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Abstract 
 
Super absorbent polymers (SAP) can absorb liquid many times its own weight and is used in 

diapers and incontinence pads. The most common type of SAP is cross-linked polyacrylic 

acid. The production of acrylic acid uses crude oil as starting material. This means that the 

final price of acrylic acid is affected by the price of crude oil which is expected to rise. This 

has led to an increasing interest in developing a sustainable bioproduction process that uses 

renewable lignocellulosic raw material for the making of acrylic acid.  

Lignocellulose is the material that plants and trees consist of and it contains big amounts of 

sugar. Sugar molecules in lignocellulose can serve as substrate for microorganisms that can 

transform them into 3-hydroxipropionic acid, which in turn can be converted to acrylic acid.  

In order to use the sugar molecules from lignocellulose, some type of pretreatment is required. 

However, the pretreatments that are available today are not efficient enough to be applied on a 

large scale and some also cause the formation of microbial inhibitors. The microbial 

conversion of sugar to 3-hydroxipropionic acid do not show sufficient efficacy so far, but the 

process is under development and improvements are regularly made. Furthermore would it be 

advantageous if polymerization of acrylic acid could be made directly in the fermentation 

broth without any energy consuming separation steps 

 

Attempts to polymerize acrylic acid in fermentations broths from yeast have been performed. 

The SAP properties; absorption capacity, absorption capacity under pressure and gel strength 

were evaluated by methods commonly used in the hygiene industry. These characteristics are 

important if the SAP is to be used in diapers and incontinence pads. To examine what 

compounds in the fermentations broth that affected the polymerization process and SAP 

properties, an experimental design was made. With help of the design quantitative and 

statistical methods were used to determine which compound had an impact. Four groups of 

compounds were selected for examination; sugars, alcohols, acids and aromatic compounds. 

 

The results of the experiments conducted showed that it is possible to polymerize SAP in 

fermentation broth from yeast using acid pretreated spruce as sugar source. The 

characterization showed that the absorption capacity was unchanged while the gel strength 

deteriorated significantly. It was also noted that SAP polymerized in fermentations broths had 

strong colors in contrast to conventional SAP, which is white. Qualitative and statistical 

analysis showed that the aromatic compounds affected the polymerization and SAP properties 

negative. 

 

 

 

 

 



 

 

 

 

Sammanfattning 

Superabsorberande polymerer (SAP) kan absorbera vätska många gånger sin egen vikt och 

används i blöjor och inkontinensskydd. Den vanligaste typen av SAP som används är 

tvärbunden polyakrylsyra. Tillverkningsprocessen för akrylsyra använder råolja som 

startmaterial, vilket gör att slutpriset på akrylsyran styrs av priset på råolja vilket förväntas 

stiga. Det är en av anledningarna till att intresset har ökat för att ta fram en hållbar biologisk 

produktionsprocess som använder förnybar lignocellulosa som råvara för produktionen av 

akrylsyra. Lignocellulosa är det material som växter och träd består av och innehåller till stor 

del socker. Sockermolekylerna i lignocellulosa kan fungera som substrat för 

mikroorganismer, dessa omvandlar socker till 3-hydroxipropansyra som i sin tur kan 

konverteras till akrylsyra. För att kunna använda sockermolekylerna som finns i 

lignocellulosa krävs någon typ av förbehandling. De förbehandlingar som är tillgängliga idag 

är inte tillräckligt effektiva för att kunna tillämpas i en större skala. Vissa orsakar också 

bildning av mikrobiella inhibitorer. Mikrobiell omvandling av socker till 3-hydroxipropansyra 

är med dagens teknik inte tillräckligt effektiv. Men det pågår intensiv utveckling och 

förbättringar sker ständigt. Ytterligare skulle också vara fördelaktigt att polymerisationen av 

akrylsyran skedde direkt i fermenteringsbuljongen utan några energikrävande separationssteg. 

 

Försök att polymerisera akrylsyra i fermentationsbuljonger från jäst har utförts. Den 

resulterande SAP:ens egenskaper utvärderades. De egenskaper som utvärderades var 

absorptionskapacitet, absorptionskapacitet under tryck och gelstyrka. Dessa egenskaper är 

viktiga för att SAP ska kunna användas i blöjor och inkontinensskydd. För att undersöka vilka 

ämnen i fermentationsbuljongen som påverkade polymeriseringsprocessen och SAP-

egenskaperna gjordes en experimentell försöksplan. Med hjälp av denna kunde kvantitativa 

och statistiska metoder användas för att avgöra vilka ämnen som hade mest påverkan. Fyra 

ämnesgrupper valdes ut för att undersökas. Dessa var socker, alkoholer, syror och aromatiska 

föreningar. 

 

Resultaten av de försök som gjordes visade att det går att polymerisera SAP i 

fermentationsbuljong från jäst som använt syrabehandlad gran som sockerkälla. 

Karaktäriseringstester visade att absorptionsförmågan var bra medan gelstyrkan försämrades 

avsevärt. Det noterades också att SAP polymeriserad i fermentationsbuljonger blev starkt 

färgad till skillnad från vanlig SAP som är vit. Kvalitativa och statistiska analyser visade att 

aromatiska ämnen påverkade polymeriseringen och SAP-egenskaperna negativt.  
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1 Introduction 
Acrylic acid is the main chemical for the production of superabsorbent polymers (SAP). The 

crosslinked polymeric form of acrylic acid can absorb liquids many times its own weight. 

SAP is for that reason used as a component in diapers and sanitary napkins. Today the 

common process for production of acrylic acid is through a two-step oxidation of propylene 

followed by crystallization or different distillation steps. Propylene is produced primarily as a 

by-product of petroleum refining. Because of the possible decrease in availability of crude oil, 

higher energy prices and consumer push for sustainable products the possible production of 

acrylic acid from renewable material has received increased attention.  

 

One precursor of acrylic acid could be 3-hydroxipropionic acid (3-HP) which can be 

converted from sugar rich raw materials such as lignocellulose by fermenting microorganisms 

trough different metabolic pathways. The possibility to genetically modify micro-organisms 

to obtain a high yield of 3-HP offers a chance to eliminate the need of crude oil products in 

the production of acrylic acid. The end product of a successful fermentation process would be 

a fermentation broth containing high concentration of 3-HP which can be converted to acrylic 

acid by dehydration. It would reduce the energy consumption if it was possible to convert 

3HP to acrylic acid and synthesize polyacrylic acid directly in the fermentation broth without 

any energy demanding separation steps. Acrylic acid is polymerized by a radical mechanism 

which is sensitive to substances that are able to interact with radicals. The by-products from 

the fermentation process may thus interfere with the polymerizations reaction and affect 

polymer properties negatively. 

 

1.1 Thesis objectives 

The aim of the first part of this thesis is to examine the possibilities and difficulties with a 

biological production process that via microbial fermentation uses lignocellulose as raw 

material to produce 3HP. 

 

The second part is dedicated to investigate the possibilities to synthesize super absorbent 

polymers based on acrylic acid in fermentation broths from yeast fermentations.  The aim is to 

investigate how single compounds present in fermentation broths affect the synthesis and 

polymer properties.  

 

1.2 Methods 

A literature study was first performed in order to get a general picture of a possible biological 

production process by which lignocellulose is used as starting material and have acrylic acid 

as end product. Focus was on the different steps required to convert lignocellulose to 3HP and 

the possibilities and problems that is connected to each step. The literature study is based on 

published articles, reports and patents. 

 

To investigate the possibilities to synthesize super absorbent polymers based on acrylic acid 

in fermentation broths, standard methods used by SCA was applied and fermentation broths 

were provided from Chalmers department of industrial biotechnology.  

To evaluate the synthesized polymer properties, methods commonly used in the hygiene 

industry was used. The investigation of how single compounds affect the properties was made 

by a design of experiments which was used to statistically determine significant effects. 
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1.3 Outline 

The first part has the purpose to provide a general picture of what a biological production 

process of 3HP may look like. It treats some subjects connected to the process more in detail 

and some are described in a general way. 

 

The second part involves the theory behind the structure and function of superabsorbent 

polymers and the practical methods used for evaluation of the resulting properties. The 

experimental part explains how and why the laboratory tests were performed. The Results and 

Discussion present the most important results and some discussion around them. Detailed results 

and data from tests can be found in the Appendices. The last chapter presents the conclusions 

which could be made from the result section.  

 

 

 

1.4 Abbreviations 

3HP 3-hydroxipropionic acid 

AFEX Ammonia fiber expansion 

AUL Absorption under load 

CRC Centrifuge retention capacity 

SAP  Super absorbent polymer 

 

 

2 PART 1 
 

2.1 Conversion of lignocellulose by fermentation to SAP - Overview 

 

A general process for conversion of lignocellulose to SAP is shown in Figure 1. 

Lignocellulose is available on a renewable basis, either through natural processes or as waste. 

To be able to function as a substrate for the microorganisms some form of pretreatment is 

necessary. The function of pretreatment is to make the sugars in lignocellulose available to the 

microorganisms. In the fermentation step, bioconversion takes place and the substrate is 

converted to 3HP trough different heterologous or naturally occurring metabolic pathways. 

3HP is then recovered and can be converted to acrylic acid which in turn can be polymerized 

to polyacrylic acid and function as superabsorbent polymer. 
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Figure 1. A general process for conversion of lignocellulose to SAP. 

 

 

 

A biological production process with fermentation technologies offer many advantages 

compared to traditional petrochemical synthesis of acrylic acid [1]. Some of the most 

important advantages of a biological production process compared to the petrochemical route 

are listed below [2]. 

 

 Less sensitive to price of crude oil 

 

 The energy consumption is estimated to be reduced by approximately 60%  

 

 Replacement of large amounts of oil with renewable feedstock thus making the 

production more sustainable 

 

 Eliminate usage of about 270 tonnes of SOx and 450 tonnes NOx annually 
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2.2 Renewable Biomass from Lignocellulosic material 

Lignocellulosic material consists of cellulose, hemicellulose, lignin and a small amount of 

other extractives. The sugar rich polymers cellulose and hemicellulose are the most frequently 

occurring natural polymers in the biosphere [3]. This, as well as the fact that the most part of 

lignocellulosic material are outside the human food chain, makes it a good candidate for a 

future feedstock for various bioproduction processes. The function of lignin, which contains 

no sugars, is to support the structure of plants by enclosing the cellulose and hemicellulose 

molecules, thus making it hard to reach and separate the sugar rich celluloses.  

 

The proportions of cellulose, hemicellulose and lignin vary between different plants and are 

important to know in order to use a correct biochemical conversion process. The average 

proportions for different lignocellulosic material are shown in Table 1. A high content of 

cellulose and hemicellulose is desired to provide a high yield in fermentation processes [4]. 

 
Table 1. Average proportions for different lignocellulosic material. 

Source Cellulose (%) Hemicellulose (%) Lignin (%) 

Hardwood 43–47 25–35 16–24 

Softwood 40–44 25–29 25–31 

Wheatstraw 30 50 15 

Low or nonlignified 

Fibre plants 
70–95 5–25 0–6 

 

 

One limitation of the economic viability of fermentation is the cost of the fermentation 

medium. It is estimated that up to 30% of the total production cost can be accounted to the 

medium.In the production of lactic acid trough fermentation processes the most common 

substrate used is expensive refined sugars. Using low-cost and extensively available, raw 

material is thus becoming more interesting and the attention towards lignocellulosic material 

as substrate has increased. Lignocellulosic material is available on a renewable basis, either 

through natural processes, or it can be made available as a by-product of human activities as 

wastes from agriculture, forestry, industry or municipal solid wastes [5]. 

 

2.2.1  Cellulose 

The primary component in wood and herbaceous plants is cellulose. It is estimated that 

7.5x10
10

 tonnes cellulose is synthesized each year making it the most abundant bio-polymer 

on earth. The polymer structure is linear and consists of repeating β-D-glucopyranose units 

linked by β-1,4 glycosidic bonds (Figure 2), and individual glucan chains can reach 25,000 

units or more. It is the β-1,4 bonds that makes cellulose not digestible for humans, because 

humans lack the enzymes required. The cellulose macromolecule has a highly stable 

crystalline lattice structure making it difficult to dissolve in any solvent. This makes it hard to 

recover glucose as its monosaccharide by hydrolysis [6]. 

 

 

 

 

Figure 2. The polymer structure of cellulose 
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2.2.2  Hemicellulose 

Hemicellulose is the second most abundant bio-polymer after cellulose. Hemicellulose is a 

shorter polymer and more heterogeneous than cellulose and it also has side groups on the 

chain molecule. Furthermore hemicellulose is also more differentiated and the structures in 

different plant species vary. In contrast to cellulose, hemicellulose also contains pentoses in 

addition to glucose which is a hexose. As an example the major hemicellulose present in 

spruce wood, are O-acetyl-galactoglucomannan. Which is a complex branched 

heteropolysaccharide containing an O-acetylated β- (1->4) linked glucomannan backbone 

with α-(1->6)-D galactosyl side groups attached to some of the mannosyl units (Figure 3) [7]. 

 

 

 
Figure 3. The polymer structure of the hemicellulose O-acetyl-galactoglucomannan present in spruce. 

(GAL=galactose, GLC=glucose, MAN=mannose, Ac=acetyl group) [8] 
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2.3.3 Lignin 

Lignin is a phenolic high molecular mass biopolymer (Figure 4). The building blocks of lignin 

are a three carbon chain attached to rings of six carbon atoms, called phenyl-propanes. These 

may have zero, one or two methoxy groups attached to the rings, giving rise to three basic 

structures; courmaryl-, coniferyl- and sinapyl alcohol (Figure 5). The proportions of each 

structure depend on the source of the polymer. Courmaryl alcohol is found in plants such as 

grasses; coniferyl alcohol in the wood of conifers, while sinapyl alcohol is found in deciduous 

wood. The primary function of lignin is to provide structural support for the plant. Thus, in 

general, trees have higher lignin contents than grasses. Unfortunately, lignin which contains 

no sugars encloses the cellulose and hemicellulose molecules, making them difficult to reach 

by any simple method [9-11].  

 

 

 

     

Figure 4. Structure of the biopolymer lignin [10]. 

Figure 5. Three basic monomer structures of lignin [9]. 
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2.3 Biomaterial from waste streams 

Waste streams from industrial or forestry processes producing organic wastes such as crop 

residues, unused tree branches and mill waste have a potential to be converted into value-

added products trough fermentation. Usually the waste streams are associated with additional 

costs due to treatment, handling and disposal. The conversion of these materials to value-

added products has been recognized as an attractive waste management approach. Research 

interests in the area of bioethanol production from organic waste materials emerged in the late 

1980s [12]. 

 

2.3.1 Waste streams from paper pulping  

Hardboard, pulp and paper industries produce big volumes of process water. Many of these 

waste streams contain dissolved hemicelluloses mainly (O-acetyl-galactoglucomannan) and 

involve disposal expenses. The problem of these water streams is the low sugar concentration. 

The sugar content first has to be enriched to be able to function as sole sugar source in the 

fermentation process [8]. 

 
2.3.2 Recycled paper 
The pulp and paper industry generates about 80 million tonnes of solid waste material every 

year and only less than half of the waste is recycled. The large amounts of waste created 

present a serious problem for recycling paper plants due to disposal handling. However the 

recycled paper sludge has high polysaccharide content and can with correct treatment be used 

as substrate in fermentation processes. Successful laboratory experiments have been 

conducted to enzymaticly convert recycled waste paper sludge to lactic acid by fermentation. 

If this process will to be successful at a larger scale it would present possibilities to solve the 

disposal problem and gain economical viability by the commercial production of value added 

products via fermentation [13]. 

 

2.3.3  Wood residues 

Approximately 5.6 million metric tonness of unused wood residue is generated in all U.S. 

sawmills [14]. Worldwide this number is of course larger and presents a source of usable 

sugars if the material is taken care of in a proper way and not just burned. 

 

2.3.4 Glycerol 

Glycerol is not a direct product of lignocellulose. However biodiesel is produced by the 

transesterification of vegetable oils or animal fats with an alcohol. The major by-product is 

glycerol and represents 10% weight of the final product. The increased production of 

biodiesel has created a glycerol surplus and caused the price for crude glycerol to decrease 

almost 10-fold over the past few years. Many now regard crude glycerol as a waste stream 

because of the associated disposal costs. However, glycerol requires no major pretreatment 

and can be used as carbon source in fermentation processes in which value-added products 

such as 3-HP can be produced. This offers a chance to increase the economic viability of the 

biodiesel industry [15].  
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2.4 Pretreatments of lignocellulosic material 

 

Pretreatment methods are used to convert the polysaccharides in lignocellulosic material into 

fermentable monomeric sugars or to change the structure of the polymers in order to increase 

the accessibility to enzymes that can accomplish this. This is generally obtained by disrupting 

the naturally resistant shield of lignin that encloses the cellulose and hemicellulose [16]. 

 

 

Listed below are important criteria for a sustainable pretreatment method. 

 

 Low energy input  

 High sugar yield  

 Preservation of monomeric sugars 

 High sugar concentration  

 Low operating cost 

 Generating minimum amount of waste water 

 Minimizing the use of chemicals  

 

It is also important to minimize the generation of compounds that inhibits the bioconversion 

in the fermentor or complicates any downstream processing.  

To minimize energy input even further, the pretreatment method should be able to generate 

energy from lignin residuals or at least be able to recover most part of it [16]. 

 

The pretreatment methods that have been investigated over the years, involve physical, 

chemical, biological or thermal approaches. Furthermore, almost all lignocellulosic raw 

materials require some size reduction process such as grinding or milling. Today, only the 

methods using chemicals offer the necessary high yield and low costs that is needed in large 

scale production. 

 

Not all pretreatments are equally effective on all lignocellulosic feedstocks, thus the choice of 

pretreatment method is dictated by the material used and vice versa. There are for example 

many described fairly effective pretreatments of corn stover but still no effective method for 

softwood. 

 

It is estimated that the pretreatment step stands for 18% of the total cost in the biological 

production of ethanol when using corn stover as starting material and dilute acid as 

pretreatment method [17]. This estimate should be comparable if the end product was 3HP. 

 

There are numerous pretreatment methods and variants thereof. The methods described in this 

section are chosen because they are research intense areas and may have a potential to be 

successful in the future. 
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2.4.1  Acid hydrolysis 

The most common pretreatment so far has been acid hydrolysis. Pretreatment by acid 

hydrolysis can be divided into two basic types of processes; dilute acid and concentrated acid, 

each with individual variations. Virtually any acid can be used, but sulfuric acid is most 

common since it is the least expensive. Processes using dilute acid are conducted under high 

temperature and pressure and the reaction times are short, in the range of seconds or minutes. 

The low reaction times of dilute acid treatment favor continuous processing which requires a 

flow system of reactors. A simplified general process using dilute acid as pretreatment is 

listed below.  

 

 Presoaking of lignocellulosic material in dilute acid (0.7-3.0%) 

 Transfer of the slurry to a reactor with impeller 

 Rapid heating (200-240 °C) followed by cooling 

 Filtering, to remove solids and recovering sugars and acid 

 

The process for concentrated acid is similar. The acid concentrating is about 30-40% in the 

soaking step, where after the solution is dried. Hence the concentration is increased to about 

70%. The reaction time can be up to a day.  

 

Recovery of sugars using dilute acid treatment is for most processes low, around 50% 

however some methods reports 80-90% efficiency which is common in the concentrated acid 

processes.  

 

Using dilute acid in combination with high temperatures and pressures creates a very 

corrosive environment. Special demands on the constructing material make this process more 

expensive. This is not the case when using concentrated acid. Fiberglass can be used as 

reactor and piping material. The methods using concentrated acid is more uneconomical 

because of the high amounts of acid required.  For both process it is necessary to neutralize 

the acid prior to fermentation if acid recovery is not possible. The most common agent for this 

is lime which has the disadvantage to form gypsum which has solubility characteristics that 

cause difficulties later in the processes or as additional disposal expenses.    

 

An additional known drawback of acid hydrolysis of lignocellulosic material is the generation 

of degradation products such as furans, organic acids and phenolics. These compounds may 

act as inhibitors for the microorganisms in the fermentation step (see section 2.5) [16, 17]. 
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2.4.2  Ammonia fiber expansion (AFEX) 

In the AFEX process lignocellulosic material is treated with liquid ammonia at high 

temperature and pressure for a period of time after which the pressure is swiftly reduced. The 

treatment greatly disrupts the fiber structure and alters the lignin in the material. It also 

decrystallizes the cellulose and prehydrolizes the hemicelluloses. AFEX by itself and 

sometimes in combination with enzymatic treatment can achieve up to 90% efficiency in the 

conversion of cellulose and hemicellulose to fermentable sugars for a number of 

lignocellulosic material. Furthermore the treatment does not generate inhibitory by-products.  

However the process is not very effective for biomass with high lignin content such as soft 

wood, newspaper and aspen woodchips, which reported to have efficiencies of 40% and 50% 

respectively.  

 

The losses of lignin and hemicellulose with AFEX are close to zero but one drawback is that 

the method is not able to solubilize hemicellulose as in acid pretreatment. On the other hand 

the construction material used in reaction vessels will be cheaper than for dilute acid 

treatment. The excess ammonia can also serve as a nitrogen source in the fermentation 

process [17, 18]. 

2.4.3 Steam explosion treatment  

Steam treatment uses chipped biomass which is treated with high-pressure steam under high 

temperatures. The pressure is swiftly reduced causing the material to undergo an explosive 

decompression. The treatment causes hemicellulose degradation and lignin transformation 

and enables other treatments to be more efficient on the cellulose. The high temperature also 

leads to formation of organic acids, which catalyses the hydrolysis of the glycosidic bonds in 

hemicellulose. Addition of sulphuric acid may improve later enzymatic hydrolysis and 

decrease the production of inhibitory compounds. Steam explosion requires no recycling or 

environmental costs. However the treatment is not effective for softwoods. Other drawbacks 

of the method are incomplete disruption of the lignin-matrix, degradation of sugar fractions 

and generation of some microbial inhibitors. Furthermore the pretreated material often needs 

to be washed with water to remove inhibitory material. The water wash also removes soluble 

sugars [18]. 

 

2.4.4  Ozonolysis 

To degrade lignin ozone can be used. Pretreatment of sawdust with ozone decreased the lignin 

content from 29% to 8%. At the same time the hemicellulose was only slightly degraded. The 

method also has the advantages that it does not produce any inhibitory compounds and the 

reaction is carried out at room temperature and atmospheric pressure. However the large 

amounts of ozone needed makes the process expensive at large scale [18]. 

  

http://tyda.se/search/sulphuric%20acid
http://tyda.se/search/atmospheric
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2.4.5  Enzymatic 

Enzymatic hydrolysis of cellulose is done by highly specific cellulase enzymes, without the 

formation of any inhibitory compounds. Usually the cellulases are a mixture of several 

enzymes which can be divided into three major groups (see table 2) with distinct functions.  

 

 
Table 2. Enzymes and their function used in hydrolysis of cellulose. 

Name E.C Function 

Endoglucanase 3.2.1.4 Attacks regions of low 

crystallinity in the cellulose, 

creating free chain-end. 

 

Exoglucanase 3.2.1.91 Degrades the molecule further 

by removing disaccharide units 

from the free chain-ends 

Beta-glucosidase 3.2.1.21 Hydrolyzes the disaccharides to 

create monosaccharide units. 

 

 

 

 

 

The presence of lignin and acetyl groups from hemicelluloses limits the extent of cellulose 

hydrolysis due to unproductive binding of cellulase with lignin and the acetyl groups. 

Furthermore the initial rate of hydrolysis is affected by the degree of cellulose crystallinity. 

Hence a pretreatment method that removes lignin, hemicellulose and decreases the 

crystallinity is needed to decrease hydrolysis time and the amount of enzymes needed. 

However cellulase enzymes have been projected as a major cost contributor in the 

lignocellulose-to-ethanol technology [18, 19].  

 

 
2.5 Microbial Inhibitors from acid pretreatments 
The formation of degradation products acting as microbial inhibitors depends on what type of 

pretreatment method and biomass used.  The reducing or rising of pH, temperature and 

pressure will alter the structure of the lignocellulosic material causing formation of by-

products. 

 

Acid pretreatment and steam explosion generates three types of inhibitors; furaldehydes, weak 

acids and phenolic compounds. 

2.5.1  Furaldehydes 

The furaldehydes furfural and hydroxymethylfurfural (HMF) are sugar degradation products. 

The compounds are formed when free sugar monomers are exposed to elevated temperatures 

in acidic environment. Furfural is a product from degradation of pentoses and HMF from 

hexoses. Furfural is commonly found in lower concentration than HMF [20]. 

The two reactions taking place when the compounds are formed are shown in Figure 6.  
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Figure 6. The two reactions taking place in the formation of furfural and HMF [20]. 

 

The effects of furaldehydes on yeast and some bacteria are decreased fermentation rate and 

increased lag phase that reduces or stops the growth [20]. It has also been reported that the 

viability of yeast is reduced. It is suspected that furfural cause accumulation of reactive 

oxygen species and damages vacuole membranes, nuclear chromatin and actin cytoskeleton 

[22]. Under aerobic conditions yeast will convert the furaldehydes to their less reactive 

alcohol by NADPH-dependant dehydrogenas enzymes (see Figure 7). This reduction may 

result in NADPH depletion.  

 

Furthermore, synergistic effects of furfural and HMF have been reported. However HMF 

causes less inhibitory effect than furfural in the same concentration. The inhibitory effects 

may be the result in a reduction of the available cellular energy caused by inhibition of several 

enzymes [20].  

 

 
Figure 7. The conversion of furaldehydes to their less reactive alcohol by NADPH-dependant dehydrogenas enzymes. 
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 2.5.2 Weak acids 

Weak acids such as acetic, formic and levulinic acid are the most common acids in 

hydrolysates from lignocellulose. De-acetylation of hemicellulose is responsible for the 

formation of acetic acid, while the breakdown of furfural and HMF is causing the formation 

of formic and levulinic acid (Figure 8). 

 

 
Figure 8. The two reactions taking place in the formation of formic acid and levulinic acid. 

In yeast, the inhibition of growth by weak acids is explained by the decrease in the 

intracellular pH caused by the low extracellular pH. The protonated acid diffuse into the cell 

where it dissociates due to the higher pH. The resulting protons are pumped out from the cell 

by ATPase at the expense of ATP. This means that less energy is available for cell growth. 

The toxicity of the acids depends on molecule size, hydrophobic properties and the pKa of the 

acids. Nevertheless it is believed that low concentrations of acids stimulate the production of 

ATP [20, 21].  

2.5.3  Phenolic compounds 

The majority of phenolic compounds are generated when lignin degradation occurs. The 

amount, ratio and type of degradation products depend on the raw material. Because of the 

difference in methoxylation (see section 2.3.3) in different raw materials different phenolic 

compounds is generated through degradation. Figure 9 shows the lignin monomers and their 

respective direct degradation product. However a broad range of phenolic compounds have 

been found in pretreated lignocellulosic material; many of which may be from extractive 

components rather than lignin components. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9. The lignin monomers and their respective 

direct degradation product [9] 
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The complete inhibition mechanisms of phenolic compounds are not known. This is due to the 

diversity of the group and the lack of good analytical methods. One possible mechanism is 

that phenolic compounds acts on the membranes in the cell and causing loss of membrane-

integrity. It has also been shown that the functional group affects the strength of the 

inhibition. Aldehydes and ketons cause more inhibition than acids and alcohols, also low 

molecular weight phenolics have been observed to be stronger inhibitors than high molecular 

weight phenolics [20, 21]. 

 

 

2.6 Cell factory and metabolic engineering for 3-HP 
production 

 

The fermentation process uses cell factories i.e. microbial cells to convert the molecules used 

as carbon source to 3-HP. The most common carbon source used is carbohydrates like sugars, 

however glycerol can also be used. The conversion process uses enzymes present within the 

cells to catalyze a series of chemical reactions beginning with the carbon source and has 3-HP 

as end product. In a functional process the cells uses transport mechanisms to remove the end 

product from the cell interior. This is done to lower the intracellular pH. It also facilitates the 

recovery of the end product. A general description of the process is shown in Figure 10.  

 

 
Figure 10. A general image of how carbons sources are converted to 3-HP by microbial cells. 

  

 

2.6.1 3-Hydroxypropionic acid (3-HP) 

 

3-HP is a three carbon carboxylic acid non-chiral molecule. The high reactivity given by the 

carboxyl group and the β-hydroxyl group is a promising property for using it in production of 

chemical feedstocks. 3-HP is traditionally made by chemical synthesis and several routes have 

previously been described [23-25]. The costs of these routes are however too high to produce 

3-HP as bulk chemical. In addition, the conventional industry is using chemicals derived from 

fossil sources and hence is suffering from unstable price and limited supply of petroleum. 

 

3-HP has many application areas in chemical industries. It can be used as crosslinking agent 

in polymer coating, metal lubricant and antistatic agent in textiles. Furthermore, the properties 

of 3-HP has made it interesting in new medicinal fields. It can become possible to use it as 
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surgical biocomposite material and in drug release systems. In addition, 3-HP is a precursor 

for many high-volume commercial chemical intermediates (see Figure 11), which have a wide 

range of applications.  

 

The problematic chemical synthesis of 3-HP makes the bioconversion of biomass to 3-HP as 

chemical intermediates an important alternative to petrochemical production. The 

bioconversion from renewable sources has three major advantages in comparison to the 

traditional production [26]: 

 

1) Little dependence on petroleum 

2) Less environmental pollution 

3) Mild operation conditions  

 

For its market opportunities and the reasons described above, 3-HP holds the third position in 

the list of Top value added chemicals from biomass made by the US department of energy 

[27].  

 

 

 

Figure 11. The chemical intermediates that can be made from 3HP [2]. 
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2.6.2 3-HP in natural microbial metabolism 

3-HP can be found in many natural occurring metabolic steps in different microorganisms. 

For example is 3-HP a key intermediate in the 3-HP cycle, a pathway for autotrophic fixation 

of carbon dioxide found in Chloroflexus aurantiacus and in some archaebacterias.  

3-HP can also be metabolized from acrylates as for example in the extracellular degradation 

of dimethylsulfoniopropionate (DMSP) by Alcaliginies faecalis. DMSP is degraded to 

dimethylsulfide and acrylate by DMPS-lyase. Acrylate is then metabolized to 3-HP.  

It is also reported that 3-HP is one of the final products in the degradation of uracil in yeast. 

However no known organism has 3-HP as a major metabolic end product. Thus a genetically 

modified pathway that is directed towards 3-HP is needed [26].  

 

2.6.3 Synthetic metabolic pathways with 3-HP as end product 

A productive metabolic pathway must generate enough energy in the form of ATP and keep a 

balance of reducing power in order to maintain a sufficient concentration of reducing agents. 

The energy should be able to sustain sufficient cell growth, maintenance and product export. 

In a thermodynamic view, according to the second law of thermodynamics the change in 

Gibbs free energy must be negative for enzyme reactions to occur spontaneously. 

 

There are several known and patented synthetic pathways using glucose or glycerol as carbon 

source and reported to have a 100% theoretical yield of 3-HP [28-30]. However the majority 

of the synthetic pathways described today do not produce any net ATP per 3-HP. They also 

suffer from other difficulties such as product transportation problems, irreversible conversions 

of end product and the need for other carbon sources [26].  

 

Experimental data of the thermodynamics related to the enzymatic reactions in 3-HP 

production could not be found in the literature. However group contribution methods have 

been utilized to estimate the standard Gibbs free energy change in every enzymatic reaction 

[31, 32]. Many of the metabolic pathways are not thermodynamically favorable [26]. 

 

However, there are some promising pathways described and most likely more coming. One of 

them are patented by Cargill Company and shown in Figure 12. This pathway is using glucose 

as starting material, is redox neutral, produce positive net ATP per 3-HP and is 

thermodynamically favorable [26]. Figure 12 also show the enzymes used in the pathway. The 

pathway is a variant used in a patent by Cargill Company [30].  
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Figure 12. Promising patented pathway by Cargill Company and the enzymes used [2]. 

 

 

Problems with pathways not generating any net ATP can be solved by adding one additional 

pathway producing ATP. Such pathway is often considered to be harmful as it might consume 

additional substrate and may generate undesired by-products or require aeration. Pathways 

carried out under aerobic conditions generally produce less metabolic energy and 

fermentation with aeration is usually less economical than for anaerobic fermentation [26].  

Nevertheless pathways not producing ATP have had some success. Raj et al. 2009 using 

recombinant Escherichia coli in a fed-batch process and glycerol as carbon source obtained a 

titer of 31g/L 3-HP in 72 hours with a yield of 35%. The volumetric productivity and final 

titer is still too low for commercial applications. To be commercially competitive a titer of 50-

100 g/L 3-HP in broth is considered necessary. Such high titers of 3-HP have never been 

reported so far [33].  

 

The possible autotrophic fixation of carbon dioxide has a potential for production of 3-HP 

from carbon dioxide and water. Since the cost of raw material is a large part in the production 

of organic acids a successful metabolic way offers significant advantages compared to 

metabolic ways starting with other carbon sources. 

 

 

2.6.4 Downstream processes 

It is to be expected that the production process of 3-HP will be similar to the microbial 

production of lactic acid, another weak organic acid. 

 

In the production of lactic acid favorable fermentation pH range is 5.0-6.5, which is different 

from the pH level needed for product recovery [34]. To maintain optimum pH during 

fermentation large quantities of base titrant is added to compensate for the acid production. 

Since the dissociation constants of weak acids (pKa 3.6 lactic acid, pKa 4.51 3-HP) is below 

the favorable pH, acid needs to be added after the fermentation to obtain the undissociated 
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acid. This results in the formation of by-products and inefficient use of resources. To avoid 

this in the production of 3-HP there are alternative strategies. One example of successful 

continuous removal of lactic acid is by the adsorption in the poly-4-vinylpyridine (PVP) resin, 

allowing effective fermentation [26] 

 

Another possibility to recover 3-HP after removal of microbial cells is to add boiling organic 

amines to the medium. The mixture is heated allowing ammonia and water to evaporate and 

3-HP is extracted into the organic phase to simplify the recovery. This procedure is called salt 

splitting .Other downstream process strategies for purification and recovery of 3-HP may 

involve electrodialys, reverse osmosis, various filtration techniques or a combination of these. 

The overall process will be dependent on the properties of the medium containing 3-HP and 

the fermentation by-products [30].  

 

 

2.6.5 Suitable microorganisms 

In theory several microorganisms can be used as cell factory in the fermentation process. 

There are many of possible microorganisms proposed in several patents. However E.coli and 

Saccharomyces cerevisiae (yeast) is particularly interesting and may be preferable because 

they are well characterized and suitable for genetic engineering [30]. E.coli may have a faster 

growth but on the other hand yeast is more tolerant towards acidic environments than E.coli.  

 

In order to simplify downstream processes and solve the problems described in the previous 

section particularly two cell qualities are favored. The first is the property to produce 3-HP at 

a pH below pKa of the acid. This would solve the inefficient use of base and acid in the 

recovery process. The second property is that the micro organism should be able to export 3-

HP efficiently out of the cells. This would simplify the downstream processes if extensive 

purification is needed [26]. 

2.6.6 Dehydration of 3-HP to Acrylic acid 

The dehydration of 3-HP can in principle be carried out in a solution, preferable with a 

catalyst. The catalyst can be either acidic or alkaline but acid catalysts are preferred because 

of the small tendency to form oligomers. After dehydration a phase containing acrylic acid is 

obtained. This phase can be purified further through distillation, extraction, crystallization or a 

combination of these [30].  

 

 

 

2.7 Radical chain polymerization 

Free radical chain polymerization is a reaction where free radical monomer units are created 

and joined together by successive addition, forming a growing chain. The free radical 

monomer units can be created in many ways, even if it often involves addition of initiator 

molecules that decompose and forms radicals when exposed to heat or ultraviolet light. 

 

The whole reaction can be divided into three characteristic steps; initiation, propagation and 

termination.  

 

http://tyda.se/search/simplify
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Initiation 

Initiation of free radical polymerization requires the production of free radicals in the 

presence of vinyl monomers. When the free radicals are generated, the radical adds to the 

double bond with the regeneration of a new radical. The reaction is outlined below. I denote 

the initiator,    is the radical formed and M is the monomer present. 

 

 

       
 

             
 

 

 

Propagation 

The radical formed in the initiation step successively adds monomers to propagate the chain. 

 

 
                   

 

The chain propagates until their growth is stopped by termination.  

 

 

Termination 

The tendency of radicals to react with each other prevents the propagation to continue until 

there are no more monomers. The termination of chain propagation can occur by two different 

mechanisms; combination or disproportionation. Termination by combination means that two 

chain ends reacts and forms one longer chain without the possibility for any further monomer 

addition. 

 

                     
 

Disproportionation is when a hydrogen atom from one chain end is abstracted to another 

creating one chain with and one without a double bond [35]. 
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3 PART 2 

3.1 Super absorbent polymers 

Super absorbent polymers (SAPs) are crosslinked polymers capable of absorbing and 

retaining liquid several times their own weight without dissolving. A SAP containing 

absorbed liquid is called a gel. The ability to absorb this much liquids makes SAPs well suited 

for absorbents of body fluids in personal care products such as diapers and incontinence pads. 

 

The crosslinking agent, a monomer with two or more double bonds, decrease the molecular 

freedom by joining polymer chains together through covalent or ionic bonds to form three-

dimensional network (Figure 13). It is this network that allows liquid absorption into the 

empty spaces between the polymer chains and prevents the polymer to dissolve due to the 

elastic retraction forces of the network. The degree of crosslinking increases the strength of 

the network (gel strength). However the retraction forces increases when crosslinking 

increases which decreases the swelling capacity [36] 

 

The most common SAP used in diapers is crosslinked polyacrylic acid partly neutralized and 

ionized with sodium hydroxide (Figure 14). The polymer is synthesized through radical 

polymerization after which it is dried and grinded into white particles. When the SAP-

particles are placed in water it swells and forms a gel which in some cases can contain up to 

99% by weight of water. 

 

The main driving force for absorption of water into the SAP network is osmosis. Osmosis is 

the movement of water molecules across a semipermeable membrane down a water potential 

gradient so as to reach equal chemical potentials for water on both sides of the membrane. 

The chemical potential is determined by the concentration of solutes. The polymer network 

has a high density of positively charged sodium counter ions attracted to the negatively 

charged carboxylic groups. When the SAP is placed in water the charged sodium ions and 

carboxylic groups attracts the polar water molecules. The sodium ions becomes hydrated 

which reduces the attraction to the carboxylic groups. The hydration allows the ions to move 

freely within the network but they are not able to leave the network because of the weak 

attraction forces. Thus the ions behave like they are trapped by a semipermeable membrane. 

To obtain equivalent chemical potentials of water on both sides of the membrane, water is 

absorbed into the network. Thus if the concentration of ions in water is increased the force 

driving the absorption is decreased. To simulate applications of SAP in diapers for example, 

the SAP are normally tested in a solution containing 0.9% sodium chloride (saline). [37] 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 13. SAP particle with three dimensional 

structure, the black dots represents the joints 

with crosslinking. 

Figure 14. SAP based on crosslinked 

polyacrylic acid partly neutralized and ionized 

with sodium hydroxide   
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3.1.1  SAP synthesis 

 

Chemicals used 

 

 Distilled water 

 Acrylic acid – Monomer (99%) 

 Sodium hydroxide (aq.) – Neutralization agent (50%) 

 N’, N’-methylenbisacrylamide(aq.) – Crosslinker (2%) 

 Potassium persulfate (aq.) – Initiator (2%) 

 

Equipment used (Figure 15) 

 four necked, round-bottomed flask 

 magnetic stirrer 

 reflux condenser 

 bowl of water 

 

Before addition of any chemicals the reaction vessel was first flushed with nitrogen gas to 

remove oxygen which interferes with the reaction. The nitrogen flow into the vessel was kept 

constant throughout the whole synthesis, as was the magnetic stirring,  

 

Volumes of chemicals used in a synthesis for a batch of 114.7 ml are shown in Table 3. The 

volumes correspond to a polyacrylic acid concentration of 12% by weight and a neutralization 

degree of 65%. 

 

 

 

 

 

 
Table 3. Chemicals used in SAP synthesis for a batch of 114.7 ml. 

 Chemical Volume  

Distilled water 82.2  ml 

Acrylic acid 99% 11.4 ml 

Sodium hydroxide 50% 6.0 ml 

N’, N’-

methylenbisacrylamide(aq.) 2% 

12.8 ml 

Potassium persulfate (aq.) 2% 2.3 ml 

Figure 15. The equipment set up 

used when synthesizing SAP 
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Procedure 

In the nitrogen-washed four necked, round-bottomed flask, distilled water was added. Acrylic 

acid was distilled to remove stabilizers and added to the flask to get the desired acid 

concentration. Before the partial neutralization with sodium hydroxide, a bowl of ice water 

was placed under the reaction vessel to cool the mixture. After that, sodium hydroxide was 

added; the neutralization reaction causes the mixture to heat up. The mixture was allowed to 

cool to about 20 °C whereby cool water solutions of N’, N’-methylenbisacrylamide and 

potassium persulfate were added. The nitrogen gas, magnetic stirrer and water flow through 

the condenser was thereafter stopped and mixture was transferred to test-tubes which were 

sealed with a rubber stopper. The polymerization reaction took place in an oven heated to 50 

°C overnight.  

 

 

3.1.2 SAP preparation 

The test-tubes were crushed and the gels removed. Cylindrical parts of the gels with heights 

of approximately 15 mm of the gels were taken if possible, for compression tests. The rest of 

the prepared gel was cut into smaller pieces and placed on petri dishes and placed in an oven 

heated 60 °C for a minimum of 72 hours. The dried gel was then grinded into particles and 

fraction of 350µm and 500µm were collected for AUL and CRC experiments. 
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(1) 

 

3.2 SAP characterization  

SAP used in personal care products such as diapers and incontinence pads must meet certain 

standards to for instance prevent leakage. To meet this standard the most important properties 

are capacity and gel strength. These properties are connected to the chemical structure of the 

SAP. To test these properties there are different experimental techniques.  

3.2.1  Absorption and Centrifuge Retention Capacity (CRC) 

To determine the absorption capacity of SAP, a porous pouch of teabag material is 

constructed. Dried SAP is placed in the bag. The bag is then sealed and immersed in test 

liquid and allowed to absorb liquid for a specified time. If the kinetics of absorption is 

important, the weight of the bag and SAP are noted after specific time intervals. Retention 

capacity is another important feature of SAP. The ability to retain liquid is measured by 

taking the bag after the absorption test is done and place it in a centrifuge. By comparing 

weights of the samples before and after centrifugation CRC-value for the SAP can be 

calculated (equation (1)). The whole procedure described is often referred to as dip absorption 

with centrifugation or a teabag test 

 

 

 

      
                                   –                   –                 

       
 

 

 

To do the teabag test SAP samples of 0.195-0.205 grams are placed in pre-weighed pouches 

of polyester (7 x 6 cm). The bags are marked with numbers and sealed. The bags are then 

placed one by one in a bowl with a water solution containing 0.9% sodium chloride, 100ml 

per bag.  

 

When the first bag is placed in the bowl a timer is started and the following bag is placed 25 

seconds after the previous. The samples are allowed to absorb liquid for 1, 5 and 30 minutes. 

After 1 minute the bag is picked up and allowed to drip liquid for 2 minutes whereby the 

sample is scaled and placed in the bowl again. This is repeated at 5 and 30 minutes.  

 

When the last bag has been scaled after 30 minutes absorption, each bag is placed on top of 

glass marbles in a centrifuge tube. All bags are placed in the centrifuge for 3 minutes at 1750 

rpm. The bags are then weighed again. By doing this the CRC values are calculated by using 

equation (1). 

 

For all experiments four SAP-samples from the same batch is tested and a mean value is 

calculated. 

 

3.2.2  Mechanical measurements 

It is important that the SAP retain its integrity after liquid absorption to prevent structure 

collapse and loss of liquid. The mechanical properties depend on the crosslinking density and 

amount of liquid absorbed. A measurement of this property is the elastic modulus which is 

measured on a swollen SAP sample. The elastic modulus refers to the ability of SAP to 

recover after being exposed to stress, or the strain that is recovered when stress is removed.  
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The modulus is measured with a Lloyd tensile tester (Figure 16). A cylindrical part of SAP-

gel with a height of approximately 15 mm is placed between two plates in the machine 

(Figure 17).  

 

The upper plate moves downwards with a speed of 0.05 mm/s compressing the gel 7.5 mm. 

The machine records the displacement of the gel and the force acting on the upper plate by the 

gel. By knowing the unstrained diameter of the gel cylinder and by plotting the force against 

the displacement the elastic modulus can be calculated by the slope of the curve. However the 

surfaces of the gel cylinders in contact with the plates are not perfectly even, which makes the 

curve in the force-vs-displacement plot deviate from the expected straight line. A standardized 

correction must be made to get the real values of the elastic modulus, a procedure for doing 

this has previously been described in literature [38]. 
   

For all experiments at least three samples from the same batch were tested, and a mean value 

was calculated 

  

Figure 16. Lloyd tensile tester used to 

measure the elastic modulus 

Figure 17. Cylindrical part of 

SAP-gel is placed between two 

plates in the machine 
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(2) 

 

3.2.3  Absorption under load (AUL) 

For SAP to properly function in diapers and incontinence pads it must be able to absorb liquid 

under external loads created from a person sitting on the diaper. This property is partly 

dependant on the mechanical properties. To measure the absorption under load, SAP samples 

are allowed to absorb liquid during a specific time, while being exposed to a load, often equal 

to that of a human sitting on a diaper. The weight of the sample is measured before and after 

the absorption and the amount of liquid absorbed are calculated (equation (2)). 

 

 

      
                                                               

              
 

 

 

 

The device to measure absorption under load consists of a porous filter plate, placed in a petri 

dish, a filter paper placed on the plate and hollow cylinders with filter screens in the bottom.  

The setup is shown in Figure 18. 

 

Tests were carried out by adding 0.9% sodium chloride solution in the petri dish to the hight 

of the filter plate, allowing the paper to be soaked. SAP samples of 0.1550-0.1650 g were 

placed in the cylinder The SAP was evenly distributed in the bottom and a plastic stopper was 

placed on top of the sample. The cylinder, SAP sample and plastic stopper were then 

weighed. On top of the plastic stopper a cylinder weight producing 0.3 psi was placed. 

 

The cylinder was then placed on the filter paper allowing SAP to absorb the liquid for 60 

minutes. After 60 minutes the cylinder weight was removed and the cylinder, SAP sample and 

plastic stopper were scaled again. By doing this the absorption under load could be calculated 

by using equation (2). All tests are conducted in duplicates. 

 

 

 

 

  

Figure 18. The setup for AUL measurements. 
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3.3 Experimental design and factorial experiment 

Experimental design is a structured, organized method that is used to determine the 

relationship between different factors affecting a process and the response of that process. The 

method was first developed in the 1920s and 1930, by Ronald Fisher, a mathematician and 

geneticist. 

 

Experimental design involves designing a set of experiments, in which all effects are varied 

systematically while measuring one or more response factors. 

 

When the results of these experiments are analyzed, they help to identify  

 

 Factors that have influence on the response 

 Factors that have no influence on the response  

 Existence of interactions and synergies between factors. 

 Optimal conditions  

 

One way to design the experimental setup is by factorial experiment. This is done by first 

choosing controllable factors to investigate and one or more response factors. Then the 

number of levels the factors should be tested in is decided. Two levels one high and one low 

are typical, although more levels can be used. For example if three controllable factors A, B 

and C, are to be tested with two levels high (+1) and low (-1), a total of 2
3
 = 8 combinations 

can be made. A full factorial experiment contains tests with all these combinations according 

to Table 4. A mathematical model used to describe the process can have the following form 

 

Response 1 = A +B + C+AB  + AC + BC +ABC 

 

 
Table 4. Example of design matrix when planning a three factorial experiment. 

 Factor A B C Response 1 Response 2 

Order  

1 -1 -1 -1   

2 +1 -1 -1   

3 -1 +1 -1   

4 +1 +1 -1   

5 -1 -1 +1   

6 +1 -1 +1   

7 -1 +1 +1   

8 +1 +1 +1   

 

Analysis of factorial experiment 

When analyzing a factorial experiment, main effects and interactions effects are calculated for 

the included variables. The main effects reflect the impact of each factor by themselves on the 

response. Interactions effects reflect how two or more factors interacts and their impact on the 

response. The effects must be possible to be analyzed in an appropriate way to make certain 

conclusions. If an effect is large in proportion to the natural spread of the process, the effect is 

significant. That means that it is probable that the cause of the effect is not caused by chance. 

 

There are several methods to determine significant and non-significant effects. One method is 

by using a pareto plot. The pareto plot shows the absolute value of the factors. It is a simple 

display of the sizes of the effect in relation to each other. Another way to display significant 
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effects is by plotting the effects on a normal probability scale. The effects that are negligible 

are normally distributed with mean zero and tend to fall along a straight line whereas 

significant effects have nonzero means and will not lie along the straight line and with the 

assumption that the raw data are normal distributed.   

 

To evaluate how well a model fits the used data, the residuals ought to be investigated. A 

residual is the difference between one observed value and by the model estimated value. For a 

model assumption to be right, the residuals should show no obvious pattern. A residual 

analysis function thus as an indicator of how good the model is [39]. 
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4 Experimental Part 
As mentioned previously, it is desired to synthesize SAP directly in fermentations broth 

containing acrylic acid (converted from 3-HP) without any expensive and energy demanding 

purification or enrichment processes. Since fermentation broths are complex solutions is it 

possible that they contain compounds that will interfere with the synthesis of SAP or have a 

negative effect on SAP properties.  

 

The purpose of the experimental part of the project is to investigate if it is possible to 

synthesize SAP in yeast fermentation broths and to determine if common compounds in 

broths affect the synthesis, and SAP properties.  

 

For the purpose of this study, SAP in this part refers to crosslinked polyacrylic acid which is 

the only polymer investigated. 

 

4.1 Examination of different acrylic acid synthesis concentrations 

A pre-study to determine what impact different concentration of acrylic acid has on the SAP 

synthesis was conducted.  

Since fermentation broths are expected to contain lower concentration of acrylic acid 

(converted from 3-HP) than what normally is used when synthesizing SAP, a small study was 

performed. The aim of the study was to investigate how low concentration of acrylic acid it is 

possible to use in the SAP synthesis and still maintain sufficient properties of the gels and dry 

SAP.  

Three different weight-concentrations of acrylic acid were used in the synthesis; 6%, 12% and 

25%. The highest concentration tested (25%) is the normal concentration at which SAP is 

synthesized and can be regarded as a reference. The gels were characterized by measuring the 

mechanical properties and the dry SAP was tested with the teabag test (see section 3.2.1).  

 

4.2 Fermentation broth testing 

As mention previously, is it desired to synthesize SAP directly in fermentations broth 

containing acrylic acid (converted from 3-HP) without any expensive and energy demanding 

purification or enrichment processes. This was tested by substituting the water used in the 

SAP synthesis with yeast fermentation broth. This was done to simulate a broth containing 

12% acrylic acid by weight.  

 

Three different broths were tested; two which were fermented in medium of artificial 

hydrolysates and one fermentation broth that used actual hydrolysate from acid pretreated 

spruce. The contents analyzed after the fermentation is summarized in Table 5. More detailed 

information about the broths content prior to fermentation can be found in Appendix A. 

(The broths tested were kindly provided by the Biotech department, Chalmers University).  
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Table 5. Analyzed content in broths after the fermentation. 

Broth Analyzed content Concentration Comment 

A Xylos 6,6 g/l Prepared as artificial hydrolysate  

Arabinose 4,3 g/l 

Glycerol 0,3 g/l 

Ethanol 6,1 g/l 

Formic acid - 

Acetate 0,1 g/l 

Levulinic Acid - 

B Xylos 6,3 g/l Prepared as artificial hydrolysate just as broth A, but 

addition of acetate, formic acid, levulinic acid, HMF 

and furfural was done before the fermentation begun. 

HMF and furfural is converted to their alcohols during 

the fermentation (see section 2.5.1) 

Arabinose 4,0 g/l 

Glycerol 0,4 g/l 

Ethanol 8,9 g/l 

Formic acid 0,1 g/l 

Acetate 2,9 g/l 

Levulinic Acid 0,2 g/l 

C - - Actual fermented hydrolysate from spruce. No content 

analyze available  

 

The synthesis was carried out as described previously in section 3.1.1, the distilled water was 

now replaced with the broth. The produced SAP was tested using teabag and AUL test 

described in section 3.2. 

 

 

 

4.3 Compound effect study by Experimental design  

In order to get knowledge about how different compounds present in fermentations broths 

affect SAP synthesis and later SAP properties, it was decided to use an experimental design.  

Which compounds that affects the SAP synthesis and properties, alone or in a combination are 

expected to be established by using the methodology. Since fermentation broths contain so 

many compounds it would take too much time to test all of them one by one, hence a few 

were chosen to be tested in this study.  

 

4.3.1  Compounds and SAP properties to investigate 

Compounds to test were chosen on the basis of highest concentration in fermentation broths 

from yeast. Different fermentation mediums have been used in order to mimic the content of 

hydrolysates from lignocellulosic material. Lists of broth compounds and concentration of 

these were kindly provided by the Biotech department, Chalmers University. It was decided to 

test eight of the substances present in yeast fermentation broths; the eight substances and their 

origin are listed in Table 6 below. 
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Table 6. Compounds present in yeast fermentation broths and their origin 

Compound Origin 

 Xylose 

 Arabinose 

 

The pentoses xylose and arabinose are rest-

products from the broth and comes from the 

hemicellulose, many yeast strains are not able to 

use these as carbon source. 

 

 Ethanol 

 Glycerol 

 

Ethanol and glycerol are produced by the yeast 

cells and are common by-products. 

 Levulinic acid 

 Acetic acid 

 

Levulinic acid and acetic acid are a rest-product 

from lignocellulosic material formed during acid 

treatment (see section 2.5.2), however some 

acetic acid could also be produced by 

microorganisms. 

 

 Furfuryl-alcohol 

 

Furfural is formed during acid treatment and 

under fermentation furfural is converted into 

furfuryl-alcohol. 

 

 Veratryl-alcohol 

 

To study phenolic substances veratryl-alcohol 

was chosen. It was chosen because it has some 

similarities with some of the phenolic substances 

present in acid treated lignocellulosic material 

and it was easy available. Phenolic compounds in 

fermentation broths comes from leftover lignin 

present in lignocellulosic material. 

 

 

In order to study the effects of the compounds on the synthesis and SAP properties, instead of 

using pure water in the synthesis (see section 3.1.1), water solutions containing the 

compounds were used. In this way single compounds could be tested for interference in the 

synthesis and effects on SAP properties later on.  

 

The properties to be included in the experimental design and function as response factors 

were chosen to be absorption capacity and absorption capacity under load since those 

properties give much information and depends partly on different chemical properties. To test 

these two properties the methods described in section 3.2 were used. Mechanical 

measurements was done but was not included in the statistical calculations.  

 

4.3.2  Design of experiments 

To save time and resources the compounds to be tested were divided into four groups based 

on structure, functionality and origin. The four groups and the normal concentration of each 

compound in yeast fermentation broths is shown in Table 7. By doing this a full four-factorial 

experiment with one replicate could be done. The design matrix is shown in Table 8.  
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Table 7. Normal concentration of compound to be tested in yeast fermentation broths. The concentration are based on 

analysis made by Chalmers. 

 Content Concentration (g/L) 

Group 1: Sugars Arabinose 6,6 

Xylose 4,3 

Group 2: Alcohols Ethanol 2,5 

Glycerol 14,5 

Group 3: Acids Acetic  7,5 

Levulinic 0,25 

Group 4: Aromatics Furfuryl alcohol 1,0 

Veratryl alcohol 3,4 

 

 The high (+1) level was chosen as if the compound was present in a broth with the 

concentration shown in table 7.  

 

 The low (-1) level was chosen as if the compound was not present in the broth 

 

 
Table 8. The design matrix shows in what order the synthesis was made and what the contents are. 

Synthesis 
order 

A= 
Sugars 

B= 
Alcohols 

C = 
Acids 

D = 
aromatics 

Absorption 
capacity AUL 

1 -1 -1 -1 -1   

11 1 -1 -1 -1   

2 -1 1 -1 -1   

6 1 1 -1 -1   

12 -1 -1 1 -1   

16 1 -1 1 -1   

5 -1 1 1 -1   

3 1 1 1 -1   

9 -1 -1 -1 1   

13 1 -1 -1 1   

8 -1 1 -1 1   

15 1 1 -1 1   

4 -1 -1 1 1   

7 1 -1 1 1   

10 -1 1 1 1   

14 1 1 1 1   

 

The design matrix shows that a total of 2
4
=16 SAP syntheses were made and what compound 

or combination of compounds was tested. SAP synthesis 10 for example (see table 8) was 

made with a water solution containing alcohols (ethanol and glycerol), acids (acetic and 

levulinic) and aromatics (furfuryl alcohol and veratryl alcohol) with concentrations stated in 

Table 7.  

 

The prepared water solutions had to contain higher concentrations of the tested compounds 

since the final concentration in the SAP synthesis had to match the concentrations of the 

compounds in fermentation broths. The preparation recipes for the 16 water solutions can be 

found in Appendix B. 
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Procedure 

The order of the synthesis was randomly selected; the procedure for the testing is outlined 

below: 

 

 Preparation of water solutions containing compound or compounds according to the 

design matrix  

 Solution used in the SAP synthesis instead of distilled water (see section 3.1.1) 

 SAP prepared as described in section 3.1.2 

 SAP characterized (if possible) with methods described in section 3.2 

 

 

4.3.3  Analysis of single experiments with main factors 

At first, simple analysis of the single experiments with SAPs containing just the groups of 

tested compounds alone was done in order to get an appreciation about which compounds that 

played any role for synthesis and SAP properties and also to evaluate mechanical properties 

and absorption kinetics which were not analyzed statistically. 

 

4.3.4 Statistical analysis 
To determine the statistical significant effect factors, statistical methods and calculations was 

made by computer software. The software used for all statistical calculations and modeling 

was JMP v6.0.3.  

 

5 Results and discussion 

5.1 Examination of different acrylic acid synthesis concentrations 

As showed in Figure 19 lower concentration (6%,12%) give higher absorption capacity 

compared to the reference gel (25%). However the gel strength decreases dramatically as 

shown in Figure 20. The 6% gel sample was to loose to be evaluated by the available 

equipment. This is to some degree expected since the lower concentration of acrylic acid in 

the synthesis means that the gel contains more absorbed liquid per gram polymer which 

lowers the elastic modulus.  
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Figure 19. The results from the teabag in determination of acrylic acid concentration test. Three concentration of 

acrylic acid were tested 25%, 12% and 6%. 25% can be regarded as standard concentration 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 20. Results from mechanical measurements for determination of acrylic acid synthesis concentration. 
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5.2 Fermentation broth testing 

All three syntheses resulted in gel formation. The gels were darker in appearance compared to 

gels synthesized in water and all had the same consistency as normal gels. The colors of the 

gels were even more distinct after drying, the colors varied between almost black to rust-

orange (See figure 21, 22 and 23).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 21. Dried SAP from broth A Figure 22. Dried SAP from broth B 

Figure 23. Dried SAP from broth C 
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Teabag testing showed that the absorption profiles did not differ much for broth A and C 

compared to the reference (see Figure 24). However SAP from broth B had a lower 

absorption capacity then the rest. Surprisingly the profile of SAP from actual hydrolysate 

from spruce did not differ that much from the reference. The gel strength however was not 

good enough as shown in Figure 25. Especially SAP from broth B and C had bad mechanical 

properties. 

 

 

 

 
Figure 24. Results from teabag testing of SAP from fermentation broths. 

 

 
Figure 25. Results from AUL testing of SAP from fermentation broths. 
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It should be noted that even if SAP synthesis is possible directly in fermentation broths there 

might still be problems. It is possible that it cannot be used in sanitary products like diapers 

because it might contain harmful compounds which were not detected with the ordinary 

analysis. There might for example be compounds that are skin irritating or cause other allergic 

reactions. Another obvious problem if the SAP were to be used in personal care products is 

the strong coloration. It should also be noted that broths from different microorganisms might 

give other results due to different compositions. 
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5.3 Compound effect study by Experimental design  

All synthesis with broth compounds were successful in the way that all resulted in a gel-

formation. However the test tubes containing gels with aromatics compounds had leftover 

liquid i.e. a top layer of unreacted liquid, suggesting that a non-effective polymerization had 

occurred. The gels with sugars, acids or alcohols had the same appearance, smell and 

consistency as the reference. The gels with aromatics had a sharp smell and were much looser 

in consistency.  

 

After drying the gels, more differences were discovered. The dried gels with sugars (Figure 

28) had a clear yellow color and the gels containing aromatics (Figure 27) had a grey-yellow 

color, in contrast to the gels synthesized with water that were white (Figure 26).  

 

 

 

5.3.1  Analysis of single experiments with main factors 

Because the gels with aromatics were too loose, no compression testing could be done with 

the available equipment. However the compression testing of the gels containing sugar, 

alcohols or acids indicated that there were no big differences in elastic modulus between 

them. They all were in the range of 5-6 kPa (Figure 29). Because the synthesis with aromatics 

resulted in gel formation it is certain that is has an elastic modulus much lower than for all of 

the tested gels. However the large error bars in Figure 29 implies that the SAP gels are 

heterogeneous. 

 

Figure 27. Dried SAP containing 

aromatics 
Figure 28. Dried SAP containing sugars Figure 26. Dried SAP containing no test 

compound 
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Figure 29. Results from mechanical measurements of SAP containing test compounds. 

 

 

A comparison of the absorption profiles of SAP samples with the different compounds 

indicates that SAP containing sugars, alcohols or acids have similar absorption capacity as the 

SAP reference. Whereas SAP with aromatics absorb only a small amount of liquid. After 30 

min in saline the SAP with aromatics had absorbed 19 gram liquid per gram SAP. All the 

other samples were in the range of 36-40 gram liquid per gram SAP. The absorption profiles 

of the SAP samples are shown in Figure 30. 

 

The absorption capacity was also lower for SAP with aromatics when a pressure was applied 

on the SAP. The results of AUL test are displayed in Figure 31. SAP with aromatics were 

only capable of absorbing 10 gram liquid per gram SAP compared to the other samples which 

could absorb 16-20 gram liquid per gram SAP under 0.3 psi.  

 

 
Figure 30. The absorption profiles of the SAP samples containing different compounds tested by teabag test. 
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Figure 31. The results of AUL testing of SAP samples containing different compounds. 

 

 

5.3.2  Statistical analyze 

First two plots displaying values of absorption capacity and AUL versus the synthesis order 

are made to investigate if the time factor had any impact (Figure 32 and 33). Run order in this 

case is the order of when the synthesis of SAP was made. The plots show no indication that 

time order had any effect on the results. 

 

  

 

 

 

 

 

 

5.3.3 Theoretical Modeling 

In  a 2
4
 full factorial experiment the model would contain, a mean term all four main effects 

terms, all six 2-factorinteractions, all four 3-factorinteraction and the 4-factorinteraction 

terms, a total of 16 parameters. However theoretical models with the assumption that all 3-

factor and higher interactions are non-existent is used at start. The models used are shown 

below. The capital letter corresponds to factors as previously described (section 4.3.1) 

 

Y(Absorption)      = A + B + C + D + AB + AC + AD + BC + BD + CD 

Y(AUL)          = A + B + C + D + AB + AC + AD + BC + BD + CD 
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Figure 33 Values of absorption under load vs. 

synthesis order 
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RSquare

RSquare Adj

Root Mean Square Error

Mean of Response

Observations (or Sum Wgts)

0,997766

0,993298

0,806936

29,6114

16

Summary of Fit

RSquare

RSquare Adj

Root Mean Square Error

Mean of Response

Observations (or Sum Wgts)

0,942734

0,828202

2,053084

13,00951

16

Summary of Fit

A sugars

B Alcohols

C Acids

D Aromatics

A sugars*B Alcohols

A sugars*C Acids

A sugars*D Aromatics

B Alcohols*C Acids

B Alcohols*D Aromatics

C Acids*D Aromatics

Source

   1

   1

   1

   1

   1

   1

   1

   1

   1

   1

Nparm

   1

   1

   1

   1

   1

   1

   1

   1

   1

   1

DF

8,6199

0,2418

0,5531

1405,2286

0,5257

0,1926

30,6151

3,5833

1,6967

2,8968

Sum of Squares

13,2381

0,3714

0,8494

2158,085

0,8074

0,2958

47,0172

5,5030

2,6056

4,4488

F Ratio

0,0149*

0,5689

0,3990

<,0001*

0,4101

0,6099

0,0010*

0,0659

0,1674

0,0887

Prob > F

Effect Tests

A sugars

B Alcohols

C Acids

D Aromatics

A sugars*B Alcohols

A sugars*C Acids

A sugars*D Aromatics

B Alcohols*C Acids

B Alcohols*D Aromatics

C Acids*D Aromatics

Source

   1

   1

   1

   1

   1

   1

   1

   1

   1

   1

Nparm

   1

   1

   1

   1

   1

   1

   1

   1

   1

   1

DF

3,86575

14,51101

12,29330

294,08897

2,48800

1,24249

14,29503

0,01607

0,97738

3,17947

Sum of Squares

0,9171

3,4426

2,9165

69,7695

0,5903

0,2948

3,3913

0,0038

0,2319

0,7543

F Ratio

0,3822

0,1227

0,1484

0,0004*

0,4770

0,6105

0,1249

0,9532

0,6505

0,4248

Prob > F

Effect Tests

 

Summaries of Fit and effect tests after fitting second order model to the data is shown in 

Table 9. The data used can be found in Appendix C. 

 
Table 9. Summaries of Fit and effect tests after fitting second order model to the data. 

Absorption AUL 

  

  

 

 

Both fits have high RSquare values which are indicators of how well the model fits the data. 

To determine what factors and interaction-factors that have a significant effect on the 

responses the F-ratio is noted for each factor. The F-ratio is the model mean square divided by 

the error mean square. This is used to determine if a component should be included in the 

model or if the contribution is caused by chance. JMP marks significant effects with an 

asterisk. The calculations show that many effects are not significant (Table 9) and makes it 

clear that the models have many unnecessary terms.  

5.3.4 Model improvement 

To improve the models, the 2-way interaction factor with highest non-significant p-value 

(Prob>F) was removed from the model. This was is done stepwise until all non significant 2-

way interaction factors were removed. The models after this procedure are shown below, just 

one interaction-factor remains for absorption model and none for the AUL.  

 

Y(Absorption)      = A + B + C + D + AD  

Y(AUL)          = A + B + C + D  

 

Summaries of Fit and effect tests after second order model to the data are shown in Table 10 

and 11.The data used can be found in Appendix C. 
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RSquare

RSquare Adj

Root Mean Square Error

Mean of Response

Observations (or Sum Wgts)

0,991663

0,987494

1,102305

29,6114

16

Summary of Fit

Model

Error

C. Total

Source

5

10

15

DF

1445,2585

12,1508

1457,4093

Sum of Squares

289,052

1,215

Mean Square

237,8878

F Ratio

<,0001*

Prob > F

Analysis of Variance

A sugars

B Alcohols

C Acids

D Aromatics

A sugars*D Aromatics

Source

   1

   1

   1

   1

   1

Nparm

   1

   1

   1

   1

   1

DF

8,6199

0,2418

0,5531

1405,2286

30,6151

Sum of Squares

7,0942

0,1990

0,4552

1156,495

25,1960

F Ratio

0,0238*

0,6650

0,5152

<,0001*

0,0005*

Prob > F

Effect Tests

RSquare

RSquare Adj

Root Mean Square Error

Mean of Response

Observations (or Sum Wgts)

0,882418

0,83966

1,983436

13,00951

16

Summary of Fit

Model

Error

C. Total

Source

4

11

15

DF

324,75903

43,27421

368,03324

Sum of Squares

81,1898

3,9340

Mean Square

20,6379

F Ratio

<,0001*

Prob > F

Analysis of Variance

Table 10 Summaries of Fit and effect tests after fitting the new model to the data for absorption. 

Absorption 

 

 

 

 

 

 

 

 

 

 

 
Table 11 Summaries of Fit and effect tests after fitting the new model to the data for AUL. 

AUL 
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A sugars

B Alcohols

C Acids

D Aromatics

Source

   1

   1

   1

   1

Nparm

   1

   1

   1

   1

DF

3,86575

14,51101

12,29330

294,08897

Sum of Squares

0,9826

3,6886

3,1249

74,7554

F Ratio

0,3429

0,0811

0,1048

<,0001*

Prob > F

Effect Tests 

 

 

 

The RSquare values are acceptable for both models and the analysis of variance show that the 

models are significant. There are still non-significant effects in the models; however the 

model is sufficient to explain interaction effects. To fully accept the model and thereby make 

more certain interpretations, the residual by predicted plots are evaluated (Figure 34 and 35), 

the plots should show a random pattern if the model is sufficient in predicting the response. 

 

  

Both plots of the residuals show no distinct pattern and the values are evenly distributed 

above and below the zero-line, this makes the models acceptable. No further statistical 

analyses were conducted since no better model or optimal levels were desired.  

 

 

 

 

 

Figure 34. Plot of residual by predicted values for 

absorption capacity. A random pattern suggest that the 

model is acceptable 

Figure 35. Plot of residual by predicted values for 

absorption under load. A random pattern suggest 

that the model is acceptable.  
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D Aromatics[-1]

A sugars[-1]*D Aromatics[-1]

A sugars[-1]

C Acids[-1]

B Alcohols[-1]

Term

9,371595

1,383272

-0,733994

-0,185925

-0,122937

Estimate

Pareto Plot of Estimates

 

 

 

 

5.3.5 Statistical Significant factors  

 

Factors that significantly affect the absorption capacity are 

 

 Aromatics 

 Sugars-Aromatics interaction  

 Sugars 

 

Factors that significantly affect AUL are 

 

 Aromatics 

 

The magnitudes of the effect estimates in the pareto plots (Figure 36 and 37) show that 

Aromatics is by far the most important factor for both responses. For absorption response 

Sugars-Aromatics interaction plays the next most important role followed by Sugars.  

 

 

  

 

 

  

Figure 36. Pareto plot shows the magnitudes of the effect estimates for absorption capacity 
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D Aromatics[-1]

B Alcohols[-1]

C Acids[-1]

A sugars[-1]

Term

4,2872556

0,9523331

0,8765452

0,4915375

Estimate

Pareto Plot of Estimates

 

 

 

 

 

 

 

Using the prediction profiler in JMP it is obvious that aromatics have a negative impact on 

both absorption capacity and AUL, a high level of aromatics causes both responses to almost 

a decrease of 50% which is a lot more than for any other factor. The prediction profiles are 

shown in Figure 38 and 39. For the absorption capacity a high level of sugars also lowers the 

response. However the interaction profile of sugar-aromatics (Figure 40) shows that sugars 

counteract with aromatics which means that if sugars are present the negative effect of 

aromatics decrease, however this effect is not large and needs to be investigated further. 

 

 

 

 
Figure 38. Prediction profiler for the main effects on absorption capacity. A high level of aromatics drastically 

decrease the absorption capacity. 

 

 
Figure 39. Prediction profiler for the main effects on absorption under load capacity. A high level of aromatics 

drastically decrease the absorption under load capacity. 
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Figure 37. Pareto plot shows the magnitudes of the effect estimates for 
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Figure 40. Interaction profile shows that sugars counteract with aromatics, if sugar are present the negative effect of 

aromatics decreases. 

 

The results from these experiments agree with the results from the fermentation broths testing. 

The addition of aromatic compounds to the fermentation medium lowered the absorption 

capacity and the absorption capacity under load. This strengthens the assumption that 

aromatics are responsible for the lowering of absorption capacity. 
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5.4 Additional experiments 

To further investigate the results from the experimental design two more experiments were 

conducted. 

5.4.1  Hydrophobicity test 

The lowering of absorption capacity by aromatics in gels could possibly be caused by 

absorption of the compounds during gel formation and not by altering the chemical structure 

of the gel during the synthesis. A possible mechanism to explain this could be that aromatics 

are absorbed into the SAP-particles and counteracting water absorption by rejecting water 

molecules through hydrophobicity. In order to investigate if the aromatic compounds lower 

the absorption capacity of SAP by other means than disrupting the network formation during 

synthesis a new experiment was set up.  

 

Five water solutions containing the aromatic compounds veratryl alcohol and furfuryl alcohol, 

mixed and separate and with concentrations both lower and higher than the concentration used 

in the synthesis were made, see Table 12. Hysorb, a commercial SAP was used to absorb 

these solutions. 5 gram samples were placed in six small glass bowls and soaked with the 

prepared solutions and one with a solution containing only water. All liquid was absorbed and 

the bowls were placed in an oven heated to 50 °C overnight, allowing the SAP to dry. The 

dried SAP samples were then tested with the teabag test (see section 3.2.1), giving absorption 

profiles and CRC values. 

 

 
Table 12. Content of five water solutions that commercial SAP were allowed to absorb. 

Solution number Content 

1. 0.4 wt% Veratryl alcohol 

2. 0.1 wt% Veratryl alcohol 

3. 0.14 wt% Furfuryl alcohol 

4. 0.04 wt% Furfuryl alcohol 

5. 0.2 wt% Veratryl alcohol 

0.07wt% Furfuryl alcohol 

 

The teabag test, giving absorption profiles and CRC value are presented in Figure 41. The 

absorption profiles show almost the same behavior and have very small deviations.  
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Figure 41.  The absorption profiles of commercial SAP samples that prior to testing had absorbed liquids containing 

aromatics and thereafter been allowed to dry. No effect of the liquid absorption before testing can be found. 

 

 

 

 

The result strongly indicates that absorption of aromatics compound at any of the tested 

concentration had no later effects on the absorption capacity or retention capacity. This 

observation suggests that the effect of aromatic on the absorption capacity is due to 

incomplete network  

 

5.4.2  Color test 

To test if the yellow color of the dried SAP with sugars is caused by a reaction with potassium 

persulfate used in the synthesis an experiment was set up. Four solutions containing sugar and 

water were prepared the content is displayed in Table 13. 

 

 
Table 13. Content of four solutions which to potassium persulfate later was added. 

Solution Content 

1 Water +Xylose 

2 Water 

+Arabinose 

3 Water +Xylose + 

Arabinose 

4 Water  
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Five milliliters of each solution was placed in test tubes and one milliliter potassium 

persulfate was added, the test tubes were sealed with a rubber stopper and placed in an oven 

heated to 50 °C overnight. 

 

Figure 42-45 shows the results. All solutions containing sugar turned yellow, arabinose with a 

much clearer tone than xylose. This indicates that it is potassium persulfate and sugars that 

creates the yellow color.  

 

 

 

 

 

 

 

  

Figure 42. Solution containing 

water and potassium persulfate 
Figure 43. Solution containing 

xylose and potassium persulfate 

Figure 44. Solution containing 

arabinose and potassium 

persulfate 

Figure 45. Solution containing 

arabinose, xylose and potassium 

persulfate 
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6 Conclusions and comments 
From the results in chapter 5, following conclusions could be made 

 

 It is possible to synthesize SAP using acrylic acid with lower concentrations than 

25%, but the gel strength decreases. 

 

 It is possible to synthesize SAP using fermentations broths from yeast, but the broth 

content determines SAP absorption capacity, retention capacity and elastic properties 

 

- It is most likely that aromatic compounds causes decreased absorption capacities 

and bad gel strength  

- SAP from yeast fermentation broths also gets a strong coloration. The cause of this 

may be a contribution of many of the different compounds present in the broths 

 

 Using a water solution with arabinose, xylose, ethanol, glycerol, acetate, levulinic acid 

by themselves or in any combination, in the synthesis of SAP do not significantly 

affects absorption capacity, liquid retention capacity or elastic properties. However the 

resulting gels became heterogeneous as determined by the different values of gel 

strength for similar gel samples. 

 

 

 Using water solutions containing xylose and arabinose causes the dried SAP to turn 

yellow. This is caused by potassium persulfate. 

 

 

This study shows that SAP synthesis from fermentation broths is not without problems. The 

broth testing showed that it is possible to synthesize SAP-gel using fermentation broths but 

compared to SAP synthesized in water the important functional properties was impaired. 

Another obvious problem with synthesizing SAP in broth was the strong coloration which 

would make it hard to use the SAP in personal care products.  

 

The cause of the impaired SAP properties is most likely the presence of aromatic compounds 

in the synthesis which the compound effect study and the hydrophobicity test showed. A 

possible mechanism for the impairment is that the aromatic compounds acts like antioxidants 

during the synthesis, meaning that they react with the initiator molecules (radicals) and forms 

more stable molecules and by that inhibit the formation of the three dimensional network 

necessary for a gel.  

 

As mentioned in the first part of this project, is it the pretreatments that give rise to the 

aromatic compounds and  they act as microbial inhibitors. The results of the experiments in 

this study suggest that the aromatics also have a negative impact on SAP-synthesis and SAP 

properties. To overcome this problem, a pretreatment method that does not produce these 

compounds would be a solution. However it is possible that other pretreatments give rise to 

other compounds with other negative influences on SAP synthesis or properties. 

 

Another problem that may cause problem is the dehydration step required to form acrylic acid 

from 3-HP, it is not known if this step is achievable by any effective means or how it would 

affect the later process. 
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7 Suggestion for future work 
Since the experimental part of this project is strongly dependant on the process steps before 

the one investigated, the most interesting would be to test material that uses other 

pretreatment methods, other lignocellulosic material or other cell factories. Since AFEX does 

not generate any by-products it is particular interesting to investigate further.  
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Appendix A: Broths content prior to fermentation 
 

Broth A Amount per Liter 

Glucose 

Xylose 

Mannose 

Galactose 

Arabinose 

5.65  

6.8 

22.7 

4.6 

4.5 

[g]  

[g] 

[g] 

[g] 

[g] 

Ammonium Sulfate (NH4)2SO4  

Potassium Phosphate  KH2PO4 

Magnesium Sulfate MgSO4 · 7H2O 

5  

3.0 

0.5  

[g]  

[g] 

[g] 

Antifoam (SIGMA) 0.05 [ml] 

Trace Metal (1000X)  

Vitamins (1000X) 

1  

1 

[ml]  

[ml] 

Add Water (or fill up to Vtotal) 1000  [ml] 

  

Trace Metal Solution 1000X (autoclaved separately) 

    

EDTA 15 [g] 

ZnSO4 · 7H2O (Zinc sulfate heptahydrate) 4.5 [g] 

MnCl2 · 4H2O (Manganese dichloride tetrahydrate) 0.8 [g] 

CoCl2 · 6H2O (Cobalt chloride hexahydrate ) 0.3 [g] 

CuSO4 · 5H2O (Copper sulfate pentahydrate ) 0.3 [g] 

Na2MoO4 · 2H2O (Sodium molybdate dihydrate ) 0.4 [g] 

CaCl2 · 2H2O (Calcium chloride dihydrate) 4.5 [g] 

FeSO4 · 7H2O (Ferric sulfate heptahydrate ) 3.0 [g] 

H3BO3 (Boric acid) 1.0 [g] 

KI (Potassium iodide ) 0.1 [g] 

      

Vitamin Solution 1000X (sterilefiltered separately)     

d-Biotin 0.05 [g] 

Calcium D(+) pantothenate 1.0 [g] 

Nicotinic acid 1.0 [g] 

myo-Inositol 25 [g] 

Thiamine HCL 1.0 [g] 

Pyridoxine HCL 1.0 [g] 

para-aminobenzoic acid 0.2 [g] 
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Broth B = Broth A plus the chemicals below Amount per Liter 

Acetate  

Formic acid 

Levulinic acid 

HMF 

Furfural 

4.5  

0.48 

0.24 

0.4 

0.7 

[g]  

[g] 

[g] 

[g] 

[g] 
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Appendix B: Chemical syntheses 
All SAP syntheses made had the same final volume of 114.7 ml using the recipe stated in the 

table below.  

 

  

 

 

 

 

 

 

 

 

For the experimental design 15 solutions was prepared and used instead of distilled water in 

the SAP recipe. The 15 solutions containing compounds to tests are listed in the table below. 

By taking 82.2 ml of one solution and use in the SAP synthesis, the concentration stated in 

Table 7 in section 4.3.2 are obtained. 
Solution name Content 

Solution A Arabinose (9,2 g/L) 

Xylose (6,0 g/L) 

Solution B Ethanol (3,5 g/L) 

Glycerol (20g/L) 

Solution AB Arabinose (9,2 g/L) 

Xylose (6,0 g/L) 

Ethanol (3,5 g/L) 

Glycerol (20g/L) 

Solution C Acetate (10,5 g/L) 

Levulinic acid (0,3 g/L) 

Solution AC Arabinose (9,2 g/L) 

Xylose (6,0 g/L) 

Acetate (10,5 g/L) 

Levulinic acid (0,3 g/L) 

Solution BC Ethanol (3,5 g/L) 

Glycerol (20g/L) 

Acetate (10,5 g/L) 

Levulinic acid (0,3 g/L) 

Solution ABC Arabinose (9,2 g/L) 

Xylose (6,0 g/L) 

Ethanol (3,5 g/L) 

Glycerol (20g/L) 

Acetate (10,5 g/L) 

Levulinic acid (0,3 g/L) 

Solution D Furfuryl alcohol (1,4 g/L) 

Veratryl alcohol (4,7) 

Solution AD Arabinose (9,2 g/L) 

Xylose (6,0 g/L) 

Furfuryl alcohol (1,4 g/L) 

Veratryl alcohol (4,7) 

Solution BD Ethanol (3,5 g/L) 

Glycerol (20g/L) 

Furfuryl alcohol (1,4 g/L) 

Veratryl alcohol (4,7) 

Chemical Volume  

Distilled water 82.2  ml 

Acrylic acid 99% 11.4 ml 

Sodium hydroxide 50% 6.0 ml 

N’, N’-

methylenbisacrylamide(aq.) 2% 

12.8 ml 

Potassium persulfate (aq.) 2% 2.3 ml 
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Solution ABD Arabinose (9,2 g/L) 

Xylose (6,0 g/L) 

Ethanol (3,5 g/L) 

Glycerol (20g/L) 

Furfuryl alcohol (1,4 g/L) 

Veratryl alcohol (4,7) 

Solution CD Acetate (10,5 g/L) 

Levulinic acid (0,3 g/L) 

Furfuryl alcohol (1,4 g/L) 

Veratryl alcohol (4,7) 

Solution ACD Arabinose (9,2 g/L) 

Xylose (6,0 g/L) 

Acetate (10,5 g/L) 

Levulinic acid (0,3 g/L) 

Furfuryl alcohol (1,4 g/L) 

Veratryl alcohol (4,7) 

Solution BCD Ethanol (3,5 g/L) 

Glycerol (20g/L) 

Acetate (10,5 g/L) 

Levulinic acid (0,3 g/L) 

Furfuryl alcohol (1,4 g/L) 

Veratryl alcohol (4,7) 

Solution ABCD Arabinose (9,2 g/L) 

Xylose (6,0 g/L) 

Ethanol (3,5 g/L) 

Glycerol (20g/L) 

Acetate (10,5 g/L) 

Levulinic acid (0,3 g/L) 

Furfuryl alcohol (1,4 g/L) 

Veratryl alcohol (4,7) 

 

  



58 

 

 

 

Appendix C: SAP characterization data 
 

Detailed results from teabag tests 
 

Examination of different acrylic acid synthesis concentrations 

 

  
1 min 5 min 30 min 

After 

centrifugation 
25% acrylic 

acid Mean value: (gram absorbed water per gram SAP) 12,9 29,7 29,7 21,0 

 
Stdev. 1,4 0,8 0,8 0,1 

      

      12% acrylic 

acid Mean value: (gram absorbed water per gram SAP) 12,2 32,1 39,6 28,9 

 
Stdev. 0,5 0,1 0,3 0,2 

      

      6% acrylic acid Mean value: (gram absorbed water per gram SAP) 11,2 32,3 41,1 32,9 

 
Stdev. 1,0 0,3 1,0 0,2 

 

Fermentation broth testing 

  
1 min 5 min 30 min After centrifugation 

Broth A Mean value: (gram absorbed water per gram SAP) 11,9 29,7 38,0 29,8 

 
Stdev. 0,1 0,5 0,7 0,1 

      

      Broth B Mean value: (gram absorbed water per gram SAP) 13,2 26,8 30,6 21,4 

 
Stdev. 1,7 0,7 0,2 0,1 

      

      Broth C Mean value: (gram absorbed water per gram SAP) 10,1 25,3 36,7 31,0 

 
Stdev. 1,2 0,8 0,2 0,9 
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Compound effect study by Experimental design 

The capital letters denotes the containing compounds used in the SAP synthesis. 

A= Sugars 

B= Alcohols 

C= Acids 

D= Aromatics 

(Note: The values in the 30 min column are used as the response factor in the statistical 

calculations.) 

  
1 min 5 min 30 min 

After 

centrifugation 

A Mean value: (gram absorbed water per gram SAP) 14,1 33,1 38,6 26,9 

 
Stdev. 0,5 0,9 0,7 0,1 

      

      B Mean value: (gram absorbed water per gram SAP) 13,7 34,7 40,0 31,1 

 
Stdev. 0,5 0,8 0,8 0,3 

      

      AB Mean value: (gram absorbed water per gram SAP) 13,5 32,7 38,6 27,4 

 
Stdev. 0,5 0,6 0,5 0,1 

      

      C Mean value: (gram absorbed water per gram SAP) 14,5 32,9 39,5 28,2 

 
Stdev. 0,6 0,2 0,2 0,1 

      

      AC Mean value: (gram absorbed water per gram SAP) 11,0 29,7 36,4 26,1 

 
Stdev. 0,8 0,6 0,3 0,1 

      

      BC Mean value: (gram absorbed water per gram SAP) 14,6 33,3 39,3 27,8 

 
Stdev. 0,4 0,2 0,6 0,2 

      

      ABC Mean value: (gram absorbed water per gram SAP) 14,3 32,7 39,7 28,9 

 
Stdev. 0,5 0,4 0,4 0,1 

      

      D Mean value: (gram absorbed water per gram SAP) 9,4 17,7 18,5 11,0 

 
Stdev. 0,4 1,2 0,6 0,1 

      

      AD Mean value: (gram absorbed water per gram SAP) 9,6 20,5 22,3 14,1 

 
Stdev. 0,3 0,1 0,9 0,1 
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BD Mean value: (gram absorbed water per gram SAP) 7,5 15,0 17,0 9,7 

 
Stdev. 0,7 0,2 0,4 0,0 

      

      ABD Mean value: (gram absorbed water per gram SAP) 10,6 19,6 20,6 13,6 

 
Stdev. 0,3 0,6 0,8 0,1 

      

      CD Mean value: (gram absorbed water per gram SAP) 8,8 17,3 18,1 10,7 

 
Stdev. 0,5 0,5 0,6 0,0 

      

      ACD Mean value: (gram absorbed water per gram SAP) 11,0 20,8 22,8 14,2 

 
Stdev. 1,6 0,8 0,8 0,2 

      

      BCD Mean value: (gram absorbed water per gram SAP) 10,5 16,9 18,9 10,7 

 
Stdev. 2,0 0,8 0,3 0,0 

      

      ABCD Mean value: (gram absorbed water per gram SAP) 10,8 21,3 23,6 15,2 

 
Stdev. 1,2 0,6 0,4 0,2 

 

Hydrophobicity test 

  
1 min 5 min 30 min 

After 

centrifugation 

Water Mean value: (gram absorbed water per gram SAP) 16,9 40,9 47,5 35,7 

 
Stdev. 0,8 0,5 0,6 0,1 

      

      0.4% 

veratryl 

alcohol Mean value: (gram absorbed water per gram SAP) 18,3 40,5 45,8 34,0 

 
Stdev. 2,0 0,7 0,9 0,2 

      

      0.1% 

veratryl 

alcohol Mean value: (gram absorbed water per gram SAP) 17,9 40,9 47,1 35,3 

 
Stdev. 0,5 0,3 0,2 0,2 

      

      0.14% 

Furfural 

alcohol Mean value: (gram absorbed water per gram SAP) 16,9 41,3 47,5 35,9 

 
Stdev. 0,4 0,3 0,4 0,4 
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      0.04% 

Furfural 

alcohol Mean value: (gram absorbed water per gram SAP) 18,2 41,4 47,1 35,6 

 
Stdev. 1,2 0,7 0,4 0,4 

      

      0.2% 

veratryl 

alcohol & 

0.07% 

Furfural 

alcohol Mean value: (gram absorbed water per gram SAP) 17,7 40,2 46,1 34,8 

 
Stdev. 0,8 0,6 0,5 0,2 

 

Detailed results from mechanical measurements 
 

Examination of different acrylic acid synthesis concentrations 

25% acrylic acid Average Modulus (kPA) 26,52 

 
Stdev 1,35 

   

   12% acrylic acid Average Modulus (kPA) 5,05 

 
Stdev 0,11 

 

  



62 

 

Compound effect study by Experimental design 

The capital letters denotes the containing compounds used in the SAP synthesis. 

A= Sugars 

B= Alcohols 

C= Acids 

A Average Modulus (kPA) 5,86 

 
Stdev 3,21 

   B Average Modulus (kPA) 5,31 

 
Stdev 2,91 

   AB Average Modulus (kPA) 6,74 

 
Stdev 0,11 

   C Average Modulus (kPA) 5,59 

 
Stdev 3,06 

   AC Average Modulus (kPA) 6,13 

 
Stdev 0,12 

   BC Average Modulus (kPA) 5,99 

 
Stdev 0,25 

   ABC Average Modulus (kPA) 5,64 

 
Stdev 0,14 

 

 

Detailed results from AUL testing 
 

Fermentation broth testing 

  
After 60 min under 0,3 psi 

Broth A Mean value: (gram absorbed water per gram SAP) 18,01 

 
Stdev. 0,36 

   

   Broth B Mean value: (gram absorbed water per gram SAP) 8,41 

 
Stdev. 0,76 

   

   Broth C Mean value: (gram absorbed water per gram SAP) 7,37 

 
Stdev. 0,28 
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Compound effect study by Experimental design 

The capital letters denotes the containing compounds used in the SAP synthesis. 

A= Sugars 

B= Alcohols 

C= Acids 

D= Aromatics 

 

(Note: The values presented in this table are used as the response factor in the statistical 

calculations.) 

  
After 60 min under 0,3 psi 

A Mean value: (gram absorbed water per gram SAP) 17,56 

 
Stdev. 3,20 

   

   B Mean value: (gram absorbed water per gram SAP) 17,82 

 
Stdev. 0,01 

   

   AB Mean value: (gram absorbed water per gram SAP) 18,61 

 
Stdev. 0,60 

   

   C Mean value: (gram absorbed water per gram SAP) 17,66 

 
Stdev. 4,84 

   

   AC Mean value: (gram absorbed water per gram SAP) 16,31 

 
Stdev. 0,75 

   BC Mean value: (gram absorbed water per gram SAP) 18,98 

 
Stdev. 0,50 

   

   ABC Mean value: (gram absorbed water per gram SAP) 10,96 

 
Stdev. 0,56 

   

   D Mean value: (gram absorbed water per gram SAP) 10,19 

 
Stdev. 0,16 

   

   AD Mean value: (gram absorbed water per gram SAP) 11,00 

 
Stdev. 0,14 

   

   BD Mean value: (gram absorbed water per gram SAP) 7,90 
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Stdev. 0,35 

   

   ABD Mean value: (gram absorbed water per gram SAP) 7,52 

 
Stdev. 0,04 

   

   CD Mean value: (gram absorbed water per gram SAP) 7,91 

 
Stdev. 0,37 

   

   ACD Mean value: (gram absorbed water per gram SAP) 10,59 

 
Stdev. 0,17 

   

   BCD Mean value: (gram absorbed water per gram SAP) 7,07 

 
Stdev. 0,23 

   

   ABCD Mean value: (gram absorbed water per gram SAP) 7,59 

 
Stdev. 0,07 

 

 

 


