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1. Introduction 

About 95% of worldwide chemical production is based on non-renewable petro-

leum and natural gas.1 In 2010, the International Energy Agency (IEA) declared 

that the peak of so-called ‘conventional’ oil production occurred already in 

2006.2 Conventional oil typically refers to sources where oil can be collected as 

a free-flowing liquid, excluding e.g. oil sands, oil shale, coal and natural gas.3, 4 

In the coming years, oil production is expected to start decreasing, mainly be-

cause of depletion of major oil fields making extraction of oil increasingly diffi-

cult.3, 4 With the growth of the fossil fuel based industry, likewise the production 

and use of plastics has skyrocketed since the 1970s, generating increasing 

amounts of plastic waste. This has caused severe land use issues, especially in 

densely populated areas.5 Waste management issues are not restricted to land 

use, as plastic waste is also causing serious pollution of the seas. The best-known 

example of this is the Great Pacific Garbage Patch in the North Pacific Ocean.6, 

7 While the fossil fuel based industry has grown, it has also had an impact on 

anthropogenic greenhouse gas emissions. In 2008, 62% of global anthropogenic 

greenhouse gas emissions were estimated to be a consequence of use of fossil 

fuels.8 

The above-mentioned factors have increased the pressure to replace fossil fuel 

derived energy and materials with renewable alternatives. Transformation of 

biomass into valuable chemicals and materials require interdisciplinary ap-

proaches combining chemical, physical and biological routes. In order for bio-

mass-based processes to be feasible, both environmentally and economically, 

optimal utilization of biomass is essential.1, 9 Concepts targeting the conversion 

of all components of biomass into chemicals or fuels are called biorefineries.  

Development of biorefining concepts have opened up alternative production 

routes to various compounds traditionally produced from petroleum, but more 

interestingly, they have also provided access to completely new types of carbo-

hydrate-derived building blocks.1, 9-14 Improved product portfolios have started 
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to emerge from already existing side-streams of agriculture and forest indus-

tries, e.g. from pulp and paper industry.9 However, further research is essential 

in order to reach the full commercial potential of these biomass-derived build-

ing blocks. 

 

1.1 Scope of the thesis 

This thesis consists of work summarized in five publications (I-V). Different 

types of polymers from biomass-derived building blocks were synthesized via 

polycondensation, and their properties as well as applicability were investi-

gated. The target of the study was to develop value-added products from build-

ing blocks producible by biorefineries. 

The first approach was selected to develope utilization routes for already ex-

isting industrial biomass-based side-streams, thus enabling these processes to 

be developed towards more comprehensive biorefineries. Meso-galactaric acid 

is an aldaric acid potentially producible biotechnologically from pectin rich side-

streams of e.g. sugar beet processing and apple and orange juice production. 

Another significant industrial side-stream is kraft black liquors of the pulp and 

paper industry, which contain e.g. hydroxy acids that could be utilized in poly-

meric products. In the second approach, crosslinkable poly(lactic acid) (PLA) 

based polymers were developed and formulated. PLA has been considered to be 

one of the most established biomass-derived synthetic polymers and lactic acid 

(LA)  can be produced on the industrial scale biotechnologically. However, cost 

factors in the production of PLA as well as some limiting properties have hin-

dered the full breakthrough of PLA in large-scale application areas, such as bar-

rier packaging. The work conducted in this thesis aimed to tackle some of these 

obstacles, opening up utilization routes on a wider range of packaging applica-

tions. 

Publication I summarizes the latest literature related to the carbohydrate-de-

rived sugar acids, their production and application potentiality. Sugar acids are 

often mentioned as a potential class of compounds for various industrial fields, 

including synthetic polymers. The use of sugar acids, especially as polymer 

building blocks, has received increasing interest from the research community 

worldwide. However, unlike LA, sugar acids are a relatively unknown class of 
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compounds. In order for their full potential to be realized, in depth understand-

ing regarding their production, properties and applicability is required. The 

publication provides a comprehensive introduction to the topic. 

Publication II describes the synthesis of mixed anhydride of 2,3,4,5-tetra-O-

acetylgalactaric acid from pectin derived meso-galactaric acid, and its utilization 

in the synthesis of series of co-polyanhydrides. Structure-property relations of 

co-polyanhydrides were studied as a function of monomer compositon. The 

work provides a utilization route for pectin-rich industrial side-streams.  

Publication III describes copolymerizations of glycolic acid (GA), DL-LA and 

D,L-2-hydroxybutyric acid (DL-2HBA), present in kraft black liquors. Kraft black 

liquors are a major side-stream of pulp and paper industry. These three α-hy-

droxy acids have similar physical properties, thus their separation from each 

other is difficult. Copolymers of GA and DL-LA are well known from the litera-

ture but DL-2HBA has yet to be used in polymer synthesis. Thus, the aim of the 

study was to investigate how DL-2HBA content affects the polymerization and 

the properties of the copolymers, and to provide a utilization route for a cur-

rently under-utilized side stream of the kraft pulp process. 

In publications IV and V, double bond functionalized polyesters were synthe-

sized from DL-LA, itaconic acid (IA) and 1,4-butanediol (BD). The radical cross-

linking reaction of the polymers was developed to be efficient and sufficiently-

rapid for various dispersion-based applications, e.g. roll-to-roll coating. Disper-

sion preparation as well as dispersion coating and barrier properties of the de-

veloped polyester were investigated. 
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2. Background 

2.1 Biorefining concept 

In 1997, ‘Biorefinery’ was defined by The U. S. Department of Energy as: 

 

“An overall concept of a processing plant where biomass feedstocks are con-

verted and extracted into a spectrum of valuable products, based on the petro-

chemical refinery.”15 

 

Based on the definition, modern biorefineries rely on similar principles than 

traditional petroleum refining processes. The key factor is efficient use of in-

coming resources and their conversion into a wide spectrum of products; chem-

ical products, transportation fuels and direct energy.14, 16 Industrial biorefineries 

can roughly be divided into three categories; phase I, II and III biorefineries.16 

Phase I, 1st generation biorefineries are designed based on one raw material feed 

and one product, e.g. dry-milling ethanol plant producing ethanol from grain 

feedstock. Despite large possible production volumes of bio-ethanol, it is a low 

value product. In order to achieve the economic feasibility, step to phase II bio-

refinery needs to be taken.9 Phase II, 2nd generation biorefineries differ from the 

previous by the range of products. Grain feedstock can be used to produce vari-

ous products, both chemical products as well as biofuels, and the production 

can be altered based on the product demand. Target of the phase III, 3rd gener-

ation biorefineries are to combine variability in the products with flexibility on 

the feedstocks used. The feedstock flexibility is an essential step when targeting 

the use of non-edible raw material sources in order to avoid competing interests 

in food and material production. Figure 1 illustrates a generic biorefining 

scheme and promising platform chemicals available. The lignocellulosic feed-

stock biorefinery has been presented as one of the most promising 3rd genera-

tion biorefinery concepts. One major benefit of the lignocellulosic feedstock bi-

orefinery is its product range that can meet, to some extent, a similar product 



 

5 
 

range as current petroleum refineries. In addition, the availabilty and cost of 

raw materials (e.g. straw or corn stower) is currently competitive.16  

 

 

 

 
 

Figure 1. Generic biorefining scheme.1, 12, 16 

 

 

During the past few decades, the growth of the biorefining industry has been 

significant. However, its development has mainly focussed on ethanol or bio-

diesel production via fermentation.9 To be more economically competitive, bio-

refineries need to be able to learn from the petroleum refining industry. Simi-

larly to the petroleum refineries, 3rd generation biorefineries have to rely on 

multiple unit processes. Major components of the biomass feed, in general cel-

lulose, hemicelluloses and lignin, need to be separated. Typically within biore-

fineries, this separation phase is solvent-based extraction. The streams from 

solvent extraction can be further upgraded into platform chemicals utilizing a 
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combination of biotechnological, chemical, thermal and physical processes.1, 16 

In 2004, the U. S. Department of Energy published a comprehensive report 

screening over 300 chemicals producible from biomass, and identified the most 

promising building blocks.12 The list of TOP 30 value-added chemicals from bi-

omass contains several organic acids, including LA, IA and various sugar acids. 

LA, in addition to being used in polymers, can be used as a precursor in the 

production of other fine chemicals (e.g.  acrylic acid, 1,2-propanediol, propionic 

acid, oxalic acid and pyruvic acid).1 From the polymer chemistry point of view, 

sugar acids are one extremely interesting class of biomass-based building block 

compounds. Some sugar acids, e.g. D-gluconic acid, already have industrial scale 

applications. In addition, some others e.g. D-glucaric acid are produced on a 

smaller scale but are considered to have great potential as future petrochemical 

replacements.12, 17 A more-detailed introduction to sugar acids will be given in 

following chapters. 

 

2.2 Biomass as a raw-material for polymers 

The birth of the utilization of biomass-based polymers dates back to the late 19th 

century, with “celluloid” typically being referred as the first thermoplastic poly-

mer.13, 18 However, biomass based polymers did not have chance to shine for 

long as, firstly, coal-based chemistry and more importantly the petrochemical 

industry in the 20th century started dominating the plastic and polymer indus-

try.13 In the 1970s, shocks in oil prices gave the first trigger for renewed interest 

towards biomass-derived polymers, but wider attention was not gained until the 

1990s and early 2000s, due to growing environmental concerns.5 First concerns 

were related to a dramatically increasing amount of plastic waste generated by 

humans, causing land use issues in densely populated countries as well as sea 

pollution. These concerns were soon followed by the debate over climate change 

and oil depletion. 

Nature produces 170 trillion tonnes of biomass annually. From this produced 

biomass only 3,5% is utilized by mankind. Over half of this 6 billion tonnes of 

biomass is consumed as food and only 5% is used by chemical and clothing in-

dustries, as illustrated in Figure 2.5, 19 On the other hand, it has been estimated 

that currently only 0,3% share of all plastics produced worldwide are emerging 

bio-based plastics, such as PLA (cellulose polymers, alkyd resins and non-food 
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starch are excluded from ‘emerging bio-plastics’). At the same time, 90% of pol-

ymers consumed in 2007 could have been theoretically replaced with bio-based 

counterparts.5 The technical substitution potential illustrates what share of con-

ventional polymers would have biomass-derived alternatives with similar prop-

erties. However, it does not take into account whether there would be resources 

available for this transition. Nevertheless, these figures illustrate the potential 

of the biorefining approach. In order for this potential to materialize, bio-based 

alternatives need to be able to capture the markets of the conventional bulk plas-

tics that represent about 85-90% of all produced plastics.5 Additionally, issues 

such as distortion of food markets, land use requirements (food/feed vs. mate-

rials production) and overall environmental impacts need to be taken into ac-

count when increasing the utilization rate of biomass as chemicals and materi-

als. 

 

 

 

 
 

Figure 2. Annual World biomass production and its utilization. Figures ob-

tained from Shen et al.5 
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Bio-based polymers can be roughly divided into three categories: natural pol-

ymers occurring in readily-available biomass (e.g. cellulose and starch-based 

polymers), synthetic polymers from bio-based monomers (e.g. PLA from LA) 

and polymers produced by micro-organisms (e.g. bacterial cellulose). The latter 

category does not possess industrial significance when compared to the other 

two categories.5, 13 Cellulose, starch and chitin are currently the most commonly 

used natural polymers.13 Additionally, hemicelluloses have gained increasing in-

terest more recently.13, 20 Cellulose and starch have found uses also unmodified, 

but their naturally occurring hydroxyl groups also make them prone to various 

chemical modifications. Esterification and etherification have been the most 

commonly used approaches.13 Reactions developed for cellulose and startch es-

ters and ethers have also been applied for hemicelluloses.20 LA producible from 

sugars is one of the most established biomass-derived monomers and it has 

been considered to fit extremely well within biorefining principles.13 Another 

class of monomeric compounds producible from biomass are furans. They are 

typically converted into furfuryl alcohol commonly used in different types of 

resins.10, 11, 13 Sugar acids have received increasing interest as polymer precursors 

only more recently but possess large potential in wide range of applications.21-24 

The environmental benefits of biomass-based polymers have already been dis-

cussed in previous sections. Other advantages are biocompatibility and biodeg-

radability. Many sugar-derived compounds, e.g. sugar acids, are innocuous for 

human life as well as for nature, making them suitable for biomedical applica-

tions and harmless if ending up in nature.22 Biodegradation on the other hand 

is expected to help solve both municipal waste management issues and ocean 

pollution. 

 

2.3 Lactic acid-based polymers 

LA is the most widely occurring α-hydroxy acid having two stereisoforms, L-LA 

and D-LA, as illustrated in Figure 3. It can be found from a wide range of foods 

and is a metabolic intermediate in most living organisms.25 Due to its naturally 

occurring hydroxyl and carboxylic acid functionalities it can undergo self-con-

densation reactions enabling polymerization of PLA via step-growth mecha-

nism or formation of cyclic diester, lactide (Figure 3).26 Due to reversible nature 

of step-growth polymerization molecular weights obtained by this method re-

main often relatively low.26 High-molecular weight PLA can be synthesized via 
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ring-opening polymerization (ROP) of lactide (Figure 3) and thus this route is 

typically used in industrial production of PLA.27-28 However, lactide preparation 

step in ROP is complex and expensive which has partly hindered the use of PLA 

in large-scale applications.29 The main application area of PLA and its copoly-

mers has traditionally been within the medical field, e.g. in controlled drug de-

livery or tissue engineering 27, 30-32. More recently, PLA-based polymers have 

also gained interest in other application areas, such as packaging, as renewable 

alternatives have started to attract more interest.13, 14, 33 Disadvantages such as 

poor toughness, brittleness and hydrophilicity weakening water barrier proper-

ties, have slowed down PLA-based polymers from becoming more commonly 

used in packaging applications.33, 34 Thus, various modification routes, such as 

plasticization, copolymerization, surface modification and crosslinking, have 

been developed to overcome these weaknesses and make PLA based polymers 

available for wider range of applications.28, 34 

LA can be produced by chemical synthesis or by fermentative production 

routes. Currently industrial LA production is solely based on microbial fermen-

tation of a carbohydrate source.25, 35 A wide spectrum of raw material carbohy-

drate sources can be utilized in LA production, the most common ones being 

molasses, corn syrup, whey, dextrose and cane or beet sugar. However, some 

concerns have been raised related to the raw material sources in LA production. 

Relatively high prices as well as growing debate on utilization of edible biomass 

in material applications, has increased efforts to develope processes based on 

non-food carbohydrate sources.35 The commercial production routes typically 

utilize homolactic organisms e.g. Lactobacillus delbrueckii, L. amylophilus, L. 

bulgaricus and L. leichmanii. Additionally, alternative procedures utilizing 

diferent types of bacteria, fungi, yeast, microalgae and cyanobacteria have been 

developed.25, 35 

The annual growth in the demand of LA has been estimated to be 5-8 % and 

annual LA production forecasted to reach 367 300 tons by the year 2017.35 Tra-

ditionally, the majority of LA has been produced for the food industry where LA 

as well as LA salts and esters have been used as e.g. emulsifying agents. Cur-

rently the growing PLA market is taking an increasing share of LA production 

and growth.25 The biggest technological barriers in microbial production of LA 

are in separation and purification of LA. Additionally, pH control during the 

fermentation process typically requires large quantities of neutralizing agents 

and on the other hand, due to the neutralization, LA is produced as a salt instead 

of an acid.25, 35 
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Figure 3. L-LA and D-LA stereoisoforms and polymerization routes to PLA.33, 

36 
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Due to the production costs associated with microbial fermentation processes, 

as well as concerns over utilization of food sources in material applications, al-

ternative raw material sources have been investigated. Various industrial side 

streams can be considered as potential raw material sources. Side streams of the 

dairy industry, e.g. whey, have proven great potential as a raw material source 

in LA production.35 Additionally, significant amounts of LA is formed as a side 

product in the kraft pulp process of the pulp and paper industry. Cooking liquor, 

black liquor, from the kraft pulp process contains degradation products of wood 

components. 37, 38 The composition of black liquor varies depending on the raw 

material used in the process and pulping conditions, but typically 30–45 wt% of 

black liquor dry content is carboxylic acids, LA being one of them.39, 40 Black 

liquor is typically concentrated and combusted to produce heat. Hydroxy acids 

present in black liquor, such as LA, have an extremely-low heat value. Thus sep-

aration of hydroxy acids from black liquor for other uses, such as for monomers, 

would be beneficial from both the economic and the process efficiency point of 

view.39 Fractionation of black liquors has been investigated from the 1980s and 

despite developments taken in the field separation of the smallest α-hydroxy 

acids from each other’s remains to be a challenge.41-43 LA, GA and 2HBA have 

similar physical and chemical properties making separation extremely tedious. 

Utilization of these three α-hydroxy acids as a mixture without additional sepa-

ration steps would increase the applicability of black liquor and at the same time 

direct kraft pulp process towards more a comprehensive biorefining approach. 

 

2.4 Carbohydrate-derived sugar acids I 

Sugar acids can be divided in three main categories: aldonic, aldaric and uronic 

acids, as illustrated in Figure 4.44, 45 In addition, ulosonic acids are considered a 

fourth category. Ulosonic acids are naturally present in various lipopolysaccha-

rides, but have not gained commercial significance. Aldonic acids can be ob-

tained by oxidizing the terminal aldehyde group of an aldose to a carboxylic 

acid44 whereas uronic acids by oxidizing the terminal hydroxyl group to a car-

boxylic acid. Aldaric acids are dicarboxylic acids obtained by oxidizing both the 

aldehyde and the terminal hydroxyl groups of an aldose. Ulosonic acids are ke-

toacids obtained by oxidizing a hydroxyl group of a ketose.46 
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Figure 4. Three main classes of sugar acids and their potential production 

routes. I 

  



 

13 
 

 

Sugar acids can be produced from monosaccharides either by chemical or bi-

otechnological oxidation, as summarized in Figure 4. Aldoses are converted to 

carboxylic acids under mild conditions but ketoses require harsher reaction 

conditions to be oxidized. However, sugar acids can be produced from both al-

doses and ketoses as ketoses can undergo isomerization into corresponding al-

dose. Production of sugar acids can be an integral part of a biorefinery and thus 

the most interesting sugar acids are those producible from readily available 

mono-, oligo- and polysaccharides. Currently starch or sucrose derived D-glu-

cose is the most commonly utilized raw material but shift towards 3rd generation 

biorefineries is expanding the range of raw material sources. In addition to 

starch and sucrose, D-glucose can be derived from cellulose. Hemicelluloses 

from hardwoods are mainly xylans and mannans. Xylans provide a source for 

especially D-xylose, while mannans, on the other hand, are rich in various hex-

ose sugars such as D-mannose and D-glucose. Softwood hemicelluloses are 

mainly acetylated galactoclucomannan. The main components of galactogluco-

mannan are D-galactose, D-glucose and D-mannose, whereas L-arabinose exists 

as minor component.20, 47 Additionally, pectin, rich in D-galacturonic acid, can 

be obtained as a side streams from sugar beet processing as well as from apple 

and orange juice production.47, 48 

Sugar acids contain multiple functional groups, which play key roles in deter-

mining their properties and thus potential applications. In addition, sugar acids 

often occur in multiple structural and stereoisomeric forms, as illustrated for D-

glucose derived sugar acids in Figure 5.49-51 Multiple functionalities often lead to 

complex coordination behaviour, with both carboxylic acids and the hydroxyl 

groups offering possible coordination sites for metal atoms.52 The metal com-

plex formation mechanisms can be utilized in the removal of harmful or valua-

ble metals from waste streams53-55 or in biomedical applications.56-58 Aldaric and 

aldonic acids have shown good corrosion inhibition performance at sufficiently 

low concentrations, opening application potentiality in various fields, e.g. in 

road de-icing and detergents.59-62 Additionally, sugar acids can reduce the ability 

of bacteria to produce toxins making them useful in hygiene products.63, 64 Com-

mercial uses of sugar acids e.g. as detergent builders, corrosion inhibitors and 

in the food industry already exist, and many other applications have been 

demonstrated as summarized in Table 1. 
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Figure 5. Structural and stereoisomeric forms of D-glucose derived sugar ac-

ids. I  
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Table 1. Potential application areas of sugar acids. I 

 
Sugar acid Application Reference 
Aldonic acids Metal carriers in biomedical applications 57, 58, 65, 66 

Metal complexing in removal of heavy 
metals from soil  or waste streams 

53-55 

Sequestering agents in detergent builders 67 

Concrete corrosion inhibition 60 

Water reducers in concrete 68 
 

Antimicrobial agents in hygiene articles 63 

pH Regulation in food industry 69-71 

Oxidation reduction in food industry 72 

Carcinogen reduction in cooked of food 73 

Silicone surfactants 74 
 

Uronic acids Metal carriers in biomedical applications 58 

Polymers for biomedical applications 75 

Aldaric acids Polyamides for controlled nitrogen ferti-
lizer release 

76 

Polyamide adhesives 77 

Chiral separation 78 

Silicone surfactants 79, 80 

Polyesters (PBT-replacement) 81, 82 
 

Polyurethanes for biomedical polymers 83, 84 
 

Crosslinkers in hydrogels 85, 86 

Production of adipic acid 87 

Production of FDCA (terephthalic acid 
replacement) 

88, 89 

Metal carriers in biomedical applications 56 

Metal complexing in removal of heavy 
metals from soil  or waste streams 

53-55 

Sequestering agents in detergent builders 67 

Antimicrobial agents in hygiene articles 63 

Corrosion inhibition in deicing liquids 59 
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2.4.1 Production of sugar acids I 

The traditional method for producing aldonic acids, especially D-gluconic acid 

from D-glucose, is by oxidation in aqueous bromine solutions.44, 45 More re-

cently, oxidation under metal catalysts has been investigated.91 Palladium and 

platinum are the most extensively studied metal catalysts but these catalysts 

suffer from deactivation.90-92 Gold catalyst is more resistant to deactivation, en-

abling reuse of the catalyst.93, 94 Despite extensive investigations regarding cat-

alytical oxidation of aldoses to aldonic acids, commercial production of aldonic 

acids are typically based on biotechnological oxidation routes. D-Gluconate is 

currently produced from starch derived high D-glucose syrups or sucrose. Alter-

natively, sugar cane molasses, grape must or paper waste could be used as raw 

material source.95 D-Gluconic acid is typically manufactured as sodium, calcium 

or iron salt and current annual production volumes have been estimated to be 

from 80 000 to 100 000 tons.17, 95, 96 Commercial D-gluconic acid production is 

mainly based on microbes (bacteria or fungi) producing glucose oxidase or de-

hydrogenase. D-Gluconic acid production has been reviewed extensively.95-97 

More recently D-xylonic and L-arabonic acid production has been studied to re-

place starch and sucrose raw materials with lignocellulosic biomass. Recombi-

nant organisms, Escherichia coli, S. cerevisiae, Kluyveromyces lactis and 

Pichia kudriavzevii have been engineered for production of D-xylonate salts 

from D-xylose98-102 and similarly L-arabonate has been produced with recombi-

nant microbial strains from L-arabinose.103, 104 

Uronic acids occur naturally as constituents of various polysaccharides, such 

as pectin, alginate and bacterial extracellular polysaccharides.105, 106  Uronic ac-

ids and uronic acid-containing polysaccharides, such as heparin containing D-

glucuronic and L-iduronic moieties, have gained interest because of their vari-

ous roles in biological processes.75, 107, 108 Chemical synthesis of uronic acids from 

aldoses is not typically straightforward and requires at least partial protection 

of secondary hydroxyl groups. Alternatively, uronic acids can be synthesized 

from O-glycosides and O-furanosides.75, 107, 109 Eukaryotes, yeast and filamen-

tous fungi, synthesize uronic acids from corresponding uridine diphosphate 

(UDP) sugars.110, 111 Use of some fungi has been demonstrated to produce D-

galacturonic acid from D-galactose.112 In addition, a synthetic pathway to pro-

duce D-glucuronic acid has been developed.113 

Aldaric acids can be produced from corresponding aldoses with nitric acid ox-

idation. The method was developed in the 1880s114 but has only recently been 



 

17 
 

developed to industrial scale.115, 116 Currently industrial scale production is fo-

cused on D-glucose-derived D-glucaric acid but similar procedures can be used 

to produce other aldaric acids such as D-mannaric, D-xylaric and L-arabinaric 

acids.117, 118 Aldaric acids can also be produced using metal catalyzed oxidation. 

Typically, palladium or platinum have been used as catalysts.87, 119 Biotechno-

logical production of C6 aldaric acids such as D-glucaric acid and D-galactaric 

acid has been demonstrated in various bacteria and fungi.113, 120-123 Oxidation 

pathways of both D-glucaric acid and D-galactaric acid include corresponding 

uronic acids making production of aldaric acids from uronic acid-rich waste 

streams (e.g. pectin) interesting also from the industrial perspective. Despite 

potential production routes for C6 aldaric acids there are no known microbial 

pathways for the production of C5 aldaric acids, such as D-xylaric acid. 

 

2.4.2 Sugar acid-based polymers I 

First published works regarding sugar acid based polymers date back to the 

1950s.124 In the 1980s Ogata et al. performed more extensive studies on the 

topic125-127 but it has been only within the past few decades when sugar acid-

based polymers have started to gain more extensive interest within the research 

community worldwide.21-24 Sugar acids contain functionalities commonly uti-

lized in condensation polymerization. However, due to multiple secondary hy-

droxyl groups, polycondensation without protection of these secondary hy-

droxyl groups has only been implemented to synthesize polyamides. Kiely et al. 

have extensively investigated synthesis of polyamides from unprotected aldar-

ate esters and ammonium salts.128-130 Polyamides have also been synthesized 

utilizing various protection systems of secondary hydroxyls. Methyl etherifica-

tion has been used in aldonic acid based,131, 132 and O-acetylation in aldaric acid 

based polyamides.80, 134 

Dimethyl 2:3,4:5-di-O-methylene protection of meso-galactaric acid has been 

utilized to produce bicyclic structure.81, 134 Use of dimethyl 2:3,4:5-di-O-meth-

ylene galactarate was studied to synthesise polyesters with analogous structure 

to aromatic polyesters, such as poly(ethylene terephthalate) and poly(butylene 

terephthalate). Trimethylsilyl protection of secondary hydroxyls of some aldaric 

and aldonic acids has been used to synthesise polydimethylsiloxanes that are 

typically used as surfactants in textile, fibre, paint and cosmetic industries.74, 79, 

80 Sugar acid moieties were incorporated in the structure to increase hydro-
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philicity and biodegradability of the polymer. In addition, synthesis of polyure-

thanes,83, 84, polyester amides 135 and polycarbonates136 having sugar acid-de-

rived moieties in the structure have been reported. 

Sugar acid derivatives have also been used in polymers as crosslinkers.85, 86 

This approach is particularly attractive when considering hydrogels used in e.g. 

cosmetic industry, as sugar acids have been found to have antimicrobial prop-

erties.86 Whereas above mentioned approaches show the potential of sugar acids 

in synthesis of completely novel polymers, their use as precursors to produce 

more conventional monomers has also been demonstrated. A chemical produc-

tion route for adipic acid (AA) from D-glucaric acid has been developed.87 AA is 

widely used in e.g. polyamide production. Also, the production of 2,5-furandi-

carboxylic acid from D-glucaric acid88 and meso-galactaric acid89 has been 

demonstrated. 2,5-Furandicarboxylic acid has been proposed to be a promising 

candidate to replace terephthalic acid in the production of poly(ethylene tereph-

thalate).12 

Uronic acids can be found in various natural oligo- and polysaccharides. One 

of the best known uronic acid-containing polymers is glycosaminoglucan hepa-

rin. Heparin contains D-glucuronic acid and L-iduronic acid moieties and has 

various uses in the biomedical field.75, 108 Although chemical synthesis of heparin 

and similar polymers has been studied,75, 107 currently, commercial heparin is 

typically extracted from the pig intestine.137   
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3. Experimental 

3.1 Synthesis of meso-galactaric acid based polyanhydrides II 

Meso-galactaric acid was O-acetylated and utilized in the polymerization of a 

series of co-polyanhydrides with AA. Acetic anhydride was utilized first in the 

O-acetylation of the secondary hydroxyl groups of meso-galactaric acid and then 

in the transformation of the 2,3,4,5-tetra-O-acetylgalactaric acid (AGA) into the 

diacetyl mixed anhydride monomer, as illustrated in the Scheme 1. 

3.1.1 Monomer synthesis II 

AGA was synthesized from meso-galactaric acid (1 mol) and acetic anhydride 

(7.5 mol). In the reaction, p-toluene sulfonic acid (1.5 wt% of meso-galactaric 

acid) was used as a catalyst and acetic acid as a reaction medium. The reaction 

was conducted in a Juchheim Laborgeräte GmbH two-liter batch reactor under 

nitrogen atmosphere. The reaction was first performed at ambient temperature 

for 24 h followed by 48 h at 85 °C. Heating was turned off and the reaction con-

tinued at room temperature for an additional 24 h. The insoluble fraction con-

taining the product was filtered off from the reaction mixture and washed twice 

with toluene. The desired product was obtained as needle-shaped white crystals 

after recrystallizing from ion-exchanged water. 

Diacetyl mixed anhydride of AGA was synthesized from AGA (1 mol) and ace-

tic anhydride (10 mol). The reagents were charged into the reaction flask 

equipped with a magnetic stirrer and reflux condenser. The mixture was re-

fluxed under nitrogen flow for 30 min. The reaction mixture was filtered while 

still hot to remove unreacted reagents and cooled down in a freezer. The recrys-

tallized product was filtered, washed with diisopropyl ether twice and dried in a 

vacuum oven.  The product was stored for further use at -20 °C in a vacuum 

desiccator to prevent hydrolytical degradation. Diacetyl mixed anhydride of AA 

used as a co-monomer was prepared based on a procedure described earlier.138 

 



 

20 

 

 
 

Scheme 1. Reaction scheme from meso-galactaric acid to poly(2,3,4,5-tetra-

O-acetylgalactaric-co-adipic anhydride). II 
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3.1.2 Polymerization of polyanhydrides II 

A series of polyanhydrides was synthesized from diacetyl mixed anhydrides of 

AGA and AA with varying monomer unit compositions. The monomers and pos-

sible catalyst were charged into a reaction flask equipped with a magnetic stirrer 

and distillation apparatus. Nitrogen flow was introduced to the flask at room 

temperature for 60 min. The flask was immersed into a Radleys heat-on block 

preheated to 150 °C. After 30 min the pressure was reduced to 0.5–0.9 mbar 

within 5 min, during which the continuous nitrogen flow was stopped. The re-

action was continued for 45 min. During the reaction, the flask was purged with 

nitrogen for 15 s every 20 min. After the complete reaction time, atmospheric 

pressure was returned into the reaction flask with nitrogen and the reaction was 

stopped by immersing the reaction flask into liquid nitrogen. The obtained 

product was dissolved in chloroform, precipitated from diisopropyl ether and 

dried under vacuum at ambient temperature. Products were stored for further 

analysis at -20 °C in a vacuum desiccator to prevent hydrolytical degradation. 

Cadmium acetate dehydrate (CdOAc) and calcium carbonate (CaCO3) were 

tested as catalysts. 

 

3.2 Polymerization of kraft black liquor hydroxy acids III 

Copolymers of DL-LA, GA and DL-2HBA (PLGHA) were prepared via melt con-

densation polymerization using stannous octoate (Sn(II)oct) as catalyst, as il-

lustrated in Scheme 2. A series of polymerizations were conducted with varying 

monomer unit compositions. All the monomers and Sn(II)oct catalyst (0.5 wt% 

of monomers) were charged into a reaction flask equipped with a magnetic stir-

rer and distillation apparatus. Polymerizations were performed under nitrogen 

atmosphere. The flask was immersed into an oil bath at ambient temperature 

and the temperature was increased to 165 °C within 1 h. After 5 h reaction time, 

the pressure was reduced stepwise within 1.5 h to a final pressure of 250 mbar. 

After a complete polymerization time of 10 h, the obtained polymer was purified 

by dissolving in chloroform and precipitating from methanol. The purification 

procedure was repeated three times. Purified polymer was dried in a vacuum 

oven at room temperature for 24 h before further characterization. 
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Scheme 2. Reaction scheme from DL-LA, GA and DL-2HBA to PLGHA. 

 

 

3.3 Polymerization of crosslinkable PLA-based polyester IV, V 

Copolymers of DL-LA, BD, IA (PLABDIA) were synthesized as presented in 

Scheme 3. The reaction was conducted in a Juchheim Laborgeräte GmbH two-

liter batch reactor equipped with a mechanical mixer, nitrogen inlet, tempera-

ture control by oil circulation and a vacuum pump. All of the reagents and 

Sn(II)oct used as a catalyst were charged into the reactor at ambient tempera-

ture. The temperature of the reactor was raised to the final temperature (160 °C 

in Publication IV and 180°C in Publication V) within 3-5 h after which the pres-

sure was reduced step-wise to 180-30 mbar. After a complete reaction time of 

24 h, the polymer was removed from the reactor. In Publication IV, the temper-

ature was raised to 180 °C for additional 3 h to ensure removal of possible un-

reacted monomers. 
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Scheme 3. Reaction scheme from DL-LA, BD and IA to PLABDIA. 

 

 

3.3.1 Bulk crosslinking trials IV, V 

The polymer sample was heated to the predetemined reaction temperature (typ-

ically 100°C) in an oil bath. The external crosslinking agent was added to the 

polymer melt as toluene solution (1/1 w/w)V or as receivedIV. Ethylene glycol 

dimethacrylate (EGDMA) and poly(ethylene glycol) diacrylate with Mn of 250 

g/mol (PEGDA) were studied as external crosslinkers. The mixture was stirred 

until homogenous, after which the radical initiator was added. Dibenzoyl per-

oxide (DBP), dilauroyl peroxide (DLP) methyl ethyl ketone peroxide (MEKP), 

methyl isobutyl ketone peroxide (MIKP), potassium persulphate (PPS) and 2,2-

Azobis-isobutyronitrile (AIBN) were studied as thermal initiators. In addition, 

UV initiation was studied with phenylbis(2,4,6-trimethyl benzoyl)phosphine 

oxide (BAPO). The radical initiator was added as solution (BAPO in chloroform, 

DBP in chloroform or toluene, DLP in chloroform and ketone peroxides as re-

ceived in 2,2,4-trimethyl-1,3-pentanediol diisobutyrate (TXIB)). MEKP and 

MIKP were used together with cobalt octoate (CoOct) accelerator. The cross-

linking was visually observed as a transformation of the polymer melt into a 

solid gel. The sample was taken out from the oil bath and cooled down rapidly 

with liquid nitrogen to stop the crosslinking reaction. The non-crosslinked pol-

ymer was removed from the samples either by dissolving with dichloromethane 

under shaking for 24 hV or with Soxhlet extraction using acetone as the extrac-

tion solvent for 20 hIV. Solids were dried under vacuum before determining the 

gel content of the samples. 
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3.3.2 Dispersion preparation and board coating IV, V 

Aqueous dispersions were prepared from PLABDIA with a thermomechanical 

method. PLABDIA was heated to either 60°CIV or 80°CV and 7 wt% aqueous 

poly(vinyl alcohol) (PVA) solution was added dropwise within 30 min to the 

molten polymer under continuous mixing. Dispersion preparation was con-

ducted either in a Juchheim Laborgeräte GmbH two-liter batch reactorV or in a 

500 ml glass reactor equipped with a mechanical anchor mixerIV. The final dis-

persion had a dry matter content of 41 wt%. 

The prepared dispersion was coated onto commercial boxboard. The labora-

tory scale coating was performed with a rod capable of producing 20 μm wet 

film thickness. A selected crosslinking agent and an initiator were mixed into 

the aqueous dispersion as toluene and chloroform solutions, respectively, prior 

to coating. The coated boxboard samples were dried at 100 °C. Additional UV-

curing was implemented for selected samples in which case the samples were 

irradiated with a Fusion UV System Inc., P300MT curing system for 1 min. 

Semi-pilot scale surface treatment equipment (SutCo) was used in the pilot-

scale coating trials. The rod coating method was used in the conducted trials. 

The dwell time in the coating application was approximately 1020 ms using a 10 

m/min machine speed. A rod capable of producing a wet-film thickness of 20 

μm was used in all trials. The coating was followed by IR and hot air drying. 

Optional UV-curing was implemented for selected formulations. For UV-cross-

linking, a Dr. Hönle AG UV Technology Uvaprint 540 HPL G curing system was 

used. Coatings were exposed to UV radiation for 0.6 s, and treatment was con-

ducted with 100% power. The samples were coated either once or twice. 

 

3.4 Characterization 

Nuclear magnetic resonance spectroscopy (1H NMR and 13C NMR) measure-

ments were conducted with a Bruker 500 MHz spectrometer at 22 °C in deuter-

ated chloroform (CDCl3) or at 70 °C in deuterated dimethyl sulfoxide (DMSO-

d6). The chemical shift scale was calibrated to tetramethylsilane (TMS). Chro-

mium(III)acetylacetonate was used as a relaxation reagent to ensure that quan-

titative spectra were obtained. The distinctive peaks of each monomer unit were 

integrated and monomer unit compositions of the synthesized polymers were 

calculated based on the integral areas of the repeating units and end groups. 
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Fourier transform infrared spectroscopy (FTIR) measurements were con-

ducted from KBr tablets with a Perkin Elmer Spectrum BX FT-IR System. 

Number average (Mn) and weight average (Mw) molecular weights as well as 

polydispersity index (Mw/Mn) were determined with size exclusion chromatog-

raphy (SEC). The system was equipped with Waters Styragel columns and Wa-

ters 2414 Refractive Index Detector. For PLA-based polymers, tetrahydrofuran 

was used as an eluent at 40 °C and was delivered at a rate of 0.6 ml/min. Meso-

galactaric acid based polyanhydrides were characterized using chloroform as an 

eluent at 30 °C. Chloroform was delivered at a rate of 1.0 ml/min. All results 

were calculated with respect to polystyrene standards. 

 Differential scanning calorimetry (DSC) was used to determine the glass tran-

sition temperatures (Tg) and melting peak temperatures (Tm) of the prepared 

polymers using Mettler Toledo DSC820 STARe SW 9.20 instrument under ni-

trogen atmosphere. All samples were heated/cooled at a rate of 10°C/min. Re-

sults were collected from the second heating scans. Prepared polyanhydrides 

were first heated from -50 °C to 170 °C and then cooled back to -50 °C. In the 

second heating scan samples were heated from -50 °C to 200 °C. PLGHA, PLGA 

and PHBA co-polymer samples were heated twice from -10 °C to 200 °C. PLAB-

DIA1 Samples were heated twice from -50 °C to 120 °C. For PLABDIA2, in the 

first scan sample was heated from -60 °C to 75 °C. In the second heating scan 

the sample was heated from -60°C to 250°C. 

Temperatures of 10 wt% decomposition (Td10%) were measured with thermo-

gravimetric analysis (TGA) utilizing TG/DTA320 Seiko Instrument. Analyses 

were performed from 25 to 550 °C with a heating rate of 20 °C/min under argon 

flow. 

The gel contents of crosslinked PLABDIA was determined gravimetrically af-

ter removing non-crosslinked polymer. Non-crosslinked polymer was extracted 

from the samples either by dissolving with dichloromethane under shaking for 

24 hV or with acetone with a Soxhlet apparatus for 20 hIV. Solids were dried un-

der vacuum at 40 °C before determining the gel content of the samples. The gel 

content of the samples was determined using Equation 1: 
 

    (1) 

 

Where mf is the weight of sample after the solvent extraction and mi is the initial 

weight of the sample. 
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Viscosity of the prepared PLABDIA dispersion was measured with a 

Brookfield LVDV-II+ viscometer at ambient temperature. The measurements 

were conducted using two different spindles, Brookfield RV/HA/HB-2 and 

Brookfield RV/HA/HB-3. Four spindle rotation speeds (3, 6, 12 and 30 rpm) 

were used to determine the viscosity. 

Water vapour transmission rates (WVTR) of PLABDIA coated boxboard were 

determined gravimetrically using the Tappi T448 procedure at 23 °C and 50% 

relative humidity. At least 3 parallel measurements were performed. The intact-

ness, or pinhole-freeness, of the coating surfaces was analyzed during the coat-

ing process by an alcohol test. Isopropanol alcohol was spread over a coated 

surface for a period of 15 seconds to see whether any alcohol penetrated the sur-

face. 

Grease resistance of PLABDIA coated boxboard was determined according to 

a modified TAPPI T507 method at 60˚C (60 ± 3 °C, 50 %RH) for 4 h (5 parallel 

measurements) with red-colored rapeseed oil.  The boxboard samples were ex-

amined for oil penetration from the coated topside to the bottom side of the 

boxboard by a customized scanning method coupled with data analysis soft-

ware. Epson perfection V700 photo scanner combined with software analysis 

ImageJ 1.46r. As a result, a %-value of the amount of grease penetrating through 

the test specimen over 4 h was obtained. The result is expressed as an average 

of 5 parallel samples. 
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4. Results and discussion 

4.1 Meso-galactaric acid based polyanhydrides II 

A series of co-polyanhydrides, consisting of AGA and AA as monomer units, 

were synthesized by condensation polymerization. The AGA monomer synthe-

sis was a two-step process. The first step was O-acetylation of the secondary hy-

droxyl groups of meso-galactaric acid with acetic anhydride. Acetic anhydride 

was further used as a reagent in the second step, where diacetyl mixed anhy-

dride was prepared from O-acetylated meso-galactaric acid. Co-polyanhydrides 

were synthsized from diacetyl mixed anhydride of AGA and AA by melt conden-

sation polymerization. The monomer unit composition was varied in order to 

observe how the rigid AGA moiety affects the polymerization reaction and the 

properties of the obtained copolymers. Acetic anhydride was used as a reagent 

in the both monomer synthesis steps. This allows process optimization and even 

a possibility for combining these reaction steps into a more continuous process. 

 

4.1.1 Monomer synthesis II 

 
AGA was synthesized from meso-galactaric acid through reaction with acetic 

anhydride. The reaction was conducted in acidic conditions using acetic acid as 

a reaction medium and p-toluene sulfonic acid as catalyst. The reaction pro-

ceeded as a two-phase system, since meso-galactaric acid and AGA were both 

poorly soluble in the reaction mixture. The product was obtained as needle-like 

white crystals. The product purity as well as complete O-acetylation was con-

firmed with NMR in DMSO-d6. The obtained 1H NMR and 13C NMR spectra are 

presented in Figure 6. Peaks at 2.14 ppm and 2.26 ppm in the 1H NMR as well 

as two peaks at 20.6 ppm in the 13C NMR spectrum are distinctive to O-acetyl 
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CH3 groups. Additionally, O-acetyl carbonyl peaks at 169.0 ppm and 169.9 ppm 

can be seen in the 13C NMR spectrum. Neither spectrum shows signals from OH-

bound backbone CHs. Partial O-acetylation would lead to peak splitting which 

was not observed in the spectra. Thus, it can be stated that pure and fully O-

acetylated product was obtained. 

 

 
 

Figure 6. The 1H NMR (above) and 13C NMR (below) spectra of AGA meas-

ured in DMSO-d6 at 70 °C. II 

 

Diacetyl mixed anhydride of AGA was syntheiszed by refluxing AGA in excess 

of acetic anhydride. A clear, colourless solution was formed as the insoluble 

starting material reacted and dissolved into the reaction mixture. The product 

was obtained as white powder. The reaction improved solubility of the com-

pound in many organic solvents (e.g. chloroform, tetrahydrofuran and ace-

tone) significantly. The acetyl anhydride end-group signals are observed at 

2.22 ppm in the 1H NMR spectrum and at 22.2 ppm in the 13C NMR spectrum 

(Figure 7). The 1H NMR integral areas of AGA backbone CH signals at 5.22 

ppm and 5.76 ppm were compared to the anhydride acetyl end-group signal at 

2.22 ppm. As the ratio was corresponding to monomeric structure, no oli-
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gomerization was found to have occurred during the synthesis. Oligomeriza-

tion in the synthesis of diacetyl mixed anhydrides has been reported to occur 

relatively often. Oligomerization in this step is not preferred, as it has been no-

ticed to lower the molecular weight of the polymer in the following polymeriza-

tion step.139 

 

 

 

 
 

Figure 7. The 1H NMR (above) and 13C NMR (below) spectra of diacetyl 

mixed anhydride of AGA measured in CDCl3 at 22 °C. II 

 

 
FTIR spectra of meso-galactaric acid and its derivatives are presented in Fig-

ure 8. The FTIR spectrum of meso-galactaric acid shows the carboxylic acid car-

bonyl absorbance signal at 1 725 cm-1. In acetylated AGA, an additional signal 

from O-acetyl carbonyls can be seen at 1 758 cm-1. Aliphatic anhydrides typically 

give two separate stretching absorbances at around 1 720 cm-1 and 1 810 cm-1.140 

The adsorption peak at 1 837 cm-1 in the spectrum of diacetyl mixed anhydride 
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of AGA is distinctive to anhydride carbonyls whereas the absorption peak at 1 

755 cm-1 is a combined peak from carbonyls of anhydride bonds and O-acetyl 

groups. 

 

 

 
 

Figure 8. FTIR spectra of meso-galactaric acid (1), AGA (2) and diacetyl 

mixed anhydride of AGA (3). II 

 

4.1.2 Polymerization of polyanhydrides II 

Poly(2,3,4,5-tetra-O-acetylgalactaric-co-adipic anhydride)s (PAGAA) with var-

ying monomer composition were synthesized from diacetyl mixed anhydrides 

of AGA and AA. Diacetyl mixed anhydride of AA was synthesized as previously 

described in the literature.141 Additionally, poly(2,3,4,5-tetra-O-acetylgalactaric 

anhydride) (PAGA) and poly(adipic anhydride) (PAA) homopolymers were syn-

thesized. Polymerizations were conducted as bulk melt condensation polymeri-

zations at 150 °C under reduced pressure. CdOAc and CaCO3 were tested as cat-

alysts. The polymerization series is presented in Table 2. 
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Figure 9. 1H NMR (above) and 13C NMR (below) spectra of PAGAA3 meas-

ured in CDCl3 at 22 °C. II 

 

 

The chemical structures of the prepared polymers were analysed with 1H NMR 

and 13C NMR. Monomer unit compositions of polymers presented in Table 2 

were calculated from 1H NMR and were based on the integral areas of peaks 

distinctive to each monomer unit. The O-acetyl CH3 peaks of AGA units are seen 

at 2.08 ppm and 2.22 ppm in the 1H NMR spectrum and at 20.3 ppm in the 13C 

NMR spectrum, as illustrated with PAGAA3 in Figure 9. AGA backbone signals 

can be seen in the area between 5.19 and 5.83 ppm of 1H NMR spectrum as well 

as at 67.2 ppm and 69.2 ppm in 13C NMR spectrum. These peaks confirm that 

O-acetyl groups have remained intact during the polymerization, which is es-

sential when targeting in linear polymer structure. AA backbone signals appear 

at 1.74 ppm and 2.51 ppm in the 1H NMR spectrum and at 23.2 ppm and 34.7 
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ppm in the 13C NMR spectrum. Carbonyl carbon signals can be seen in the area 

between 162 ppm and 170 ppm of the 13C NMR spectrum. 

Quantitative 13C NMR was also used to calculate the degree of polymerization 

(DP) and Mn of the polymers (Table 2). Calculations were based on the peak at 

20.3 ppm related to O-acetyl CH3 groups of AGA moieties, peaks at 23.2 and 

34.7 ppm related to CH2 backbone of AA moieties as well as peak at 22.2 ppm 

related to anhydride CH3 end groups. PAGAA2, PAGAA3 and PAGAA4 samples 

(AGA content 9–75 mol %) had comparable DPs (DP = 19–21). These DPs cor-

respond to Mn values values from 3 000 to 5 800 g/mol. The DP of the PAGA 

homopolymer was found to be lower (DP = 5). The end group signals of PAA 

and PAGAA1 samples were too small for DP calculations, indicating that they 

had higher DP than the other samples. Similarly, a reduction in the molecular 

weight of the co-polymers with increasing AGA content was also observed in 

SEC results (Table 2). However, it should be noted SEC results through varying 

monomer compositions are not completely comparable as the SEC results de-

pend highly on the solution properties of the co-polymers, which on the other 

hand are affected by the monomer compostition of the co-polymers. The se-

lected polymerizations (AGA content from 25 to 75 mol%) were also conducted 

with additional catalyst (2 wt%). Tested catalysts, CdOAc and CaCO3, are both 

commonly used in the synthesis of polyanhydrides and CdOAc is regarded as 

one of the best-performing catalysts.140 However, the possible toxicity of CdOAc 

sets some limitations to its use, especially in the biomedical field. CaCO3 on the 

other hand, has not been reported to have any toxic effects.140 CaCO3 proved to 

have a clear increasing effect on the molecular weight of the samples. The addi-

tion of CdOAc seemed to have less effect. It is also noteworthy that the best im-

provements with both catalysts were obtained with the largest AGA content. Ob-

tained molecular weights of the polymers are comparable to the polyanhydrides 

prepared by melt condensation polymerization (Mn typically varying between 

1 000 and 14 000 g/mol).138, 141, 142 In general, an increase in viscosity during 

polymerization has been reported to be the most significant factor hindering the 

increase of molecular weight during melt condensation polymerization.145 The 

viscosity increase slows down removal of the consensation by-product. This 

could also be the reason for the reduction in DP values from PAA homopolymer 

to PAGA homopolymer. 
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Figure 10. TG and DTG curves of PAA (dotted line), PAGA (dashed line) and 

PAGAA3 (solid line). II 

 

 

Thermal properties of the co-polymers were studied with DSC and TGA and 

the obtained results are summarised in Table 2. Increasing AGA content in the 

co-polymers increased the Tg. The Tg of the PAA homopolymer was measured 

to be 25 °C whereas the Tg of the PAGA homopolymer was elevated to 60 °C. 

Because of multiple O-acetyl substituents, AGA has a more-rigid structure com-

pared to AA. Rigid structures are known to have a tendency to increase Tg. This 

is due to increased energy required for segmental motion of the polymer chains 

to occur.144 The melting enthalpies (ΔHm) seemed to decrease as the AGA con-

tent increased, suggesting a decrease in the degree of crystallinity. The melting 

peaks were observed in the DSC curves of the polymers having up to 50 mol% 

of AA in their structures. No melting peaks were observed when AGA was the 
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main component in the polymer. These results suggest that only AA had ten-

dency to form crystalline regions. AA has structural simplicity, which is benefi-

cial for crystal formation whereas the structure of AGA is more complex. How-

ever, increasing the AGA content above 25 mol% seemed to increase Tm of the 

co-polymers. Similar effects have been observed when aromatic moieties have 

been incorporated into aliphatic co-polyanhydrides.138, 139 AGA content in the 

polymer also affected the Td10% values of the co-polymers, as they slightly de-

creased with increasing AGA content. The co-polymer samples possessed two-

stage degradation behaviour, as can be seen from the thermogravimetric (TG) 

and differential thermogravimetric (DTG) curves of PAGAA3 sample (Figure 

10). The first stage relates to the degradation of the AGA moieties and the sec-

ond stage to the degradation of the AA moieties of the co-polymers. Thermal 

degradation of samples containing AGA moieties started at around 160 °C, 

which set limitations to the polymerization temperature. 

 

4.2 Polymerization of kraft black liquor hydroxy acids III 

A series of co-polymers of GA, DL-LA and DL-2HBA (PLGHA) with varying mon-

omer composition were prepared via melt condensation polymerization. The 

amount of DL-2HBA in the feed was varied from 0 mol% to 100 mol%, while the 

GA and DL-LA ratio was kept constant. The series was prepared to observe how 

the presence of the DL-2HBA monomer affects the properties of the polymers. 

Additional samples were polymerized based on the hydroxy acid compositions 

in softwood (sample PLGHA-SW) and birch-hardwood (sample PLGHA-HW) 

kraft black liquors,37, 38 in order to demonstrate possibilities for utilization of 

mixtures extracted from kraft black liquors. 1H NMR and 13C NMR were used to 

to analyse the chemical structures of the prepared polymers and quantitative 13C 

NMR spectra were used to calculate the monomer unit compositions of the pol-

ymers. Representative 1H NMR and 13C NMR spectra of PLGHA-HW sample 

are presented in Figure 11 and Figure 12 respectively. The monomer feed ratios 

and calculated monomer unit compositions are presented in Table 3. The mon-

omer unit compositions in the polymers proved to be similar to the monomers 

compositions in feed. 
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Figure 11. The 1H NMR spectrum of PLGHA-HW measured in CDCl3 at 22 
°C. III 
 
 
 

 
 
Figure 12. The 13C NMR spectrum of PLGHA-HW measured in CDCl3 at 22 
°C. III 
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Table 3 summarizes molecular weights of the synthesized copolymers, deter-

mined with SEC. Mw of the samples were typically between 5 000 and 11 000 

g/mol, being comparable to the molecular weights of copolymers of GA and DL-

LA prepared by similar procedures.145, 146 When the amount of DL-2HBA in the 

feed exceeded 60 mol% lower molecular weights were observed. However, it is 

worth mentioning that in these cases, the amount of DL-2HBA in the feed sig-

nificantly exceeded the amount of DL-2HBA present in actual black liquor hy-

droxy acid mixtures.37, 38 It should also be mentioned that the SEC results 

through varying monomer compositions are not completely comparable, as ex-

plained earlier. 

Thermal behavior of the synthesized polymers was studied with DSC and TGA 

and the obtained results for Tg and Td10% are presented in Table 3. PLGHA co-

polymers were statistical copolymers containing optically impure monomer 

units (DL-LA and DL-2HBA), thus no melting peaks were observed in the DSC 

results. This indicates that all the synthesized polymers were completely amor-

phous. DL-2HBA homopolymer (sample PHBA) was also fully amorphous. This 

is in accordance with the literature for PLA homopolymer, which has been re-

ported to lose its crystallinity when optical purity is decreased below 66–76 

%.147, 148 Tg values for the copolymers having DL-2HBA content 40 mol% or lower 

were between 20 °C and 28 °C, which are comparable to Tg values for copoly-

mers of GA and DL-LA.145 Tg values started to decrease when DL-2HBA content 

was increased above 40% and the Tg of the PHBA homopolymer was 3 °C. How-

ever, the lowering of Tg can also be partially due to the lower molecular weights 

of PLGHA4 and PHBA samples. No major differneces were observed between 

the samples in the thermal decomposition behaviour. The Td10% values were 

around 230 °C for all the samples. 
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4.3 Polymerization of crosslinkable PLA-based polyester IV, V 

Statistical co-polymers (PLABDIA) were synthesized from DL-LA, BD and IA 

with two different monomer compositions. Publication IV describes a synthesis 

of co-polymer having 8 mol% BD and IA content in the feed whereas in Publi-

cation V corresponding contents were 10 mol%. The polymerizations were con-

ducted using melt condensation. Sn(II)oct was used to catalyse the polymeriza-

tion. The chemical composition of the co-polymers was analysed with 1H NMR 

and 13C NMR. The 1H NMR and 13C NMR spectra of PLABDIA2 are presented in 

Figure 13 and Figure 14 respectively. The monomer unit compositions were cal-

culated from the obtained spectra and are presented in Table 4. The monomer 

unit compositions in the copolymers are comparable to the monomer composi-

tions in feed. 

Molecular weights and molecular weight distributions of the synthesized co-

polymers were determined by SEC (Table 4). The obtained molecular weights 

are comparable to DL-LA-based co-polymers prepared by similar procedures. 

Obtaining high molecular weight polyesters was not the target of the work as 

further crosslinking was used to reach the targeted properties. In addition, a 

higher molecular weight results in higher melt viscosity, increasing the difficulty 

of preparing dispersions from the melt. 

Thermal analysis with DSC showed that synthesized polymers were fully 

amorphous. This was expected due to the statistical nature of the co-polymers 

and use of racemic DL-LA in the synthesis. Tg of the PLABDIA1 and PLABDIA2 

were measured to be 8 and 9 °C respectively (Table 4). DL-LA homo-oligomer 

with Mw of 300 g/mol has been reported to have Tg of 30 °C.149 The mobile BD 

comonomer units and traces of low molecular weight compounds are expected 

to lower the Tg of the PLABDIA samples. 
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Figure 13. The 1H NMR spectrum of PLABDIA2 measured in CDCl3 at 22 °C.V 

 
 
 
 

 
 
Figure 14. The 13C NMR spectrum of PLABDIA2 measured in CDCl3 at 22 
°C.V 

 
 
 

 



 

41 
 

 

Table 4. The conducted PLABDIA polymerizations, the monomer composi-

tions, SEC results and thermal properties of the obtained polymers. IV, V 

 
 feed 

(mol%/LA) 

polymer 

(mol%/LA) 

SEC 

(g/mol) 

DSC 

(°C) 

 IA BD IA BD  Mw Mn Mw/Mn Tg 

PLABDIA1 8 8 6 8 4 000 2 800 1.41 8 

PLABDIA2 10 10 5 10 5 880 2 820 2.09 9 

 

 

 

4.3.1 Bulk crosslinking trials IV, V 

Bulk crosslinking trials were conducted to identify formulations suitable for ap-

plication areas requiring rapid crosslinking, e.g. roll-to-roll coating. The cross-

linking of PLABDIA was conducted with a radical reaction between the double 

bond functionalities present in IA moieties of the polymer. The crosslinking re-

action was initiated with thermal initiators. In addition, UV-initiation was 

tested. External small molecular weight crosslinkers were used to enhance 

crosslinking. Typical crosslinking reaction was performed at 100 °C, to simulate 

the maximum temperature of the drying aqueous dispersion coating. Crosslink-

ing efficiency was studied in terms of initiator type and concentration as well as 

external crosslinker type and concentration. Crosslinking efficiency was evalu-

ated either by visually observing the gel formation and reporting the time re-

quired for a solid gel to formIV, or by gravimetrically by dissolving the non-cross-

linked polymer fraction in dichloromethaneV. The gel content is not a direct 

measure of the degree of crosslinking. However, it has been found to correlate 

well with the crosslinking efficiency and therefore can be used to screen the 

most suitable crosslinking formulation.150 

The most significant impact on the crosslinking efficiency was the choice of 

external crosslinker and the crosslinker concentration. Table 5 summarizes a 

series of bulk crosslinking trials conducted with PLABDIA2 at 100 °C, with var-

ying initiator/crosslinker formulations. The increasing amount of the external 

crosslinker resulted in increasing crosslinking efficiency, regardless of the 

crosslinker used. PEGDA proved to be the most suitable external crosslinker. 

This was due to higher reactivity of the acrylic double bonds in PEGDA when 
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compared with the methacrylic double bonds in EGDMA. Additionally, the 

structure of PEGDA is more flexible due to longer chain length. Increased chain 

mobility can be considered to be beneficial for the reaction. Both PLABDIA pol-

ymers had Mn of 2 800 g/mol. This corresponds to approximately 40 monomer 

units and 2 double bond containing IA moieties on average in a polymer chain. 

Thus, the crosslinking potential of PLABDIA without addition of external cross-

linker was relatively low. Additionally, polymeric IA double bonds have lower 

mobility due to sterical reasons, making their reactivity lower when compared 

with the external crosslinkers. 

Radical initiator selection also had a significant impact on the crosslinking ef-

ficiency of PLABDIA. In Publication V, four thermal initiators were tested, DBP, 

DLP, MEKP and MIKP (Table 5). Ketone peroxides, MEKP and MIKP, were 

tested using CoOct accelerator (3 wt%), according to the recommendations of 

the material producer. Additionally, AIBN and PPS were tested in the Publica-

tion IV (Table 6). DLP proved to be the most suitable candidate for the studied 

formulations. With DLP and 10 wt% pf PEGDA, gel contents on 40 wt% were 

achieved within 1 min reaction time and the maximum gel content after 15 min 

was 77 wt%. These results already indicate sufficient crosslinking efficiency for 

e.g. roll-to-roll coating applications. DBP also performed significantly better 

than ketone peroxides, AIBN or PPS. PPS seemed to lack solubility in the poly-

mer and therefore no gel formation was observed. Addition of BAPO UV-initia-

tor and UV irradiation did not have significant impact on bulk crosslinking effi-

ciency of PLABDIA2, as presented in Table 5. This is likely due to the fact that 

UV irradiation cannot penetrate through the polymer melt, reducing the activa-

tion of the UV initiator in bulk polymer. 
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Table 5. Selected bulk crosslinking experiments conducted with PLABDIA2 at 

100 °C. V 

 

Polymer UV 
initiator 

(2 wt%) 

accelerator 

(3 wt%) 

crosslinking 

agent 

gel content (wt%) 

1 min 5 min 15 min 

PLABDIA2 - - - - 7 5 6 

PLABDIA2 yes - - - 9 7 10 

PLABDIA2 - DBP - EGDMA 2wt% 4 8 4 

PLABDIA2 - DBP - EGDMA 5wt% 12 12 18 

PLABDIA2 - DBP - EGDMA 10wt% 13 44 35 

PLABDIA2 - DLP - EGDMA 2wt% 7 3 9 

PLABDIA2 - DLP - EGDMA 5wt% 11 12 19 

PLABDIA2 - DLP - EGDMA 10wt% 23 39 33 

PLABDIA2 - MEKP - EGDMA 2wt% 4 5 5 

PLABDIA2 - MEKP - EGDMA 5wt% 5 10 1 

PLABDIA2 - MEKP - EGDMA 10wt% 5 6 24 

PLABDIA2 - MEKP CoOct EGDMA 2wt% 7 5 8 

PLABDIA2 - MEKP CoOct EGDMA 5wt% 5 13 22 

PLABDIA2 - MEKP CoOct EGDMA 10wt% 4 35 37 

PLABDIA2 - MIKP CoOct EGDMA 2wt% 4 4 5 

PLABDIA2 - MIKP CoOct EGDMA 5wt% 4 27 21 

PLABDIA2 - MIKP CoOct EGDMA 10wt% 4 43 53 

PLABDIA2 - DBP - PEGDA 2wt% 11 19 42 

PLABDIA2 - DBP - PEGDA 5wt% 16 28 71 

PLABDIA2 - DBP - PEGDA 10wt% 37 43 68 

PLABDIA2 - DLP - PEGDA 2wt% 11 21 47 

PLABDIA2 - DLP - PEGDA 5wt% 38 45 66 

PLABDIA2 - DLP - PEGDA 10wt% 40 56 77 

PLABDIA2 yes DLP & BAPO - PEGDA 10wt% 39 31 34 

PLABDIA2 yes BAPO - PEGDA 10wt% 11 24 31 
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Table 6. Selected bulk crosslinking experiments conducted with PLABDIA1 at 

100 °C. IV 

 

Polymer 
initiator 

(2 wt%) 

crosslinking agent 

(10 wt%) 
Time for gel formation 

PLABDIA1 DBP EGDMA 33 s 

PLABDIA1 AIBN EGDMA 4 min 

PLABDIA1 PPS EGDMA not detected in 2 h 

 

 

4.3.2 Dispersion preparation and board coating IV, V 

Aqueous dispersions were prepared from PLABDIA polymers via a thermome-

chanical method. 7 wt% PVA-solution was slowly added to molten PLABDIA 

under continuous shear. The solid content of the final dispersions were 41 wt%.  

The dispersion prepared from PLABDIA1 was measured to have a pH of 2.5, 

which remained relatively constant during four weeks of storage at 8 °C. The 

dispersions also remained visually stable during the storage time. The low pH is 

due to hydrolytic degradation of the co-polymer during the dispersion prepara-

tion, which cannot be completely avoided, as elevated temperature is required. 

The viscosities of the dispersion prepared from PLABDIA2 measured with a 

Brookfield viscometer proved the suitability of the dispersion for roll-to-roll 

coating. Obtained viscosities are presented Table 7. 

 

 

 

Table 7. Viscosity results for aqueous dispersion of PLABDIA2. V 

 

rpm 
viscosity (cP) 

RV/HA/HB-2 RV/HA/HB-3 

3 669 1 080 

6 558 819 

12 557 699 

30 559 619 
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Dispersion prepared from PLABDIA2 was applied onto commercial boxboard 

at both laboratory- and pilot scale. Coating was applied either once or twice. In 

laboratory scale experiments, hand-held coating bars were used whereas the pi-

lot scale coating was performed with a SutCo line coater. In both cases, a rod 

capable of producing a wet-film thickness of 20 μm was used. A schematic illus-

tration of the SutCo coating principle is presented in Figure 15. 

 

 

 

 
 

Figure 15. Schematic view of rod coating principle on SutCo surface treat-

ment equipment. V 

 

 

 

PLABDIA2 coatings were crosslinked either by thermally initiated radical re-

acton or by a combination of thermal and UV-initaton. DLP (2 wt%) was used 

as a thermal initiator and BAPO (2 wt%) as a UV-initiator. Addition of UV-ini-

tiation enhanced the crosslinking even though similar results were not observed 

in the bulk crosslinking trials. The coatings crosslinked without UV-initiaton 

had exhibited a sticky surface, indicating imperfect crosslinking whereas similar 

problems were not observed when utilizing additional UV-initiation. Crosslink-

ing of a thin coating layer did not possess similar penetration issues as those 

observed in the bulk crosslinking trials, making UV-initiaton more applicable in 

coatings.  
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Table 8. WVTR as well as oil and grease resistance results for studied PLAB-

DIA2 coatings. V 

 

Sample 
coating 

layers 
UV 

coat 

weight 
WVTR oil/grease penetration 

(g/m2) (g/m2d) (%) 

Uncoated 0 - - 177 20.3 

Laboratory      

L1 1 - n.a. 66.4 0.003 

L2 1 yes n.a. 39.1 0 

Pilot      

P1 1 - 9.4 63.1 1.3 

P2 1 yes 6.2 65.5 1.6 

P3 2 yes 10.3 22.8 0.01 

 

 

 

The PLABDIA2 coatings were tested to be pinhole free using the isopropanol 

test. The WVTR as well as oil and grease resistance results are presented in Ta-

ble 8. PLABDIA2 coatings proved to have very good oil and grease resistance. 

The best WVTR was achieved with a double-coated, pilot scale sample which 

had a WVTR of 22.8 g/m2d at a coat weight of only approximately 10 g/m2. A 

commercial poly(ethylene)-coated board and poly(ethylene terephthalate)-

coated board have been reported to have WVTRs of 8 g/m2d with coat weights 

of 15 g/m2 and 40 g/m2 respectively.151 Additionally, PLA extrusion-coated 

board with a coat weight of 35 g/m2 shows WVTR levels of 48 g/m2d151 and the 

uncoated reference was tested to have a WVTR of 177 g/m2d. Oil and grease re-

sistance measurements showed that at worst, 1.6 % of the board sample area did 

not resist oil for the duration of the test. For the uncoated reference, the result 

was 20 %. This analysis is used for screening barrier coatings although no exact 

threshold value of a pass and fail exist. 

Low-molecular weight PLA-based polymers offer benefits over high-molecu-

lar weight PLA that is typically used in extrusion coating. Lower molecular 

weight offers better wettability of the coated surface and thus enables better ad-

hesion between the coating and the surface resulting in improved barrier prop-

erties. 
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5. Conclusions 

Publication II describes the synthesis of O-acetylated galactaric acid (AGA), and 

its utilization in the polymerization of a series of copolyanhydrides with AA. 

Through a synergistic fashion, acetic anhydride was utilized in both steps of a 

two-step monomer synthesis procedure. These reaction steps could be consid-

ered to be combined into a more continuous process in the future. Meso-galac-

taric acid can be produced by engineered filamentous fungi from D-galacturonic 

acid,122 which is a major component of, e.g. pectin. Pectin is currently abundant 

and underutilized in many industrial sidestreams, such as sugar beet pro-

cessing, and apple and orange juice production. 

A series of co-polymers of DL-LA, GA and DL-2HBA (PLGHA) were synthe-

sized via bulk condensation polymerization. The monomers applied in this 

study are the three smallest α-hydroxy acids present in kraft black liquor. Ob-

tained results indicate that these monomer mixtures could be applied as mono-

mers for polymerization without additional separation from each other. This 

utilization route for the α-hydroxy acid mixture would partly help developing 

the kraft pulp process towards a more comprehensive biorefinery. 

Co-polymer of DL-LA, BD and IA (PLABDIA) was synthesized via bulk con-

densation polymerization. Free radical crosslinking of PLABDIA via double 

bond functionalities of IA was developed to meet the requirements of industrial 

roll-to-roll coating. The aqueous dispersion of PLABDIA was prepared and 

coated onto boxboard at pilot-scale. With a 10.3 g/m2 coat weight, a completely 

grease-resistant coating layer having a WVTR of 22.8 g/m2d was achieved. Ob-

tained WVTR were less than 50 % of that corresponding to the commercial ex-

truded PLA coating. Improvements are significant in terms of making PLA-

based materials more suitable for wider area of packaging industry. 

The thesis targeted in developing new utilization routes for biomass-derived 

building blocks with two approaches. LA represents well-established biomass-

based monomer with currently-existing applications. Currently LA is produced 

on an industrial scale by microbial fermentation of a carbohydrate source. LA 
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acid production and LA-based products are considered to fit extremely well 

within biorefining concepts. LA is widely used to produce PLA. However, disad-

vantages such as poor toughness, brittleness and poor water barrier properties, 

have slowed down PLA-based polymers from becoming more commonly used 

in e.g. packaging applications. On the other hand, novel biorefineries generate 

product streams that are less-studied for material applications. One potential 

class of compounds is aldaric acids, especially when considering things from the 

polymer chemistry point of view. Production routes for various aldaric acids al-

ready exist but they lack potential value added applications. Thus, identifying 

economically and environmentally feasible applications for aldaric acids is es-

sential in the development of 3rd generation biorefineries. Further investiga-

tions e.g. in terms of hydrolytical degradation behaviour and mechanical prop-

erties are needed to be able to fully evaluate application potentiality of both 

meso-galactaric acid-based co-polyanhydrides and PLGHA co-polyesters. Addi-

tionally, although PLABDIA copolymers showed promising results in terms of 

WVTR, further improvements in the processability are needed in order to 

achieve fully industrial scale line-speed in dispersion coating.
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