can rapidly isomerise into each other by a shift of the carbonyl group 

from the aldose to the ketose form. According to Dusselier et al. (2013) no statement can be said yet 

about which of these two molecules reacts further, probably because of the fact that they are in such a 

fast adjusting equilibrium with each other and studies showed that both molecules can continue the 

reaction path to lactic acid. (Dusselier et al. 2013.) 

 

Via dehydration the trioses are then converted to pyruvaldehyde (PAL). From this molecule onwards 

literature proposes different continuing paths, whereby in figure 9 two general routes are shown. Very 

detailed pathways with certain metal salts acting as catalysts etc. are left out at this point to not get too 

deep into the topic. 

 

Path 1. in figure 9, outlined by Dusselier et al. (2013), depicts the general route in water or alcohol as 

reaction medium. The aldehyde carbonyl group of PAL is vulnerable for attacks by nucleophiles, for 

example water or also an alcohol when the reaction takes place in alcohol as reaction media. The hydrate 

(or hemiacetal in case of an attacking alcohol, as shown in figure 9) is converted to lactic acid via an 

1,2-hydride shift. Path 2. in figure 9 shows the general route with a base catalyst, according to Li et al. 

(2017a). Hereby an OH- ion attacks the aldehyde carbonyl group, H-atoms shift and the intermediate 

compound becomes lactic acid when it is hydrated. 

 

All steps in the reaction path from the triose intermediates onwards get, according to Dusselier et al. 

(2013), catalysed by Lewis acids and bases as well.  
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4 MATERIALS AND EXPERIMENTAL SETUP 

 

 

This chapter lists all the equipment, material and chemicals that are utilized to perform experimentally 

the pre-treatment of the fibre sludge, the conversion reaction and the sample analysis. Respective 

pictures and a figure showing the experimental setup used during the conversion reaction are given. 

 

 

4.1 Mechanocatalytic pre-treatment with alkali and acid catalysts 

 

The equipment used for the alkali and acidic ball-milling is listed in table 4. The exact number is only 

given for specific equipment. 

 

TABLE 4. Utilized equipment for the mechanocatalytic pre-treatment 

Number Equipment Specification 

1 Ball Mill Planetary Micro Mill “Pulverisette 7 premium line” by Fritsch 

GmbH, with 1 grinding chamber comprising 2 grinding stations 

1 Counter weight Placed in grinding station 2 

1 Grinding bowl Volume V = 45 mL; stainless steel, internal lining of zirconium 

oxide (ZrO2), small percentages of magnesium oxide (MgO), 

hafnium oxide (HfO2) and minor traces of other oxides; 

1 Sealing ring Silicone 

1 Grinding bowl lid With sealing screw and pressure outlet bolt 

19 Grinding balls Made of grinding bowl lining material, different manufacturer 

1 Weighing scale Mettler Toledo AE 100; maximum weight 109 g, readability and 

standard deviation 0.1 mg 

1 Drying oven Gallenkamp Economy Incubator, Size 1; 40 - 45 °C 

 Spatulas 

Weighing cups 

 

 Forceps   

 Mortar and pestle  

 Storage glass vials with 

plastic caps 

V = 5 mL 

 Micropipette Bio-Rad, adjustable V = 2 - 20 μL 

 Respective pipette tips  
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The ball mill is depicted in picture 1. The grinding chamber of the mill is open in the picture, giving 

sight on the empty grinding station 1. The stabilization fork that is hereby vertically visible is closed, 

once the grinding bowl is inserted in the station, to keep the bowl in place during grinding. The inside 

of the grinding bowl, containing the 19 grinding balls and also the silicone sealing ring is shown in 

picture 2. 

 

 

PICTURE 1. Planetary ball mill Pulverisette 7 premium line with lidded grinding bowl in front 

 

 

PICTURE 2. Insight into the grinding bowl 
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The chemicals and materials used during the alkaline and acidic ball milling are collected in table 5. All 

specific data listed is provided by the manufacturers. 

 

TABLE 5. Substances used during the mechanocatalytic pre-treatments 

Substance name; purity Molecular formula Molar weight M Density ρ Manufacturer 

Fibre sludge - - - Domsjö 

Fabriker AB 

Barium hydroxide; 94-

98 %  

Ba(OH)2 171.36 g/mol - Alfa Aesar 

Calcium hydroxide; 98 %  Ca(OH)2 74.09 g/mol - Acros 

Organics 

Natrium hydroxide; 99 %  NaOH 40.00 g/mol - Merck KGaA 

Sulphuric acid; 95.0-

98.0 % 

H2SO4 98.08 g/mol 1.84 g/mL Alfa Aesar 

 

The fibre sludge is a waste stream from the sulphate pulping process performed by Domsjö Fabriker 

AB, which is located in Örnsköldsvik, Sweden. The company is since 2011 part of the Aditya Birla 

Group and the main products of the biorefinery are cellulose, lignin and bioethanol. (Domsjö Fabriker 

AB 2018.)  

 

The fibre sludge has been delivered wet as frozen sample. The information about its composition, 

provided by the manufacturer, is listed in table 6. Picture 3 shows the dried fibre sludge. 

 

TABLE 6. Fibre sludge composition (data provided by Domsjö Fabriker AB) 

Content Composition in 

% dry solids 

Comment 

Total solids 29.22  

Water content 80.78  

Ash 2.13  

Acid insoluble lignin 2.8  

Acid soluble lignin 0.2 - 0.4 Value depends on wavelength used for the 

determination; 

Holocellulose 99.2 (Holocellulose = Cellulose + Hemicellulose) 

Alpha-Cellulose 82.94  
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PICTURE 3. Dried fibre sludge from Domsjö Fabriker AB 

 

A method how to determine the different cellulose percentages (Alpha-, beta-, and gamma-cellulose), 

present in an unknown fibre sludge sample, is presented in Appendix 1. Ba(OH)2 and Ca(OH)2 are 

available in powder form, pulverized NaOH is produced by grinding NaOH pellets with a mortar and 

pestle.  

 

 

4.2 Conversion reaction 

 

The equipment used to prepare and perform the conversion reaction is listed in table 7, together with the 

equipment used to neutralize and adjust the OH- concentration of the acidic samples. For weighing, the 

same weighing scale as during the mechanocatalytic pre-treatment is used, it is listed in table 4. Also the 

5 mL storage glass vials with the plastic caps are the same as listed in table 4.  

 

 

 



35 

 

TABLE 7. Utilized equipment for the conversion reaction step and acidic sample neutralization 

Number Equipment Specification 

2 Hot plate magnetic 

stirrers 

IKA RCT basic / classic safety control 

2 Electronic contact 

thermometers 

VWR VR-5 

2 Oil baths  

 Magnetic bars  For oil bath and reaction broth stirring 

 Clamps  

 Clamp holders  

 Spatulas  

 Pipette  Eppendorf Research plus, 0.5 - 5 mL 

10 Reaction glass vials  V = 10 mL 

 Vial caps (metal + rubber 

septum) 

Agilent unlined crimp caps, 20 mm, aluminium; Agilent septa, 

20 mm, Tan PTFE/white silicone 

1 Crimper Agilent Technologies, Ergonomic Manual Crimper, 20 mm  

 Teflon tape  

1 Pressure release needle  

1 Pliers  

2 Pipettes Eppendorf Research plus, V = 100 - 1000 μL 

3 Volumetric flasks  V = 50 mL ± 0.06 mL 

 

The substances and chemicals used for the conversion reaction are listed in table 8. For the neutralization 

and OH- concentration adjustment of the acidic samples, aqueous solutions of the bases listed in table 5 

are utilized.  

 

The processed fibre sludge listed in table 8 is the product of the mechanocatalytic ball-milling 

performances. After the alkali milling it contains additionally different amounts of either Ba(OH)2, 

Ca(OH)2 or NaOH. When the processed fibre sludge is the product of the acidic milling, it contains 

H2SO4. Blank processed fibre sludge contains comminuted fibre sludge only. 
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TABLE 8. Chemicals used during the actual conversion step 

Substance name; 

purity 

Molecular 

formula 

Molar weight M Manufacturer 

Processed fibre sludge - - - 

Zinc chloride; 98 %  ZnCl2 136.28 g/mol Merck KGaA 

Zinc sulphate 

heptahydrate; 99 %  

ZnSO4·7 

H2O 

287.53 g/mol Acros Organics 

Nickel(II) chloride 

anhydrous; 98 % 

NiCl2 129.60 g/mol Merck-Schuchardt OHG 

Distilled water H2O 18.02 g/mol Produced with automatic water distilling 

Apparatus from ROWA GmbH Germany 

 

The experimental setup for the conversion step is shown schematically in figure 10.  

 

FIGURE 10. Experimental setup for the conversion step 
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4.3 HPLC / UV-Vis analysis 

 

The HPLC / UV-Vis analysis method has been chosen, since several analysis approaches with GC have 

not been successful and the utilized HPLC method still provided the most usable results.  

 

The HPLC equipment used for the sample analysis is a set from Shimadzu Scientific Instruments, 

consisting of six separate parts and the software LabSolutions. The used column is from Bio-Rad 

Laboratories, Inc. All these equipment parts with their specifications are listed in table 9. As later the 

lactic acid concentrations are determined with the UV-Vis Detector, only this detector is mentioned 

when it is referred to the analysis method. 

 

TABLE 9. HPLC / UV-Vis equipment (Shimadzu Scientific Instruments; Bio-Rad 2012.) 

Name Equipment Specification 

SIL-20A HT Autosampler  Enables high speed sample injection (10 s for 10 μL) and 

accuracy, is suitable for small injection volumes (<1 μL), 

enables sample processing with high throughput; 

DGU-20AS I Degasser For degassing the mobile phase; 

LC-20AT Pump For routine usage, provides high stability and performance, 

pump pulsations are minimized by enhanced pump design; 

CTO-10ASVP Column oven For temperatures between 4 - 80 °C, heating/cooling by forced 

air-circulation; 

Aminex HPX-

87H 

Column Column with a packing material based on polymers for the 

analysis of organic acids; length = 300 mm, diameter = 

7,8 mm; Utilize with respective guard column; 

RID-20A Refractive Index 

Detector 

Possesses a stable base line and a short time to warm up; Model 

“A” is suitable for general purposes and has a high sensitivity.  

SPD-20A UV-Vis Detector  Comprises good sensitivity and stability, Deuterium lamp with 

wavelengths between 190 - 700 nm. 

 

As mobile phase an aqueous solution containing 10 mmol/L H2SO4 is utilized. The material for preparing 

the samples for analysis is presented in table 10. 
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TABLE 10. Material for sample preparation 

Number Equipment  Specification 

 Disposable syringes Henke Sass Wolf, NORM-JECT®, Luer, V = 2 mL (3 mL)  

 Filter disks Pall Corporation, Nylon, Acrodisk, diameter 13 mm with pore 

size 0.45 μm 

 Glass beakers V = 10 mL 

1 Transferpette® Brand W-Germany, V = 20 - 100 μL 

1 Pipet Eppendorf Research plus, V = 100 - 1000 μL 

 Respective disposable 

pipet tips  

 

 HPLC glass vials VWR, clear glass, V = 1.5 mL 

 HPLC closures VWR, Silicone / Polytetrafluoroethylene (PTFE), diameter 

9 mm, for 1.5 mL glass vials 

1 Centrifuge Eppendorf Centrifuge 5415D 

 Micro-centrifuge tubes VWR, neutral coloured polypropylene (PP), V = 1.5 mL 

 

Additional hydrochloric acid (HCl) is used to neutralise the samples prior to the analysation. The 

respective data provided by the manufacturer is given in table 11 below, together with the specifications 

of the H2SO4 utilized for the mobile phase of the HPLC. 

 

TABLE 11. Chemicals utilized to prepare the samples for HPLC analysis 

Substance name; purity Molecular formula Molar weight M  Density ρ Manufacturer 

Hydrochloric acid; 37 % HCl 36.46 g/mol 1.18 g/mL J.T.Baker 

Sulphuric acid; 96 % H2SO4 98.07 g/mol  1.83 g/mL Acros Organics 

Distilled water H2O - - - 
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5 EXPERIMENTAL PROCEDURE  

 

 

The actual procedure how the three individual experimental steps, so the pre-treatment of the fibre 

sludge, the conversion and the final analysis have been performed, are given in this chapter. The 

calculation paths used to determine different substance masses and volumes during the experiments are 

presented as well. 

 

 

5.1 Mechanocatalytic pre-treatment 

 

First the fibre sludge is dried in the incubator. Then, during each mechanocatalytic pre-treatment 

performance, 2.5 g of fibre sludge are mechanically grinded for 90 min in the ball mill, whereby either 

one of the three bases or the acid listed in table 5 is added as catalyst, or none, in case of the blank 

procedure. 

 

 

5.1.1 Alkali mechanocatalytic pre-treatment 

 

For the alkali milling, either Ba(OH)2, Ca(OH)2 or NaOH is added as base catalyst. The milling with 

each base is performed three times, whereby the added mass m of base is varied for each performance, 

to create later concentrations c of respectively 0.4 M, 0.3 M or 0.2 M of OH- ions in the 3 mL water, that 

are used as reaction liquid during the conversion step. The calculation path to determine these masses is 

shown exemplary for Ba(OH)2 as base, with a desired later concentration of 0.4 M of OH- ions. 

It has to be mentioned that this OH- ion concentrations are calculated theoretically. In reality, especially 

for the case when Ca(OH)2 is utilized, due to the low solubility of this salt in water, the actual OH- 

concentration is going to differ from the theoretically determined value when it comes to the conversion 

reaction later (Housecroft & Sharpe 2012, 221). 

 

To come back to the calculation, the required molar mass of Ba(OH)2 is found in table 5 and as purity 

95 %, out of the purity range provided by the manufacturer, is used for the calculations. 

 

First the known concentration c of 0.4 M OH- ions is converted with the later desired volume V of 3 mL 

to the amount of substance n of required OH- ions, via equation 5. 
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𝑛 = 𝑐 ∙ 𝑉 (5) 

𝑛OH− = 0.4 
mol

L
∙ 0.003 L = 0.0012 mol 

Next it is considered whether the base is mono- or divalent. Thus in case of the monovalent base NaOH 

the amount of substance of OH- ions is equivalent to the amount of substance of base. In this exemplary 

case, due to the divalent Ba(OH)2, the amount of substance of OH- has to be halved, to get the amount 

of substance of Ba(OH)2. 

𝑛Ba(OH)2
=

𝑛OH−

2
mol OH−

mol Ba(OH)2

=
0.0012 mol OH−

2
mol OH−

mol Ba(OH)2

= 0.0006 mol 

With aid of the molar mass and the molar amount of base, the mass of pure base is determined with 

equation 6. 

𝑚 = 𝑛 ∙ 𝑀 (6) 

𝑚pure Ba(OH)2
= 0.0006 mol ∙ 171.36 

g

mol
= 0.103g 

Finally this mass correlates to the mass of base needed later within the 3 mL reaction liquid. Within the 

reaction liquid only 0.5 g of fibre sludge are used. Thus, the mass of base has to be multiplied by 5, to 

determine the mass needed to treat the whole 2.5 g of fibre sludge that are initially milled. Moreover, 

the purity of the utilized base is considered.  

𝑚Ba(OH)2, ball mill =
0.103 g ∙ 5

0.95
= 0.541136 …  g ≈ 0.54 g 

The calculation procedure for all bases and respective concentrations follows this shown scheme. The 

resulting masses for all bases of the alkali grinding procedures are shown in table 12, together with the 

sample names 

 

TABLE 12. Overview of performed milling experiments 

Base   0.4 M OH-  0.3 M OH-  0.2 M OH- 

Ba(OH)2  mbase = 0.54 g 

b11 

 mbase = 0.41 g 

b12 

 mbase = 0.27 g 

b13 

Ca(OH)2  mbase = 0.23 g 

b21 

 mbase = 0.17 g 

b22 

 mbase = 0.11 g 

b23 

NaOH  mbase = 0.24 g 

b31 

 mbase = 0.18 g 

b32 

 mbase = 0.12 g 

b33 
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Regarding the actual experimental procedure, first a specimen of 2.5 g fibre sludge is weighed out. As 

the dried fibre sludge consists of clumps of varying sizes, it is brought to uniform size by roughly 

comminution with the forceps by hand. Then it is transferred to the grinding bowl that hosts already the 

19 grinding balls. The respective mass of base is weighed out and added to the fibre sludge. The sealing 

ring is placed on the bowl lining edge and subsequently the bowl is closed with the lid. The sealing and 

pressure outlet valve are closed and the bowl is placed in grinding station 1 of the ball mill and fixated 

with the provided mechanism and the stabilization fork. 

 

The alkali milling is performed with a rotation speed of 800 rpm, whereby 30 min milling time are 

followed by a 10 min break, in which the milling substrate can cool a bit down. The milling after such a 

break is then performed in the reverse direction and the total milling time is 90 min. The processed fibre 

sludge is stored frozen in the 5 mL glass storage vials, until the conversion reaction is performed, to 

avoid any further chemical reactions to take place. 

 

 

5.1.2 Acidic mechanocatalytic pre-treatment  

 

The acidic pre-treatment is performed with H2SO4 as acid catalyst. 2.5 g fibre sludge are weighed out 

and comminuted by hand like during the alkali ball-milling procedure. Then a mass m of 0.12 g H2SO4 

is added at each milling performance. This added mass corresponds to 0.0012 mol per 2.5 g fibre sludge 

substrate and the value has been decided upon by the instructor. The acid is thereby pipetted on the 

comminuted fibre sludge in the weighing cup. Afterwards the fibre sludge and acid are transferred into 

the grinding bowl that comprises the 19 grinding balls already. The bowl is closed as described in the 

procedure description for the alkali pre-treatment.  

 

The grinding during the acidic pre-treatment is performed at a rotation speed of 800 rpm as well. The 

grinding time is 1 min, followed by 1 min of break, as overheating of the substrate can happen more 

easily during the acidic procedure, according to the instructor’s experience. The milling moves after the 

break in reverse direction as well. The total grinding time is 90 min. The milled samples are stored in 

glass vials in the freezer until they undergo the conversion reaction. 
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5.2 Performance of conversion reaction 

 

During the conversion reaction the aim is to boil 0.5 g of processed fibre sludge in 3 mL water, at a 

temperature T of 180 °C for a time t of 2 h. Moreover, 0.15 mmol of one of the three catalysts listed in 

table 13 is added, so either ZnCl2, ZnSO4 in form of ZnSO4·7 H2O or NiCl2.  

The respective catalyst mass is calculated with the molar mass of the salt given in table 8, taking the 

purity declared by the manufacturers into consideration. The results are listed in table 13. 

 

TABLE 13. Utilized catalyst masses for the conversion step 

Catalyst m in g 

ZnCl2 0.021 

ZnSO4·7 H2O 0.044 

NiCl2 0.020 

 

 

5.2.1 Preparation and conversion reaction of the acidic samples 

 

Directly before the acidic processed fibre sludge is converted, it undergoes neutralization with an 

aqueous solution of one of the three bases of the alkali ball-milling. An excess of base is added to adjust 

the OH- ion concentration to respectively 0.4 M, 0.3 M or 0.2 M, in the later 3 mL reaction liquid. This 

whole procedure is entitled neutralization-adjustment from now onwards. The neutralization is 

performed at sub-samples corresponding to 0.5 g processed fibre sludge, as this mass is converted later, 

as mentioned before. The total, initially added amount of H2SO4 with 0.12 g is considered, corresponding 

to 0.024 g acid per 0.5 g of processed fibre sludge. Thus specimen of 0.524 g are weighed out and treated 

individually. 

 

The neutralization-adjustment is performed with aqueous solutions of the three bases, containing 1 M 

OH- ions. Hereby again the poor solubility of Ca(OH)2 in water has to be considered (Housecroft & 

Sharpe 2012, 211). In reality, the OH- concentrations of these two base solutions (BS) may differ, despite 

that this BS are mixed before they are utilized. 

 

The solutions are prepared in a volume V of 50 mL. Via a combination of the equations 5 and 6 the 

required base mass m in that volume is determined, to give theoretically the desired 1 M OH- ions. The 



43 

 

molar mass and purity of the bases are given in table 5. The calculation is exemplary shown for Ba(OH)2, 

whereby for this base and for Ca(OH)2 the fact is considered, that they are divalent bases. 

𝑚Ba(OH)2
=

1 
mol OH−

L ∙ 0.05 L

2 
mol OH−

mol Ba(OH)2

∙
171.36 

g
mol

0.95
= 4.509 …  g ≈ 4.5 g 

The results for the three base masses are listed in table 14. 

 

TABLE 14. Base masses for 50 mL 1 M OH- aqueous solution 

Base  m in g 

Ba(OH)2  4.5 

Ca(OH)2  1.9 

NaOH  2.0 

 

For the neutralization itself, first the amount of H+ ions within the 0.024 g H2SO4 present in the weighed 

specimens is determined, again with equation 5 and 6. It is considered that 1 mol of this acid contains 

2 mol of H+ ions. 

𝑛H+ = 𝑛H2SO4
∙ 2 

mol H+

mol H2SO4
=

0.024 g

98.08 
g

mol

∙ 0.95 ∙ 2 
mol H+

mol H2SO4
= 0.00046492 …  mol

≈ 0.0004649 mol = 𝑛OH− 

This amount of H+ ions corresponds to the required amount of OH- ions to achieve neutralization.  

Next the volume of the 1 M OH- BS that contains this amount of ions, is calculated, according to equation 

5. 

𝑉BS, neutralization =
0.0004649 mol

1 
mol

L

∙ 1000
mL

L
= 0.46492 …  mL ≈ 0.465 mL 

Moreover the volume of the 1 M BS that has to be added, to achieve 0.4 M, 0.3 M or 0.2 M OH- ions in 

3 ml reaction liquid, is calculated exemplary for the case of 0.4 M. Again equation 5 is used. 

𝑉BS, 0,4 M =
0.4 

mol
L ∙ 0.003 L

1 
mol

L

∙ 1000 
mL

L
= 1.2 mL 

The total volume of BS, that has to be added to neutralize the acidic sample and create the concentration 

of 0.4 M OH- ions in the 3 mL reaction volume, is the sum of these two results. 
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𝑉BS, TOTAL = 0.465 mL + 1.2 mL = 1.665 mL ≈ 1.67 mL 

Therefore, the remaining 1.33 mL still missing to the 3 mL reaction liquid is the volume of distilled 

water that is added. For this it is presumed that the two volumes are additive, resulting together in the 

3 mL. The volumes for the concentrations of 0.3 M and 0.2 M OH- ions are calculated according to this 

determination path. The total volumes of BS and water are summarized in table 15, together with the 

name of the samples.  

 

TABLE 15. Utilized volumes for acidic sample neutralization-adjustment  

Base Neutralization +  

0.4 M OH- 

Neutralization +   

0.3 M OH- 

Neutralization +  

0.2 M OH- 

Ba(OH)2 VBS, TOTAL = 1.67mL 

Vwater = 1.33 mL 

a11 

VBS, TOTAL = 1.37 mL 

Vwater = 1.63 mL 

a12 

VBS, TOTAL = 1.07 mL 

Vwater = 1.93 mL 

a13 

Ca(OH)2 VBS, TOTAL = 1.67 mL 

Vwater = 1.33 mL 

a21 

VBS, TOTAL = 1.37 mL 

Vwater = 1.63 mL 

a22 

VBS, TOTAL = 1.07 mL 

Vwater = 1.93 mL 

a23 

NaOH VBS, TOTAL = 1.67 mL 

Vwater = 1.33 mL 

a31 

VBS, TOTAL = 1.37 mL 

Vwater = 1.63 mL 

a32 

VBS, TOTAL = 1.07 mL 

Vwater = 1.93 mL 

a33 

 

This neutralization-adjustment procedure is included in the acidic pre-treated sample preparation for the 

conversion reaction.  

 

First 0.524 g processed fibre sludge are weighed into the reaction glass vial and a magnetic bar and one 

of the metal salt catalysts is added. Next the volume of water is pipetted into the vial, followed by the 

volume of BS. Subsequently, the reaction vial is sealed with an aluminium cap with silicone septum, 

using the crimper. To ensure additional sealing, the crimped cap is wrapped in Teflon tape. The glass 

vial is placed in the hot oil bath as depicted in the respective experimental setup in figure 10. The reaction 

vial is dipped into the oil bath, so that the oil’s surface equals the water level in the reaction vial. After 

2 h, the samples are lifted from the water bath and allowed to cool down. With the pressure release 

needle the pressure, that has emerged during the conversion reaction and is still remaining in the vial, is 
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released and the cap is removed from the vial with a pair of pliers. The reaction liquid is poured into the 

storage glass vial and stored frozen, to prevent reactions to continue, until later analysis. 

 

Regarding the naming of the samples, for ZnCl2 as a catalyst the digit 1 is added after the milling sample 

name (e.g. b11 + 1 = b111). The digit 2 is added in the end for ZnSO4·7 H2O and the digit 3 for NiCl2. 

 

 

5.2.2 Conversion reaction of the alkali samples 

 

For the alkali-pre-treated samples, to weigh out 0.5 g processed fibre sludge for the conversion, the added 

mass of base has to be considered. The weighed out mass for the conversion reaction corresponds thus 

to 0.5 g fibre sludge, plus a fifth of the initial added mass of the base. The so resulting utilized sample 

masses are presented in table 16.  

 

TABLE 16. Alkali pre-treated sample masses utilized for the conversion reaction 

Base  0.4 M OH-  0.3 M OH-  0.2 M OH- 

Ba(OH)2  mSample = 0.608 g  mSample = 0.581 g  mSample = 0.554 g 

Ca(OH)2  mSample = 0.545 g  mSample = 0.534 g  mSample = 0.523 g 

NaOH  mSample = 0.549 g  mSample = 0.536 g  mSample = 0.524 g 

 

These masses of alkali processed fibre sludge are weighed out into a reaction glass vial and a magnetic 

bar is added, together with one of the three catalyst masses from table 13 and 3 mL distilled water. The 

reaction vial is capped, sealed, placed in the oil bath and stored after the 2 h reaction time, as described 

for the acidic samples. 

 

 

5.3 Blank testing – ball-milling and conversion 

 

To generate blank samples for comparison, to make the effect of the utilized pre-treatment catalysts 

visible, the ball-milling procedure is performed without any catalyst.  

 

Thereby 2.5 g fibre sludge are weighed out and comminuted by hand as outlined before. The substrate 

is transferred to the grinding bowl and ball-milled for 90 min, in the same mode as used during the 
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milling of the substrate with the base catalyst. For the conversion step, Ba(OH)2 is added as base catalyst 

to the processed fibre sludge. This compound is chosen due to the fact, that literature shows, that 

Ba(OH)2 achieves better conversion of the processed fibre sludge to lactic acid than Ca(OH)2 or NaOH 

(Li et al. 2018.) Ba(OH)2 is added in form of the aqueous BS that is also used for the neutralization-

adjustment of the acidic processed fibre sludge. The added volumes correspond thereby again to 0.4 M, 

0.3 M or 0.2 M OH- ions in the 3 mL reaction liquid. These volumes are determined already for chapter 

5.2.1 and are respectively 1.2 mL to achieve the 0.4 M, 0.9 mL for 0.3 M and 0.6 mL to reach a 

concentration of 0.2 mL, in the 3 mL reaction liquid.  

 

Each of the three concentrations is also tested with the three metal salt catalysts and one time without 

any metal salt catalyst. An overview of the therefore twelve blank samples is given in table 17. The 

conversion conditions and time are the same as for the alkali and acidic samples. 

 

TABLE 17. Overview and names of blank samples 

OH- c / catalyst: No metal salt catalyst ZnCl2 ZnSO4 NiCl2 

0.4 M blank 1.0 blank 1.1 blank 1.2 blank 1.3 

0.3 M blank 2.0 blank 2.1 blank 2.2 blank 2.3 

0.2 M blank 3.0 blank 3.1 blank 3.2 blank 3.3 

 

 

5.4 Sample analyzation with HPLC / UV-Vis 

 

After the conversion reaction, the lactic acid is present as lactate (Barium, calcium or sodium lactate). 

Therefore, the samples have to be neutralized prior to analysis. For this, slightly more HCl, than the 

volume required for neutralization is added. The determination of this volume is exemplary shown for 

an OH- ion concentration of 0.2 M, in the following combination of the equations 5 and 6. Furthermore, 

the density and purity of the utilized HCl is considered.  

𝑉HCl, 0.2 M =
0.2 

 mol
L ∙ 0.001 L ∙ 36.46 

g
mol

1.18 
g

mL ∙ 0.37
= 0.016701 …  mL ≈ 16.7 μL 

To ensure all lactic acid is liberated, in reality, a slight excess of 18.5 μL HCl is added. The calculated 

and used neutralization results for all three examined OH- concentrations are summarized in table 18. 
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TABLE 18. HCl volumes for sample neutralization 

OH- c  Calculated VHCl  Utilized VHCl 

0.4 M  33.4 μL  35.0 μL 

0.3 M  25.1 μL  27.0 μL 

0.2 M  16.7 μL  18.5 μL 

 

The basic pre-treated Ba(OH)2 and Ca(OH)2 samples are filtrated with syringe and filter disk. 1 ml 

filtrated sample is then neutralized in the HPLC glass vial directly. For all samples that contain NaOH 

or have been acidic pre-treated, a volume of 1 ml unfiltered sample is pipetted into a micro-centrifuge 

tube and neutralized there, as these samples contain already or generate during neutralization particles, 

that make the filtrating with the filter disk very hard. Thus, these neutralized samples are centrifuged 

first for 5 min at a rotation speed of 13200 rpm. The resulting liquid is subsequently filtered with syringe 

and filter disk and transferred to the HPLC glass vials as well. 

 

The samples are analysed by HPLC / UV-Vis. The used method parameters for the analysis are listed 

and summarized in table 19. 

 

TABLE 19. Method parameters utilized during the HPLC analysis 

Parameter  Value 

Mobile phase  Distilled water containing 10 mM H2SO4  

Mobile phase flow  0.7 mL/min 

Sample injection volume  4 μL   

Column temperature  Room temperature, approximately 22 °C 

Column pressure (result of flow rate)  Approximately 150 bar 

UV-Vis temperature  40 °C (required for subsequent RID) 

UV-Vis utilized wavelength  210 nm 

Refractive Index detector temperature  40 °C 

 

The column is exposed to room temperature, as due to the utilized guard column the column cannot fit 

into the column oven anymore and thus, also cannot be heated. The detectors have to be kept at 40 °C 

nevertheless, as the RI-detector gives error messages at lower temperatures and they also appear when 

the UV-Vis detector temperature is lowered. 
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To determine quantitatively the lactic acid amount in the prepared, unknown samples, a series of samples 

with known concentrations is prepared. Based on the respective resulting peak heights of this calibration 

standards, a regression line is drawn, with the peak height on the y-axis and the lactic acid concentration 

on the x-axis. The peak height has been chosen as value to base the quantitative method on, as the used 

method is not separating the sample compounds sufficient enough to create single peaks. On the 

contrary, peaks are overlapping, which is why the peak area, which is conventionally used to calculate 

the concentration, cannot be used in this method. The results for the line are given in the respective 

chapter 6.3.2. The overlapping peaks are shown exemplary in the chromatograms depicted in chapter 

6.3.3. 

 

All generated alkali and blank samples are analysed, but due to the observed result chromatograms of 

the acidic samples, only a selected number of 15 acidic samples out of 27, are analysed. Lastly, it has to 

be mentioned that with the utilized method and HPLC equipment and software the other visible peaks 

in the chromatogram could not be designated to other compounds. The types of by-products thus have 

to be estimated from literature. 
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6 RESULTS 

 

 

In the following chapters first observations from the pre-treatment and conversion steps are given. Then 

observations of the preparation and the HPLC / UV-Vis analysis itself are outlined, as well as the results 

of the quantitative analysis approach. In the end, the results of the HPLC / UV-Vis analysis are presented. 

 

 

6.1 Results and observations of the mechanocatalytical pre-treatments 

 

The fibre sludge powder resulting from mechanocatalytical ball-milling differs in its looks and properties 

on the catalyst, if used. The grinded fibre sludge with Ba(OH)2 results in an ochre-coloured fine powder, 

with small, darker coloured particles. The powder sticks to the grinding bowl walls and the balls. The 

fibre sludge specimen grinded with Ca(OH)2 is of a light brown colour, similar to the samples grinded 

with Ba(OH)2, but the powder feels more “fine” when it is handled. The result of the ball-milling with 

NaOH looks very different to that of the other two bases. The grinded material is dark brown and coarser, 

resembling in its looks coarsely grinded coffee beans. In contrast to the other two basic samples the 

NaOH-crumbs of processed fibre sludge do not stick very much to the walls of the grinding bowl or the 

balls.  

 

The fibre sludge grinded with H2SO4 is a grey-brownish fine powder, with darker areas. It sticks very 

much on the grinding balls and on the grinding bowl wall, it even forms quite thick, hard deposits, that 

have to be removed from the bowl by applying mechanical forces. The deposits are very brittle and can 

be transformed back into the fine powder easily. The blank grinded fibre sludge without any catalyst has 

a greyish-white colour and sticks to the bowl walls and balls as well. 

 

Moreover, the acidic processed fibre sludge is fully water-soluble in contrast to the basic sludge samples, 

where many solids remain unsolved, when submerged in water. The blank processed fibre sludge is not 

water soluble and disperses only. All five processed fibre sludge types are shown in picture 4. 
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PICTURE 4. From left to right: Basic, acidic and blank processed fibre sludge 

 

 

6.2 Results and observations of the conversion reactions 

 

During the conversion of the samples, pressure arises in the glass reaction vial, visible by the fact that 

the silicone-rubber septum bulges through the aperture present in the aluminium cap. This can be seen 

at the reaction vial on the left in picture 5. In contrast to this, the caps of the samples on the right side, 

which have been put into the oil bath only shortly before the picture was taken, are still flat, as no 

pressure could arise yet in the short time. 

 

 

PICTURE 5. Pressurised reaction vial on the left during the sample conversion 
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Depending on the sample, the reaction liquid takes different colours after the 2 h reaction time. The alkali 

sample liquids have shades of reddish brown and, when removed from the oil bath and mixing, a layer 

of water-insoluble particles forms on the glass vial bottom.  

 

When the acidic samples are neutralized with NaOH, the reaction liquid gets dark brown, almost black, 

after the 2 h reaction time. The neutralization produces no solids in this case, as the neutralization salt 

Na2SO4 is water soluble. Nevertheless, it contains solids after the 2 h, due to the fact that during all 

conversions performed with acidic processed fibre sludge, water-insoluble black particles, so-called 

humins, form as unwanted by-product (Dusselier et al. 2013). 

 

The neutralization of the acidic samples with Ba(OH)2 and Ca(OH)2 leads to respectively BaSO4 and 

CaSO4, two salts that are barely or not soluble in water (Burrows et al. 2013, 1184). These salts are 

visible in the reaction broth and form a layer on the bottom once the glass vial is removed from the oil 

bath and the magnetic stirring is stopped. The respective reaction liquids have an orange-brown colour, 

similar to the basic samples with Ba(OH)2 and contain humins as well. 

 

The blank processed fibre sludge samples take during conversion, some minutes after the cooking 

started, an ochre colour as well, similar to the other samples containing Ba(OH)2. After the two hours, 

when lifted from the oil bath, a reddish liquid layer emerges above a white sediment layer on the glass 

vial bottom.  

 

 

6.3 Results of the sample analysation 

 

In this chapter all results and observations related to the sample analysis with HPLC / UV-Vis are 

presented. At first the sample preparation is examined, followed by the results of the calibration, which 

are required for the quantitative determination of lactic acid. Finally, the obtained lactic acid 

concentrations from the analysis and the calculated yields based on these results are given 

 

 

6.3.1 Observations from the sample preparation 

 

It can be observed that the pre-treatment method, which has been utilized for the feedstock of a converted 

sample, also has an influence on its behaviour during neutralization, prior to the analysis. The basic and 



52 

 

blank pre-treated samples have, once filtered, a bright orange colour, but once HCl is added for 

neutralization, the liquids get a pale yellow shade. The converted samples derived from acidic ball-

milled specimen, on the other hand, keep their dark colour and are, once they have been centrifuged and 

filtered, from a deep red-brown. Moreover, when a sample contained NaOH as a base, after the 

respective neutralization with HCl somehow solids are observed, which make the reaction liquid a bit 

turbid. This is the reason why the NaOH-comprising samples have to be filtered again after 

neutralization, before these liquids are transferred to the HPLC glass vials.  

 

 

6.3.2 Calibration results 

 

The concentrations of the calibration standards and their resulting heights are given in table 20, together 

with the retention time when the lactic acid peak appeared. 

 

TABLE 20. Data to determine the calibration curve 

Concentration in g/L  Peak height in mV  Retention time in min 

0.25  4213  10.771 

1.00  16031  10.782 

3.00  47497  10.782 

7.00  110741  10.980 

10.00  156729  10.783 

 

Through these points a straight line can be fitted, the calibration line. This curve is plotted and the 

coefficient of determination R2 is determined with 0.9999662, indicating that this regression line is 

highly linear. This is because the closer R2 gets to 1, the better the determined standard data points fit 

into a linear regression line. (Shevlyakov & Oja 2016, 17.)  

 

 

6.3.3 Results from the HPLC / UV-Vis analysis 

 

The analysed samples are divided into three general groups: The samples originating from the alkali 

ball-milled fibre sludge, the ones from the acidic pre-treated fibre sludge and the blank samples, for 

which the fibre sludge has been milled without catalyst and the base has been added later. 
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The alkali and blank samples resulted in UV-Vis chromatograms comprising visible, distinguishable 

peaks, which merge into each other and are very close together. An exemplary chromatogram for an 

alkali sample is shown in figure 11 with b123 and one exemplary chromatogram for a blank sample is 

depicted in figure 12 with blank 2.3. 

 

 

FIGURE 11. Chromatogram of sample b123 (Lactic acid peak after 10.633 min) 

 

 

FIGURE 12. Chromatogram of blank 2.3 (Lactic acid peak after 10.642 min) 

 

The acidic samples show a totally different chromatographic pattern: They start off with a high peak and 

develop then to an uniform ramp without distinguishable single compound peaks. The chromatogram 

for one acidic sample is shown in figure 13 for the sample a123. 
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FIGURE 13. Chromatogram of a123 (Lactic acid "peak" after 10.766 min) 

 

The resulting concentrations, determined based on the peak height by LabSolutions, are summarized in 

table 21 later. More than half of the acidic samples exhibited no distinguishable or measurable peaks for 

lactic acid and the program has been unable to calculate a result. These samples are marked by “–“ in 

table 21.  

 

Based on the concentrations, the yield Y of lactic acid is determined. The yield determines thereby the 

ratio of the produced lactic acid concentration to the initial cellulose concentration, in percent. The 

respective formula is shown in equation 7 (Smith 2016, 63.) The stoichiometric coefficients ν are 

considered, as 1 mol of the glucopyranose monomer of cellulose gets converted theoretically to 2 mol 

lactic acid, as outlined in chapter .3.3 where the respective reaction path is given.  

𝑌 =
𝑐Lactic acid

𝑐Cellulose
∙

|νCellulose|

|νLactic acid|
∙ 100 % 

(7) 

According to this equation, the yield is exemplary calculated for sample b111. Thereby the converted 

0.5 g of fibre sludge are assumed to consist of 100 % cellulose. The molar mass of lactic acid is 

considered with 90.08 g/mol and as molar mass for cellulose the conventionally assumed molar mass of 

one glucopyranose unit is used with 162.14 g/mol. Also the reaction volume of 3 ml is taken into account. 

𝑌b111 =
0.763 

g
L 90.08 

g
mol

⁄

0.5 g

162.14 
g

mol

0.003 L⁄
∙

1

2
∙ 100 % = 0.412 …  % ≈ 0,41 % 
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The respective lactic acid yield results are given in table 21. This table also designates again the used 

processed fibre sludge types, base, OH- ion concentrations and the utilized Lewis acid catalyst for each 

sample. 

 

TABLE 21. Concentrations determined by HPLC and resulting lactic acid yields 

   0.4 M OH- 0.3 M OH- 0.2 M OH- 

   Name c in 

g/L 

Y in 

% 

Name c in 

g/L 

Y in  Name c in 

g/L 

Y in 

% 

A
lk

al
i 

p
re

-t
re

at
ed

 B
a(

O
H

) 2
 

ZnCl2 b111 0.763 0.41 b121 1.726 0.93 b131 0.606 0.33 

ZnSO4 b112 2.196 1.19 b122 1.427 0.77 b132 0.943 0.51 

NiCl2 b113 2.448 1.32 b123 1.818 0.98 b133 0.976 0.53 

C
a(

O
H

) 2
 

ZnCl2 b211 1.676 0.91 b221 1.119 0.60 b231 0.673 0.36 

ZnSO4 b212 1.804 0.97 b222 0.827 0.45 b232 0.68 0.37 

NiCl2 b213 1.277 0.69 b223 0.811 0.44 b233 0.265 0.14 

N
aO

H
 ZnCl2 b311 1.277 0.69 b321 1.525 0.82 b331 1.046 0.56 

ZnSO4 b312 0.528 0.29 b322 1.472 0.79 b332 0.991 0.54 

NiCl2 b313 1.405 0.76 b323 1.474 0.80 b333 1.254 0.68 

A
ci

d
ic

 p
re

-t
re

at
ed

 B
a(

O
H

) 2
 

ZnCl2 a111 - -       

ZnSO4 a112 1.077 0.58       

NiCl2 a113 - - a123 2.683 1.45 a133 1.592 0.86 

C
a(

O
H

) 2
 

ZnCl2 a211 2.061 1.11       

ZnSO4 a212 1.800 0.97       

NiCl2 a213 4.224 2.28 a223 - - a233 - - 

N
aO

H
 ZnCl2 a311 2.600 1.40       

ZnSO4 a312 - -       

NiCl2 a313 - - a323 - - a333 - - 

B
la

n
k
s 

B
a(

O
H

) 2
 none blank 1.0 2.023 1.09 blank 2.0 1.492 0.81 blank 3.0 2.781 1.50 

ZnCl2 blank 1.1 1.358 0.73 blank 2.1 0.992 0.54 blank 3.1 1.174 0.63 

ZnSO4 blank 1.2 1.128 0.61 blank 2.2 1.286 0.69 blank 3.2 1.621 0.88 

NiCl2 blank 1.3 1.941 1.05 blank 2.3 0.537 0.29 blank 3.3 0.581 0.31 

 

The generated minimum and maximum yields are depicted in a bar diagram in figure 14. 
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FIGURE 14. Minimum and maximum lactic acid yields of the pre-treatment types 
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7 DISCUSSION AND INTERPRETATION 

 

 

During this part, the results and observations presented in chapter 6 are discussed and interpreted. The 

respective experimental steps, so the pre-treatment of the fibre sludge, the subsequent conversion and 

the sample analysis are discussed individually. Based on the analysis results, the varied experimental 

parameters, such as the applied pre-treatment method, the OH- ion concentrations and the metal salt 

catalysts are assessed. Finally, the utilized experimental approach during this thesis is compared to 

methods from literature. 

 

 

7.1 Discussion of pre-treatment results and observations 

 

The processed fibre sludge specimen, resulting from the different types of pre-treatment (alkali, acidic, 

blank), provide already information about the effects of the ball-milling approaches. The milled blank 

sample, with its white-grey colour, gives a reference what the milled fibre sludge looks like, without a 

chemical reaction that has taken place. The different brown, and the grey-brownish colours of the alkali 

and acidic ball-milled samples give the first prove that a chemical reaction happened due to each added 

base- or acid catalyst.  

 

The dark spots in the alkali samples containing Ba(OH)2 and in the acidic samples might indicate that 

the material got a bit too hot there and started to carbonise, locally. The dark colour of the whole NaOH 

samples probably refer to the fact that the temperature has been in generally too hot during grinding. To 

test this, the NaOH-alkali milling could be performed in the acidic milling mode (1 min milling, 1 min 

break), in a future testing, to see if it makes a difference. 

 

Literature states, that the acidic ball-milling of the fibre sludge is going to result in water-soluble 

oligosaccharides (Schüth et al. 2014). This fact has been also observed during this experimental 

performance, as the product of acidic pre-treatment could be fully dissolved in water. The alkali pre-

treated samples are partly water soluble. The blank powder on the other hand, from the milling without 

any catalyst, disperses in water, but does not dissolve in it. Based on this it is expected, that the converted 

acidic pre-treated fibre sludge specimen produce the highest lactic acid yields, as the respective 

feedstock is water-soluble sugars (Schüth et al. 2014). It is expected that the samples of the alkali 
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processed fibre sludge follow with the second highest lactic acid yields, while the blank samples result 

in the smallest amounts of produced lactic acid.  

 

For a more comprehensive discussion of the pre-treatment it would be crucial to measure the sugar 

concentrations in the mechanocatalytical pre-treated substrates. This would allow an estimation of the 

efficiency of each pre-treatment method, which is based on analysis results and data rather than the 

observed solubility of the pre-treated powders in water and their colours only.  

 

 

7.2 Discussion of the results and observations of the conversion reaction 

 

The conversion reaction itself has taken place under aerobic conditions, as approximately 7 mL air are 

captured above the 3 mL reaction liquid in the reaction glass vials. Li et al. (2017a) however stated, that 

an anaerobic reaction environment is crucial to direct the reaction of saccharides, cellobiose included, 

towards lactic acid, in presence of a base catalyst. Otherwise the oxygen in the air enhances the oxidation 

of GLY, DHA and other intermediates to unwanted by-products. The paper stated that, additional to 

fructose or GLY, which can remain as unreacted intermediates in the reaction broth also in absence of 

oxygen, during aerobic conditions furthermore glyceric acid, glycolic acid, formic acid, malonic acid 

and CO2 are produced as by-products. (Li et al. 2017a.) 

 

In case of the performed experiment, the amount substance of present oxygen can be estimated with the 

perfect gas equation, which is given in equation 8 (Atkins & de Paula 2006, 8.) 

𝑝 ∙ 𝑉 = 𝑛 ∙ R ∙ 𝑇 

p gives thereby the pressure in Pa, V the volume in m3, n the amount of substance in mol, R is the gas 

constant, which has a value of 8.314 J/(mol K) and T is the temperature in K. The amount of substance 

of oxygen is calculated with the known volume of 7 ml and at ambient pressure and temperature. Also, 

it is considered that oxygen is present in air with around 21 vol%. (Atkins & de Paula 2006, 11.) 

𝑛O2
=

101325 Pa ∙ 7 ∙ 10−6 m3 ∙ 0.21

8.314 
J

mol K
∙ 293.15 K

= 6.1 ∙ 10−5 mol 

When this amount of oxygen is compared to the initial amount of substance of cellulose converted, 

which is around 0.003 mol, it can be seen that the present amount of oxygen is very small. Thus, its 
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impact on the intermediate oxidation to unwanted by-products is quite small and the discussion will not 

focus on this further. 

 

In the acidic pre-treated conversion samples, additionally humins emerged as by-product. Humins are 

complex polymers and insoluble in water. They are produced by the dehydration of glucose and fructose, 

and the production is enhanced when these substances are present in high concentrations. Their 

formation is, moreover, promoted in an acidic environment in water and at higher reaction temperatures. 

(Dusselier et al. 2013; Filiciotto, Balu, Van der Waal & Luque 2017.) This might explain the fact why 

humins have appeared only in the acidic pre-treated samples. Even though these samples undergo 

neutralization and are adjusted to a certain OH- concentration, these conditions obviously enable the 

production of humins anyways. The result of the acidic pre-treatment, the water-soluble sugars, can act 

as feedstock for a variety of different products, including humins.  

 

No humins have been produced from the alkali and blank ball-milled feedstocks. In the alkali and blank 

ball-milling mode the substrate has been comminuted and also react to a certain degree in presence of 

the base, but it is unknown how much of or if the substrate is converted to water-soluble products, which 

are generated via acid-catalysed ball-milling. Thus, humins did not appear in these respective samples.  

 

 

7.3 Discussion of HPLC / UV-Vis results 

 

The resulting yields collected in table 21 reveal some trends, but are in general too inconsistent and 

fluctuating to draw reliable conclusions. Nevertheless, in the following chapters different result 

observations are discussed and compared to experiment outcomes outlined in literature. 

 

 

7.3.1 Effect of pre-treatment method on the lactic acid yield 

 

The lactic acid yields, resulting from the blank and basic pre-treated samples, are approximately in the 

same range, between 0.29 – 1.50 % for the blank, and 0.14 – 1.32 % for the basic samples. The yields 

for the acidic pre-treated samples range between 0.58 - 2.28 %. The visible trend would suggest that the 

yields from the acidic pre-treated samples are slightly higher, although the amount of generated results 

is too small to draw conclusions for sure. When the yields from the different basic pre-treatments are 
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compared, it can be seen from figure 14 and table 21 that with Ba(OH)2 the highest lactic acid yields 

emerge.  

Anyway, the produced maximum yields with not even 3 % are very low. Produced lactic acid yields 

from cellulose reported in literature range between 19 – 90 %, depending on the applied conversion 

approach (Li et al. 2018 [Yan, Jin, Tohji, Kishita & Enomoto 2010]; Wang et al. 2013.) A more detailed 

comparison of the utilized practical approach in this thesis to experimental procedures reported in 

literature is given later in chapter 7.4. 

 

From literature it is expected that the acidic pre-treated fibre sludge specimen produce higher lactic acid 

yields, as during this pre-treatment approach the fibre sludge is converted into water soluble 

oligosaccharides, from which lactic acid can be readily produced. (Schüth et al. 2014; Dusselier et al. 

2013.) 

 

Based on the observations of Kleine et al. (2012), it has been expected that the alkali pre-treatment makes 

the cellulose in the fibre sludge more abundant for the subsequent conversion reaction, than just plain 

ball-milling without catalyst (Kleine et al. 2012). Therefore, also higher lactic acid yields have been 

expected from the alkali ball-milled samples, in comparison to the blank yields. The results, on the other 

hand, reveal slightly higher yields for the blank samples. It seems thus that already the plain ball-milling 

of the fibre sludge increases the reactivity of the contained cellulose sufficiently enough, to convert it to 

further products. According to these results, it does not make so much of a difference therefore, whether 

the base catalyst is already added during the milling or only afterwards.  

 

It is stated in theory chapter 2.1.1 that the acetal bonds require water for their cleavage. Therefore it 

might be that during the basic pre-treatments, which were performed with solid bases, not sufficient 

amounts of water have been present, to achieve the depolymerisation of the cellulose chain.  

 

It has to be considered that the results in table 21 and the selected yields in figure 14 have been obtained 

after the conversion reaction took place. Therefore, it might be that the blank result 3.0 for example, 

which is higher than the highest yield generated from a basic pre-treated fibre sludge, is not a direct 

result of the pre-treatment itself, but can be related to the metal salt catalysts. Thus, it can be seen again 

that it would be of greatest importance in future to measure the sugar concentration in the pre-treated 

substrates, as only this way the pre-treatment and the conversion reaction can be evaluated separately.  
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Furthermore, to draw reliable conclusions regarding the pre-treatment for sure, the whole experimental 

procedure would have to be repeated at least twice. Furthermore, a better analysis method for HPLC 

would have to be developed, to generate appropriate compound separation, resulting in single peaks with 

sufficient resolution, generating repeatable and reliable results. 

 

 

7.3.2 Effect of OH- ion concentration 

 

From the results of the alkali samples, it can be seen that in case of Ba(OH)2, the higher yields have been 

created at 0.4 M OH- ion concentrations in case of two metal salt catalysts and for one catalyst the higher 

yield has been generated at 0.3 M OH- ion concentrations. When Ca(OH)2 has been utilized as base, the 

highest yields emerged at the 0.4 M OH-ion concentrations and for the case of NaOH the best results 

occurred at 0.3 M OH- ion concentrations. The blank samples, on the contrary, show the highest yields 

for the 0.2 M-case, in three out of four cases. For the acidic samples there is not enough data available 

to give any statement about the effect of the concentration. Therefore, no consistent trend can be 

described regarding in general the effect of the concentration on the produced lactic acid yields, also as 

only 3 results per base are a too small amount of samples to conclude trends for sure. 

 

Moreover, a comparison of the concentrations is at least not sensible in the case of Ca(OH)2, due to the 

aforementioned poor solubility of this base in water (Housecroft & Sharpe 2012, 211). It can be assumed 

that due to the insufficient solubility the actual OH- ion concentrations during the conversion reaction 

have been quite uniform and lower than theoretically determined, making the comparison of the OH- 

ion concentration unreasonable. 

 

Literature, nevertheless, is outlining that higher OH- concentrations are correlating to higher lactic acid 

yields (Li et al. 2018). To conclude, whether this statement by literature is true for the explored 

experimental systems with Ba(OH)2 and NaOH in thesis or not, again more repetitions of the 

experimental procedure and a more suitable analysis method are required. 
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7.3.3 Effect of the Lewis acid catalysts 

 

The three utilized Lewis acid catalysts, ZnCl2, ZnSO4 and NiCl2, have been chosen, as they allow on the 

one hand to examine the catalytic effect of the cation (Zn2+ versus Ni2+), and on the other hand the effect 

of the anion (Cl- versus SO4
2-). 

 

The obtained results are too fluctuating to allow a sensible general conclusion on which catalyst 

enhances the reaction yield to lactic acid best. Only in the case of the pre-treated substrate with Ba(OH)2 

the samples with NiCl2 exhibited the highest yields at all three tested OH- ion concentrations. Therefore, 

at least when Ba(OH)2 acted as base catalyst during milling, NiCl2 achieved the best catalytic results. 

Apart from that, no statement can be given about which cation or which anion works better.  

 

It has to be mentioned, that in case of the blank samples, the series without any added metal salt catalyst 

achieve the highest yields for all three OH- concentrations. This result is remarkable, as it would suggest 

that the added metal salt “catalysts” in reality act as inhibitors, decreasing the lactic acid yields even, 

rather than making the lactic acid production favourable, under the examined experimental conditions.  

 

This would contradict literature in a way, as different Zn and Ni catalysts are indeed mentioned as 

suitable. For example, Bicker, Endres & Vogel (2005) studied ZnSO4 and also NiSO4, so at least one 

exact same catalyst that has been used also in the experimental part of this thesis. ZnSO4 showed good 

catalytic properties, when applied to glucose, fructose, sucrose and the trioses GLY and DHA as 

feedstocks, resulting in lactic acid yields between approximately 40 and 85 %, depending on the 

feedstock. Therefore, at least the acidic pre-treated samples, containing the water-soluble sugars, would 

be expected to reach higher lactic acid yields when this catalyst is utilized. Nevertheless, this research 

team applied ZnSO4 under hydrothermal conditions, comprising a temperature of 300 °C and a pressure 

of 250 bar. Therefore, ZnSO4 might be a suitable catalyst for hydrothermal reaction conditions, but not 

for the ones tested during this thesis. (Jin & Enomoto 2010 [Bicker et al. 2005.]) 

 

Regarding the metal salt catalysts also their reactions with the bases have to be considered. When ZnSO4 

is utilized with Ba(OH)2 and Ca(OH)2, it can be assumed that BaSO4 and CaSO4 emerge, which are both 

salts that are poorly soluble in water (Burrows et al. 2013, 1184). Thus at least for ZnSO4 and these two 

bases, the anion of the metal salt catalyst is not freely available in the reaction broth to catalyse the 

reaction. Also Zn2+ and Ni2+ as cations of the used metal salt catalysts can form complexes with the OH- 

ions of the base. These hydroxide complexes of zinc are barely soluble in water and the nickel hydroxide 
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complexes are only soluble at very high OH- ion concentrations (Housecroft & Sharpe 2012, 762 & 

772). This would mean that also at least the respective zinc catalyst cations are not available in solution. 

The hydroxide formation would also decrease the OH- ion concentration, which might give a reason 

why the blank samples without any catalyst achieved the highest yields.  

 

To conclude on a sensible proof, whether ZnCl2, ZnSO4 and NiCl2 act indeed as inhibitors under the 

examined reaction conditions in this experimental procedure, more experiments and a more reliable 

analysis are required also in this case.  

 

 

7.3.4 Discussion of the HPLC / UV-Vis result reliability 

 

All three exemplary chromatograms in the figures 11, 12 and especially 13 show that the separation of 

the compounds with the current HPLC method is not sufficient to generate reliable results. As mentioned 

before, the compound peaks are very close to each other, are overlapping or so many compounds leave 

the column at the same time that the resulting chromatogram is a uniform ramp, making the detection of 

single substances impossible.  

 

Moreover, it is suspected that when many samples are analysed after each other, the column slowly gets 

overloaded. This is because probably some substances, for example salts, are retained very long in the 

column, and are still there when the next sample is injected already, in the sequence analysing mode. 

Due to this, compounds might accumulate in the column packing and the adsorption efficiency on the 

stationary phase decreases. This would explain why after some analysing time the acidic samples did 

not even show a distinguishable lactic acid peak anymore. As a conclusion, it can be assumed that all 

samples analysed not in the beginning of an analysing sequence got a bit distorted and biased results. 

Therefore, the generated lactic acid concentration results are also not really repeatable, as the column 

properties changed over time. If peaks got distorted, also the utilization of the peak height to calculate 

the concentration of lactic acid is not the ideal option and calculations based on the peak area would be 

preferable. For this, nevertheless, a sufficient compound separation resulting in single, distinguishable 

peaks would be required. 

 

According to all these reasons, the lactic acid concentrations, calculated when possible, have to be 

handled with care and if anything, they can only be used for rough estimation. Also the discussions of 

these results in the previous chapters are estimations only. 
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7.4 Comparison of results and method with approaches from literature 

 

The experimental approach in general is compared in this chapter to methods published in scientific 

papers. The conversion methods reported in literature are mostly based on different hexose feedstocks, 

like glucose, fructose, sucrose, cellulose or cellobiose. Furthermore, the conversion of corn cobs to lactic 

acid has been reported. (Dusselier et al. 2013 [Sánchez, Egüés, García, Llano-Ponte & Labidi 2012];.Li 

et al. 2018.) With rice straw and bread residues also waste-based feedstocks have been studied. (Younas, 

Zhang, Zhang, Luo, Chen, Cao, Liu & Hao 2016; Sánchez, Serrano, Llano-Ponte & Labidi 2014.) 

 

Thus, the choice of feedstock within this thesis is following the trend to utilize a waste-based biomass 

to generate a valuable chemical. Fibre sludge has thereby also the advantage that it is a non-edible 

biomass resource, which makes its usage more favourable than for example, the aforementioned corn 

cobs, which are also part of the food or feed industry. Fibre sludge contains, as outlined in the respective 

theory chapter 2.2, mostly cellulose, which makes it easier to process and convert as a feedstock, when 

compared, for example, to the rice straw, which still contains lignin (Younas et al. 2016). On the other 

hand, fibre sludge can also comprise cooking chemicals and other residues from the pulp or paper 

making process and its composition depends on the utilized process too. Thus, it might contain 

substances that could effect the conversion. Nevertheless, in total it remains a promising                        

(ligno-)cellulosic feedstock. 

 

The applied acid-catalysed ball-milling is a suitable approach to depolymerise the cellulosic fibre sludge 

to water-soluble sugars. Due to the applied mechanical forces it overcomes the obstacles related to pure 

acid-catalysed hydrolysis and it comprises more benefits in comparison to other pre-treatment methods. 

Other approaches comprise some disadvantages, for example acid-free depolymerisation utilize 

enzymes, but this approach is not yet economical feasible. Ionic liquids show very good properties 

regarding depolymerisation of cellulose but they are expensive and cannot be recovered yet, once used. 

(Schüth et al. 2014.) 

 

Regarding the conditions during the conversion reactions, table 22 shows a selection of alkali-catalysed 

conversion reactions in water. It can be seen, that hydrothermal conditions (T >200 °C) benefit from 

short reaction times in the minute range, nevertheless the selectivity towards lactic acid is low resulting 

in respective lower yields. This is due to the fact that at such high temperatures also the formation of by-

products is favoured. Lower temperatures show higher yields, but also require a longer reaction time. 

The reaction temperature chosen in the experimental part of this thesis with 180 °C is therefore lying 
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somewhere in between these extremes: it is not yet in the hydrothermal range, but still high enough to 

avoid reaction times of 2 days, as it happens in the case when the conversion reaction is performed at 

room temperature. 

 

Regarding the base, it has to be considered that at high concentrations special equipment is required to 

withstand the high pH values. This, nevertheless, has to be considered more when a conversion approach 

is proved as suitable and thoughts are subsequently drawn towards the upscaling of the reaction. 

 

TABLE 22. Selected data and results for alkali-catalysed reactions in water (adapted from Li et al. 2018.) 

Feedstock Catalyst; 

concentration c 

Temperature T 

in °C 

Time t Lactic acid 

yield in % 

Reference 

Glucose NaOH; 3.5 M 145 1 h 56 [Ellis & Wilson 

2002.] 

Glucose NaOH; 0.75 M 300 10 min 24 [Kishida, Jin, Yan, 

Moriya & Enomoto 

2006.] 

Glucose Ca(OH)2; 0.32 M 300 1 min 20 [Yan, Jin, Tohij, 

Moriya, Enomoto 

2007.] 

Cellulose Ca(OH)2; 0.32 M 300 1.5 min 19 [Yan, Jin, Tohji, 

Kishita & Enomoto 

2010.] 

Glucose Ba(OH)2; 0.1 M 250 1.5 min 57 [Esposito & Antonietti 

2013.] 

Glucose Ba(OH)2; 0.25 M 25 48 h 95 [Li et al. 2017a.] 

Cellobiose Ba(OH)2; 0.25 M 25 48 h 39 [Li et al. 2017a.] 

 

Finally, the choice of reaction medium is discussed. Using water comprises the advantage that it is a 

non-toxic substance, requiring no special precautions when handled. On the other hand, when the alkali 

catalyst is utilized in water, the lactic acid is produced in form of a lactate, bound to the metal cation of 

the base. This requires the liberation of the lactic acid with a strong acid, which results in the same salt 

waste as during the fermentation process. (Dusselier et al. 2013.) This can be seen as disadvantage of 

the combination of water and the alkali catalyst and shows also a drawback of the chosen experimental 
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approach during this thesis. An alcohol as media might have been the better choice, as the produced 

alkyl lactates in this media can be easier purified via distillation and hydrolysis, to lactic acid of high 

purity and alcohol. The alcohol can be recycled. The salt waste generated in water or during fermentation 

can thus be avoided. (Li et al. 2018.) 
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8 CONCLUSION AND OUTLOOK 

 

 

The comparison of the alkali with the acidic pre-treatment shows that, as expected from literature, the 

ball-milling with acid catalyst prepares the cellulose in the fibre sludge better and more efficient and 

yielded in the higher lactic acid concentrations during the subsequent conversion reaction. During the 

acidic approach, the 1,4-β-glycosidic bonds in the cellulose get cleaved and the whole substrate is 

depolymerised to water-soluble sugars that are suitable as feedstocks for the synthesis of lactic acid. 

Literature proposes that the usage of alkali catalysts during the ball-milling cleaves the 1,4-β-glycosidic 

bonds as well (Kleine et al. 2012). The results of the performed experiment during this thesis, on the 

other hand, show no improved lactic acid yields resulting from the alkali pre-treated feedstock, in 

comparison to yields generated from blank processed fibre sludge. To confirm these results, different 

milling times should be tested for the alkali-catalysed pre-treatment, as it might be that longer 

comminution and reaction durations still enhance the depolymerisation of the cellulose. Moreover, the 

basic pre-treatment should be performed with concentrated aqueous alkali solutions as well, to assess, 

whether this increased presence of water enhances the cleavage of the glycosidic bonds present in the 

cellulose. The alkali-catalysed ball-milling approach would provide the advantage that the subsequent 

conversion reaction takes also place in a basic environment, which would allow the direct usage of the 

pre-treated substrate. 

 

For now, acid-catalysed ball-milling is the favoured pre-treatment approach to be chosen, based on the 

results summarized in the paragraph above. Nevertheless, the so generated processed fibre sludge has to 

be neutralized prior the conversion reaction, which takes place in an alkaline environment. This leads 

again to neutralization salt wastes, additional to the salt waste generated later, when the lactic acid has 

to be liberated from the basic pH environment via addition of a strong acid. If the acidic option is chosen, 

the additional waste has to be considered. 

 

In general the acid-catalysed mechanocatalytic pre-treatment approach has proved itself as an efficient 

good way to depolymerise cellulose. The catalyst converts the milled substrate additional to 

comminution and thus generates a better feedstock for subsequent conversion reactions in contrast to 

plain milling. Therefore, shorter milling times are the result, which improves also the energy efficiency 

of the process. And as outlined before in chapter 3.2.3, the method might be an economical feasible and 

in terms of the energy consumption, sustainable entry process, as preliminary studies showed already 
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for bio-ethanol plants. Therefore, the mechanocatalytical pre-treatment with an acid can be seen as 

promising approach to utilize depolymerised cellulose as feedstock for synthesis reactions. 

 

Due to the non-ideal analysis method and the therefore resulting unreliable results, no further 

conclusions can be drawn in regards which base catalyst, respective concentration or metal salt catalyst 

enhances the conversion towards lactic acid best.  

 

Therefore, the main goal for future research should be to develop a suitable analysis method to generate 

reliable results, to detect lactic acid and calculate the respective produced concentrations. If HPLC is 

continued to be used, gradient elution could be an option to achieve a better peak separation. Due to the 

changing eluent strength, sample compounds get eluted differently from the stationary phase, enhancing 

the separation and thus also shifting the peaks in the chromatogram further apart from each other (Harris 

& Lucy 2015, 678). Besides that, it can also be examined what effect it has on the compound separation 

when the column is actually heated. Different columns could also be tested. 

 

Additionally the sugar concentrations produced during the mechanocatalytic pre-treatment approaches 

should be measured in the future too. This would allow a data-based assessment of the efficiency of the 

pre-treatment methods, separately from the evaluation of the conversion part. Based on these results also 

a more profound yield could be determined and assessed. 

 

Regarding the conversion reaction itself, all parameters that have been kept constant during this thesis’ 

practical work could be altered to see how they affect the resulting produced lactic acid concentrations 

and yields. This would mean testing different reaction temperatures, times, utilized metal salt catalyst 

masses and reaction medium. Also the ratio of processed fibre sludge to reaction medium could be varied 

and different metal salt catalysts could be used.  

 

In general, the experimental work shows a very straightforward possibility to convert cellulosic waste 

with aid of basic university laboratory equipment and chemicals into lactic acid. To enhance the 

procedure, the experimental adaptions suggested in the previous paragraphs of this chapter could be 

implemented, to develop and improve the tested approach systematically. The chemocatalytic 

conversion of cellulosic feedstocks to the globally highly demanded lactic acid gives a promising option 

to develop the production of this compound in a more sustainable way, which could even be based on 

waste materials as feedstocks. Nevertheless, still a long way of research is to go until the favoured overall 

reaction procedure is discovered, developed and implemented on an industrial scale.   
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APPENDIX 1/1 

DETERMINATION OF ALPHA-; BETA- AND GAMMA-CELLULOSE 

 

At first it was considered to use a fibre sludge sample of unknown cellulose composition for the 

experiment. Thus fibre sludge samples were examined according to the T 203 cm-99 standard, which is 

initially for the determination of alpha-, beta- and gamma-cellulose contents in pulp. The whole 

following appendix refers to this standard T 203 cm-99.  

 

The procedure takes advantage of the different solubilities of cellulose types in sodium hydroxide 

solutions, whereby these different types are described below.  

 

 Alpha-cellulose (α-cellulose) is the insoluble cellulose part of a sample, when it is extracted first 

with a sodium hydroxide solution of 17.5 w%, followed by a sodium hydroxide solution of 

9.45 w%. α-cellulose is thus un-degraded cellulose, comprising molecules of a high molecular 

weight. 

 Beta-cellulose (β-cellulose) dissolves in the aforementioned chemicals but can be precipitated 

later via adding acid to the solution. β-cellulose stands for the degraded cellulose fraction present 

in the sample. 

 Gamma-cellulose (γ-cellulose) gets dissolved in the hydroxide solutions and cannot precipitated 

again. It remains in the soluble form and represents primarily hemicellulose. 

 

The exact molar amount of each cellulose type is determined volumetrically via redox titration, followed 

by a conversion to absolute percentages according to formulas provided in the standard.  

 

 

Utilized chemicals and equipment 

 

The chemicals required to perform this determination are listed in table A1. When the manufacturer is 

given, the molar weights or densities provided by the manufacturer are used, otherwise these values are 

obtained by literature. 
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TABLE A1. Chemicals utilized for the cellulose determination 

Chemical name  Molecular 

formula 

Molar weight , density Manufacturer 

Sodium hydroxide pellets NaOH M = 40.00 g/mol Merck KGaA 

Potassium dichromate K2Cr2O7 M = 294.18 g/mol - 

Ferrous ammonium sulphate 

 

Fe(NH4)2(SO4)2 

·6 H2O 

M = 392.14 g/mol Merck KGaA 

Sulphuric Acid        96.0 % 

95.0%-97.0 % 

95.0%-98.0 % 

 

H2SO4 M = 98.08 g/mol,  

ρ = 1.84 kg/L 

Merck KGaA 

 

Alfa Aesar 

 

Indicator “Ferroin” (1,10-

phenanthroline iron (II) 

sulphate, 1/40 mol/L) 

 

- ρ = 1.01 kg/L Merck KGaA 

Distilled water  H2O M = 18.02 g/mol produced with 

automatic water 

distilling Apparatus 

from ROWA GmbH 

Germany 

 

The used materials and equipment during the experiment are collected in table A2. Glassware is thereby 

mentioned in general without the specified number, whereas more special equipment is listed with the 

exact used amount. Where same types of equipment with different accuracies was used, the maximum 

inaccuracy is given in the table.  
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TABLE A2. Material and equipment used for the cellulose determination 

Number Equipment Specification 

1 weigh Sartorius BP 221S, maximum measurable weight: 220 g, d = 

0.1 mg 

 Glass beakers 250 mL  

2 Magnetic stirrer plate VWR lab disk  

2 Magnetic bars  

 Glass rods  

1 Water bath Juluba 

5 Volumetric flasks 1000 mL ± 0.4 mL 

2 Volumetric flask 500 mL ± 0.250 mL 

 Volumetric flask 250 mL ± 0.15 mL 

 Volumetric flask  100 mL ± 0.10 mL 

 Volumetric flask 50 mL ± 0.06 mL 

5 Graduated cylinder 100 mL ± 0.75 mL, partly with ground-glass joint and stopper 

2 Graduated cylinders  25 mL ± 0.5 mL 

 Glass pipettes 50 mL ± 0.075 mL 

 Glass pipettes 25 mL ± 0.04 mL 

 Glass pipettes  10 mL ± 0.02 mL 

 Peleus ball  

 Erlenmeyer flasks 250 mL  

4 Filtering flasks 500 mL 

2 Rubber hoses  

2 Filter funnels With sintered glass disk, porosity type 2 (pore size 40 - 100 μm) 

 Filter paper Pall Corporation, glass fibre, type A/E, 1 μm pore size,  

1 Burette 50 mL 

1 Burette holder  
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Experimental procedure 

 

First the solutions required for the experiment are prepared according to the instructions in the standard.  

The exact weighed masses for the chemicals that are later used to manufacture the solutions are listed in 

table A3. The ferrous ammonium sulphate solution is thereby prepared shortly before it is needed for the 

titration, as it is not stable. Table A3 also comprises the masses of fibre sludge weighed out for the first 

experiment series, set 1. 

 

TABLE A3. Weighed masses for basic solutions and material for set 1 

 

The fibre sludge test specimen are dispersed in the NaOH-solution, whereby instead of the dispersion 

apparatus depicted in the standard a conventional magnetic stirring device is used. Then the test 

specimen are processed, filtered and prepared for titration as outlined in the standard, whereby also blank 

samples for the α- and β+γ-cellulose titration are prepared.  

 

During the first experimental trial, so set 1, the test specimen are processed and the samples for the β+γ 

testing are prepared, as they require time for the β-cellulose to settle over night. The next day all samples 

are prepared, ready for titration, whereby the titration of all samples is then performed only on the 

subsequent day. 

 

As the results of set 1 show, the samples degrade over night and allow no titration or result generation 

anymore. Thus the titration samples for set 2 are prepared the same day as they are titrated. For set 2 

also a new sodium hydroxide solution and ferrous ammonium solution get prepared. The weighed 

masses of the chemicals to prepare this two solutions are listed in table A4, together with the sample 

Substance m in g  Comment 

NaOH  104.1986   First volume of NaOH, dissolved and filled up to a volume 

of 500 mL. Normality = 5.21 N 

K2Cr2O7 25.5215  Dissolved and diluted to 1000 mL; Normality = 0.5 N 

Fibre sludge 1 1.5031  Set 1 

Fibre sludge 2 1.5014  Set 1 

Fe(NH4)2(SO4)2 · 6 H2O 40.5030  With 10 mL concentrated H2SO4 diluted to 1000 mL to a 

normality of 0.1 N, assumed to be stable over 48 h; used 

for set 1; 
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masses for set 2. In set 2 additionally to the fibre sludge also filter paper, which is almost pure cellulose 

and a pulp board are examined to allow a comparison how the method works out. To gain more reliable 

results two more specimen of fibre sludge are processed and the α-samples titrated that day as well, 

followed by the titration of the β+γ -samples on the next day. 

 

TABLE A4. Weighed masses for set 2 

 

 

Determination of the results & Interpretation 

 

The titrated volumes for the first set of experiments (set 1) is listed in table A5. 

 

 

 

 

 

 

 

 

 

Substance m in g  Comment 

NaOH  104.9481   First volume of NaOH, dissolved and filled up to a volume 

of 503.627 mL. Normality = 5.21 N 

Fibre paper 1.5017  Set 2 

Pulp board 1.5033  Set 2 

Fibre sludge 1 1.5040  Set 2 

Fibre sludge 2 1.5048  Set 2 

Fe(NH4)2(SO4)2 · 6 H2O 40.5013  With 10 mL concentrated H2SO4 diluted to 1000 mL to a 

normality of 0.1 N, assumed to be stable over 48 h; used 

for set 2; 

Fibre sludge 3 1.5010  Set 2, prepared and titrated on 23.1.2019 

Fibre sludge 4 1.5007  Set 2, prepared and titrated on 23.1.2019 
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TABLE A5. Results for the titration of the samples of set 1 

Sample Titrated volume 

V in mL 

Comment 

α-blank 1 37.8 - 

α-blank 2 39.3 - 

α-blank 3 39.3 - 

α-sample FS 1 - Addition of Ferroin indicator coloured whole solution, no 

titration was possible. Sample probably degraded over night.   

α-sample FS 2 - Behaved as α-sample FS 1; 

β+γ-blank 1 58.7 First addition of 50 mL water after cooling forgotten, end 

point of titration not clearly visible. 

β+γ-blank 2 33.3 - 

β+γ-blank 3 36.0 Now water added after cooling, change clearly visible 

β+γ-blank 4 29.8 - 

β+γ-blank 5 30.1 - 

β+γ-blank 6 34.2 - 

β+γ -sample FS 1 - Behaved as α-samples; 

β+γ -sample FS 2 4.6 Result determination possible but no reliable result due to 

small volume and behaviour of other samples; started 

obviously to degrade as well. 

 

Table A6 shows the titrated volumes of the samples of set 2. 
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TABLE A6. Results for the titration of the samples of set 1 

Sample Titrated volume 

V in mL 

Comment 

α-blank 1 65.4 Volume quite big, probably newly made ferrous 

ammonium sulphate solution not well mixed; 

α-blank 2 44.7  

α-blank 3 45.6  

α-blank 4 45.8 α-blank value used for calculations is mean of blank 3 and 

4, so 45.7 mL; 

α-pulp board 12.5  

α-Filter paper 42.0  

α-fibre sludge 1 9.9 Ferrous ammonium sulphate solution still comprised an 

ion gradient maybe. 

α-fibre sludge 2 22.4  

α-fibre sludge 3 18.7 Used for calculation of results; 

α-fibre sludge 4 18.7 Used for calculation of results; 

β+γ -blank 1 48.2  

β+γ -blank 2 45.6  

β+γ -blank 3 46.4 β+γ-blank value used for calculation is the mean of blank 

1, 2 and 3, so 46.7 mL; 

β+γ -filter paper 46.0  

β+γ -pulp board 16.8  

β+γ-fibre sludge 1 27.1  

β+γ-fibre sludge 2 22.4  

β+γ-fibre sludge 3 33.7 Used for calculation of results; 

β+γ-fibre sludge 4 35.6 Used for calculation of results; 

 

The calculation of the final results, so the absolute percentages of α-, β- and γ-cellulose, the marked 

results of set 2, shown in table A6 are used. All calculations are shown exemplary for the results of the 

fibre sludge 4 test specimen.  

 

First the percentage of alpha cellulose is determined according to equation A1, given in the standard              

T 203 cm-99. 
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α − cellulose, % = 100 −
6.85 ∙ (𝑉α−Blank − 𝑉α−Sample) ∙ 𝑁 ∙ 20

𝑉titrated sample ∙ 𝑚test speciemn
 (A1) 

N is the normality of the ferrous ammonium sulphate solution. As the titration to determine the current 

normality of this solution is not working out, the solution is directly prepared before the titration and not 

used longer than 48 h. Its normality is assumed to be 0.1 N in all calculations. 

 

α − cellulose, %FS 3 = 100 −
6.85 ∙ (45.7 mL − 18.7 mL) ∙ 0.1 ∙ 20

25 mL ∙ 1.5010 g
= 90.14 % 

 

The determination of the content of γ-cellulose takes place with aid of formula A2. 

 

γ − cellulose, % =
6.85 ∙ (𝑉γ−Blank − 𝑉γ−Sample) ∙ 𝑁 ∙ 20

25 mL ∙ 𝑚test specimn
 (A2) 

 

γ − cellulose, %FS 3 =
6.85 ∙ (46.7 mL − 33.7 mL) ∙ 0.1 ∙ 20

25 mL ∙ 1.5010 g
= 4.76 % 

 

The percentage of β-cellulose is determined via equation A3. 

 

β − cellulose, % = 100 − (α − cellulose +  γ − cellulose) (A3) 

 

β − cellulose, % = 100 − (90.14 % +  4.76 %) = 5.10 % 

 

The calculated results for the fibre sludge specimen 3 and 4, the filter paper and the pulp board sample 

are summarized in table A7. 

 

TABLE A7. Results of the cellulose determination of set 2 

Sample α-cellulose, % β-cellulose, % 𝛄-cellulose, % 

Fibre sludge 3 90.14 5.10 4.76 

Fibre sludge 4 90.14 5.79 4.07 

Filter paper 98.65 0.27 1.08 

Pulp board 87.90 10.91 1.19 
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Discussion & Conclusion 

 

The fact that no results could be gained from the experimental set 1 shows clearly that the samples 

readily prepared for titration are not stable overnight and should be analysed right after they cooled back 

to room temperature, thus on the same day. As this behaviour has been realized early enough it could be 

responded to it in the experimental set 2, where all samples have been prepared, processed and analysed 

if possible within a day.  

 

According to the standard the repeatability for the α-cellulose is 0.4 %, for β-cellulose 9.0 % and 8.5 % 

for γ-cellulose. This correlates also to the results determined – while the titration volumes for α-sample 

were the same for both trials, the volumes for the β- and γ-samples deviated more.  

 

The final results listed in table A7 show a consistent behaviour. Filter paper, which is made of pure 

cellulose consists according to the results of primarily high-molecular cellulose and only small 

percentages are present in degraded form or as hemicellulose. This consistent result of a known material 

acts, thus, as a reference, proving the whole method and experimental performance. Therefore, also the 

other results can be seen as reliable.  

 

What remains as a problem is the fact that as aforementioned in chapter 2.2 fibre sludge can also contain 

bark and wood residues, both still containing lignin. The lignin content is not considered with this tested 

method of the standard, as it is intended to be applied on pulp only, which has been de-lignified or 

bleached beforehand. But also during this processes not 100 % of the lignin can be removed, which adds 

an unknown error on the determined results for the pulp board and the fibre sludge samples anyhow. 

Thus the performed cellulose determination should, at least for fibre sludge as tested sample, be used 

after the lignin content of the sample was prior determined with some other technique, to give reliable 

results.  

 


