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Surfactants are amphiphiles, i.e., they have a hydrophobic and a hydrophilic moiety that 

confer these molecules peculiar properties, in fact they collect at interfaces between two 

phases and affect the surface tension. For this reason, they are used for solubilisation, 

stabilisation, emulsifications and so on. As a result, they are widely applied in several 

industries. 

Surfactants, nowadays, are mostly produced from non-renewables and/or non-sustainable 

raw materials, in addition to that they end up in water streams and can affect the ecosystems 

if not biodegradable.  

The most sustainable way to produce surfactants is to use waste or side streams to valorise 

them. In countries where the forestry industry is well developed, such as Finland, side 

streams resulting from pulping of cellulose-rich materials is very abundant, this stream is 

called black liquor (BL) and contains among others, hydroxycarboxylic acids. However, BL 

is mostly burned for energy. Among the hydroxycarboxylic acids, there are the so called 

GISAs (glucoiosaccharinic acids) which have attracted a lot of attention due to their many -

OH groups which makes them perfect as hydrophilic head of surfactants.  

Here BL was produced from microcrystalline cellulose at 180°C and 160°C, with the latter 

having the highest GISAs content. After liberating the hydroxy acids, they were applied in 

the synthesis of surfactants by combining them with fatty acids and amines. Different 

reaction conditions, catalysts and solvents were tried to find the most suitable conditions. 



Difficulties were encountered in identifying the products due to the high presence of 

impurities and underdeveloped analysis methods.  The most successful reaction was the 

mechanic synthesis of GISA-dodecanamide, which was detected in sufficient amount to 

perform contact angle experiment to visualise its effect when present in a mixture. 

After these experiments, one step purification was done on the raw acid mixture to remove 

part of the impurities. This mixture was then used to perform other reactions. The 

compounds forming/consuming were monitored however the identification of products and 

byproducts was not possible with the available analysis. 

As many reaction conditions and methods were attempted, this research served as a tool to 

gather experience and put good bases for further work on this topic. 
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1  Introduction 

Surfactants represent a class of chemicals widely used in almost every industrial process and 

consumersô products. In fact, due to their amphiphilic nature they display peculiar surface 

behaviour at interfaces between immiscible phases and self-assemble in both polar and non-

polar solvents. Owing to this unique characteristics they have several roles, like emulsifiers, 

dispersants, wetting, and foaming agents, lubricants and so on (Bhadani et al. 2020; Porter 

1991, 5). Surface active molecules are essential ingredients and process fluids in several 

industrial manufacturing sector such as pulp and paper; textile manufacturing, metal and 

mineral processing, food and agricultural sectors, pigments, paints and coatings, oil and 

lubricant industry, as well as in pharmaceutical and cosmeceutical formulations and drug 

delivery systems (SzŤts and Szab·-Révész 2012; Aikens and Friberg 1996). 

Because of the variety of applications, the surfactantsô market is approaching USD 50 billion 

per year (ñSurfactants Market by Typeò; ñSurfactants Market Size Global Industry 

Forecastò; ñSurfactants Market Size, Growth, Share Report 2022-2030ò) with production 

volumes of approximately 18 million tons annually with a forecasted continuous growth 

(ñSurfactants Market Size, Global Industry Forecastò).  

Surfactants are composed of a hydrophobic and a hydrophilic portion, based on the nature 

of the latter they can be divided into four main categories:  non-ionic, cationic, anionic and 

amphoteric; however, in these categories very different structures are included like 

polymeric, gemini, linear and branched molecules (Gecol 2006, 24ï30) . Currently a big 

portion of conventional surfactants are manufactured using completely or partially 

petrochemical derived reactants, but with the increasing demand, the depletion of oil 

resources and the awareness of environmental issues, this trend needs to be changed 

(Bhadani et al. 2020).  

In the past few decades, researchers have focused on the production of surface-active 

compounds that are completely renewable and degradable. In order to do that, the two main 

components -the alkyl chain tail and the hydrophilic head- need to be recovered from 

sustainable sources; the most common compounds are fatty acids, fatty alcohols and fatty 

amines in the range C8-C20 and their derivatives esters, ethoxylates, amides, sulfonates, 
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sulphates and so on (Porter 1991; Hayes, Solaiman, and Ashby 2019; Johansson and 

Svensson 2001). For the hydrophilic head, many options are available as well; like glycerol, 

amino acids, sugars, and so on. It must be considered that even if these compounds are 

renewable, it does not imply that they are sustainable, in fact many of these are competing 

with the food production, e.g., fatty acids from coconut oil or palm oil or sugars, 

increasing the deforestation and loss of biodiversity to monocultures (Bhadani et al. 

2020).  

Therefore, to produce truly sustainable surfactants a good option is to exploit waste 

streams that are usually rich sources of cheap raw materials. The most abundant building 

blocks on earth are polysaccharides, with cellulose leading (Reyes et al. 2020), these are 

the main components of plants and animalsô structural components and other parts, and 

they are found in many industrial waste.  

Mono- and Polysaccharides are of particular interest in the field of surfactants due to 

their high hydrophilicity and hence their particular suitability to be the óheadô part of the 

molecule. They have many available hydroxy groups, ideal to bond the hydrophobic 

chain producing cleavable surfactants. Many studies are available in the use of these 

molecules in surfactants production (Neta, Teixeira, and Rodrigues 2015; Teng et al. 

2021; SzŤts and Szab·-Révész 2012; Tehrani-Bagha and Holmberg 2007; Hayes, 

Solaiman, and Ashby 2019). 

Interesting derivatives of saccharides are hydroxycarboxylic acids (HAs), that can be 

produced from alkaline digestion of saccharides ( Kumar and Alén 2016; Heinonen and 

Sainio 2019a; Reintjes and Cooper 2002), because they contain one or more acidic 

groups together with one or more hydroxyls making them suitable for many applications 

(Heinonen and Sainio 2019a). It is estimated that 7 tons of weak Black Liquor (BL) are 

obtained per ton of produced pulp (Reyes et al. 2020) and every year the pulping and 

paper industry produces approximately 200 Mt of black liquor as dry solid, of which 

20Mt are HAs (Jari Heinonen and Sainio 2019a), this waste is currently used to produce 

energy to sustain the pulping process, however hydroxy acids have lower calorific value 

than lignin and very often BL is present in large excess (Reyes et al. 2020). Considering 

the abundancy, methods are being developed to separate the acids from the BL before 
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combustion, opening many pathways to exploit this class of molecules (Heinonen and 

Sainio 2019a). Among the applications like polymers, drugs, chelating agents, these 

acids can be used to produce surfactants due to their enhanced reactivity and 

hydrophilicity. Almost hundred acids have been observed to be forming during this 

process, the most interesting for this research are isosaccharinic acids (ISAs), in 

particular the glucoisosaccharinic acids (GISAs) (Reyes et al. 2020).  

1.1  Relevance of the research problem 

This project is of particular relevance for several reasons related to great chemical reactivity 

of ISAs, sustainability and economic potentiality. 

Currently ISAs do not find many applications, this is a waste of resources as they have a 

peculiar structure offering different sites for functionalisation, allowing to create complex 

structures. This peculiarity is being mostly studied as they form during the storage of 

medium grade alkaline radioactive waste from the degradation of cellulosic material 

contained in the waste and their capability of forming complexes with nuclides. 

Instead, waste oils also end up in diesel production when properly collected, this reduce the 

request of fossil fuels however the emissions related to their burning must be accounted in a 

society that is trying to move away from combustion-powered technologies. 

Finally, for economic reasons, surfactants are molecules applied everywhere among sectors, 

and with the industrial growth in many countries, their request is rising. Especially in 

countries like Finland, with a high-developed pulping industry a potential way to exploits 

compounds from black liquor represents a great economic resource. 

1.2   Objectives of the thesis 

The goal of this research project is to assess the feasibility of producing surfactants by using 

as starting material the hydroxy acids present in the unprocessed black liquor. The ideal case 

would be to reduce as much as possible the processing steps to obtain an easy and green 

synthesis of surfactants.   

The black liquor is produced in the laboratory using microcrystalline cellulose (MCC) to 

avoid the presence of compounds such as lignin that would need to be separated. Two 
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different cellulose digestions are performed, to have a BL with optimized amounts of GISAs. 

The BL, which is in alkaline condition, is brought to neutral or acidic pH to liberate the HAs 

and such that the GISAs are present in the lactone form (GISAL). 

Different approaches are tried to produce the surfactants, as the use of these molecules for 

this application is quite a novel field and not many references are available. In particular, the 

reaction conditions were varied based on the difficulties encountered during the 

experimental work. 

Three different types of fatty molecules are applied for the hydrophobic portion of the 

surfactants, namely fatty acids, fatty amines, and fatty alcohols, with fatty acids being the 

favourite ones as they can be obtained from natural and waste sources. The combination of 

the HAs with the fatty acids leads to ester surfactants while the reaction with fatty alcohol 

can both give esters and carbonates. This is done both in homogeneous and heterogeneous 

acid catalysis using an ion exchange resin. The deal with these two types of molecules is that 

they are easily hydrolysable in alkaline and acidic conditions, hence also the reaction with 

amides is tried. Amides have enhanced stability to alkali and improved hydrophilicity.  

Considering the current state of the art of the research on GISAs-based surfactants, the aim 

of the research is mostly to set the starting reaction conditions that enable the creations of 

the novelle molecules and their characterisation, as no standards are available. The study 

does not involve optimisation, purification or kinetic studies.  
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2  Saccharides alkaline degradation 

Saccharides (mono-, di-, oligo-, and poly-) are widely distributed molecules in nature, they 

are associated with livings metabolism, they are energy source and structural constituents of 

plants. Monosaccharides can exist in ring form ranging from 3 to 6 carbons with multiple 

hydroxy substituents (Poole 2023, 413ï35). 

In order to understand how hydroxycarboxylic acids are formed from carbohydrates in 

alkaline conditions, it is important to introduce the concept of reducing sugars: a reducing 

sugar can act as reducing agent, in alkaline conditions these sugars are present in the form 

of aldehydes or ketones, hence they are called aldoses and ketoses. Only the aldehyde is a 

reducing agent, but ketones can tautomerize to form aldehydes. All monosaccharides are 

reducing sugars, while for di- to poly- saccharides it depends on which carbon is occupied 

in the glycosidic bond, i.e., there must be a hemiacetal. For example, sucrose molecules form 

the glycosidic bond between their anomeric carbons, i.e., they are acetals, and therefore 

cannot convert, when the chain is opened, to ketone or aldehyde. On the other hand, lactose 

and maltose only have one of the two anomeric carbons occupied for the glycosidic bond 

hence they are reducing sugars. In alkaline conditions reducing sugars are oxidized to their 

respective acids. (Angyal 1984; Whistler and BeMiller 1958).  

In alkaline conditions, three reaction types contribute to the degradation of polysaccharides: 

the peeling reaction, the stopping reaction, and the alkaline hydrolysis (Mozdyniewicz, 

Nieminen, and Sixta 2013; Whistler and BeMiller 1958; Heinonen, 2022). In the following 

paragraphs these three reactions are described in order to understand the best degradation 

conditions to optimize the presence of bigger hydroxy acids, the ISAs. A simplified scheme 

of the possible reactions occurring in cellulose alkaline degradation in shown in Figure 1 

(Glaus and Van Loon 2008). 
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Figure 1 Simplified reaction scheme involved in the alkaline degradation of cellulose. 

Symbols: ƺ Reducing ends (aldehydes), ǒ glucose monomeric units, Ǐ chemically stopped 

end groups (metasaccharinic acids), ö intermediates. Adopted from (Glaus and Van Loon 

2008). 

2.1  Peeling reaction 

The peeling off reaction of the reducing end groups leads to the production of ISAs. The 

accessible reducing ends are transformed to an enediol by keto-enol tautomerisation, for 

ketoses and aldoses this is known as Lobry de Bruin-Alberda van Ekenstein (LdB-AvE) 

transformation. The reaction steps are shown in Figure 2. In the LdB-AvE is catalysed by a 

base, the aldose is transformed in the ketose isomer and contrarywise going through a 

tautomeric enediol intermediate. The enediol is also the intermediate for epimerization. 



7 
 

 

Figure 2 LdB-AvE transformation adapted from (Kocadaĵlē 2016) 

 

In Figure 3 the complete peeling off reaction is summarized. Under alkaline conditions, the 

2,3-enediol is deprotonated to an enolate (2  O 3), which favours ‍ alkoxy-carbonyl 

elimination at the C-4 carbon atom (3 O 4), followed by tautomerisation (4 O  5) and benzylic 

acid rearrangement to form ‌  or ‍ isosaccharinic acid (3-deoxy-2-C-(hydroxymethyl)-

pentonic acid) (5 O  6). Retro-aldol reactions of the enediol can bring short chain degradation 

products. (Mozdyniewicz, Nieminen, and Sixta 2013; Chen et al. 2017). 

 

Figure 3 Peeling off Reaction adapted from (Chen et al. 2017) 
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2.2  Stopping reaction 

The stopping reaction occurs as illustrated in Figure 4. The deprotonation of 1,2-enediol 

causes (1 O  2) ‍-hydroxy-carbonyl elimination (2 O  3), followed by tautomerization (3  O

4), and benzylic acid rearrangement (4 O  5). This last rearrangement brings to the formation 

of an alkali stable metasaccharinic acid end group (5). The stopping reaction is able to occur 

only when a sufficient concentration of alkali is added to produce the di-ionic intermediate 

(2), hence at high alkaline conditions this reaction is more favoured than the peeling off one. 

In case of cellulose also physical stopping is present, which occurs when the reacting end of 

the chain reaches a crystalline region. (Mozdyniewicz, Nieminen, and Sixta 2013; Chen et 

al. 2017). 

 

Figure 4 Stopping Reaction. Adapted from (Chen et al. 2017) 

2.3  Alkaline hydrolysis and other reactions 

Alkaline hydrolysis or random scission is another type of degradation that can occur at high 

temperature, usually above 120-140 ЈC in a relevant quantity. In cellulose and other 

polysaccharides this leads to a fast decrease in the degree of polymerization (DOP) and 

molecular weight (Knill and Kennedy 2003). The mechanism of this reaction is a random 

breakage of glycosidic bonds by internal nucleophilic substitution. The shorter chains that 

are formed then undergo peeling reaction (secondary peeling) (Laine 2022; Knill and 

Kennedy 2003; Paananen 2016). With this mechanism formic and acetic acids can be 

formed. Other reactions are fragmentation and rearrangement of the cleaved units. This 

brings to the formation of the smaller acids like lactic and formic. The pathways are shown 

in Figure 5. 
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Figure 5 Carbohydrate degradation reaction. Adopted from (Reyes et al. 2020). 

2.4  Observed acids in the black liquor 

Many compounds present in the BL have attracted commercial interest, among which the 

hydroxy acids. It was estimated that in 2015 the market of organic acids was around USD 6 

billion, hence the recovery of these acids is of great economic interest. In the available 

literature it is agreed that the main acids present in the BL are of three families, the volatile 

acids, the hydroxy acids and the ISAs, the most abundant are formic (FA) and acetic (AA), 

glycolic (GA), lactic (LA), 2,5-DHPA, and 2-HBA, while for the ISAs the most abundant 

are the ‌-/‍- GISAs and xylo-isosaccharinic acid (XISAs) (Figure 6). (Reyes et al. 2020; 

Heinonen and Sainio 2019b; Laine 2022) 

 

Figure 6 Main observed hydroxycarboxylic acids in BL. Adapted from (Heinonen and 

Sainio 2019b; Reyes et al. 2020) 
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Formic acid and acetic acids are formed along the peeling reaction, acetic acid also is formed 

by the loss of acetyl groups from hemicellulose during the initial delignification, while 2-

hydroxybutyric acid and XISAs are formed from xylans and the ISAs are formed from 

hexosans (Figure 1, Figure 5), the remaining acids can be produced by any polysaccharides. 

(Reyes et al. 2020) 

All of the volatile and hydroxy acids already have well-known applications. Formic acid has 

a volume of production of more than one thousand kilo tons per year (ñFormic Acid Market 

Size & Share Analysis - Industry Research Report - Growth Trendsò) and is used in many 

sectors as aldehyde, acidic and reducing agent, but it is also used in innovative fuel cells, as 

well as reagent for other chemicals production (Thijs, Rongé, and Martens 2022; Reyes et 

al. 2020). Acetic acid has a global demand of around 20 Mt/year (ñAcetic Acid Market - 

Size, Trends & Growthò), it is an essential chemical in the food industry but also for the 

production of acetate esters, vinyl acetate monomer, as solvent, in coatings, adhesives and 

resins sector and so on (Reyes et al. 2020). Lactic acid is produced in a volume of 1,5 Mt/year 

(Reyes et al. 2020), among its applications there is the production of polylactic acid (PLA), 

a biodegradable polymer, in the food industry it is applied in its pure form or as lactate salts 

that work as acidulant and preservative. In the cosmetic industry, lactate esters are used as 

non-hazardous solvents and so on (Castillo Martinez et al. 2013). Glycolic acid similarly to 

lactic acid is also used to produce polyglycolic acid (PGA), a biodegradable polymer, or as 

building block in other copolymers, it is also used in cosmetics and pharmaceutical products 

and in the production of resin and as solvent (Lachaux et al. 2019). Hydroxybutyric acids 

have applications mostly in the production of cosmetics and pharmaceuticals, flavourings, 

and polymers for medical purposes. (Reyes et al. 2020) 

The other acids are not common in industrial applications, nonetheless they are being more 

and more researched due to their potentiality in the production of sustainable and 

biocompatible products. Of particular interest are ISAs due to their abundancy in BL and 

potentials in synthetic chemistry, so far ISAs have mostly been explored for a safe disposal 

of low- to medium- grade radioactive waste since they are able to form soluble complexes 

with actinides and lanthanides due to the many ὕὌ groups available (Warwick et al. 2004; 

Warwick, Evans, and Vines 2006; J. Tits, Wieland, and Bradbury 2005). The presence of 

these groups is what makes them interesting for chemicals production but also require the 

development of group protection techniques to achieve selectivity. (Almond et al. 2018) 
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ISAs at low pH are dehydrated to the lactone form protecting the acidic group (Figure 7 and 

Figure 8)  

 

 

Figure 7 Equilibrium GISA-GISAL 

 

Figure 8 Equilibrium XISA-XISAL 

This transition for GISA occurs at pH around 2 (Allard, Ekberg, and Albinsson 2004), while 

GISA is deprotonated at pH between 4 and 5, this tendency is shown in in Figure 9. 

 

Figure 9 Equilibrium between the lactone and the acidic form for GISA. Ŭ = ([ISAī] + 

[HISA])/[ISA] tot. (Allard, Ekberg, and Albinsson 2004) 
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2.4.1  Influence of the parameters on the observed acids 

The ratio of the HA is influenced by the digested polysaccharides and by the operating 

condition of the digestion, namely temperature and alkali concentration. Several researches 

show agreeing results (Mozdyniewicz, Nieminen, and Sixta 2013; Knill and Kennedy 2003; 

Pavasars et al. 2003; Glaus and Van Loon 2008; Whistler and BeMiller 1958): the peeling 

reaction is favoured at high temperatures while the alkaline degradation is negligible at low 

temperatures and becomes dominant when the temperature is high (>120°C) (Laine 2022); 

as a result at high temperatures the formation of smaller acids is favoured since the GISAs 

are not stable at high temperatures; at high alkali concentration the conversion in acids is 

higher.  

The data from the previous works of LUT Separation Science group were analysed to find 

the conditions at which the presence of GISAs is higher. It is evident from the data that the 

higher amount of GISAs is obtained at lower temperatures and higher alkali concentrations 

(100°C and 10% w/w ὔὥὕὌ), sacrificing the total acid yield (35%). At higher temperatures 

the total acid yield is higher but the percentage of GISAs is lower. (Laine 2022)  

It is important to keep in mind that the goal of this research is to develop a technique to 

exploit the black liquor waste resulting from the Soda process and the Kraft process. The 

Kraft process is the most used one since it gives pulp with higher mechanical resistance, 

however the Soda process is still used with easily pulped materials like straws, bagasse and 

hardwood. (Windeisen and Wegener 2012)  The Kraft process uses as cooking chemicals 

ὔὥὕὌ and ὔὥὛ (white liquor), it is usually operated at around 170-175°C and pH above 

10, allowing the breakage of the bonds that link the lignin to cellulose and hemicellulose. 

The presence of ὔὥὛ helps to compensate the loss of alkali during the cooking, forms 

sulphate products that are more soluble and limits the attack on cellulose giving products 

with higher strength. The cooking time varies depending on the desired product, longer times 

bring to softer and easy to bleach cellulose. Kraft process is derived from the Soda process. 

The Soda pulping process uses as digestion chemical ὔὥὕὌ, Anthraquinone (AQ) can be 

added to limit  the carbohydrate degradation, the lignin obtained from this process does not 

contain sulphur and has higher purity with respect to the Kraft lignin. (Young, Kundrot, and 

Tillman 2003; Alén 2015) A comparison of the digesting condition is reported in Table 1. 
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Table 1 Kraft pulping VS Soda, data from (Young, Kundrot, and Tillman 2003; Windeisen 

and Wegener 2012) 

Process  T 

(°C) 

Chemicals Raw 

Materials 

pH P 

(atm) 

Time  

(min) 

Yield (%) 

Kraft 155-

175 

ὔὥὕὌ 

and ὔὥὛ  

σȡρ  

Hard wood, 

soft wood 

10-

14 

5-10 60-240 45-55 

Soda 160-

180 

ὔὥὕὌ Annual 

plants, soft 

wood, hard 

wood 

10-

14 

5-10 120-300 50-70 

 

The composition of the BL varies a lot with the raw material, example of the composition of 

the BL from Kraft and Soda processes for Birch and Pine wood are reported in Table 2. 

Table 2 Composition of BL from Soda and Kraft processes, data from (Alén 2015) and 

(Reyes et al. 2020). 

Component Pine Birch 

Process Soda AQ* Kraft*  Soda AQ* Kraft*  

Lignin 37 32 33 25 

Carboxylic acids: 55 30 39 31 

Formic 10 6 6 4 

Acetic 9 4 17 8 

Glycolic 5 2 2 2 

Lactic 7 3 2 3 

2-HBA 2 1 3 5 

3,4-DHPA 4 2 1 1 

3-DHPA 4 1 2 1 

XISAs 1 1 3 3 

GISAs 13 7 3 3 

Others - 2 - 1 

*values in % of dry matter 
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2.5  Separation of acids from black liquor 

Many methods to separate the acids from BL have been developed and include different 

technologies ranging from membranes, various chromatographic techniques, advanced 

filtration methods and so on. An overview of the main explored pathways is shown in Figure 

10. Once the acids are separated from the BL purification steps are needed especially if the 

goal is to use those acids in synthetic chemistry.  

 

Figure 10 Different possibilities to separate HA from BL (Reyes et al. 2020) 

One of the most promising purification techniques is chromatographic separation. Heinonen 

and Sainio developed a four-steps separation based on chromatographic techniques. This 

method exploited the differences of the various acids in hydrophobicity, acidity, and ISAs 

lactone equilibrium. The hydrophobicity is expressed in terms of partition coefficient1, 

ÌÏÇὖ,while the acidity is expressed in terms of ὴὑ , the values for the main acids are 

summarized in Table 3. 

 

 

 
1 Ratio of concentration of a compound in two immiscible phases at equilibrium. The most common phases 

are octanol and water.  
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Table 3 Acidity and water solubility values for the main hydroxyacids present in the black 

liquor. Data from (Jari Heinonen and Sainio 2019b) 

Compound  ὴὑ  ÌÏÇὖ 

Formic acid  3.74  0.10 0.54  0.187 

Acetic acid 4.79  0.10 0.322 0.184 

Glycolic acid 3.74  0.11 1.204 0.269 

Lactic acid 3.91  0.11 0.850 0.272 

2-HBA 3.83  0.1 0.341 0.272 

2,5-DHPA 3.79  0.21 0.8 

XISA 3.49  0.21 2.0 

‌-/‍- GISA 3.20  0.43 2.6 / 1.762  0.57 

GISAL   1.852  0.521 

XISAL  1.196 0.501 

 

The overall purification process is shown in Figure 11. In the first step, 2-HBA was 

completely separated exploiting its hydrophobicity compared to the other acids using highly 

hydrophobic PS-DVB (polystyrene-divinylbenzene) resin. In the second step, the 

differences in ὴὑ  and the lactonization tendency of ISAs was exploited by performing the 

separation with the site sharing mechanism. This is achieved by using ion exchange resin 

with multivalent counterions, e.g., Ὓὕ , that can bind carboxylic acids by association with 

Ὄ counterion. This cause a decrease in charge of the counterion and one of the ionic groups 

that was occupied in the bond with the multivalent ion is now free to bind the carboxylate. 

With this mechanism the carboxylic acid is trapped in the ion exchange resin without actual 

ion exchange occurring. The ISAs eluted first thanks to their neutral lactone form that only 

interacts weakly with the resin. Successively the GISAs and XISAs and GA, LA and 2,5-

DHPA mixture are further separated exploiting again difference in hydrophobicity. Good 

purity was achieved for the compounds of interest, namely 97.78% for GISA, 99.90% for 

XISA with respective yield of 96.12% and 73.98%. (Heinonen and Sainio 2019b) 
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Figure 11 Purification pathaway for the recovery of HA fractions from HA mixture 

(Heinonen and Sainio 2019b) 
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3  Surfactants: structures, properties and behaviour 

The term surfactant comes from surface-active agent, with this term are referred a wide 

variety of molecules that displays surface activity, meaning that they adsorb at the surface 

between two immiscible phases (i.e., liquid-liquid, solid-liquid, gas-liquid) with the effect 

of lowering the surface tension and, at high concentrations, self-assembling into special 

structures called micelles. To be able to show these properties, surfactants must be composed 

of two functional groups, with different affinity to the different phases, one hydrophilic and 

one hydrophobic. Surfactants show different behaviours depending on the functional groups 

that compose the molecule; the modification of the moieties brings to surfactants with 

tuneable properties, specifically meant for the desired application. 

3.1  Molecular structure 

Surfactants can be categorized by their hydrophilic portion into cationic and anionic non-

ionic and amphoteric. Usual ionic group are carboxylate ( ὅὕὕ ), sulphate ( ὕὛὕ ), 

sulfonate ( Ὓὕ ), phosphate (ὕὖὕὕὌὕ  quaternary ammonium (Ὑὔ ) and so on. 

Instead, some non-ionic groups are polyoxyethylene, sorbitol, glycerol and so on (Nakama 

2017). The lipophilic chain instead is an alkyl chain with usual length between 8 and 22 

carbons (Porter 1991; Nakama 2017), but also polymeric surfactants are very used, 

especially ethylene and propylene oxides. Surfactants can be designed to have different 

structures with one or more heads and tails. Some structures examples are shown in Figure 

12 Molecular structure of surfactants (A) single-tailed surfactant, (B) double-tailed 

surfactant, (C) triple-tailed surfactant, (D) catanionic surfactants, (E) gemini surfactants (two 

single-tailed surfactants connected by a spacer chain), and (F) bola form surfactants. .  
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Figure 12 Molecular structure of surfactants (A) single-tailed surfactant, (B) double-tailed 

surfactant, (C) triple-tailed surfactant, (D) catanionic surfactants, (E) gemini surfactants 

(two single-tailed surfactants connected by a spacer chain), and (F) bola form surfactants. 

(Filipoviĺ-Vincekoviĺ et al. 2002) 

3.1.1  Anionic Surfactants 

Anionic surfactants are the most diffused ones among all the other kinds of surfactants. This 

is due to their ease to produce resulting in low cost and good efficacy. Their main application 

is detergency, but they are widespread in many other sectors as dispersant in and emulsifiers. 

(Qin et al. 2022) The optimum dimension of the alkyl chain for these molecules is between 

12 and 16 carbons. (Oliver et al. 2013; T. F. Tadros 2005) The most common ones are 

carboxylates, sulphates, sulphonated and phosphates. The counter ion is usually sodium or 

potassium, but it can also be ammonium calcium and different amines (diethanol-, isopropyl-

, and so on). (Porter 1991; Rapp 2017) Some examples are shown in Figure 13. 

To the class of carboxylates belongs different types of molecules whose hydrophilic parts 

consist of a carboxylic acid and its derivatives (e.g., sarcosinates, esters, betaines and so on). 

The most common are soaps, that are alkali metal salts of fatty acids; they are the most spread 

surfactants and probably the first ever invented and used. Soaps are usually commercially 

available as salts of natural oils; hence they contain fatty acids of various lengths, including 

unsaturated ones. These surfactants are cheap, effective, non-toxic, and biodegradable. (Kent 
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2003; Porter 1991) The main drawback is their instability, in hard waters, i.e., in presence of 

heavy metal ions ὓὫ , ὅὥ  they precipitate, but also, they are unstable in acidic 

conditions as they come out of solution as free fatty acids. To overcome the instability 

carboxylates can be reacted with ethylene oxides (EO) chains of various lengths to obtain 

ethoxy carboxylates, the addition of EO increases the solubility and the stability to 

electrolytes and to other anionic surfactants. (Tadros 2005; Tadros 2013;) The presence of 

EO also lowers the critical micelle concentration (see Chapter 3.4 ). The modified carboxylic 

group like in the case of sarcosinates betaines increase the solubility and resistance to ions. 

(Ananthapadmanabhan 2019; Porter 1991) 

Sulphates are the most produced of the anionic surfactants, they are synthetised by reaction 

between an alcohol and sulphuric acid or in general a sulphating agent such chloro-sulphonic 

acid. (Fainerman, Möbius, and Miller 2001) Sulphates are chemically unstable due to the 

fact that the sulphur atom is bonded to the alkyl chain via an oxygen, which can be 

hydrolysed at pH lower than 3,5, they are also susceptible to the presence of electrolytes 

hence in many applications they have been substituted by the correspondent sulphonate. 

(Porter 1991; Tadros 2005) To this class it belongs sodium dodecyl sulphate (SDS) which is 

usually taken as reference in surfactants science but also very used in industrial applications. 

Analogously to the other types, sulphate types of surfactants can be ethoxylated to improve 

stability, solubility, and resistance to electrolytes. (Bhattarai, Niraula, and Chatterjee 2014) 

Sulphonated surfactants consist of a sulphur atom directly bonded to the alkyl chain, 

providing enhanced stability to hydrolysis. The sulphonation is done by reacting an olefin 

with a sulphating/sulphonating agent, such as chloro-sulphonic acid, fuming sulphuric acid, 

and so on. Sulphonated surfactants have great water solubility and chemical stability. Also, 

in this case it is possible to add EO groups to increase the solubility. (Fainerman, Möbius, 

and Miller 2001; Porter 1991; Tadros 2005) Among the most common sulphonated there are 

the alkyl benzene sulphonates, alcohol ether sulphonates, paraffines sulphonates, fatty acids 

and fatty acids esters sulphonates, and olefines sulphonates, fluorinated sulphonic 

surfactants are also available and used in cleaning (Rapp 2017), however they have very 

long halftimes hence they are bioaccumulating and environmentally hazardous. Another 

class in sulphosuccinates, derived from sulphosuccinic acids. (Porter 1991) 

Phosphate based surfactants are produced by reacting fatty alcohols or alcohols ethoxylates 

with a phosphorylating agent (e.g., ὖὕ  tetraphosphoric acid). Phosphates have properties 
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that are in-between ethoxylated non-ionic surfactants and sulphated ones, they are good 

emulsifiers and foaming agents, they have good resistance to hydrolysis, to hard water and 

electrolytes. (Arora et al. 2018; Tadros 2005; Porter 1991) 

 

 

 

Figure 13 Some examples of non-ionic surfactants. (Rapp 2017) 

3.1.2  Cationic Surfactants 

The mainly used cationic surfactants are quaternary ammonium chlorides salts. Among these 

the most common are the alkyl trimethyl ammonium chloride, two tailed surfactants like di-

alkyl dimethyl ammonium chloride and alkyl dimethyl benzyl ammonium chloride.  They 

can also be modified with EO. Cationic surfactants are very water soluble but are insoluble 

in organic oils, they perform well in hard waters and in presence of ions, they are not 

compatible with anionic surfactants, but they are with non-ionic ones. Their main 
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characteristic is to interact with negatively charged compounds hence they are applied for 

their antistatic effect in hair products, fabric softeners and plastics, for corrosion protection, 

for electrostatic flotation and stabilization. (Tadros 2005; Porter 1991) Their positive charge 

also interacts with proteins in the cells, making them also excellent bactericides and 

disinfectants. (Vereshchagin et al. 2021) 

 

Figure 14 Some examples of cationic surfactants. (Rapp 2017) 

3.1.3  Amphoteric Surfactants 

Amphoteric surfactants are a class of ionic surfactants that have both the cationic and the 

anionic moiety, hence their behaviour as anionic or cationic depends on the pH of the 

solution in which they are dissolved, at low pH the surfactants become positively charged, 

while in alkaline conditions they get a negative charge. At certain pH values both groups 

have equal ionization, this is called the isoelectric point, at this particular pH the surfactant 

shows a minimum in solubility and has similar behaviour to non-ionic ones. (Lv et al. 2011; 

Tadros 2005) They show very good compatibility with all types of surfactants and can form 

mixed micelles. Amphoteric surfactants are also suitable for cases where electrolytes are 

present. (Tadros 2013) These molecules are popular in mixtures especially in hair and body 

foaming detergents, as well as in cleaning for fabric and surfaces. Some examples of 

amphoteric surfactants are alkyl betaines, such as lauryl amido propyl dimethyl betaines, 

obtained by reaction of tertiary amine with chloroacetic acid; glycinates and amino- and 

amido- propionates that have the alkyl chain connected straight to the nitrogen, these are the 
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most widespread amphoterics. Another common group is represented by imidazolines, 

derived from fatty acids. (Porter 1991) Some examples are shown in Figure 15. 

 

Figure 15 Some examples of amphoteric surfactants (Rapp 2017) 

3.1.4  Non-ionic Surfactants 

Non-ionic surfactants do not have any charged groups, the hydrophilic portion is represented 

by a water-soluble compound that can be hydroxyl, ether, ester, amine and so on. The 

solubility of these compounds is a lot lower than that of ionics. For example, fatty acids and 

alcohol can show surfactant properties only at low chain length (C6-C8), for good surfactants 

behaviour multiple hydroxy and ether groups are needed. (Tadros 2005) The hydrophobic 

chain can also consist of aromatics. One of the most common ways to prepare these 

surfactants is to combine a fatty acid or alcohol with different amounts of EO chains of 

various length, this allows to tune the solubility and behaviour of the molecule. (Porter 1991; 

Tadros 2005) An alternative approach is to use molecules that naturally contain multiple 
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hydroxy groups like sugars and glycerol, some examples are glucosides, sucrose esters, 

glycol esters, glycerol and polyglycerol esters and so on. Saponins are also commonly used 

in detergency applications and biological uses. Non-ionic surfactants have lower CMC than 

correspondent ionics with the same chain length.(Moghaddam, Dehghannoudeh, and Basir 

2016) Another class of non-ionics is represented by polymeric surfactants, particularly the 

EO-PO copolymer, commercialized with the name Pluronics . (Wu et al. 2005; Tadros 2005) 

Some non-ionic surfactants are shown in Figure 16. 

 

 

Figure 16 Some examples of non-ionic surfactants (Rapp 2017) 
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3.2  Hydrophilic-Lipophilic balance 

Another classification can be done in terms of solubility, a measure of this affinity is the 

Hydrophilic-Lipophilic Balance (HLB). Different formulas have been proposed for the HLB 

calculations since it is not easy to evaluate, especially for ionic surfactants. Three different 

formulas are reported below ((1),(2),(3)). It is important to remember that HLB depends on 

temperature as well as the presence of other additives like salts and other surfactants.  

ὌὒὄςπϽ
ὓ

ὓ
 Ϸ 

(1) 

Where ὓ  is the molar mass of the hydrophilic portion and ὓ is the molar mass of the entire 

molecule (Porter 1991). 

ὌὒὄςπϽρ
Ὓ

ὃ
 

(2) 

Where Ὓ is the saponification number and A is the acidity number, both experimentally 

determined (Ray 2023). 

Davies and Rideal suggested an empirical equation (Barret 2018; Ray 2023): 

Ὄὒὄχ Ὄὒὄ Ὄὄὒ  (3) 

 

where Ὄὒὄ  ὥὲὨ Ὄὄὒ  are semiempirical values reported in Figure 17. 
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Figure 17 Values for the calculation of HLB with the group contribution formula of the 

most common groups (Barret 2018) 

The HLB values are also determining to identify the possible applications for surfactants, 

this tendency is shown in Figure 18. This however only represent the effect of one surfactant 

alone while in real applications mixtures are present, in this case the HLB is evaluated as the 

weighted average of the HBL of the surfactants in the mixture. 
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Figure 18 Applications and solubility of surfactants based on HLB. (Mistry 2021) 

3.3  Monolayer State 

The main characteristic of surfactants in water solutions, which make feasible their practical 

applications, is the tendency of these molecules to accumulate at the interface between the 

aqueous solution and the other phase (gas, liquid, solid). The relevance of this phenomenon 

can be acknowledged by considering that the ratio between the molecules of surfactants and 

the molecules of water in a typical cleaning product is 1:20 000. If the surfactant would stay 

in solution, at this level of dilution it would not have any effect, instead it is adsorbed at the 

interface creating a monolayer. When the surfactants adsorb at the surface, they substitute 

water molecules, the interaction between the water molecules and the surfactant molecule 

are weaker than the water-water interactions, the result is a decrease of the surface tension. 

(Hantal et al. 2019) To give some numbers of the extent of the effect of surfactants on surface 

tension, in general a surfactant with an average alkyl chain (10-20 carbons) can lower the 

surface tension of water from χσ  below  σπ   at ςπ Јὅ, and between a mineral oil and 

water from around υ  to less than σ  (Schramm 2005). For example insoluble polar 

molecules like fatty acids are able to adsorb and create a monolayer both in contact with gas 
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and with another liquid phase, they create very stable emulsions due to low interfacial 

tension and mechanical resistance to collision since they increase the surface viscosity. 

(Schramm 2005; McClements, Lu, and Grossmann 2022) 

The surface tension is defined as the energy per unit of area that is necessary to increase the 

surface of a specific system (4), e.g., a liquid (Martínez-Balbuena et al. 2017) . 

‎
‬Ὂ

‬ὃȟ
 

(4) 

 

At the interface of a surfactant-water solution, the main parameters that characterize the 

system are temperature Ὕ, surface tension ‎, concentration expressed in terms of area 

occupied per molecule ὃ and of the pressure ὖ. 

At constant temperature this relationship can be expressed graphically with the pressure-area 

or pressure-concentration curves which are also function of the presence of electrolytes. (van 

Oss 1990)  A generic trendline of the surface tension as function of concentration is shown 

in Figure 19, the surface tension constantly decrease as the concentration increases, until the 

surface is saturated and the surfactant molecules start to self-assemble into micelles, this 

point is called critical micelle concentration (CMC) and will be described in the following 

paragraphs. (Hantal et al. 2019; Harasima 1958) 

 

 

Figure 19 Surface tension of a generic surfactant as function of concentration (ñSurfactants 

& Critical Micelle Concentration (CMC) - DataPhysics Instrumentsò.) 

‎ ‎ Ὕȟὃȟὖ (5) 
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The decrease in pressure caused by the presence of a surface-active molecule is due to an 

expanding force “ that is subtracted to the interfacial tension as follows:  

‎ ‎ “ (6) 

where ‎ is the resulting surface tension in presence of a surfactant and  ‎  is the surface 

tension of the solvent. (Schramm 2005) Certain types of salts (e.g., ὔὥὅὰȟὑὅὰ, when added 

to the water-surfactant solution, dissociate and the ions interact with water molecules in the 

first and second layer modifying the orientation, this affects the residence time of the 

molecules, both water and surfactants, present at the interface. This is because the forces 

between the solute and the solvent become stronger than the solvent-solvent ones, causing 

the surfactants molecules to migrate from the interface. (Zhang and Carloni 2012; Schramm 

2005) 

The lowering of the surface tension due to the presence of a surfactant at the interface but 

also the effects of salts can be thermodynamically expressed by considering a system 

composed by two phases in contact (e.g., air-liquid) of imaginary volume. At equilibrium is 

possible to consider the surface as thermodynamic system itself, starting from the Gibbs-

Duhem equation (7).(Martínez-Balbuena et al. 2017; T. F. Tadros 2005) 

ὛὨὝ ВὲὨ‘ ὃὨ‎ὨὋ  (7) 

and considering that only the concentration of the Ὥ compound is changing, it is possible to 

evaluate the surface tension as shown in (8). 

‎
ὨὋ

Ὠὃ ȟ
 

(8) 

From this the Gibbs adsorption isotherm for a binary system is obtained in terms of  ɜ , 

which is the surface excess of surfactant (9). This equation is only valid for binary systems 

at low concentrations (ρ άὓ and cannot account for CMC unless it is very low. The 

presence of salts lower the surface excess concentration. (Shah, Ali, and Bilal 2013; 

Schramm 2005; Martínez-Balbuena et al. 2017).  

ɜ
Î

ὃ

ρ

ὙὝ

Ὠ‎

ὨÌÎὥ
 

ρ

ὙὝ

Ὠ‎

ὨÌÎὅ
   
άέὰ

ὧά
  

(9) 

 

where ὥ is the activity of the surfactant in the bulk. 

From this value the packing density per area can be evaluated as: 
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(10) 

Where .  is the Avogadro number. This is valid for non-ionic surfactants, for ionic 

surfactants the system gets more complicated due to dissociation. The Gibbs adsorption 

isotherm for this case can be expressed as follows.  

ɜ
ρ

ὙὝάὅȟὅ
  

Ὠ‎

Ὠὰὲὅ
 

(11) 

 

where άὅȟὅ ςὅ ὅ Ⱦὅ ὅ , ὅ is the salt concentration and ὅ is the surfactant 

concentration, if no salt is added and the ions are monovalent άὅȟὅ ς. (Martínez-

Balbuena et al. 2017) 

3.4  Critical Micelle Concentration 

Surfactants behaviour highly depends on their concentration, in fact, when these molecules 

are added above certain amounts, they start to self-assembly into micelles, this concentration 

is called Critical Micelle Concentration (CMC) (Porter 1991; Nakama 2017; Perinelli et al. 

2020). Usually, non-ionic surfactants have lower CMC than ionic with the same alkyl chain, 

and it decreases by increasing the chain length. CMC has usually weak dependence on 

temperature while it depends strongly on the presence of other compounds. For example, the 

presence of electrolytes and alcohols can lower the CMC especially for ionic surfactants. (T. 

F. Tadros 2005)  

3.4.1  Thermodynamics of micellization 

Micellization is an entropy driven process, and it has small and usually positive enthalpy. In 

fact, these molecular aggregates are the result of hydrophobic interactions caused by the 

increase of entropy in the water molecules that are in contact with the surfactant, water has 

the tendency to try to expel the hydrophobic chain, but the hydrophilic portion puts an 

opponent force to this tendency. As surfactant is added the molecules first position at the 

interface, once the surface is covered, the water molecules surround the surfactants creating 

ordered clusters. When the concentration is increased the surfactant molecules starts to 

assemble in micelles and the water molecules of the cluster are released. The formation of 

micelles causes a decrease in the entropy but at the same time the water molecules, that are 
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now released from this clusters, increase the entropy of the system, this entropy is much 

larger than the decrease, this triggers the micellization as micelles formation stabilize the 

system, resulting in a large negative free energy (Nakama 2017; Fisicaro et al. 2008; T. F. 

Tadros 2005). Other factors contributing to the increase of entropy is the higher mobility of 

the hydrophobic tail when in micelle, and in the case of ionic surfactants, an additional 

contribution is given by electrostatic interactions. When an electrolyte is added the counter 

ion neutralize the charge of the surfactant releasing water molecules. (Naskar, Dey, and 

Moulik 2013; Nakama 2017) 

Describing the thermodynamics of micellization is very difficult since it depends on many 

factors, among which the geometry of the molecules, the shape of the micelles, the type of 

surfactants, the solvent, the temperature and so on. Two main simplified thermodynamic 

theories used to describe micellization in terms of Gibbs free energy, one is the pseudo-phase 

separation mode the other one is the mass action model. Variations exists also among the 

same theories. The phase separation model considers the micelle formation as the separation 

of a new pseudo-phase that occurs when the surfactant molecules reach the saturation 

concentration, i.e., the CMC, above CMC a solvent phase exists which contains surfactants 

micelles with constant activity. The mass action model describes the micelles as a system in 

dynamic equilibrium with surfactants monomers in solution, as shown below (12). 

ὲὛP Ὓ (12) 

When ὲ is big (>50) both models give the same relation for the Gibbs free energy of 

micellization (13): 

ЎὋ ὙὝÌÎὅὓὅ (13) 

for non-ionic surfactants, while for ionic ones it can be approximated as (14): 

ЎὋ ὙὝρ ‍ÌÎὅὓὅ (14) 

 m  

where ‍ is the average degree of counter-ion binding to the micelle. (T. F. Tadros 2005; 

Schramm 2005) 

The enthalpy and entropy of micellization can then be evaluated, with a simplified method, 

by measuring the change in CMC when temperature is changed. The enthalpy is evaluated 

from the integration of equation (15):  
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ЎὌ ὙὝ 
ὨÌÎὅὓὅ

ὨὝ
 

(15) 

and the entropy can be evaluated from the relation between ЎὋ  and 

ЎὌ  as (16):  

ЎὋ  ЎὌ Ὕ ЎὛ  (16) 

 

(Tadros 2005; Schramm 2005).  

3.4.2  Properties of solutions above CMC  

Surfactants show very different behaviour below the CMC or above, at low concentration 

the behaviour of these molecule is similar to that of a simple electrolyte while above CMC 

the properties change a lot (T. F. Tadros 2005), hence the CMC can be determined by 

measuring for example, surface tension, osmotic pressure, optical properties, and 

conductivity.  A generic trend of how these properties change with surfactant concentration 

is shown in Figure 20.  

 

Figure 20 Generic trendlines of the physical properties of a surfactant-water solution at 

varying concentration  (Woğowicz and Staszak 2019; T. F. Tadros 2005) 

3.4.3  Phase behaviour above CMC 

When the concentration overcomes the CMC, in the continuous phase both micelles and 

single molecules are present in a dynamic equilibrium of micelles braking and forming 

continuously, minimizing the contact of the hydrophobic tail with water. The typical 
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surfactant at concentration just above CMC (one alkyl chain and one hydrophilic head) forms 

spherical micelles and the solution is still isotropic, while surfactants with two tails tend to 

form planar micelles when the concentration increases. To understand which structure is 

most probable to for the Critical Packing Parameter is used (CPP) that quantifies the space 

occupied by a surfactant molecule (Nakama 2017; Manohar and Narayanan 2012). The 

packing factor can be evaluated as follows (17):  

ὅὅὖ
ὠ

ὥϽὰ
 

(17) 

where ὠ is the volume the hydrophobic portion, ὥ is the area of the head group and ὰ is the 

length of the hydrophobic chain.  

A value of π ὅὖὖ  indicates spherical micelles, a value of ὅὖὖπȢτπφ indicates 

globular micelles, a value of πȢτπφὅὖὖ  indicates cylindrical or rod-like micelles and 

a value of  ὅὖὖρ indicates vesicle micelles. A packing factor of comprised between 

 and  is typical of surfactants with small polar group or of ionic surfactants in presence of 

electrolytes. A value comprised between ρ and  is typical of surfactants with two flexible 

chains. Non-spherical micelles solutions display anisotropic behaviours (T. F. Tadros 2005). 

Values around one denote planar micelles and values greater than ρ are reported for inverse 

micelles. (Manohar and Narayanan 2012; Nagarajan 2007; Dopazo et al. 2021) A visual 

representation of micelle shapes is reported in Figure 21. 
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Figure 21 Micelle shape based on the molecular shape of the surfactant. (Dopazo et al. 

2021) 

However, the shape of the micelles also depends on the concentration of the surfactants, the 

phases that can form are mostly of two types, the one made of discrete elements (micelles), 

and those made of continuous phase (liquid crystals) (T. F. Tadros 2005). Indeed, by 

increasing the concentration, micelles tend to become bigger possibly forming cylindrical 

micelles. When the concentration is high enough surfactants form liquid crystals structures 

that shows different properties than micelles, in terms of shape, optical properties and 

structures (Nakama 2017; C. Guo et al. 2010; T. F. Tadros 2005). Liquid crystals are a 

mesomorphic phases that show both the characteristics of a liquid and of a solid. In the same 

figure it is also shown the temperature dependence of the micelles, at concertation above 

CMC and temperature below Ὕ, where Ὕ is the critical temperature of the phase transition 

between hydrated solid and solute (Figure 22, red line), surfactants micelles are insoluble 

crystal hydrates, at temperatures above Ὕ micelles start to change from spherical to rodlike 

and as temperature is further increased together with concentration the surfactants molecules 

starts to assemble first into hexagonal or cubic liquid crystals and then into lamellar. (C. Guo 

et al. 2010). The lamellar phase involves a bilayer of surfactant molecules with water trapped 

in between, this phase generates from the coagels, present at temperatures below the gelling 

temperatures Ὕ, as temperature increases more water is trapped in between and gel is formed 
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followed by liquid crystals. A generic phase diagram that shows all the phase transition is 

shown in Figure 22; it is important to notice that all the previous discussion and the reported 

phase diagram are only a basic representation of all possible phase transitions including 

Krafft and Cluod points that will be described in paragraph 3.5  and different surfactants, 

ionic and nonionic but also in the same category, have very different behaviours and as a 

consequence different diagrams.  

 

Figure 22 Concentration and temperature dependency of the phases of surfactants in 

aqueous solution (Nakama 2017) 

3.4.4  Rheology of surfactants solutions  

The rheological properties are also highly modified by the increase in concentration and 

temperature. Molecules with high solubility in water and short chains (C8-C10) show a 

smooth variation of viscosity from CMC to saturation. Surfactants that are soluble but have 

long alkyl chains show quick viscosity transitions due to the formation of crystalline 

structures. Poorly soluble surfactants instead show phase separation at low concentrations. 

These transitions are shown in Figure 22 and Figure 23. Hydrated solids that form above Ὕ 

can be gels or coagels. Coagels have a belayer structure with hardly any water between 

layers, as temperature increase a gel is formed in which molecules are tightly packed, rising 

temperature even more, the liquid crystals are formed where a lot of water is present between 
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interlamellar spaces, becoming a liquid. Liquid crystals have lower viscosity than gels as the 

molecules are no longer aligned and are  free to slide on each other and on the water layer 

making the phase flexible. (Kodama and Seki 1991; Nakama 2017) 

 

Figure 23 Behaviour of surfactants at high concentrations (Nakama 2017) 

3.5  Solubility-Temperature relationship: Cloud and Krafft points 

An important parameter for non-ionic (mostly ethoxylated) surfactants is the cloud point. 

Mixtures of cationic and anionic also shows clouding. The cloud point is the temperature at 

which the phase rich in surfactant (typically 1%) starts to separate from the aqueous solution 

(Figure 22), resulting in two phases, which is the cause of cloudiness. Non-ionic surfactants 

tend to cloud when temperature is risen because of decrease in solubility, hence the cloud 

point is used also as a measure of solubility (Porter 1991; Nakama 2017). This parameter is 

also influenced by both the hydrophilic and hydrophobic groups and by the addition of ionic 

compounds. When the temperature is increased the water molecules interacting via hydrogen 

bonds with the oxygens in the hydrophilic head starts to break, decreasing the solubility, and 

in the case of ethoxylated the ethylene glycol chains also starts to detach, further decreasing 

the solubility. (Huibers, Shah, and Katritzky 1997; Nakama 2017) 
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Similarly to the cloud point, the Krafft point is the temperature at which the solubility of the 

surfactant increases strongly and becomes equal to the CMC, this is a measure typically 

applied to ionic surfactants but also those non-ionic surfactants that increase their solubility 

with increasing temperature. This point can be visualized in Figure 22. Any surfactant below 

the cloud point has no use, however it is important to keep in mind that both cloud point and 

Krafft point are representing a surfactant-water system which typically is not representative 

of a real system, where also oils, alcohols, other surfactants and compounds are present. 

(Nakama 2017).  

3.6  Wetting, Spreading and Adhesion  

The interaction of solid surfaces with a liquid is an essential process in many applications 

that involve wetting, spreading and adhesion both in the preparation of the products and in 

their application like in the case of suspension. Some examples of suspensions are paints, 

coatings, adhesives, pesticides and fertilizers, cosmetics and pharmaceuticals, detergents, 

and so on. 

Wetting involves the complete or partial displacement of a fluid by another fluid from the 

surface of a solid. When a liquid droplet is placed on a solid surface it can either spread 

completely or partially, remaining as a defined drop.  The tangent plane to the droplet and 

the tangent plane to the solid form an angle at the wetting perimeter, this angle is called 

contact angle — and it is a measure of the wettability of the surface, it can be visualized in 

Figure 24. The wetting perimeter is the contact line among the three phases S/L/V. If a 

surface is completely wettable by a liquid — πЈ, for ωπЈ— πЈ  the surface is wettable, 

and  ρψπЈ— ωπЈ the surface is poorly wettable. (T. F. Tadros 2005; Schramm 2005) 

For real applications the wetting has to occurr as fast and efficiently as possible, hence in 

this case the measurement of the dynamic contact angle is more useful, even if complicated. 

In general, also the equilibrium contact angle is not easy because of hysteresis2.(Baxter 1950; 

Sloutskin et al. 2007; T. F. Tadros 2005) When the drop is placed on the surface it takes the 

conformation that results in the minimum free energy of the system. Because of the three 

phases involved, three interfacial tensions can be recognised ‎ , ‎  and ‎  (Figure 24) 

 
2 The contact angle hysteresis is the difference between the advancing angle, the angle formed by advancing 

the borders of the drop and the receding angle, evaluated by removing the liquid, it is caused mostly by non-

ideal surfaces (porous and rough)  
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respectively at the surface areas ὃ , ὃ  and ὃ  . At equilibrium in proximity of the three 

phases perimeter the sum of the tensions is minimized, giving the Young´s equation (18). 

(T. F. Tadros 2005; Schramm 2005) 

‎ ‎ ‎ ÃÏÓ— (18) 

The contact angle is the results of the S-L adhesive forces and the cohesive forces inside the 

liquid.  

 

Figure 24 Liquid drop on a flat solid surface and representation of contact angle and 

surface tension. (T. F. Tadros 2005) 

The solid is also at equilibrium with the vapour of the liquid, so it is possible to define the 

spreading pressure “ which is the lowering of the surface tension of the solid due to 

adsorption of vapour: 

“ ‎ ‎  (19) 

and the adhesion tension defined as:  

† ‎ ‎ ‎ ὧέί— (20) 

It is also possible to compute the work of adhesions as: 

ὡ ‎ ‎ ‎ ‎ ὧέί—ρ (21) 

 

and the spreading coefficient 

Ὓ ‎ ‎ ‎ ‎ ÃÏÓ— ρ (22) 

The presence of surfactants is able to lower the surface tension at both the L-V interface and 

the S-L one. This is a consequence of surfactants adsorption at interfaces; hence it can be 

described by Gibbs adsorption isotherm (9) (23). 
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(23) 

by substituting (18) 

ÓÉÎ—
Ὠ—

ὨÌÎὅ
ὙὝ ɜ ɜ ɜ ÃÏÓ— 

(24) 

if π adding surfactants improves wetting otherwise if π surfactants improve 

de-wetting. De-wetting is of essential importance in detergency. Dirt is usually an oily 

substance on a solid substrate, with the addition of a surfactant the contact angle is increased, 

and the dirt is washed away from mechanical agitation. The goal of the surfactant is to lower 

the adhesion force, (21) by acting on one of more surface tensions, the most effective 

detergents are able to adsorb both at the substrate-water interface and at the dirt-water. (T. 

F. Tadros 2005) 

 

Figure 25 De-wetting of an oil particle from a solid substrate (T. F. Tadros 2005) 

As the presence of surfactants is able to modify the contact angle, Alkawareek et. all 

developed a simple experiment that allows to roughly estimate the CMC. The experiment 

consists in the preparation of solutions of a surfactant at different concentrations, these 

solutions are then added to a drop of water. With the use of a contact angle goniometer, the 

contact angle changes are monitored. What is observed is a sudden stop in the change of the 

contact angle when the CMC is observed, as shown in Figure 26. 
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Figure 26 CMC estimation from contact angle measurements. CTAB 

(Cetyltrimethylammonium bromide) 

3.7  Foams, emulsions, and suspensions 

A colloid is a dispersion o droplets, particles, or bubbles in a second phase. Typically, the 

size of the dispersed compound range between ρ ὲά and ρ ‘ά, the upper limit is usually 

extended up to hundreds ‘ά. Colloids have high specific area-to-volume ratio; hence 

interface chemistry is very important to understand their properties. The types of colloidal 

dispersion are shown in the table in Figure 27. (Schramm 2005; T. F. Tadros 2005; Porter 

1991) 

 

Figure 27 Types of colloidal dispersions (Schramm 2005) 

In this work only emulsions, suspensions and foams will be described as they are related to 

surfactants behaviour in solution. 
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3.7.1  Emulsions 

Emulsions are colloidal dispersions in which a liquid is suspended in another liquid with 

different composition. The two easier emulsions to distinguish are water in oil (W/O) and 

oil in water (O/W), but also double emulsions can be formed like oil-in-water-in-oil (O/W/O) 

and water-in-oil-in-water (W/O/W), a schematic representation is shown in Figure 28. 

(Schramm 2005) 

 

Figure 28 Types of emulsion 

3.7.1.1  Emulsions formation and surfactants´ role 

Analogously to micelles formation, the formation of an emulsion can be described using the 

second law of thermodynamics:  

ЎὋ Ўὃ‎ ὝЎὛ (25) 

where ‎  is the surface energy term, ὃ is the surface area and ЎὛ is the entropy of dispersion, 

since the first term is a lot bigger than the first one, emulsification is not a spontaneous 

process. (T. F. Tadros 2005; Schramm 2005) 

The interaction forces involved in emulsification are of the Van der Waals (VdW) type, 

namely dipole-dipole, dipole-induced dipole (Debye), and dispersion (London). According 
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to Hamaker these three forces can be added under the term of VdW attraction, the total forces 

can be simplified in the expression (26): 

Ὃ
ὃὙ

ρςὬ
 

(26) 

where ὃ is the Hamaker constant3, Ὤ is the distance and R is the radius (for spherical 

droplets).  

The other mechanisms that act in the emulsionôs formation in presence of ionic surfactants 

is electrostatic repulsion. When two droplets are at distance Ὤ that is smaller than the double 

layer4 they repulse each other. The thickness of the double layer depends on the presence of 

electrolytes and on the valency. The repulsion force can be simplified with the equation (27):  

Ὃ ς“Ὑ‭‭ɰÌÎ ρ ÅØÐ‖Ὤ  (27) 

where ‭ and  ‭ are the permittivity in the empty space and relative to the media, ‖ is the 

Debye-Hückel parameter, and ɰ  is the surface potential. The parameter  represents the 

extension layer. When the double layers of two droplets overlap due electrostatic repulsion 

happens with an intensity approximately equal to Ὃ . (T. F. Tadros 2005) 

Another stabilization is due to steric repulsion, this can be achieved with the aid of both ionic 

and non-ionic surfactants. This effect is the combination of different contributions like the 

increase in viscosity of the surface which cause unfavourable mixing of the droplets due to 

the head groups, and an entropic contribution due to the loss in configurational entropy, due 

to the overlap of the hydrophobic chain. (Tabor et al. 2014) 

The effects of surfactants that facilitate the creation of an emulsion, are lowering the 

interfacial tension (8), increasing the surface elasticity (steric), creating an electrical double 

layer, lowering the Hamaker constant and increasing the surface viscosity. Another essential 

contribution, given by the presence of surfactants, is the creation of interfacial tensions 

gradients. Without these gradients, droplets could not withstand tangential forces and would 

coalesce, gradients occur due to the continuous flow of the internal liquid at the interface 

 
3 Hamaker constant: The Hamaker constant (A) is a coefficient that connects the interactive van der Waals 

energy to the distance of separation between two particles where the interaction happens is pair-wise between 

two particles, is additive and independent of the intervening media.  
4 Electrical double-layer: made of two layers of charge in proximity of an object. The fist layer is the surface 

charge of the object that is made of ions that are chemically attracted by the surface while the second layer 

consists of ions that are attracted by the surface charge 
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with the surfactant, the surface tension gradient causes concentrations differences which will 

drag some liquid, this is known as Marangoni effect5. (Y. Yeo et al. 2002; T. F. Tadros 2005) 

For an optimized efficacy the surface-active molecule should have limited solubility in both 

phases. Emulsifiers that have tighter packing tend to stabilize the emulsion. When using a 

surfactant (or a surfactant mixture) in an emulsion the shape of the surface-active molecule 

defines the arrangement of the two phases (O/W or W/O). The HLB can be a first indicator 

of the phase distribution in a water-oil-emulsifier system, low HLB are useful for W/O 

emulsions, high HLB are useful for O/W (see Figure 18).  (Schramm 2005; Porter 1991) 

Emulsion formation, as stated before, is not a spontaneous process, hence to for an emulsion 

energy is needed, the smaller the droplets the higher the energy, this relation can be 

expressed through the Laplace pressure as:  

Ўὴ
‎

ςὙ
 (28) 

where Ўὴ is the difference in pressure inside and outside of the droplet. (T. F. Tadros 2005) 

3.7.1.2  Viscosity of emulsions 

Because of the property of defining the distribution of the phases, surfactants also influence 

the droplet size distribution and the viscosity and rheology of the system. Several laws are 

available to calculate the viscosity of an emulsion, the simplest is the Einstein´s equation 

(29) which is meant for S-L dispersions but works for estimating the order of magnitude.  

– – ρ ςȢυ‰  (29) 

where ‰ is the volume fraction between the two phases. 

A polynomial form (30) can also be used, where Ὧ is the Einstein´s coefficient and Ὧ 

accounts hydrodynamic interactions. For ‰ πȟς higher order polynomials are needed.  

– ρ Ὧ‰ Ὧ‰ Ễ (30) 

Taylor derived the following equation (31) that accounts for the viscosity of the dispersed 

phase (T. F. Tadros 2005; Shi et al. 2018). 

 
5 Marangoni effect is the mass transfer along an interface between two phases due to a gradient of the surface 

tension.  

https://en.wikipedia.org/wiki/Mass_transfer
https://en.wikipedia.org/wiki/Interface_(chemistry)
https://en.wikipedia.org/wiki/Gradient
https://en.wikipedia.org/wiki/Surface_tension
https://en.wikipedia.org/wiki/Surface_tension
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– πȢτ–
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(31) 

The modified Richardson Law (32) accounts for the viscosity change related to the presence 

of an emulsifier.  

– –ϽÅØÐ ʂ ὑϽὅϽ‰ ὣ  (32) 

where – is the viscosity of the continuous phase, ὑ  and ὣ are parameters experimentally 

determined, ὅ is the concentration of the emulsifier and ‰ is the volume fraction between 

the internal phases. (Shi et al. 2018; Schramm 2005)  When the internal phase has high 

percentages like 50%, the emulsion viscosity increases due to droplets crowding and usually 

displays non-Newtonian behavior. The maximum volume of internal phase is usually around 

74% but emulsions with values of 99% have been created.  (Schramm 2005) 

3.7.1.3  Phase inversion temperature 

Since the solubility, i.e., the affinity with the phases, is dependent on temperature also the 

phases distribution is. Some emulsifiers are able to stabilize O/W emulsion at low 

temperatures but at high temperatures they stabilize W/O. The temperature at which this 

tendency changes is called phase inversion temperature (PIT). The PIT is exploited to 

produce emulsions with very small, dispersed droplets, this method is called PIT method and 

it consist in creating an emulsion at the PIT then rapidly cooling at room temperature. In 

fact, the surface tension decreases with increasing temperature until the PIT, this low surface 

tension allows to have droplets of reduced sizes. The stability of an emulsion to break and 

invert phases usually increases with increasing molecular size of both the portions of the 

surfactant. Usually, emulsifiers are used in applications that require temperatures far from 

the PIT (PIT+50Јὅ). PIT is also exploited to break emulsions. (Schramm 2005; T. F. Tadros 

2005) 
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3.7.1.4  Emulsions breaking mechanisms  

The mechanisms involved during the de-emulsification are summarized in Figure 29. 

Creaming and sedimentation occurs for gravitational effects because of the density 

difference between the two liquids. This can be avoided by using thickeners, by reducing the 

droplet size and by matching the densities of the two phases. (Robins, Watson, and Wilde 

2002)  

Ostwald ripening can be explained by different laws, it is due to the difference in pressure 

between small and diffusive flows from the smaller to the larger droplets but also due to the 

difference in solubility between big and small droplets. Indeed, smaller droplets are more 

soluble (and have higher pressure) than big ones resulting in different chemical potential, 

this brings, theoretically, to the collapse of all the droplets in a single oil phase. This happens 

very slow, what is observed instead is a growth in the size of the droplets. This effect is 

particularly strong when the size distribution in wide. This can be avoided by the addition 

of an insoluble specie that will balance the chemical potential, and by using surfactants that 

are strongly adsorbed. (T. F. Tadros 2005; Nakama 2017) 

Flocculation is caused by VdW forces, hence it occurs when the energy barrier is lowered. 

If the emulsion is stabilized by exploiting electrostatic effect, the addition of an electrolyte 

can cause flocculation, if the emulsion is sterically stabilized, flocculation occurs when the 

thickness of the surfactant layer is reduced by modifying the solubilizing power of the 

continuous phase, this can be avoided by creating a thick and tightly packed layer of 

surfactant. 

Coalescence occurs when two drops come in contact due to various effect (Brownian motion, 

flocculation, and other mentioned phenomena), due to thinning of the surfactant barrier they 

collapse in one drop. This is avoided by using mixtures of surfactants that improve elasticity, 

thickness, and avoid the motion of surfactant away from the interface, or by the formation 

of multilayer lamellar structures that wrap the droplet. In general, several of these 

phenomena occur simultaneously when an emulsion is broken.  
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Figure 29 Mechanism of emulsionôs breaking (T. F. Tadros 2005) 

 

3.7.2  Foams 

In a foam, gas bubbles are dispersed in a continuous liquid phase. Due to the enormous 

density differences between the two phases, the gas bubbles tend to separate into two parts, 

with the foam on the top layer. The gas bubbles, with time, can be distorted in polyhedral 

structures. A liquid-gas system cannot form a foam without the aid of a surfactant, indeed 

the gas bubbles present in a liquid usually tend to rapidly reach the surface and burst. 

Surfactants alter the surface equilibrium of the bubble causing a restoring force that will 

prevent the rupture.  

3.7.2.1  Foams formation and structure 

Two methods are used for foams formation: condensation and dispersion. Condensation 

approaches include the foaming by decreasing pressure, by increasing the temperature or by 

chemical reactions. The dispersion method is the most used one and consist in the dispersion 

of the gas using a sparger with regular orifices. Using the dispersion method, it is possible 

to obtain bubbles with radii ὶ that depend on the orifices size by setting the equilibrium 

between buoyancy and surface tension (33):  
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(33) 

 

where ὶ is the orifice radius, ” is the density of the liquid and ‎ is the surface tension. 

(Bikerman 1973) Foams can consist of spherical bubbles surrounded by a thick layer of 

liquid (wet foam) and in polyhedral cells (dry foam). Conventional bubbles are spherical in 

their wet form, i.e., when the volume fraction of gas of 0.74 but in a foam with gas volume 

fraction of more than 0.83, i.e., dry foam, the structures become polyhedral hence. 

Polyhedric structures are separated by flat liquid films which are two dimensional surfaces 

called Gibbs surface and are connected via channels at the plateau borders. The unit structure 

is called lamella and include the thin film, the two interfaces on either side of the thin film, 

and part of the junction to other lamellae, which form an angle of 120 Ј (Figure 30). 

(Schramm 2005)  Right after the creation of the foam, the liquid will have the tendency to 

flow downward due to gravitational effect creating a dry foam, the bubbles will no longer 

be spherical but flat lamellae will separate the bubbles. At this point the capillary forces will 

compete with gravity. At the plateau, the corner that joins different cells, due to curvature 

the film, thickness is higher, and the pressure is lower, causing a capillary effect that make 

the central part of the film thinner being cause of rupture. (Kawale et al. 2015; Walstra 1989) 

 

Figure 30 Polyhedric foam structure adopted from (Schramm 2005) 

 

3.7.2.2  Foamsô breaking mechanism 

Foams are thermodynamically unstable because of high interfacial free energy; they can be 

classified based on the degree of stability into unstable and metastable. Unstable foams are 
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made using only mild surfactants like short chain alcohols or acids, or in general weakly 

soluble surfactants. Metastable foams are more resistant and are produced with suitable 

surfactants (or mixtures) close or above the CMC. Metastable foams are stabilized by 

proteins, mixtures long chain fatty acids derivatives and so on, they can have very long life 

without the event of external disturbances. (Walstra 1989; T. F. Tadros 2005) 

The main cause of foamsô rupture are the effects of gravity at the plateau borders, namely 

drainage and thinning. Gravity forces act both directly on the liquid film but also indirectly 

at the plateau borders by capillary forces as mentioned above (3.7.2.1 ). These capillary 

forces tend to pull the liquid far from the centre of the film causing thinning and eventually 

rupture. Mechanisms to avoid or favour foams involves the use of compounds that interfere 

with gravity forces. (T. F. Tadros 2005; Schramm 2005) The role of surfactants in stabilizing 

foams will be described in the next paragraph.  

There are two classes of foam inhibitors, the antifoaming, which prevent the formation of 

the foams, and the de-foaming which cause foam braking. Anti foaming agents reduce the 

surface and bulk viscosity and increase drainage, this can be achieved by the use of low 

molecular eight surfactants like octanol that reduce the cohesive forces of the film. Other 

compounds can act as foams inhibitors like solvents (e.g., short alcohols) and solubilized 

chemicals. Another class of compounds that acts as both anti foaming and defoaming is fatty 

acids esters and silicon oils above the solubility limit, the oily droplets enter and spread at 

the liquid/gas interface causing the rupture of the film. Solid hydrophobic particles also 

cause anti foaming by rapidly consuming the surfactant needed for foam formation by 

adsorption at the solid surface. In general, it is hard to understand fully the mechanisms that 

cause these phenomena, for example the same surfactant at different concentration can have 

opposite effects on foams, as at certain concentration it favours the stabilizing Marangoni 

effect while at higher it inhibits it causing thinning of the film. (T. F. Tadros 2005; Deotale 

et al. 2023) 
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3.7.2.3  Surfactantsô role in foams stabilization 

When a surfactant is added to the liquid phase it distributes at the bubbles surface. When the 

bubbles flow up in the liquid, the surfactant is redistributed on the bubble with a higher 

concentration in the lower part of the bubble, this uneven distribution is essential in foam 

stabilization as it causes surface tension gradients Ὠ‎, this is known as Gibbs-Marangoni 

effect. (Vitasari et al. 2020) Because of Ὠ‎ a dilatational elasticity is present ‭ called Gibbs 

elasticity (34). ‭ is defined as the resistance to surface deformation during thinning, also 

called Surface Dilation Modulus and it is the ability of a film to adjust its surface tension 

when an external stress is applied: 

‭ ς
Ὠ‎

ὨÌÎὬ
   

(34) 

 

where Ὤ is the change in lamella thickness. (T. F. Tadros 2005; Lee, Nikolov, and Wasan 

2014) A minimum value of ‭ is needed to have a film and as a consequence a foam. The 

surface tension gradient also causes a flow of surfactant from the liquid bulk to the interface 

(Marangoni effect). This two combined prevent thinning and rupture of the liquid film 

around the bubble that is produced when the bubble reaches the free surface of the liquid. 

(Vitasari et al. 2020) The duration of a foam depends on temperature, surfactants 

concentration, rate of drainage, Ὠ‎, diffusion forces and other external factors (e.g., 

temperature). Surfactants adsorbs at the gas liquid interface, lowering the interfacial energy, 

increase the interfacial viscosity and elasticity ‭, making it easier to maintain the large 

surface area created by bubbles. (T. F. Tadros 2005; Schramm 2005; Lee, Nikolov, and 

Wasan 2014) The foaming capability is optimal at medium surfactants concentrations (up to 

fairly above CMC), as if the concentration is too low the film will not have elasticity, if too 

high (well above CMC) the surface tension gradient is relaxed too quickly via diffusion 

causing a very thin film to form which is not stable. This behaviour is explained in Figure 

31. (T. F. Tadros 2005) 
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Figure 31 Foaming at different surfactants concentration (T. F. Tadros 2005) 

Above CMC micelles are formed in the liquid film causing an opposing contribution to the 

thinning of the film. Surfactants that are able to form liquid crystals can also be applied in 

foams stabilization by increasing the viscosity of the film, reducing film drainage. The liquid 

crystals also represent a source of surfactants molecule to maintain the optimal stabilizing 

concentration. (Lee, Nikolov, and Wasan 2014; T. F. Tadros 2005) 

Foaming properties also increases with the length of alkyl chain and decrease with increased 

branching. Foamability also decrease with all the factors that increase the cross-sectional 

area, e.g., polyethylene oxide chains. Ionic surfactants are more suitable for foaming since 

they provide additional stabilization by electrostatic repulsion, however optimal foams are 

obtained using mixtures of ionic and non-ionic surfactants, the mix has lower surface tension 

and CMC. (Schramm 2005) 

3.7.3  Suspensions 

A suspension is a colloidal suspension in which a solid is dispersed in a continuous liquid 

media. Solid particles are very often irregular in shape hence very variable association can 

occur in their dispersion. A suspension of particles in turbulent flow behaves like a fluid, 
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hence in the fluidized state, much larger particles can be maintained in suspension than 

would be possible under static or laminar flow conditions. Also, in the case of suspensions 

the viscosity is a lot higher than the viscosity of the continuous phase alone. 

3.7.3.1  Suspensions preparation 

Suspensions analogously to foams can be prepared in two different ways, by condensation 

and by dispersion. In the first method consist in the preparation of a supersaturated solution, 

followed by the change in chemical physical conditions that cause precipitation. It involves 

two steps, the nucleation which is the formation of a new phase from a supersaturated 

solution and a second stage consisting in the growth of the formed crystals. This method is 

of particular interest in emulsion polymerization. The free energy of formation of a nucleus 

can be expressed as: 

ЎὋ τ“ὶ‎
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(35) 

 

where ὶ is the radius of the nucleus ‎ is the S/L interfacial tension, ” is the liquid density,  

is the relative supersaturation and ὓ is the molar mass. The first contribution is contribution 

of surface energy and the second contribution related to supersaturation and radius increase. 

The critical value of radius after which the growth is spontaneous is given by finding the 

maximum of the function by differentiation and imposing the result to zero. 
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(36) 

In the second method a pre-formed solid is dispersed into a continuous liquid phase with the 

aid of a surfactant. The first essential stage of creating a suspension by dispersion in the 

wetting of a surface, this topic has been widely described in Chapter 3.6 . 

3.7.3.2  Role of surfactants in suspensions  

The importance of having a surfactant in the preparation of a suspension can be deducted 

from their accumulation at the S-L interface. In the case of suspension formation by 

condensation the surfactant has a similar role to that in emulsification, i.e., lowering the 
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surface tension, control of the dimension of the nuclei and solubilization of the 

supersaturated phase (e.g., emulsion polymerization).  

In the case of dispersion method (or after the suspension is formed by condensation) one of 

the roles of surfactants is to help the wetting of the surface, internally and externally, for this 

purpose surfactants with HLB between 7 and 9 are used.  

Another thing to consider when working with solid surfaces it their tendency to have a 

surface charge, indeed some compounds have very high affinity for ions that they get 

adsorbed on it, this also include the adsorption of ionic surfactants. The surface charge „ is 

usually compensated by a counter ions and co-ions density, this configuration is well known 

as Guy-Chapman double layer theory. The potential exponentially decreases with the 

distance from the charged surface (37), when the double layer of two particles overlaps, 

repulsion occurs. 

ɰ ɰ ÅØÐ‖ὼ (37) 

The thickness of the double layer depends on the presence of electrolytes and surfactants. 

The electrostatic repulsion is given by: 

Ὃ
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(38) 

At the same time VdW attraction forces Ὃ also act and can be described with equation (26). 

Surfactants as already mentioned lower the Hamaker constant. The stabilizing conditions are 

generation of high zeta potential6 and surface charge and low electrolytes concentration and 

counter-ion charge. 

In presence of anionic bulky or polymeric surfactants, another stabilizing effect is added, the 

steric one. When two particles covered in surfactant meet, the surfactant layer can overlap 

or compress, or more realistically both, this result in two energetic contributions, the mixing 

interaction Ὃ  and the elastic interaction Ὃ . The mixing interaction is the result of an 

increase in the surfactant concentration in the overlapped region that cause an increase in the 

chemical potential in that region, this also results in an increase in the osmotic pressure. Due 

to this gradient in osmotic pressure, the solvent will diffuse in the overlapped zone and 

causes separation between the two particles. The elastic interaction in caused by the loss of 

 
6 Zeta potential: potential generated by the presence of an electrostatic double layer. In the field of colloidal 

dispersions it is a measure of stability  
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configurational entropy when two macules approach each other, due to the reduced space 

available, their surfactant chains are limited in movements. For a good steric stabilization, 

the particles must be well covered, the surfactant must be well adsorbed on the surface of 

the particles, the stabilizing chain should be well solvated by the continuous phase and 

should have a sufficient thickness to prevent flocculation and sedimentation.  

3.8  Environmental issues of surfactants 

Surfactants, thanks to their amphiphilic behaviour, finds extensive application especially in 

the personal and house detergency industry. The widespread use of these molecules in 

cleaning cause their presence in the water streams, hence being responsible for pollution. 

Surfactants can reach non-controlled environment via wastewater treatment plants (WWTP) 

or directly by discharge in surface waters. (Badmus et al. 2021; Tripathy et al. 2021) In 

WWTP surfactants are difficult to completely degrade because of their molecular 

characteristics, therefore is common that the degradation is not complete and surfactants 

together with their degradation products are dispersed in water bodies ending up in soil and 

sediments as well. Another reason why surfactants manage to overcome the WWPT is that 

they interfere with the microorganism applied in those water plants for depurating waters 

from common pollutants. (Johnson et al. 2021) 

Surfactants can reach the soil also through sewage sludge, which is nowadays used as 

fertilizer, at the same time surfactants are also added to pesticides and fertilizers to increase 

the adsorption as dispersing agents, emulsifiers, and so on. (Tripathy et al. 2021) The 

dispersion of surfactants in the environment also happens though industrial waters and waste 

since these molecules are used also widely applied as additives and service fluids in many 

industries. 

The dispersion, especially of ionic surfactants, in the environment can cause serious damage 

to ecosystems, especially aquatic flora and fauna, indeed is estimated that about 60% of the 

surfactants produced somehow ends up in water streams. (Johnson et al. 2021) Cationic 

surfactants can easily be adsorbed in to negatively charged surfaces like soil, sludge, plastics 

and biological membranes like the cytoplasmatic one, causing bioaccumulation, these 

substances building up can cause growth retardation and death. Similarly anionic surfactants 

interact with proteins, present in the cell membranes of aquatic plants and animals, enzymes 
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and the DNA compromising several vital functions which cause cellular death. Also, non-

ionic surfactants have antimicrobial effects due to protein interactions. (Johnson et al. 2021) 

Every surfactant overall, due to the modification in surface tension, compromise the 

exchange function of biological membranes limiting nutrients, oxygen and metabolites 

exchange. (Badmus et al. 2021) 

In addition to these direct effect, surfactants lower surface tension allowing other pollutants 

to adsorb more easily like persistent organic pollutants (POPs). They also cause foaming on 

water surfaces limiting the light and oxygen exchange damaging all aquatic lives. (Badmus 

et al. 2021) Eventually many surfactants are degraded in aerobic conditions by microbial 

activities, meaning that its structure is significantly changed into bacterial metabolites 

(e.g., ὅὕȟὅὌȟὌὕ and biomass) and no longer have surface activity, the issues is the time 

for degradation and the intermediates that sometimes happens to be more damaging than the 

starting molecule. (Tripathy et al. 2021) 

The toxicity and the risks related to surfactants in the environment are measured in terms of 

concentration parameters like the median effective concentration Ὁὅ , median growth 

inhibition concentration Ὅὅ  and the median lethal concentration ὒὅ , which is the amount 

that has the described effect on 50% of the studied population. (Badmus et al. 2021; Johnson 

et al. 2021) 
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4  Biobased Surfactants 

The harmful effects of surfactants on the environment have been summarized in section 3.8 

to these, also the environmental impact of producing the building blocks from fossils derived 

chemicals must be added, considering the enormous  market volumes (ñSurfactants Market 

Size Global Industry Forecastò). Keeping in mind these issues, many biobased and 

biodegradable surfactants are being developed. In 2017 they accounted for 25% of the total 

surfactants produced. (Hayes and Smith 2019) 

The term ñbiosurfactantsò can be used to refer to molecules extracted directly from 

organisms or for molecules synthetized from biobased building blocks, in this work with 

both types of surfactants will be addressed as such. The ECN (European Commission of 

Standardization) defined as wholly biobased compounds made for at least 95% of biobased 

materials, while below 5% they are not biobased. (Hayes and Smith 2019) Some examples 

are reported in Figure 32. 

Biosurfactants, as mentioned, are a wide variety of compounds that include surface active 

molecules extracted directly from the natural source also referred as ñnatural surfactantsò 

like polar lipids, glycolipids that are carbohydrates fatty acid esters present in extracellular 

membrane, amino acids derivatives, terpenes derivatives, glycopeptides and so on. 

Amphiphilic molecules are widespread in nature, in living cells this type of molecules have 

the same function that are needed in technical applications: modify surfaces and overcome 

solubility for example for nutrition or protection reasons. (Holmberg 2001; Johnson et al. 

2021).  

In the biosurfactants family, are also included surfactants composed at least of one biobased 

moiety in the head group or in the tail, or both. The source of these molecules can be 

bacterial, animal and plat based (Holmberg 2001; Johnson et al. 2021; Hayes and Smith 

2019). This work will be focused on the second type as it allows the valorisation of discarded 

materials to produce large scale molecules such as surfactants. Long chain acids, alcohols 

and amines, saccharides-based compounds, will be the main interest, since the molecules 

synthesized in the experimental section belongs to these categories. Specifically, fatty acids 

esters, fatty alcohols esters, and fatty amines amides, involving saccharides and glycerol 
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derived head groups will be described as they are already widely used (e.g., SPAN and 

TWEEN) and are the main reference for the experimental research of this manuscript.  

 

Figure 32 Some organic emulsifiers (Kinyanjui, Artz, and Mahungu 2003) 

The advantages of biosurfactants are various; biodegradability, being biological molecules 

and amphiphiles with cleavable bonds they can be easily degraded by bacterial activities and 

environmental conditions, low toxicity and biocompatibility, versatility as they can be easily 

manipulated by stressing the organism or by synthetic conditions, abundant and renewable 

sources, sustainability and many more. Another desirable property that has been observed is 

that on an average the surface activity in terms of CMC of natural surfactants is 10 to 40 

times lower than synthetic ones. (Johnson et al. 2021) The main reason why biosurfactants 

are not that widespread is their lack of availability, these molecules are often present in very 

low concentrations and their extraction is often difficult. Indeed, in most of the cases the 

separation and purification costs can exceed the cost equivalent synthetic molecules. 

(Holmberg 2001) 

4.1  Carbohydrates and derivatives as headgroup 

Carbohydrates and their derivatives are of great interest in the surfactants production as they 

carry many reactive ὕὌ groups that are hydrophilic and can be exploited as head group 

and to link the hydrophobic chain. Carbohydrate-based surfactants are most commonly 

applied in in the cosmetic, detergent, food, and pharmaceutical industries as they are highly 

biocompatible (Allen and Tao 1999). The most common carbohydrates used are fructose, 

sucrose, glucose and sorbose and their reduced form, like mannitan, sorbitan, iditan but also 
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their alcohols like sorbitol, maltitol, mannitol, iditol and xylitol. A classification of 

carbohydrates is shown in Error! Reference source not found., while in Figure 34 it can 

be seen how for example., from starch many possible functional groups can be obtained.  

 

Figure 33 Carbohydrates classification 

Sugars, their reduced form and sugar alcohols can be combined with fatty acids, alcohols 

and amides of various lengths and natures to obtains surface active molecules. To achieve 

better properties these molecules can be subjected to ethoxylation, sulphonation and so on. 

Another feature of carbohydrates that must be considered when using them for reactions is 

that, as mentioned, their many ὕὌ groups have more or less the same reactivity, hence if 

specific selectivity wants to be achieved, group protection techniques must be applied 

otherwise most probably mixtures of products with one or more chains in different position 

will be obtained. Group protection can be done by acetylation, esterification, and 

etherification, however this requires many reacting steps. (J. Guo and Ye 2010) 
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Figure 34 Possible derivatives  from sugars treatments (Foley et al. 2012) 

A novelle class of molecules that can be used as hydrophilic portion, as the above-mentioned 

molecules, are ISAs which can be classified also as carbohydrate surfactants since, as 

explained in Chapter 2 , they are derived from carbohydrates degradation in presence of 

alkali. ISAs can be applied in their acidic form or in lactone form for the synthesis of 

surfactants, combined as well with long-chain acids, alcohols, and amines.  

Carbohydrates based surfactants are cleavable, i.e., amphiphiles in which a cleavable bond 

(e.g., ester bond, carbonate, glycosidic or amide bond) has been inserted, typically between 

the hydrophobic and hydrophilic portions. Ester, amides, and carbonate bonds undergo 

enzymatic degradation as well as alkaline and acidic degradation. (Tehrani-Bagha and 

Holmberg 2007) Overall the surfactants are designed to be stable at the conditions they are 

meant to be applied. 

4.1.1  Ester surfactants 

Ester surfactants are a class of biobased, degradable surfactants characterized by the 

presence of at least one cleavable ester bond in their structure. They include fatty acids and 

alcohol ethoxylated, glycerol and polyglycerol of fatty acids, sugar esters and their 

ethoxylated, and so on. (Tehrani-Bagha and Holmberg 2007) 



58 
 

One of the most popular ester surfactants are those derived by the condensation of a 

saccharide (or its derivative) with a fatty acid in presence of a catalyst. The saccharide 

provides the hydrophilic portion while the fatty acid is responsible for the hydrophobic part.  

Ester bond can be broken by mean of alkaline or acidic hydrolysis but also by enzymatic 

microbial activity. Enzymes responsible for the degradation include the lipase. For this 

reason, ester surfactants are suitable for applications in neutral or slightly alkaline or acidic 

conditions. (Tehrani-Bagha and Holmberg 2007) 

Sorbitan esters are produced from the reaction between sorbitol and a fatty acid in presence 

of acid or base as catalyst, in this condition sorbitol undergoes internal esterification to give 

sorbitan and simultaneously reacts with the fatty acid to produce the esters. This reaction 

occurs at temperatures between ρψπЈὅ and ςφπЈὅ, for milder reaction conditions enzymatic 

reaction is possible using the lipase from Candida antarctica or Mucor miehi. Sorbitan esters 

are among the most used biobased surfactants, they are commercialized under the name 

SPAN while their ethoxylated derivates under the name TWEEN (Holmberg 2001). Sorbitan 

esters alone have low HLB ranging from 1 to 8, hence usually they are not soluble in water 

and are suitable for W/O emulsification. To make them more hydrophilic they are 

ethoxylated, reaching values of 10-17. For example, SPAN 80 has a HBL of 5 while its 

ethoxylated TWEEN 80 (20 moles of EO) has a HLB of 15. Another strategy is to create 

mixture of ethoxylated and non to cover a wider range of HLB. (T. F. Tadros 2005) Sorbitan 

esters are biobased (at least partially) and biocompatible hence they are mostly applied in 

food, cosmetic, and pharmaceuticals, but also in suspension polymerization and 

agrochemicals. (Pal et al., 2021; Allen and Tao 1999) Sorbitan esters are approved by the 

FDA as food additive. (Nutrition 2023) 
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Figure 35 Sorbitan Monooleate (or SPAN) and the ethoxylated (TWEEN) 

Sugar esters are very mild surfactants that are applied mostly in cosmetic food and 

pharmaceuticals, sucrose is a very temperature sensitive molecule hence it is difficult to 

esterify without damaging the reactant and the product. They are synthetized by combining 

the primary hydroxyl group of the non-reducing moiety with a fatty acid. (Pal et al., 2021; 

Allen and Tao 1999) Also sucrose esters are accepted by FDA as food additive.(Nutrition 

2023) 

 

Figure 36 Fructose monoester and diester. 

 

 

Figure 37 Sucrose Monostearate, derived from sucrose and stearic acid 
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4.1.2  Alkyl glycosides 

Alkyl glycosides are synthetized by reacting fatty alcohols in the range C8-C16 with glucose 

(1-3 units) in presence of acidic of basic catalyst. The reaction gives as products different 

alkyl glycosides and poly-glycosides based on how many ὕὌ the fatty chain will bond. To 

achieve selectivity, groupsô protection techniques may be used but they are not really 

necessary and economically convenient. Alkyl glycosides are very useful for the creation of 

very stable foams, and they also display good wetting power which is an essential feature in 

detergency and dyeing. As the other surfactants. their performance depends on the length of 

the alkyl chain, the possible substituents, and the type of headgroup, while the interfacial 

tension is not dependent on temperature as it happens for ethoxylated derivatives. (Pal et al., 

2021) The glycosidic bond is degraded in acidic conditions while it is stable enough in 

alkaline condition. (Tehrani-Bagha and Holmberg 2007) Alkyl glycosides are also available 

in their ethoxylated form, where one or more of the available -OH are reacted with EO giving 

temperature dependent properties. In general all these molecules have good solubility in 

water and high cloud points. (Tadros 2005) 

 

 

Figure 38 Alkyl glycosides, derived from glucose and stearyl alcohol and glucose 

Alkyl glycosides can be turned into anionic surfactants by reaction for example with citrates, 

sulfosuccinates, and tartrates. showing better results with respect to non-ionic. (Pal et al., 

2021) Alkyl glycosides are in the list of food additives approved by FDA. (Nutrition 2023) 

4.1.3  GISAs esters  

In literature the synthesis of fatty acids esters as surfactants is very common, however the 

use of hydroxycarboxylic acids in this field is almost completely unexplored. The only 

available article that approached this possibility was written by Kumar and Alén. In this 

paper fatty acids (lauric and oleic) were esterified in presence of an acidic catalyst (pTSA) 
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with the lactone form of  ‌ glucoisosaccharinic acid. The esterification was then repeated 

using tall oil fatty acids. The esterification was carried at temperatures between 70 and 100ЈC 

and ratios lactone to fatty acid of 1:1 or 1:3 molar ratio. The reactions were left to react under 

strong magnetic stirring for 6 hours. After that the unreacted acids were decanted and the 

ester products were recovered by washing with toluene, and the unreacted fatty alcohols 

were precipitated by neutralization with ὑὌὅὕ  in form of emulsion. The toluene was then 

evaporated. The results of these experiments showed a total yield of around 60% with oleic 

and stearic acid and of 40% for tall oil. When a ratio 1:3 was used, the diester was formed 

in bigger quantities, while when a ratio 1:1 was used the monoester was more abundant. At 

temperatures higher than 100ЈC the unsaturated fatty acid started to self-polymerize. 

However, no results were reported on the surfactant performance of these molecules. (Kumar 

and Alén 2016) 

 

Figure 39 Esterification reaction between GISAL and fatty acids to form mono- and di-

esters. Adapted from ( Kumar and Alén 2016) 

 

4.1.4  Amides surfactants 

Amides surfactants contain a cleavable amide bond obtained from the reaction of a fatty acid 

and a compound containing the amine group e.g., amino sugars or from a long chain amine 

and a carboxylic acid. Amide sugar-based surfactants are not very popular yet, even if their 

characteristics are similar enough to sugar esters. Amides are more stable to alkaline 

hydrolysis than esters and glycosides, however the amide bond has a very strong hydrogen 

bonding feature which increase the surface tension (Ali, Hussen, and Heidelberg 2014). 
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While ethoxylated alkylamine have high toxicity for marine life, the carbohydrates 

derivatives show lower damaging effects (Oskarsson et al. 2007) 

The reaction of a long chain amine and a hydroxy acid is the main reference for part of the 

experimental part of the present work, a review the reference article is presented in the 

following chapter. 

 

Figure 40 Amide surfactant made from the reaction of an amino sugar and a fatty acid. In 

this case lauric acid. 

4.1.5  ISAs-based amide surfactant 

Also in the case of amides, the use of ISAs has not been widely explored. Only few studies 

were available in literature.  

M. Rejentes and G.K. Cooper recovered the alkaline liquor from sulfite pulping process, the 

fluid had a total solid content of 20.6%. The 3360g of black liquor were first acidified and 

then concentrated until they were left with 297g of dark solution. They purified it by washing 

with ς Propanol, filtered and the salt cake was again washed with more ς Propanol. More 

water and ς Propanol were added together with activated carbon to purify it, the result was 

a clear tan solution. This was then used to synthetize some amide surfactants by reacting it 

with long chain amines using a thermal approach. First, they produced the lauryl saccharin 

amide by mixing 6.7g of lactone mixture and 9.25g of lauryl amide, they mixed for 1h at 

60°C and then for another hour at 120°C. IR was used to see if the product formed and it 

showed the appearance of an amide carbonyl doublet at 1750 ὧά . The resulting material 

was not water soluble, but it was in 2-propanol, and it was also found that the resulting 

product, 0.1% solution, was able to stabilize a 50:50 toluene water emulsion. They also 

synthetized the stearyl saccharin amide by reacting the clear tan oil with stearyl amide, the 

reaction was carried at 160 -170°C under nitrogen for 3 hours. The resulting product was 
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successively taken up in chloroform and washed with 10% acetic acid followed by aqueous 

sodium bicarbonate. The organic phase was then dried with magnesium sulphate and the 

solvent evaporated in a rotavapor. A tan powder was obtained, analogously to the lauryl 

amide, this product is also soluble in organic solvents but not in water, it also has emulsifying 

properties but not as effective as the lauryl one. After synthetizing these two molecules they 

also decided to further react them to obtain the sulphate of the stearyl amide and the 

ethoxylated version of the lauryl saccharin amide. It was performed the surface wetting test 

on a hydrophobic polyethylene surface using the sulphate saccharin amide (water soluble) 

by preparing a 1% water solution, the compound displayed good wetting properties as the 

drop spread when the surfactant was added. (Reintjes and Cooper 2002) 

 

Figure 41 Reaction between GISAL and amine to give amides and their sulphonated and 

ethoxylated derivatives. Adapted from (Reintjes and Cooper 2002) 

Bil et al. developed an impressive mechanosynthesis of several aldonamides by aminolysis 

of unprotected sugar lactones. They simply used a vibrating ball mill to perform grinding of 

stoichiometric amounts of amine and lactone, in the presence of water used as a Liquid 
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Assisted Grinding (LAG). They also performed the reaction in a mortar to show the 

possibility of doing the reaction also without any equipment.(Bil et al. 2022) 

 

Figure 42 Mechanosynthesis of lactones amides (Bil et al. 2022) 

Oskarsson et al. synthetized a Y-shaped surfactants using D(+)-gluconic acid ‏-lactone, 

which is very similar in terms of functional groups to the ISAs,  and dodecyl amine. The 

synthetized molecules are shown in 

 

Figure 43 Dodecyl amine and gluconic acid Y-shaped surfactant 

4.2  Degradation of some biobased surfactants 

The main advantage of biobased surfactants is that they are cleavable under certain 

conditions and the resulting products can be further degraded by bacterial activity 

(biodegradation) without any toxic byproduct that can cause bioaccumulation, pollution or 

damage to living-beings. Biodegradation is defined as the series of metabolic reactions that 

give as products biomass, ὅὕ, water and metabolites. Their effect has been most studied on 

human exposure and in their persistence in WWTP as, as mentioned in section 3.8 , they 

reach the environment mostly via water streams.  

The two main mechanism taking place in surfactants degradation are hydrolysis of the 

cleavable bond and via alkyl chain oxidation.(Baker et al. 2000) As mentioned above, ester 

bond is chemically hydrolysable and only applicable in a pH range between 5 and 10. The 

stability to hydrolysis of ester-based surfactants depends on the substituent of the ‌-carbon 

in the alkyl chain but it has been shown that its half-life in solution also depends on the 
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concentration, in fact at concentration above the CMC it has been shown that their 

degradation rate decreases due to the fact that the surfactants involved in the micelles are 

protected from hydrolysis. Surfactants containing a fatty acid have nonlinear degradation 

time dependence as when part of it are degraded the micelles becomes negatively charged 

and further stabilized as anions are repelled. (Tehrani-Bagha and Holmberg 2007)  

Usually the biodegradation of ester surfactants occurs with the cleavage of the ester bond 

simultaneously with the alkyl chain oxidation, as shown in Figure 44.However Baker et al. 

observed, using aerobically growing sludge from a WWTP, that the presence of a sulfonyl 

group inhibits the hydrolysis of the ester bonds hence the degradation starts from the slow 

alkyl chain oxidation (Baker et al. 2000). Studies also with the  peptidase and lipase from 

the Mucor Miehei and Candida antarctica were performed with ethoxylated fatty acids. 

(Lundberg, Stjerndahl, and Holmberg 2008; Stjerndahl, van Ginkel, and Holmberg 2003; 

Lundberg, Stjerndahl, and Holmberg 2023) 

 

Figure 44 Degradation pathway for sucrose ester in WWTP (Baker et al. 2000) 
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Amide bonds are also subjected to hydrolysis especially at low pH, while they resist pretty 

well to alkali hydrolysis. Analogously to the esters, the mechanism of the biodegradation of 

amides was studied by Stjerndahl and Holmberg using an activated sludge from a municipal 

WWTP, the study was performed on ethoxylated amides, the study found that again the 

biodegradation occurs simultaneously by ‍-oxidation of the accessible alkyl chain by co-

enzyme A, that act as carbon source, followed by hydrolysis of the amine bond. This also 

occurs for surfactants containing the ether and carbonate bond. (Stjerndahl and Holmberg 

2005).The most studied enzymes for studying the hydrolysis of amide surfactants are the 

amidase and lipase from the Mucor Miehei and Candida antarctica. (Stjerndahl and 

Holmberg 2005; Lundberg, Stjerndahl, and Holmberg 2008). 

Geerts et al. used municipal WWTP sludge to evaluate the biodegradation of fatty acids 

amides, the bacteria belonged to the strain Pseudomonas and P. aeruginosa. The most 

relevant findings are that primary and secondary amides hydrolyse by mean of amidase 

enzyme, while tertiary amides, at least initially , are dealkylated, hydroxylated or transformed 

by another unknown reactions (Figure 45). It has also been noticed that only the cooperation 

of more bacteria strains allows the complete breakdown of the surfactants in ὅὕȟὌὕ and 

ammonium salts, this is because some of the strains did not have the amidase enzyme, but 

all of them used ammonium as nitrogen source. (Geerts et al. 2014) 

 

Figure 45 Degradation of amides surfactants by WWTP sludge (Geerts et al. 2014) 
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Jurado et al. studied the ecotoxicity of the metabolites resulting from the degradation of 

different non-ionic surfactants among which fatty-alcohol ethoxylates and alkyl 

polyglycolides (section 4.1.2 ) They tested the ecotoxicity on bioluminescent bacteria, 

founding out that the toxicity increase with the length of the alkyl chain and HLB, in the 

case of non-linear alkyl chain the trend is opposite. Another discovery is that the toxicity 

drops with increasing CMC. Finally all the metabolites resulting were less toxic than the 

surfactants itself.  (Jurado et al. 2009) 

To summarise, fatty acids esters and amides are easily cleaved both chemically and 

enzymatically. Fatty acids represent a carbon source for many bacteria present in municipal 

WWTP and in nature. Amides are hydrolysed chemically and by those bacteria having 

amylase. The hydrophilic head, if it consists of sugars such as glucose or sorbitol, they are 

also used as energy source from bacteria.  

Of more interest from this work is to research the biodegradation of GISAs implied in the 

experimental works. As mentioned, GISAs are mostly studied in the complexation of 

radioactive metals hence most of the researches available focus on the microbial degradation 

in repository conditions as their degradation brings to molecules that have lower complexing 

power causing the liberation of the radioactive nuclides. The repository conditions are far 

from the WWTP ones, as the storage of radioactive waste is anaerobic and often in very 

extreme and alkaline conditions for bacterial growth. ISAs are not widely available in nature, 

hence not many common bacteria were found that are able to actively consume ISAs. 

Instead, microorganisms with this property were found in proximity of places where ISAs 

are present constantly, i.e., pulping and paper factories. (Greenfield et al. 1994) 

Strand et al. tested 22 bacteria strands, among which some are also found in WWTP sludge, 

soil, and water, they found that none of those bacteria was able to actively grow on GISAs 

substrate. This is an interesting result as GISAs are carbohydrates derivatives with similar 

structures to other saccharides products. They also tested some bacteria found close to paper 

mills, those strands were able to grow confirming what is available in literature. (Strand, 

Dykes, and Chiang 1984) 

At this point, since GISAs have been gathering interest for the production of biobased 

compounds it would be interesting to assess the effect of their bioaccumulation in humans 

and environment. No studies are available on this topic, however ISAs are naturally 
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produced by gut microbiome when digesting plant´s cell walls and lactose and detected in 

urine showing that they might not show toxicity (Aït-Aissa and Aïder 2014; Kareb and Aïder 

2019). In case of commercialization of any ISAs based products toxicity tests on human and 

in general on the environment are performed anyways.  
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5  Sources of fatty molecules for surfactants production  

Long alkyl chain molecules are prepared either from biological sources or by petrol-based 

molecules. The fatty molecules present in biological systems (animals, plants, algae, bacteria 

and so on.) are mostly in the form of triglycerides. The synthetic fatty acids are produced by 

continuous air oxidation of aliphatic hydrocarbons, these are not applicable for food 

purposes as they contain odd-number liner acids. (Fineberg 1979)  Molecules from natural 

sources are not necessarily more sustainable than the oil-based ones as the latter may 

compete with food industry, being cause of monocultural agriculture, deforestation, and 

pollution due to pesticides and fertilizers. (M. Kumar et al. 2020)  However, exist vegetal 

sources of fatty molecules that are non-edible like some plants and algae, and waste streams.   

 

Figure 46 Possible pathways for surfactants synthesis from FA (Foley et al. 2012) 

5.1  Fatty acids 

Fatty acids (FA) are found in nature mostly in the shape of triglycerides, meaning three FA 

molecules are attached to a glycerol one. To obtain free fatty acids (FFA), the triglycerides 

undergo hydrolysis or are split via lipase. In nature FA are available in lengths between 8 

and 80 carbons in even numbers, they can have up to 6 double bonds and other substituents 

as well. More than a 1000 have been currently recognized, however the most recurring one 
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are in the range between 10 and 22 carbons. The 97% of the produced oils comes from only 

few sources, namely palm (and its kernel), coconut, canola, olive, sunflower, soy, cotton, 

and peanut. For animal-based FA the most common sources are beef tallow and pork lard. 

The relative amounts of the fatty acids of interest for this study present in the aforementioned 

sources are reported in Table 4. These oils are all edible, hence they can be found in waste 

cooking oils. (Kenar, Moser, and List 2017) 

Table 4 Content of FA in the most common species (Kenar, Moser, and List 2017) 

FA 

(%)* 

Coconut Corn Cotton Olive Palm Palm 

kernel 

Peanut  Canola Soy Sunflower Pork 

lard 

Beef 

tallow 

Caprylic 

C8:0 

4.6-10 -  - - - 2.4-

6.2 

- - - - - - 

Capric 

10:0 

5.0-8.0 - - - - 2.6-

5.0 

- - - - <0.5 <0.5 

Lauric 

C12:0 

45.1-

53.2 

<0.3 <0.2 - <0.5 45.0-

55.0 

<0.1 - <0.1 <0.1 - - 

Myristic 

C14:0 

16.8-

21.0 

<0.3 0.6-10 <0.05 <0.5 14.0-

18.0 

<0.1 <0.2 <0.2 <0.2 1.0-

2.5 

2.0-

6.0 

Palmitic 

16:0 

7.5-10.2 8.6-

16.5 

21.4-

26.4 

7.5-

20 

39-

47.5 

6.5-

10.0 

8.0-

14.0 

1.5-6.0 8.0-

13.5 

5.0-7.6 20.0-

30.0 

20.0-

30.0 

Stearic 

18:0 

2.0-4.0 <3.3 3.0-

6.5 

0.5-5 3.5-

6.0 

1.0-

3.0 

<0.2 <3.0 2.0-

5.4 

2.7-6.5 8.0-

22.0 

15.0-

30.0 

Oleic 

C18:1 

5.0-10.0 2.0-

42.0 

12.0-

28.0 

55.0-

83.0 

36.0-

44.0 

12.0-

19.0 

35.0-

69.0 

8.0-

60.0 

17.0-

30.0 

14.0-39.0 35.0-

55.0 

35.0-

45.0 

Total 65-68 5 18-20 25-

30 

45-

50 

45-50 60-65 40-45 18-

20 

35-45 - - 

*  ó-ó non measured values or non-present 

Another possibility is the extraction of fatty acids from microorganisms; however, the cost 

of these molecules is much higher than the plant-based ones. A lot cheaper and convenient 

source of FA could be algae which are currently being used for biodiesel production. A big 

limitation in this case is the fact that ὅὕ must be bubbled into the bioreactor to enhance 

lipids production, if the cultivation of algae is done outside the lipids percent in mass is less 

than 10%. (Kenar, Moser, and List 2017) Also, the types of lipids produced by algae and 

other microorganisms are more suitable for pharmaceuticals and cosmetics more than for 

bulk chemicals like surfactants. Hence, the most sustainable option is to use waste streams 

such as waste cooking oil, tall oil, animal fats and sewage sludge. In sludge mostly short 

acids are present. 



71 
 

Tall oil fatty acids (TOFAs) are a side products of the Kraft pulping process, the composition 

is very variable, on average it contains mostly oleic and linoleic acid. (Kumar and Alén 

2016) However in the last decade TOFAs have become a very valuable product used in many 

fields, hence due to its high request it has become fairly expensive. 

Waste cooking oil has been widely employed for the production of biodiesel, the oil present 

in this waste streams are mostly those reported in Table 4. Waste cooking oil should be 

processed before being reused, by removing eventual solids and water present from food 

contact. Lima et al. produced free fatty acids from waste palm oil by alcoholic alkaline 

saponification followed by acidic hydrolysis with a yield of more than 97%. (Lima et al. 

2012) Another strategy used both for recovery of FFA and for biodiesel production is by 

esterification mostly with methanol.  

5.2  Fatty acids derivatives 

From FA other useful molecules can be derived, for this study, particularly interesting 

molecules are fatty alcohols and fatty amines. Both these molecules are obtained by 

reduction of FA. Fatty alcohols can be produced either from FA or from FA methyl esters 

(milder conditions). From fatty acids they are produced under hydrogen stream in presence 

of a metallic catalyst such as copper, at 300Јὅ and elevated pressures 23-30 MPa. Fatty 

(primary) amines are prepared by two-step reaction, in the first step the FA is reacted with 

ammonia at high temperatures to obtain an amide. The amide is then dehydrated to give a 

nitrile which is then reacted with hydrogen to give the desired amine. . (Kenar, Moser, and 

List 2017) 
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Experimental section 

In this section the experimental work is described. Before explaining in details the 

experiments, a short introduction of the analysis method is given to justify the reason of the 

choices. After assessing the analytics, the cellulose alkaline digestion is described as it will 

represent one of the starting materials for the production of surface-active molecules.  

6  Analysis methods 

 Analyses were performed in various campuses. Different methods were employed both for 

structural purposes and to monitor the consumption/production of compounds. 

NMR analysis was performed in Tampere thanks to Professor Rama Layek who collaborates 

with that university. 

FT-IR was also attempted, as it was available in LUT-Lappeenranta, however this method 

was not very effective as the number of other compounds did not allow to recognize the 

presence of products. 

The HPLC analysis was performed in LUT-Lahti campus. The method was developed 

together with other project researcher working in the facility. 

Finally, GC-MS was performed in in LUT-Lappeenranta, this allowed to assess in a 

definitive way the presence/absence of products. 

As an example of the potential development of this research, the performance of surfactants 

in mixture was monitored using a contact angle goniometer. This device allows the 

evaluation of the surface tension and the contact angle. 

6.1  HPLC method 

HPLC allows the separation and analysis of reacting mixtures into their components, based 

on the affinity of the compounds with the used columns and mobile phase. 
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For the analysis of the hydroxy acids mixture the method used was developed in previous 

research (Laine 2022) and slightly adjusted for this case, the details are reported in Table 5. 

Table 5 HPLC Method for acid mixture 

Equipment Agilent 1260 Infinity II 

Column Agilent Luna Polar C18 

Dimension 250 x 4.6 mm 

Injection volume 5‘l 

Flow rate 0.5 ml/min 

Temperature 15°C 

Mode Reverse phase 

Eluent 0.1% Ὄὖὕ + 50 mM  ὔὥὌὖὕ 

Wavelength 205 nm 

Solvents Water 

Detector DAD, RID 

 

The BL production will be described in the next section (Chapter 7 ), however the HA that 

are present in BL were already discussed in section  2.4 . Here, in Table 6 the retention times 

of the identifiable acids are reported. 

Table 6 Retention times of the hydroxy acids 

Acid Retention time [min] 

Oxalic Acid 4.994 

Glycolic 6.995 

Formic 7.150 

‌ GISAL 8.825 

‍ GISAL 9.114 

Lactic 10.401 

2,5-DHPA 12.622 

2-HBA 22619 
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As mentioned in the Chapter 4.1 to produce the desired surfactants molecules the 

hydroxyacids mixture will be combined with fatty acids and amine, namely octanoic, lauric 

and stearic acid and lauryl amine. These acids were measured with HPLC to create the 

standards for the reactants, to be able to identify them and to monitor their consumption.  

For the analysis of surfactants mixtures, the column used was the Agilent InfinityLab 

Poroshell 120 EC-C18 which compared to other available columns should provide faster and 

more precise separation. The column consists of core dense silica particles and a porous 

outer layer allowing short analyte diffusion path, resulting in fast and precise separation and 

an alkyl bonded phase (C18) that form an organic layer, resistant to silica dissolution at high 

pH conditions and determines the selectivity (Figure 47). These features results in good 

efficiency for acids, bases, and neutrals.  

 

Figure 47 HPLC column features used for surfactants analysis (ñInfinityLab Poroshell 120 

| Agilentò) 

This column is especially suitable for this process as it allows to elute all the small polar 

molecules very fast, it retains the fatty molecules while the surfactants should elute in 

between the two. The method used for the analysis is summarized in Table 7. 
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Table 7 Summary of HPLC method for surfactants 

Equipment Agilent 1260 Infinity II 

Column Agilent InfinityLab Poroshell 120 EC-C18 

Dimension 3.0 x 100 mm, 2.7-Micron. 

Injection volume 5‘l 

Flow rate 0.5 ml/min 

Temperature 15°C 

Mode Reverse phase 

Eluent 65 % ACN / 35 % H2O with 0.1 % formic 

acid / For R11 measured in 20 mM phosphate 

buffer 

Wavelength 205 nm 

Solvents Water, IPA 

Detector DAD, RID 

 

The retention time of the starting material was measured and used as reference to identify 

the possible products peaks, as no standards were available for the products. The elution 

time of the starting material is reported in Table 8.As expected, based on the features of the 

column, shorter alkyl chains result in a faster elution, while bigger chain are retained for 

longer. In particular steric acid, featuring the same alkyl chain as the column material, had 

an elution time that was greater than 30 minutes. It was interesting to notice that also dodecyl 

amine did not come out in the measured interval, the measurement was repeated to be sure. 

The reason for this behaviour is unknown.  
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Table 8 Retention time of the starting materials 

Compound Retention time [min] 

Octanoic acid 2.348 

Lauric acid 11.369 (2.353 in 20 mM phosphate buffer) 

Stearic acid >30 

Dodecanol 15.39 

Dodecyl amine - 

Hydroxy acid mixture 0.831 (0.973, 1.26, 1.588, 1.871 in 20 

mM phosphate buffer) 

DMF 0.953 

IPA 1.177 

 

6.2  GC-MS Method 

GC-MS is a technique that combines separation and mass analysis. To be able to volatilize 

such big molecules as the ones under study, those were subjected to silylation, which makes 

all the compounds more volatile by attaching trimethylsilyl ether groups to the molecule. 

This was done by dissolving 2-4 mg of sample in 150 ‘l of pyridine and 150 ‘l of 95% 

BSTFA and 5% TMCS followed by 1h in the oven. The reaction is shown below (39). 

Ὑ ὕὌ ὢ ὛὭὅὌ ᴼὢὌ Ὑ ὛὭὅὌ  

 

(39) 

 

The overall method is reported in Table 9.  

Table 9 GC-MS method  

Equipment Agilent 7890 and 7000 GC/MS triple 

quadrupole 

Column 25 m/0.25 mm wide-bore capillary column 

with a nonpolar phase (HP-5, Agilent 

Technologies) film thickness of 0.25 ɛm 
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This technique turned out to be useful but at the same time difficult as the new molecules 

were not available in the database and were ´hidden´ in a mixture of many compounds, in 

addition, with this analysis the molecules undergo fragmentation which complicated the 

procedure. The fragmentation reactions that are more expected to occur include the breakage 

of the fatty acid alkyl chain, the loss of -OH groups from the GISA/ GISAL, and their 

fragmentation and rearrangement in different positions. 

Thanks also to the database search tool in the GC-MS software, it was possible to identify 

some of the most common compounds that are present in the BL. In particular it was possible 

to identify some of the peaks that were consistently presents in all the reactions (where the 

BL was in the same phase as the product) and the starting material. The identified compounds 

are reported in Table 10.  

Table 10 Identified compounds via GC-MS 

Compound Retention time 

‌ Ⱦ ‍ GISAL 14.774-14.974  

‌ Ⱦ ‍ GISAL 15.009-15.245  

1,4-Butanedioic acid (Succinic) 7.419-7.458  

Hydroxybutanedioic acid (Malic) 8.345-8.40 

Pentanedioic acid (Glutaric) 11.151-11.191 

2-Hydroxypentanedioic acid 12.664-12.675 

Hydroxybutanoic acid 5.973-6.004  

Benzoic acid 6.161-6.208  

Octanoic acid 6.428-6.641 

Lauric acid 13.815-14.051 

Stearic Acid 32.952-33.172 

Ethyl Laurate 12.692-12.982 

Lauryl amine 18.759-19.592 

 

In addition to these compounds, trihydroxy acids were also suggested as possible compounds 

as well as gluconolactone. The isomers of all the named compounds were also found. Others 

could not be identified with good degree of certainty. 
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Due to the large number of fragmentation and rearrangement reactions that can occur, it was 

not straight-forward to identify possible products, especially due to the unknown exact 

composition of the reacting mixture. However, some peaks with minimal fragmentation were 

found. The masses calculations are reported in Appendix 3 Table A3 3, Table A3 4,  

Table A3 5,  

Table A3 6 and Table A3 7. In addition to that in GC-MS, molecules are subjected to 

ionization, hence it is not excluded that the charge of the molecules is higher than 1 resulting 

in lower m/z ratio. Another issue encountered was the solubilisation of some of the reaction 

mixture and the fact that, during silylation, some precipitation occurred. For these reasons, 

it is not possible to state with absolute certainty the nature of most of the peaks.  
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7  Cellulose digestion: Hydroxy acids production 

Based on the work of J. Laine and the Separation Science research group, (Laine 2022), two 

experiments of microcrystalline cellulose (MCC) digestions were performed in different 

conditions to obtain a higher amount of GISAs. Diversely from the aforementioned reference 

work, where an autoclave reactor was used, in this work the digestions were run in an Air  

Bath Reactor (Appendix 1 Figure A1  1), which allows higher S/L ratios, non-mechanical 

stirring and enhanced temperature control. 

 

7.1  Digestion of MCC at 180ЈC and 10 % w/w .Á/( solution 

A total of 200 g of MCC were divided in 3 of the 6 chambers, together with 2 litres of 10% 

w/w .Á/( aqueous solution. The remaining 3 chambers were filled with water to 

counterbalance the weight. The chambers were then flushed with a nitrogen stream to 

remove all the oxygen that would degrade the HA.  The reaction time was 3h starting from 

when the average temperature of the chambers reached 100ЈC. The solution was then filtered 

to remove unreacted cellulose, and the hydroxy acids were liberated using an ion exchange 

resin.  The theoretical composition is reported in Table 11. The obtained acid mixture was 

measured using an HPLC-DAD, the chromatogram is reported in Figure 48. 
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Figure 48 Chromatogram of the HA resulting from MCC digestion at 180ЈC and 10% 

W/W ὔὥὕὌ 

The composition of the acids in the BL is reported in Table 11 (the retention times can be 

seen in Table 6). 

Table 11 Composition of Hydroxy acids at 180ЈC after 180 min, reference VS 

experimental (Laine 2022) 

Value T  

[Јὅ 

t 

[min] 

Glycolic 

[%] 

Formic 

[%] 

GISAs 

[%] 

Lactic 

[%] 

Acetic 

[%] 

2,5-

DHPA 

[%] 

2-

HBA 

[%] 

Oxalic 

[%] 

Yield 

[%] 

Ref. 180 180 1.63 12.5 67.4 8.70 0.543 9.20 0 0 60 

Exp. 180 180 14.85 2.969 51.83 15.30 0 7.20 0 7.877 52 

 

The solid content (in which the most abundant acid is GISAs) was measured by evaporating 

the acid mixture in a 105ЈC oven, obtaining 7.22g of solid acids in 132.5 g of liquid mixture, 

corresponding to 5.5% in weight of the liquid mixture.  

7.2   Digestion of MCC at 160ЈC and 15 % w/w .Á/( solution 

A total of 1 kg of MCC was divided into the six chambers, with 6 litres of 15 % w/w ὔὥὕὌ 

solution (L/S  6:1). As for the previous experiment the chambers were flushed with 
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nitrogen to remove the oxygen. The rection was run for 3h after the internal temperature 

reached 100ЈC. After that the unreacted cellulose was separated and the acid were liberated 

by using an ion exchange resin. The obtained acids were analysed using HPLC-DAD.  

In the work used as a reference no experiment reported the use of 15% w/w .Á/(, 

however it was shown that increasing the amount of .Á/( increase the conversion ( 

Table 12). 

The obtained acid mixture was measured using an HPLC-DAD. The chromatogram is 

reported in Figure 49, the residence times of the acids can be seen in Table 6. The 

composition of the acids is also reported in Table 12. 

 

 

Figure 49 Chromatogram of the acid mixture resulting from MCC digestion at 160ЈC and 

15% W/W ὔὥὕὌ 

Table 12 Composition of HA for a digestion performed at 5% .Á/( and at 10% .Á/( 

(Laine 2022) Comparison with the digestion performed at 15% .Á/( 

Value T  

[Јὅ 

t 

[min] 

Glycolic 

[%] 

Formic 

[%] 

GISAs 

[%] 

Lactic 

[%] 

Acetic 

[%] 

2,5-

DHPA 

[%] 

2-

HBA 

[%] 

Oxalic 

[%] 

Yield 

[%] 
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Ref. 

(5% 

.Á/() 

160 163 1.34 11.4 70.5 6.7 0.67 9.4  0 0 48.1 

Ref. 

(10% 

.Á/() 

160 180 0.64 10.3 74.0 5.77 0.64 9.0  0 0 50.5 

Exp. 160 180 12.29 1.707 59.68 8.570 0 7.092 0 10.65 47 

 

The solid content (in which the HA consist mostly of GISAs) was measured by evaporating 

the acid mixture in a 100ЈC oven obtaining to 4.9 g of solid acids in 96.67 g of liquid mixture, 

corresponding to 5% in weight of the liquid. Its composition was altered with respect to the 

original mixture as most of the lighter acids were evaporated during the drying process.  

The acids were also analysed in their neutral solution (pH around 7) such that it was possible 

to identify the difference in retention between the GISA and the GISAL. The composition of 

the dry acids and the neural solution are reported in Table 13. From the chromatogram it was 

also noticeable that in the case of pH=2 the equilibrium between the GISAs and the GISAL 

was visible, while at pH=7 almost only the open form was present, confirming the literature 

(Allard, Ekberg, and Albinsson 2004). 

Another thing that is important to notice is the difference in composition that was observed 

in both digestions with respect to the reference work. This is hypothesised to be due mostly 

to the different reactor used. The air bath reactor, compared to the autoclave, offers better 

mixing, more uniform temperature, and higher solid/liquid ratio. This might have caused a 

faster ISAs breakage kinetics related to better heat and mass transfer. In addition to that, 

while in the autoclave it was possible to monitor the reaction via continuous sampling, in the 

air bath one this was not a possibility, hence it is impossible to recover possible reaction 

schemes based on the species formed and consumed. 

It is also crucial to point out the observed behaviour of the acid mixture. Using a regular 

oven, it was not possible to remove all the water, at least without degradation of the acids. 

Every time a sticky tar-like material was obtained that needed the use of a solvent in order 

to be properly used. The dried mixture showed strong affinity mostly to water and DMF, 

while it did not dissolve very well in THF, isopropanol, acetonitrile, ethyl acetate and 
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hexane. The acid mixture at pH=7 also showed weak affinity to DMF probably due to the 

presence of only the open GISA. 

Table 13 Composition of the dry hydroxy acids 

 Glycolic 

[%] 

Formic 

[%] 

GISAs 

[%] 

Lactic 

[%] 

Acetic 

[%] 

2,5-

DHPA 

[%] 

Oxalic 

[%] 

pH=2, dry 4.649 0 88.74 2.237 0 2.6484 1.719 

pH=7, dry 1.483 0 76.46 8.534 0 8.070 5.4483 
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8  Preliminary surfactants synthesis 

The first approach to the production of the desired molecules were two test reactions to gain 

experience about the reactor, the reaction conditions, and the catalyst activity. The reactions 

that were chosen were the esterification of octanol with acetic and lactic acid, since they are 

also generally found in BL.  

The catalyst adopted was Amberlyst 15, a strongly acidic ion exchange resin formed by a 

styrene-divinyl benzene support with sulfonates sites.  To enhance the catalytic reactivity, 

after the first reaction, it was decided to pretreat the catalyst to eliminate possible 

contaminants and enhance its water-repelling characteristics. To do that the catalyst was 

rinsed 5 times with ethanol and 2 additional times with water. After being thoroughly washed 

it was dried for 24h in an oven at 105ЈC. 

8.1  Reaction between octanol and lactic acid (R00) 

The esterification reaction between lactic acid and octanol was performed to synthetize octyl 

lactate in presence of a solid catalyst. The reaction scheme is reported in Figure 50. 

 

Figure 50 Scheme of the reaction between lactic acid and octanol 

To start the reaction 16.54 g of octanol were measured which correspond to 0.127 mols, 

lactic acid was added with a ratio 2:1 with respect to the alcohol, this was done to favour the 

products as it is an equilibrium reaction is a. Another reason to work with excess lactic acid 

is to avoid the formation of other side products. The catalyst, Amberlyst 15, was used in its 

wet form in quantity of approximately 10% w/w with respect to the acid, hence 2 g were 

added. The reaction was carried in the Syrris jacketed 250 ml batch reactor (Appendix 1 

Figure A1  2).  The oil bath was set at 75ЈC such that the temperature inside the reactor 

would be stable around 70ЈC. A stirring of 600 rpm was applied to favour mass transfer with 
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the catalyst. The reaction time was 7h. After that time, the excess lactic acid was neutralized 

using 20 ml of 5% w/w ὔὥὕὌ followed by 5 ml of 10% w/w ὔὥὕὌ to neutral pH. The oily 

layer was kept while the watery layer containing the neutralized acids was discarded. No 

purification was performed.  

The reaction mixture was analysed to detect products using both H-NMR and C-NMR 

(Appendix 2, Figure A2  1). The spectrum for H-NMR is presented in Figure 51. The 

presence of octyl lactate and the diester can be seen in the range ‏ 4/4.5, three equal shifts 

are visible, showing aside from the leftover lactic acid, the presence of two products, the 

monoester and the diester. The starting materials,  the ester and diester were also identified 

by HPLC.  

 

Figure 51 H-NMR spectrum of octyl lactate 

8.2  Reaction between octanol and acetic acid (R0) 

The second test reaction involved acetic acid and octanol. This reaction was chosen because 

acetic acid is one of the volatiles present in the BL and the product, octyl acetate is of 

industrial interest as it is used for fragrance and flavours as it has orange/fruity characteristics 

(Figure 52) 
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Figure 52 Scheme of the reaction between octanol and acetic acid 

To do the reaction 50ml of octanol and 25ml of acetic acid were added to the Syrris reactor 

(1:1,4 alcohol: acid ratio) together with 1.5 g of dry Amberlyst 15 were added. The reaction 

was carried for a total of 7h with the oil bath at 90ЈC so that the temperature would be of 

approximately 87Јὅ inside the reactor. The excess acid was neutralized using 10% W/W 

ὔὥὕὌ to neutral pH. The oily layer was kept while the watery layer containing the 

neutralized acids was discarded.  

The reaction mixture was analysed by both H-NMR and C-NMR. The spectrum for H-NMR 

is reported in Figure 53. From the C-NMR analysis it is possible to identify the ester shift 

‏  171.456 (Appendix 2 Figure A2  2). From the H-NMR the octyl acetate is visible 

around ‏ 4, while the leftover acetic acid is visible at ‏  3.6. The product is present 

with a ratio of 4:1 with the acetic acid. The product was also identified by HPLC. 

 

Figure 53 H-NMR spectrum of the octyl acetate 
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9  Surfactants synthesis from raw mixture of hydroxy acids 

In this section it will be described the synthesis of surface-active molecules starting from the 

prepared hydroxy acids mixture from BL (Section 7 ) and some fatty acids and amines. The 

research work is described in chronological order.  

9.1  Reaction between aqueous acid mixture and lauric acid 

To make the process more sustainable an attempt was made to use the acid mixture by only 

partially concentrating it instead of completely drying, this way the small acids are 

evaporated and do not interfere with the reaction. This is done because the GISAs have high 

affinity for water and drying is very energy intensive, but this also allow avoiding the use of 

organic solvents such as THF. The concentrated solution was reacted with lauric acid to 

obtain the desired GISAL laurate. A volumetric ratio of 1:1 of GISAs and acid was used as 

this time two phases are clearly separated complicating the mass transfer. The reaction 

scheme is reported in Figure 54. 

 

Figure 54 Scheme of the esterification reaction between GISAL and lauric acid to get 

GISAL-laurate. For clarity only GISAL are reported, however it is not excluded the reaction 

with other compounds. 

A total of 100ml hydroxy acids mixture was measured and placed in a rotavapor at 40ЈC 

such that formic and acetic acid would evaporate. After 30 minutes 75ml were left and 

transferred to the Syrris reactor with 75ml of lauric acid (previously melted) and 1g of dry 

Amberlyst 15. The temperature of the oil bath was set at 90ЈC and the reaction was carried 



88 
 

for 23h. Samples were taken after 2h, 4h and 23h in both phases to monitor the reaction. No 

post processing was done.  

The reaction mixture was analysed using FT-IR. The spectrum is reported in Figure 55. From 

this spectrum is not possible to confirm of neglect the presence of products as the excessive 

presence of lauric acid make it difficult to understand. However, it is possible to notice some 

differences in the spectra for the samples taken at different times, the difference is visible in 

the range 3100-3600 cm-1 where the GISAL stearate peaks should be according to the 

literature (H. Kumar and Alén 2016). The aqueous layer was also analysed, however due to 

the high-water affinity it was not possible to remove all the water present, hence the spectrum 

is not completely clear, it is attached in Appendix 2 Figure A2  3.  

 

Figure 55 FTIR Spectrum of the reaction mixture involving BL HA and lauric acid in 

water 

The analysis of the samples in the HPLC only reported the starting materials, no products 

were found. In the following section (9.2 the thermodynamic equilibrium of the reaction will 

be discussed as the presence of water strongly inhibits this type of reactions. 
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9.2  Thermodynamic equilibrium consideration and estimation with Aspen Plus 

Esterification is an equilibrium reaction that combines an alcohol with an acid to give an 

ester and water. The knowledge of the equilibrium constant in this context would be 

beneficial to understand the effect of temperature and water on the conversion. 

As it was visible in the previous section and throughout all the experimental work, the 

presence of water will be a constant challenge in the reactions. Since thermodynamic data 

on the compounds and on the reactions were not available in advance in the literature, one 

of the possibilities was to estimate them is to use Aspen Plus. This software allows to 

simulate the thermodynamic parameters necessary for the equilibrium calculations by only 

providing the molecular structure of the compounds that are not present in the database and 

by choosing the most suitable thermodynamic model.  

In this case the UNIFAC model was selected, this model uses the functional groups present 

on the molecules that make up the liquid mixture to calculate activity coefficients. The 

activity coefficients will then be used to estimate the equilibrium constant and its 

temperature dependency.  

For the estimation of the equilibrium constant the REquil reactor model was used as it 

provides the simultaneous solution of stoichiometric chemical and phase equilibrium 

calculations. 

Since the results that can be extrapolated from this simulation are not rigorous but mostly 

correct on an order of magnitude scale, this simulation was only done for the reaction of 

lauric acid with GISAL to give mono-ester in different positions and di-ester. 

Four reactions were inserted in the simulation as reported in Figure 54, the diester is formed 

from the reaction of each of the monoesters with another molecule of lauric acid. This 

assumption is based on the products detected in the paper used as starting point (H. Kumar 

and Alén 2016). The temperature of the reaction was set at 100°C and the feed was composed 

of 1:1 molar ratio of GISAL and lauric acid. 

Two sensitivity analyses were then performed, one to monitor the concentration of the 

monoester when water was added to the feed, and the other one to monitor the change in the 

equilibrium constant with temperature.  
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The simulation returned the same equilibrium constant for all the four reactions. Clearly this 

is not realistic, however considering that they are all esterification reactions and all the 

thermodynamic data, except for lauric acid, are estimated based only on the chemical 

structure, this simulation at least provides the order of magnitude and the trend.  

The temperature was varied in the range between 40°C and 200°C. The equilibrium constant 

varied in the range between 6.62 and 2.1 The showed in Figure 54 is reliable as esterification 

is an exothermic reaction and the equilibrium constant found in literature are compatible 

with these values. At 100°C the estimated equilibrium constant is 3.9. 

In addition, it is necessary to point out that at 40°C the reaction may not happen due to the 

fact that the temperature might be too low to reach the activation energy, however it is 

unknown at this moment of the research.  

 

Figure 56 Variation of the equilibrium constant for the formation of the GISAL-laurate 

with temperature 

The water content was varied in the range between 0 and 6  molar ratio with the moles of 

reactants (0-1.5 kmol/h). At 0 moles of water present and 100°C the molar fraction of 

monoester is 0.1 while at 6 it is 0.05. It must be remembered that, in this simulation, the 

diesters and the other monoester are being formed with the same chances. In reality this is 

not true as there are -OH groups that are more reactive than others. In this case the most 
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probable monoester that forms is the first one in Figure 54, and that the formation of the 

diester is a lot slower due to also the steric hindrance.  

 

Figure 57 Variation of GISAL laurate content with the concentration of water in the feed 

9.3  Reaction between dry acid mixture and lauric acid in THF (R2) 

 To remove water, the HA mixture was left to dry at 105ЈC for approximately 76 h. From 

100 ml of solution 5.31 g of acids were recovered, dissolved in THF to reach 100ml volume 

and divided in half, one portion will be used in the reaction described in section 9.4 . It is 

important to notice that the dried acids showed an unusual behaviour, as they only shown 

partial solubility in THF and water while the previous times they were completely soluble. 

Judging from the appearance it seemed like the temperature of the oven was changed in the 

course of drying causing degradation.It is excluded that the drying time was excessive as it 

was done for other experiments, and this was never observed. However, it is not possible to 

know, and the acid mixture was used anyways.  

A total of 50 ml of HA in THF were put in the Syrris reactor together with 4 g of lauric acid 

and 0,53 g of the dry Amberlyst 15. The hot oil bath was set at 60ЈC such that the temperature 

inside stayed below the boiling point of THF. The reaction time was approximately 5h. The 
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reaction mixture showed two layers. The THF was evaporated in the Rotavapor, both layers 

are saved for analysis.  

A total of six samples were collected since different phases seemed to be present before and 

after removing the solvent. All the samples were analysed by HPLC, some peaks that did 

not belong to the starting material were found in some of the samples. The chromatograms 

are reported below in Figure 58 and Figure 59. In Figure 58  peaks 0.848 belongs to the HA 

mixture, peak 1.201 belongs to isopropanol and peak 10.752 to the lauric acid, hence the 20 

minutes peak can be related to a product or by-product of the reaction. 

 

Figure 58 HPLC Chromatogram of the reaction mixture involving BL and lauric acid, 

sample 1 oily phase 

In Figure 59 again the HA peaks and the lauric acids are visible. The measurement was too 

short to see peaks after 13 minutes however further analyses were performed also on this 

sample. 
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Figure 59 HPLC Chromatogram of the reaction mixture involving BL and lauric acid, 

sample 2 BL phase 

 

The samples were also analysed using GC-MS to assess the nature of those peaks. It is 

important to disclose that the following are assumptions, and it was quite difficult to identify 

the with absolute confidence the peaks as GC-MS is highly destructive with esters and many 

unknown compounds are present that can potentially show similar fragmentation patterns. 

However, an attempt was made to try to identify possible products candidates. 

The chromatograms are reported in the Appendix 3 Figure A3 7 and Figure A3 8. Some of 

the peaks spectra show fragmentation that is compatible with the forecasted products in 

particular the one found around 19 minutes that is compatible with GISAL laurate. This peak 

show to have a similar peak on the side, this can be compatible with the two forms of GISAL, 

‌ȟ‍ and lactone, one of the two is reported in Figure 60. In fact it is visible the pattern 

recurring in the GISAL fragmentation (128.8, 146.8, 188.7, 346.6 see Appendix 3 Figure A3 

3-), the one compatible with the tail (117.6, 184.2, 242.6, 256.6, Appendix 3 Figure A3 9) 

and a high molecular weight peak that has the same mass as the fragmented GISAL laurate 

(437.5).  
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Figure 60 Spectrum of the GC-MS peak 19.631-19.749 min showing the fragmentation of 

the peak compatible with GISAL-laurate. 

Other peaks were found that could possibly represent the some of the other reactions 

products, however due to high fragmentation it is hard to state with a good degree of certainty 

what compound they are. 

9.4  Reaction between dry acid mixture and octanoic acid in THF (R1) 

Simultaneously to the previous experiment, another reaction was run with the other half of 

the HA in THF. The reaction was performed in a round bottom flask equipped with oil bath 

and condenser. The reaction scheme is reported in Figure 61. 

 

Figure 61 Scheme of the esterification reaction between GISAL and octanoic acid to get 

GISAL-octanoate. For clarity only GISAL are reported, however it is not excluded the 

reaction with other compounds. 
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An amount of 50 ml of the HA in THF were added with 10 ml of octanoic acid and 0.50 g 

of Amberlyst 15. The oil bath was set at 70ЈC. The reaction was run for 5h. After that the 

THF was evaporated in the rotavapor and recovered.  

A total of 3 samples were collected one belonged to the acid mixture and two were collected   

after evaporating the solvent. By analysing the via HPLC, only one of the three 

chromatogram showed different peaks than the starting material. The chromatogram is 

reported in Figure 62. Considering the peak of the octanoic acid in position 2.375 minutes, 

the others are all possible candidates to be the  GISAL-octanoate, as it is more polar than the 

octanoic acid itself, hence it should elute before it. 

 

Figure 62 HPLC Chromatogram of the reaction mixture involving BL and octanoic acid, 

oil phase 

The sample was also analysed by GC-MS, the spectra is reported in the Appendix 3 Figure 

A3 10. In the spectra reported in Figure 63 in is visible the tail fragmentation pattern (116.8, 

132.8, 158, 172, 184.7) and the fragments relative to GISA (102.8, 128.7, 146.8, 216.7, 

242.7). This peak among the others is the one with the best spectra  to be the GISAL-

octanoate.  

Also, a small peak is visible in the spectra with molecular weight that is compatible with the 

product after the cleavage of the alkyl chain groups (around 362.5) which is expected to 

occur in this type of analysis. Another small peak was present near this one in the GC 
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chromatogram, that could be related to the other version of the GISAL, however the spectrum 

was not extracted. 

 

Figure 63 Spectrum of the GC-MS peak 14.083-14.138 min showing the fragmentation of 

the peak compatible with GISAL-octanoate  

Other peaks with high molecular weight fragments were also found and can be associated 

with impurities as they were also found in all the other samples, in particular the on around 

33 minutes and the one around 25 minutes (see Appendix 3). 

9.5  Reaction between aqueous acid mixture and stearic acid 

Another attempt was made to use the acid mixture without removing the water. The reaction 

was run in a round-bottom flask in oil bath with condenser. The catalyst was changed to 

PTSA monohydrate, as it has been used by Kumar and Alén (Kumar and Alén 2016). The 

reaction scheme is reported in Figure 64. 
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Figure 64 Scheme of the esterification reaction between GISAL and stearic acid to get 

GISAL-stearate. For clarity only GISAL are reported, however it is not excluded the 

reaction with other compounds. 

50 ml of aqueous HA mixture were placed in the flask together with 5g of stearic acid and 

0.63g of PTSA. The oil bath was set at 110ЈC such that inside it was measured to be 80ЈC.  

As expected, no product was detected with HPLC, and no further analysis was made since 

the outcome was predictable due to the presence of water. In fact, thanks to the calculations 

done in section 9.2 it is possible to estimate the quantity of product that could be present if 

the reaction would reach thermodynamic equilibrium and as a result maximum conversion. 

By approximating the activity coefficients to concentrations and assuming that all the solid 

content in the HA mixture is GISAL and that only the monoester forms, it is possible to 

estimate the ester concentration as follows. The equilibrium constant at 80°C is assumed to 

be equal to 4.  

ὑ
Ὄὕ ὋὍὛὃ ὩίὸὩὶ

ὅ ὅὕὕὌὋὍὛὃ

πȢψφσφ ὫȾάὰὋὍὛὃ ὩίὸὩὶ

πȢπωπωπ ὫȾάὰπȢπτυτυ ὫȾάὰ
τ 

(40) 

 

ὋὍὛὃ ὩίὸὩὶτϽπȢπωπωπϽ
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Ὣ

άὰ
 

(41) 

 

  

However, this value does not take into account all the factors that limit the conversion such 

as mass transfer, that in this case plays a major role as the two phases are highly non-miscible 

and does not account for impurities and byproducts. 
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9.6  Reaction between dry acid mixture and stearic acid (R4) 

An attempt was made to directly react the dried acid mixture with the fatty acids without the 

use of any solvents as done in the reference article summarised in section 4.1.3 , however, 

in this article the GISAL used was chromatographically pure. The main difficulty of this 

reaction was the consistency of the dried black liquor, which has the tendency of retaining 

water resulting in a sticky solid which is difficult to stir and contact with the other phase.  

The following reactants were weighted and mixed together: 5.24 g of dry acid mixture from 

second digestion, 9.33 g of stearic acid, and 0.9 g of pTSA. The reaction was carried out 

overnight at 90-95 ЈC. The oil phase was dissolved in toluene and the unreacted fatty acids 

were precipitated using a solution of 1% ὔὥὅὕ. Toluene was then evaporated in the 

rotavapor, and the leftover was a dirty white powder.  

Samples were taken at 3h, 6h and 24h in both phases. Only the ones taken at 24h were 

showing the presence of products. The hydroxy acids phase, when analysed with the HPLC, 

showed different peaks than those of the starting materials, while the oil phase 

chromatogram was almost not showing anything, in fact as already mentioned, stearic acid 

has difficulties in eluting. The results are reported in Figure 65. Even if the separation was 

not optimal it was enough to see that some new compounds had formed. In fact, aside from 

the hydroxyacids peaks (0.814, 0.903) and IPA (1.103) another peak is visible at 3.360 min. 
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Figure 65 HPLC Chromatogram of the reaction mixture involving BL and stearic acid, BL 

phase 

Both phases were in any case analysed with GC-MS, the chromatograms are reported in 

Figure A3 11 and Figure A3 12. Some peaks were found that could possibly represent the 

GISAL esters. Since stearic acid elutes at 33 minutes, the products were searched in the peaks 

following this one. Two fragments were particularly interesting and reported in Figure 66 

and Figure 67. The peak shown in Figure 66 belonged to the oil phase, this was interesting 

because of the high relative amount of alkyl chain fragments (peaks 116.8, 131.8, 144.7, 

200.7), suggesting that possibly two chains are attached, in fact the peak 439.6 corresponds 

to the mass of the diester that has lost 9 alkyl groups on each chain (see Appendix 3 Table 

A3 1 peak 442)  
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Figure 66 Spectrum of the GC-MS peak 45.964-46.074 min showing the fragmentation of 

the peak compatible with GISAL-stearate of oil phase 

The other interesting peak is shown in Figure 67, this peak around 608.6 has mass that 

correspond to the open GISA ester with fragmented alkyl chain that has lost 9 ὅὌ  (see 

Appendix 3 Table A3 2 peak 609)  This is remarkable since this reaction mixture has been 

neutralised with calcium carbonate hence it is feasible that the GISAL transformed to open 

form. This peak was not found in R9, in fact the reaction mixture was not neutralised. 

 

 

Figure 67 Spectrum of the GC-MS peak 40,253-40,347 min showing the fragmentation of 

the peak compatible with GISAL-stearate of BL phase 

Additional peaks were found, that could possibly be some other side products, however again 

the concentration is quite low compared to the unreacted hydroxy acids (peaks around 15 

minutes) and the unreacted stearic acids. Some will be described in chapter 9.8 as they were 

also found in R9. In any case the concentrations of these species were very low.  
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9.7  Mechanosynthesis of GISA- amide (R5) 

An interesting technique for amidation was, as reported in the literature, the 

mechanosynthesis. This approach offered a solvent-free, green method to amides 

production, while in general high temperatures and/or hazardous catalysts are needed, with 

mechanosynthesis it was sufficient to energetically grind the fatty amine together with the 

dried acid mixture to obtain the product. The leftover water present in the acid mixture  

worked as fluid to facilitate the grinding  (LAG see Chapter 4.1.5 )The reaction scheme is 

reported in Figure 68. 

 

 

Figure 68 Scheme of the amidation reaction between GISAL and dodecyl amine to get 

lauryl-GISA amide. For clarity only GISAL are reported, however it is not excluded the 

reaction with other compounds. 

 

A total of 50 ml of aqueous acid mixture was dried directly in the mortar bowl, obtaining a 

total of 5g of dried hydroxy acids mixture. To the same bowl, 6,95 g of lauryl amine were 

added. The grinding process was performed using a regular pestle and carried out for 15 

minutes. A brown paste was obtained. No purification was performed, the unreacted acids 

remained stuck to the bottom of the mortar. 

The reaction mixture was analysed with HPLC, several peaks were detected aside from the 

starting material (see retention times in Table 8). The first four peaks are associated with the 

acid mixture (0.799, 0.972, 1.10, 1.206), since the amine alone did not elute out of the 

column when the standard was measured, the remaining peaks starting from 2.234 min 

contain the different products of the reaction between the amine and the hydroxy acids, 

among which the lauryl-GISA amide. This was a promising sign, since the amine could react 
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with all the acids presents, not only with the hydroxy ones. The HPLC chromatogram is 

reported below in Figure 69. 

 

Figure 69 HPLC Chromatogram of amidation reaction involving BL and dodecyl amine 

 

The product was also analysed by GC-MS, the GC chromatogram is reported in Appendix 3 

Figure A3 13. Two adjacent peaks showed the fragments that can be associated with lauryl 

‌ Ⱦ‍  GISA amide, the MS spectra are shown in Figure 70 and Figure 71.  Considering 

the fragmentation of the reacting molecules, the two spectra show the pattern of the alkyl 

chain (116.8, 146.7, 204.7, 242.6),and that of the GISAs (102.8, 146.7, 190.7, 242.6). In 

addition fragmented lauryl-GISA amide peaks are also visible for example 332.7, 399.6, 

441.7, 457.7 correspond to lauryl-GISA amide that has lost two -OH and part of the alkyl 

chain, 531.7 correspond to lauryl-GISA amide that has lost one -OH and one alkyl group 

(see Appendix 3 Table A3 7). The most visible proof of the presence of product is the peak 

around 620 which is associated with the mass of the lauryl-GISA amide molecule that has 

lost one  ὅὌ  group from the alkyl chain.  
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Figure 70 First spectrum of the GC-MS peak 45.219-45.376 min showing the 

fragmentation of the peak compatible with lauryl-GISA amide 

 

Figure 71 Second spectrum of the GC-MS peak 45.541-45.832 min showing the 

fragmentation of the peak compatible with lauryl GISA amide 

Comparing the peak height visible in the GC chromatogram, which is related to the amount 

of lauryl GISA amide in the sample,(Figure A3 13) with the peaks visible in the HPLC 

chromatogram, it is reasonable to assume that the product is found in the HPLC peak with 

retention time of 2,483 min, purely based on the peak height. 

9.8  Homogeneous reaction in DMF between acid mixture and stearic acid (R9)  

Another approach to overcome the mass transfer limitation was to use a solvent that was 

able to dissolve both the fatty acids and the dried hydroxy acids mixture. This was done 

using DMF.  

The following reactants were weighted and mixed together in a round bottom flask with oil 

bath: 5g dry hydroxy acids mixture, 5,68 stearic acid, 70 ml DMF, 0,1ml MSA. The HPLC 
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analysis showed the presence of one small peak, which can be assigned to some product as 

the stearic acid do not show in the first 30 minutes of measurement as mentioned above.  

 

Figure 72 HPLC Chromatogram of the reaction mixture involving BL and stearic acid, oil 

phase 

The sample was further analysed using GC-MS to assess the nature of those peaks, the 

chromatogram is reported in Appendix 3 Figure A3 1 . The results can be directly compared 

to the reaction described in section 9.6 some correspondent peaks were found. Since this 

reaction was performed in a single phase, the products were identified all in the same 

chromatograms. The peaks that were found to be matching are, aside from the fatty acid, the 

one reported in Figure 73, around 41 minutes, and its analogous corresponding to the ‌

Ⱦ‍  GISAL-stearate. In the spectra of this peak it is possible to recognise again the tail 

pattern (144.7, 203.7, 242.7) and the GISAL (128.8, 170.8, 216.7, 244.7, 347.6, 362.7). The 

peak 563.6 corresponds to the GISAL-stearate that has lost one -OH. 
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Figure 73 Spectrum of the GC-MS peak 41,328-41,564 min showing the fragmentation of 

the peak compatible with GISAL-stearate of BL phase 

The reaction was repeated in the same conditions for lauric and octanoic acids, however in 

those cases no products were identified from the HPLC, and the samples were no further 

investigated. 

9.9  Transesterification of lauric acid (R11, R13) 

In order to reduce the problem caused by the presence of water, a two-step reaction was 

attempted. This involved a first step where lauric acid was esterified with ethanol, and a 

second one where the ester was subjected to transesterification with the HA mixture. The 

advantage of this reaction is that water no longer represent a product in the second stage, 

therefore its presence should not have a very relevant impact on the equilibrium, in addition 

no solvent was needed as the acid mixture could be used in a partially wet form. The reaction 

scheme is reported in Figure 74. The reaction was performed twice in order to monitor the 

progress.  
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Figure 74 Reaction scheme of two steps transesterification reaction of lauric acid and 

GISAL. For clarity only GISAL are reported, however it is not excluded the reaction with 

other compounds of BL 

A total of 6 grams of lauric acid were weighted and melted, a total of 15.8 ml of ethanol 

were added to the flask, the large excess of ethanol was needed to push the reaction. 3 g of 

dry Amberlyst 15 were used as catalyst, this excess was used as the resin has the capacity of 

absorbing part of the water produced during the reaction. The reaction was left overnight. 

The catalyst was decanted, and the excess ethanol evaporated in the rotavapor. The resulting 

product was a mixture of the ethyl laurate and the fatty acid. This mixture was then further 

reacted with 4.9 g of the concentrated hydroxy acid mixture and MSA was used as catalyst. 

The reaction was left overnight at 75ЈC. The second attempt was repeated with the exact 

conditions and samples taken after 3 hours, 6 hours and 24 hours, all the peaks that did not 

belong to the starting material were only visible in the overnight sample.  

The mixture was analysed using HPLC, the resulting chromatogram (Figure 75) showed the 

presence of other compounds aside from the starting materials. The first four peaks are 

associated with the acid mixture (0.973, 1.26, 1.588, 1.871) while the lauric acid has 

retention time 2.353 in phosphate buffer where the reaction mixture was measured. The 

remaining peaks represent the GISAL laurate and the other by-products. 
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Figure 75 HPLC Chromatogram of the reaction mixture of involving BL and lauric acid, 

BL phase (attempt 1, water phase, step 2) 

 

Figure 76 HPLC Chromatogram of the reaction mixture of involving BL and lauric acid, 

BL phase (attempt 2, water phase, step 2) 
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Figure 77 HPLC Chromatogram of the reaction mixture of involving BL and lauric acid, 

BL phase (attempt 2, oil phase, step 2) 

Reaction R11 was also analysed with the GC-MS. The results were very difficult to analyse 

as the chromatogram was not very good (Appendix 3 Figure A3 2), however it was possible 

to identificate some peaks. In particular the peak related to the monoester was found in 

similar position as reaction R2 (see Figure 60). 

Two diesters peaks or peaks related to the open GISA-laurate were also found, one is 

reported in Figure 78.  

 

Figure 78 Spectrum of the GC-MS peak 43,93-44,167 min showing the fragmentation of 

the peak compatible with GISAL-laurate of BL phase 

  



109 
 

10   Surfactants synthesis from purified mixture of hydroxy acids 

Considering the limited results obtained in the previous section, it was decided to perform a 

one-step purification of the raw HA mixture in order to remove at least part of the unknown 

molecules that gives the liquid the characteristic dark brown colour. After this step the 

reactions that were described above are repeated and described in the next sections. 

10.1  Black liquor purification  

The purification was performed by using a polymeric absorbent, the AmberLite XAD-16N 

(Appendix 4 Figure A4 1). The resin is a cross liked DVB that absorb impurities based on 

hydrophobic interactions. As the hydroxy acids are a lot more hydrophilic than the impurities 

hence, they tend to stay in solution while the pollutants get absorbed.  

The first step was to wash the resin, first with ethanol and then several times with water. A 

total of 90 g of resin was used in a total of 300ml of BL. This was done in two steps, using 

45g each time. The first run was left to stir overnight, after this time the BL was still quite 

dark (Appendix 4 Figure A4 2 Figure A4 3), so the second run was performed with the exact 

same method. This time, the amount of impurities retained by the absorbent was a lot less 

(Figure A4 3). 

The remaining acid mixture was concentrated in the rotavapor and then dried in the oven. 

The acid mixture was measured with HPLC after every step, the resulting chromatograms 

were compared to the ones of non-purified acids. From the chromatograms, almost no 

difference was noticeable, however this is most probably due to the fact that with the current 

method the impurities are not identifiable. The chromatograms after 1 and 2 round of resin 

adsorption are show in Figure 79 and Figure 80. 
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Figure 79 HPLC Chromatogram of the acid mixture after treating BL with one round of 

AmberLite XAD-16N 

 

Figure 80 HPL Chromatogram of the acid mixture after treating BL withtwo rounds of 

AmberLite XAD-16N 
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10.2  Reactions from purified hydroxy acids mixture  

The reactions reported in chapters 9.6, 9.7 and 9.9 were repeated with the same conditions 

as already described above for all the available fatty acids. The reactions are summarised in 

Table 14.  

Table 14 Summary of the reactions performed with the purified HA mix. 

Reaction Description Reactants Conditions 

R14 Esterification, no 

solvent 

2.5g HA mix, 2.22g octanoic 

acid, 0.1ml MSA 

78ЈC, 24h 

R15 Esterification, no 

solvent 

2.6g HA mix, 3.21g lauric 

acid, 0,11ml MSA 

78ЈC, 24h 

R16 Esterification, no 

solvent 

2.5g HA, 4.29g stearic acid, 

0.2 ml MSA 

78ЈC, 24h 

R17 Amidation, 

mechanosynthesis 

2.2g HA mix, 2.51 g lauryl 

amine 

Grind 20 min 

R18 Transesterification Step 1: 3.96ml octanoic acid, 

40ml ethanol, 0.3g Amberlyst 

15 

Step 2: 2g HA mix, 0.10ml 

MSA 

Step 1: 75ЈC, 24h 

Step 2: 75ЈC, 24h 

R19 Transesterification Step 1: 3.2g lauric acid, 60ml 

ethanol, 0.5g Amberlyst 15 

Step 2: 2g HA mix, 0.10ml 

MSA 

Step 1: 75ЈC, 24h 

Step 2: 75ЈC, 24h 

R20 Transesterification Step 1: 3.83 stearic acid, 60ml 

ethanol, 0.5g Amberlyst 15 

Step 2: 1.83g HA mix, 0.1 ml 

MSA 

Step 1: 75ЈC, 24h 

Step 2: 75ЈC, 24h 

R21 Ester 

Mechanosynthesis  

1g HA mix, 2.4g lauric acid Grind 20 min 
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The reaction mixtures were analysed only with HPLC as GC-MS was not available in 

reasonable times. Some of the reactions failed, in particular reaction R16 and R19.  

R16 contained stearic acid, which is the biggest of the acids employed in this research, for 

this reason the mass transfer limits are higher and maybe a higher temperature was needed 

due to higher activation energy.  

R19 failed due to the fact that, while for R18 and R20 the HA mixture was not completely 

dried, but it could still be stirred, for R19 the HA mix was drier, almost solid, which was 

sticking to the sides of the reactor.  

The other reactions showed some interesting peaks. As the GC-MS could not be used, in 

order to monitor the progressing of the reactions, samples were taken after 2, 4, 6 and 24 

hours for reactions R14, R15, R18, R20, and the relative height of the peaks was monitored. 

The relative peak height is related to the mass fraction of the species hence this should give 

an idea of the produced and consumed species. The reactions that were successful are 

described singularly below. 

10.2.1  Reaction R14 

The data regarding R14 are reported in Table 15 in terms of peaks and the relative peaks 

area. The data are then plotted in Figure 81 to visualise the trend of the species. 

Table 15 Reaction R14 between octanoic acid and HA mix. Relative HPLC peaks area 

Retention time* Relative peak 

area t=2h 

Relative peak 

area t=4h 

Relative peak 

area t=6h 

Relative peak 

area t=24h 

1.70 0.103 0.409 0.508 0.428 

2.23 0.305 0.290 0.307 0.429 

3.30 0.0346 0.0591 0.0553 0.0733 

3.66 0.00577 0.00398 0.00333 0.0125 

4.07 0.548 0.233 0.121 0.0508 

5.47 0.00324 0.00428 0.00569 0.00635 

 *Relative to the total area 

Considering the retention times (see chromatogram in Figure 82)  of octanoic acid (2.348 

min) and that of the acid mixture (0.831) and considering also that these peaks are shifted as 
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the standards behave different from the mixture, it is possible to identify the acid mixture 

with the peak around 1,708 min and octanoic acid with the peak 4.073. The octanoic acid 

peak decreases, while the HA mixture initially increase before decreasing, this can be 

attributed to possible degradation processes occurring due to mass transfer, in fact the 

hydroxy acids are in another phase and need to diffuse in the octainoic acid before reaction. 

It is possible to hypothesise that monoester products can be found in peal around 2.2, 3.3 

min and diesters or less polar products in peak around 5.46 min.  

 

Figure 81 R14 Relative peak area VS reaction time for reaction 14. 4.073 octanoic acid, 

1.708 HA mixture, other peaks related to products and byproducts. 
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Figure 82 HPLC Chromatogram of the reaction mixture involving BL and octanoic acid, 

oil phase after 24 hours. 4.073 octanoic acid, 1.708 HA mixture, other peaks related to 

products and byproducts 

10.2.2  Reaction R15 

The retention times of reaction R15 between the HA mixture and lauric acid with the relative 

peak area are reported in Table 16 and plotted in Figure 83 while the chromatogram is 

reported in Figure 84. 

Table 16 Reaction R15 between lauric acid and HA mix. Relative HPLC peaks area 

Retention time* Relative peak 

area t=2h 

Relative peak 

area t=4h 

Relative peak 

area t=6h 

Relative peak 

area t=24h 

0.881 0.108 2 0.0564  0.0657 0.0635 

1.16 0.208 0.175 0.216 0.398 

2.95 0 0 0 0.00437 

3.41 0 0.00172 0.00258 0.0115 

5.20 0 0 0 0.00583 

5.99 0 0.00143  0.00258 0.0402  

5.59 0 0.00366 0.00648 0.0210 

7.24 0.00219 0.00333 0.00396 0.00855 

8.54 0.682 0.759 0.703 0.447  

*Relative to total area 
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From Figure 83 it is possible to identify the peak related to lauric acid around 8,540 and the 

hydroxy acids mix peak is the one at 0,881 minutes, which are the decreasing peaks. Many 

products are formed in between these two peaks, unfortunately it is not possible to identify 

with certainty which one belongs to GISAL-laurate. 

 

Figure 83 R15 Relative peak area VS reaction time for reaction 15. 8.475 lauric acid, 0.881 

HA mixture, other peaks related to products and byproducts 
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Figure 84 R15 Chromatogram of the reaction mixture involving BL and lauric acid, oil 

phase after 24 hours. 8.540 lauric acid, 0.881 HA mixture, other peaks related to products 

and byproducts 

10.2.3  Reaction R18 

The peaks area changes and the retention times for reaction 18 between the HA mixture and 

octanoic acid, can be seen in Table 17 and visualised in Figure 85. R18 can be directly 

compared with reaction R14 using the chromatogram in Figure 86. The peaks are slightly 

shifted backwards; however, it is straightforward to match some of those. For example, peak 

0,8 can be related to the acid mixture, and the peak around 1,613 and 6,861 can be associated 

to products as they grow in time. The peak of octanoic acid increase, however this can be 

explained by the fact that the reaction is a transesterification hence the ethyl octanoate is 

getting hydrolysed, this increase the concentration of octanoic acid, also it can be seen from 

R14 how most of octanoic acid is consumed in the first 4 hours and then it remains almost 

constant, here in the decreasing trend is also slightly visible in the first four hours. 
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Table 17 Reaction R18 between octanoic acid and HA mix. Relative HPLC peaks area 

Retention time Relative peak 

area t=2h 

Relative peak 

area t=4h 

Relative peak 

area t=6h 

Relative peak 

area t=24h 

0.8 0.772 0.749 0.666 0.352 

1.613 0 0 0 0.00849 

1.997 0.00505 0.00483 0.00675 0.0238 

2.466 0 0 0 0.00250 

6.862 0.222 0.246 0.327 0.614 

*Relative to total area 

 

Figure 85 R18 Relative peak area VS reaction time for reaction 15. 1.997 octanoic acid, 

0.8 HA mixture, other peaks related to products and byproducts 
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Figure 86 R18 Chromatogram of the reaction mixture involving BL and octanoic acid, oil 

phase after 24 hours. 1.997 octanoic acid, 0.8 HA mixture, other peaks related to products 

and byproducts 

10.2.4  Reaction R20 

The peaks variation for reaction R20 between HA mix and stearic acid are reported in Table 

18 and plotted in Figure 87 and the chromatogram is shown in Figure 88. As stearic acid was 

not eluted out of the column in the first 30 minutes of measurements, it is possible to identify 

as possible reaction products all the peaks from 1,774 to 8,679, with the latter being the most 

probable to be GISAL- stearate considering the long retention time of stearic acid. The peak 

around 8,679 initially increase and then slightly diminishes, this can be a sign for example 

of hydrolysis of the product.  
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Table 18 Reaction 20 Relative peaks area 

Retention time Relative peak 

area t=2h 

Relative peak 

area t=4h 

Relative peak 

area t=6h 

Relative peak area 

t=24h 

0.83 0.0962 0.0603 0.0295 0.0279 

0.906 0.218 0.125 0.0521 0.0347 

1.147 0,333 0.552 0.579 0.236 

1.21 0,334 0.0848 0.0905 0.288 

1.774 0.0125 0.05211 0.0904 0.289 

1.913 0 0.0420 0.0604 0.0641 

2.215 0 0.0358 0.0426 0.0321 

8.679 0.00613 0.0478 0.0553 0.0277 

*Relative to total area 

 

 

Figure 87 R20 Relative peak area VS reaction time for reaction 20. 0.83 HA mixture, other 

peaks related to products and byproducts 
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Figure 88 Chromatogram of the reaction mixture involving BL and stearic acid, oil phase 

after 24 hours. 0.83 HA mixture, other peaks related to products and byproducts 

10.2.5  Reaction R17 

Reaction R17 was executed ,as done in chapter 0R5, by grinding the HA mixture and the 

dodecyl amine for 20 minutes in a mortar.The resulting chromatogram, reported in Figure 

89, is very similar to the one from the previous case.  

  

Figure 89 HPLC Chromatogram of amidation reaction involving BL and dodecyl amine, 

no water 

However, this time as suggested in the literature (see Chapter 4.1.5), the reaction was also 

performed by adding some water as grinding media, the chromatogram is shown in Figure 

90. The main difference can be noticed in the peak around 1,659 min, the peak result to be a 
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lot bigger than the previous case. The reasons for this are difficult to explain, considering 

that it is not possible to identify the peaks. However, some hypotheses can be made, the first 

hypothesis is that water improved the grinding, and the product related to peak 1,659 

increased. The second hypothesis is that water hydrolysed some of the product and the peak 

around 1,659, that has retention times very similar to the acid mixture, increased as it is 

related to the acids not to the products. 

 

Figure 90 Chromatogram of amidation reaction involving BL and dodecyl amine, with 

water 

10.2.6  Reaction R21 

Since amidation reaction and esterification both consist in dehydration reaction, an attempt 

was made to perform the esterification by mechanosynthesis, analogously as done for the 

amine. The product was analysed with HPLC, and several peaks were identified aside from 

the starting material, as shown in Figure 91. Considering the peaks of the acid mixture and 

of lauric acid reported in Table 8, it can be hypothesised the presence of esters in different 

positions and with different hydroxy acids and also the presence of the diester.  
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Figure 91 Chromatogram of mechanic esterification reaction involving BL and lauric acid 

Unfortunately, in this time frame it was not possible to further analyse the mixture with other 

methods. However, considering the amidation reactions (Chapter 0it is legitimate to assume 

the presence of products, especially considering the similarities in the chromatograms. 
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11  Contact angle example 

Reaction R5 (section 9.7 ) was the only one where high amount of product was obtained and 

detected with relative certainty both by HPLC and GC-MS, it was possible to perform some 

testing of the lauryl GISAL-amide product mixture.  

The contact angle, as mentioned in the first part of this work (Section 3.6 ), is a related to 

the CMC and the surface tension lowering of a surface-active compound. For this experiment 

a contact angle goniometer was used. First the surface tension of water was measured at 

different volumes to create a standard. After that a solution of dodecyl amine and a solution 

of the lauryl GISAL-amide mix were measured at different concentrations and compared 

with literature (Maȓko et al. 2016). 

Solutions were prepared from ρπ ὓ to ρπ ὓ, for the dodecyl amine a concentrated 

solution (ρπ ὓ) was prepared and diluted, while for the mixture containing the surfactant, 

this was done analogously but the weight was increased of 30% to compensate the presence 

of impurities (rough estimation of the composition from the GC-MS chromatogram with 

trapezoidal integration method).The droplets dispensed had a volume of 15 ‘ὰ, each 

measurement was repeated four times for good practice. After each drop the surface was 

cleaned with ethanol to remove any surfactant trace. 

The results are reported in the graph below in Figure 92. As it can be seen the GISAL-amide 

contact angle drops slower this can be due to several reasons, at this stage it cannot be stated 

with certainty, but it is possible to make assumptions. One reason can be related to the 

presence of unreacted acids and other products, but also by looking at the literature, this can 

be due to the fact that these types of surfactants before reaching the CMC create many 

hydrogen bonds that are responsible for high surface tension. This second hypothesis could 

not be verified at the moment but is just an assumption based on surfactants theory. 

The effect of surfactants concentration on contact angle can also be practically seen thanks 

to the images that can be captured with the goniometer. Some frames relative to different 

surfactants concentrations are shown in Figure 93. 
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Figure 92 Contact angle VS concentration for GISAL-Amide and Amine on a PE surface 

 Even if this experiment is not rigorous since the polyethylene surface used was not a 

standard one, and the product is present in a mixture, it is anyways a way to visualise the 

performance of the surfactants in presence of other compounds. In fact, in real applications, 

surfactants are used in complex mixtures and, e.g., in detergency, they interact with organic 

material.  

 

Figure 93 Contact angle variation with surfactant mixture concentration on PE surface  
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12  Summary of results and discussion 

The first crucial step of the project was the production of BL from MCC. This was done 

based on the previous research of the group, the difference was related to the use of the air 

bath digestor instead of an autoclave reactor. The use of the air bath digestor determined the 

differences in composition of the BL compared to previous results. This is due to the 

different conditions such as non-mechanical stirring and more uniform temperature across 

the reactor, that caused a faster GISAs degradation, but lower conversion related to lower 

residence time. The fact that it is not possible to take intermediate samples does not allow to 

stop the reaction at optimal GISAs concentrations, which would be the optimal case for this 

specific research. However, as stated before, the final goal of this whole project is to use BL 

coming from secondary streams and not produced in the lab, which contains lower amount 

of GISAs. 

Two experiments were made at different temperatures and ὔὥὕὌ concentrations, the results 

matched the trend found in literature and are compared in Table 20. In the case of digestion 

at 160°C higher yield was expected, but, as the experiment was run in larger scale, larger 

chambers were used, however, the chambers of the digestor resulted to be too big for the 

volumes, which resulted in worse solid/liquid contacting.  

Table 19 Comparison of the results of the two digestions 

Temp. 

[°C] 

 

NaOH 

[%] 

Time 

[min] 

Glycolic 

[%] 

Formic 

[%] 

GISAs 

[%] 

Lactic 

[%] 

Acetic 

[%] 

2,5-

DHPA 

[%] 

2-

HBA 

[%] 

Oxalic 

[%] 

Yield 

[%] 

180 10 180 14.85 2.969 51.83 15.30 0 7.20 0 7.877 52 

160 15 180 12.29 1.707 59.68 8.570 0 7.092 0 10.65 47 

 

The main focus of this research was not the study of BL itself but its valorisation in the 

production of surface-active molecules. From the literature, it was obvious that GISAs are 

almost unexplored in synthetic chemistry and in surfactants production, only two examples 

were found but the information collected from those were not sufficient. For this reason, 

before the experiments, some theoretical evaluations were made to try to predict the 



126 
 

behaviour of the designed molecules based on their structure. In particular, the HLB was 

evaluated. According to the group contribution method formula (3) it was possible to 

estimate the HLB of the reactants and synthetized molecules (see calculations in Appendix 

5 Table A5 1 ). The affinity with water phase is also evaluated in terms of ÌÏÇὖ, water has 

ÌÏÇὖ equal to -1,380, therefore the compounds with similar values have better solubility. 

This can, for example, be exploited for estimating the behaviour of the molecules in water.  

Table 20 HLB and solubility of some of the synthetized molecules and some of the 

designed molecules 

Molecule HLB log P Solubility in water 

Octanol 5.1 3 0.3 g/l**  

Octanoic acid 5.8 3.05 0.68 g/l**  

Lauryl alcohol 3.2 5.4 0.004 g/l**  

Lauryl amine - 4.76 3.5 g/l**  

Lauric acid 3.9 4.6 55 mg/l**  

Stearic acid 1 8.23 0.0029 g/l**  

Octyl acetate 5 3.8 0.18 g/l**  

Octyl lactate 7 3.17 300 mg/l**  

GISAL octanoate 11 1.15 ± 0.44* yes 

GISAL di-octanoate 9 5.12 ± 0.45* no 

GISAL laurate  9 3.27 ± 0.44* sparingly 

GISAL di-laurate 7 9.37 ± 0.45* no 

GISAL stearate 6 6.46 ± 0.44* no 

GISAL di-stearate - 15.74 ± 0.45* no 

GISA-

dodecanamide 

- 3.11 ± 0.69* sparingly 

GISA octanoate 11.3 1.3 ± 0.7* yes 

GISA laurate 9.4 3.43 ± 0.69* no 

*Calculated based on the structure using the software ChemDraw (ACD/Labs) **  at 20ЈC 

and atmospheric pressure (Acree and Waghorne 2021), (Jari Heinonen and Sainio 2019b); 

 ó-ó not possible to evaluate with Davies group contribution method. 

Not synthetised 
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This evaluation was important also to predict on a certain level, how the products would 

distribute in analysis such as HPLC and GC, as these are based on the interaction between 

the molecules and a polar/nonpolar column, these interactions are of course influenced by 

the analysis method, but as standards were not available this was a tool to make hypotheses 

and estimations.  

The experimental research was started by performing some test reactions. The test reactions 

were not only a way to try the equipment and the catalyst but, since lactic acid and acetic 

acid are also generally present in BL, they also represented a way to explore other production 

possibilities to valorise every acid.  

Going to the application of BL, the reactions became more complicated to implement due to 

the partial unknown composition of the BL. Indeed, it was possible to identify only the 

compounds for which the standards were available, i.e., some of the hydroxy acids.  

During the preparation of reactions all the solid phase was considered to be GISAs, this was 

far from reality hence it was not possible to do any calculations related to their conversion. 

Nonetheless, some products were obtained even if in low concentrations.  

Another attempt was made by trying to purify the acids, analogously to the previous case, it 

was not possible, with oven drying to achieve a powder and again the result was a sticky 

solid that caused difficulties in stirring. The chromatogram did not show big differences 

between the purified and non-purified case, but it was obvious from the colour change and 

transparency that some impurities were removed. 

These reactions could only be analysed by HPLC as the GC-MS was not available in a 

feasible time frame. In any case it was possible to extrapolate some results. 

The reactions that should provide analogous products are compared to try to find a pattern 

in the HPLC chromatograms. In particular R1, R14 and R18 based on octanoic acid can be 

compared, as well as R2, R11, R15 and R21 based on lauric acid, R4, R9 and R20 based on 

stearic acid and R5 and R17 based on dodecyl amine.  

For R2, R14, R15 some analogies in the HPLC peaks were found. Reaction R14 peaks did 

not match the others, however by identifying the IPA peak it is possible to notice that the 

distribution matched very well. In fact, the negative peak formed by IPA, that is normally 

found in position 0,9-1, here it was found in position 1,872 and all the others followed with 
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identical pattern. The peak comparison is reported in Table 21. Considering octanoic acid 

has retention time of 2,3 and the acid mixture of 0,8, all the peaks in between can be 

considered as products. In particular, for R1 it was possible to perform GC-MS which 

detected possible products, hence it is possible to state that these three reactions were 

somehow successful. 

Table 21 Peak comparison of compounds containing octanoic acid 

Peaks R1 R14 R18 

IPA 0.9 1.872 1.0 

First peak 0.8 1.708 0.8 

Other peaks in order 1.093 2.230 1.5 

1.275 3.299 1.613 

1.381 3.661 1.7 

1.589 4.073 1.997 

2.375 5.467 2.466 

*Starting materials 

Moving to reactions containing lauric acid, for R11, R15 and R21, matching peaks were 

found, instead for R2 the peaks were a lot different. This can be related to different factors 

such as different reaction conditions and different analysis methods. In fact, all the other 

reactions were measured in phosphate buffer. In any case it is worth comparing R11, R15 

and R21. 
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Table 22 Peak comparison of compounds containing lauric acid 

Peaks R11 R15 R21 R2 

IPA -*  0.907 -*  0.903 

First peak 0.973 0.881 0.948 0.848 

Other peaks in 

order 

1.260 1.163 1.090; 1.229 1.201 

1.558 1.655 1.374;1.754 10.752 

1.871 2.951 2.1; 2.315; 2.654 19.925 

2.352 3.413 3.233; 3.6; 3.484  

2.975 3.70 4.194; 4.667  

 3.650 5.201 5.123; 5.559  

 6.427 5.50, 5.99 6.550  

 7.618 7.23 7.157  

 8.701 8.540 8.150  

*Measured in water; Starting materials 

In addition, to verify the presence of products in R2, it is worth to compare the GC-MS 

chromatogram peaks with the ones of R11 (Chromatograms in Appendix 3). In these, it was 

possible to identify the starting materials, namely lauric acid around 14 min, acid mixture 

around 15 min, ethyl laurate (first step of transesterification) around 13min. The 

chromatogram of R11 was very difficult to extrapolate data from. 

Finally, the HPLC chromatograms for R4, R9 and R20 were impossible to compare, this is 

because, due to the affinity with the column, the compounds have difficulty in eluting.  

However, R4 and R9 can still be compared in terms of GC chromatogram.  

It is important to notice that HPLC is very sensitive to the method, and getting the mobile 

phase to correctly interact with the sample and with the column can be challenging. For this 

study, the method to analyse complex mixtures such as surfactant has been developed during 

the same period of the reactions and is not still completely developed, for this reason 

sometimes the measurements failed. GC-MS also turned out not to be the ideal analysis 

method, for several reasons. First of all, the number of compounds was enormous and as a 

result, compounds with similar masses were present, second GC-MS is highly destructive 
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analysis method which cause fragmentation and ionisation to the molecules modifying the 

mass response, and finally the method used was not optimised for these types of molecules 

and solubilities problems were encountered when preparing the samples. 

Reaction R5 turned out to be the best one, that showed clear and big products peaks. To 

demonstrate the potential of the molecules designed in this project, contact angle 

measurements were done. This experiment did not aim to provide any absolute data 

regarding the GISAL-amide, but it was more of a demonstration of how surfactants perform 

even in mixture containing other substances and other surfactants, in this case the unreacted 

amine. 

Overall, the results of the chemical analysis were very difficult to interpret. As a result, it 

was not possible to obtain accurate and reliable information about the composition of the 

reaction mixture. Only few previous research on synthesis of surfactants from hydroxy acids 

were available to use (H. Kumar and Alén 2016; Reintjes and Cooper 2002). In summary, 

several types of reactions with different fatty acids, different catalysts, and different solvents 

were carried out. The knowledge and experience gathered serve as a good bases for further 

research on this topic. 
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13  Conclusions and prospects 

Considering the results discussed above, some relevant conclusions can be drawn. As first, 

it is important to acknowledge that the results obtained are not very significant in terms of 

data that can be extrapolated. However, they are a good starting point for the future research 

as they gave an overview of what can and what cannot be done, and to recognise the mistakes 

made and improve them. 

This study suffered severe limitations related to the raw materials and to the early stages of 

the research on GISAs. However, most of the limits were associated to the lack of equipment 

available in the laboratory where the study was performed. This resulted in the failure of 

many of the experiments. However, as this research will be continued, this work served to 

collect data with a trial-and-error approach, such that in future these issues can be addressed. 

Another issue that limited the experiments was that the water generated by the reactions was 

condensed back to the reactor as no Dean-Stark apparatus or, in general, water-removing 

systems were available and esterification reactions are very sensitive to water content. Also, 

as mentioned above, due to the hydrophilicity of the hydroxy acidsô mixture, drying in 

atmospheric pressure was not successful, but no vacuum equipment was available to 

overcome this problem. In addition to that, no analysis method was available in the first few 

months, this did not allow to understand the criticalities of this approach until the time was 

no longer sufficient to take care of most of the problems.  

Another big challenge was that the use of BL as starting material was maybe too ambitious 

at the state of the art of the research, since this complicated not only the reactions but also 

the analysis. In fact, no standards were available to be able to recognise eventual products 

from the many other impurities and byproducts with a suitable degree of certainty. Especially 

by considering that BL is the result of degradation of MCC, potentially all the degradation 

products have alcoholic -OH group that could undergo esterification.  

As a consequence, GC-MS analysis resulted in data that were very difficult to interpret as 

the compounds undergo silylation, fragmentation and rearrangements, in a mixture that 

potentially contain hundreds of compounds with similar composition (mostly C, H, O) and 

hence similar masses. HPLC method was not always successful to separate and elute some 
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of the product, in addition to that, reference retention times were not available, hence the 

only information that could be extracted from that is the presence of other compounds than 

the starting material and the relative production/consumption. This issue can be once again 

solved by developing standards.  

It is important to point out that, in the case of GC-MS, a method that was not meant for this 

project was used and some compounds present in the reaction mixture faced precipitation 

during silylation. For HPLC, the method started to be developed simultaneously to the 

production of these molecules, and it is still in progress, for this reason it is not optimised to 

work evenly and some measurements failed. 

A better choice would have been to start from pure GISAs; however, the price of the latter 

overcame the budget of the research, hence an attempt was made to start directly from BL. 

Another better approach would have been to purify and separate the acids from the BL, but 

also this approach seemed to be time consuming since, as explained, it requires several steps, 

for example the setup of multiple chromatographic columns.  

Considering all, the main outcome of this study was the identification of the criticalities 

related to this synthesis, and to come up with strategies to solve them in a more structured 

way.  

Furthermore, during the study of the topic, many research pathways were identified on the 

possibility of applying GISAs in synthetic chemistry and specifically in surfactants 

synthesis. In fact, as mentioned above, the molecules that were designed have potentials to 

be applied in food, cosmetics, pharmaceuticals and detergency, as their structure resemble 

that of surfactants that are already approved and used, such as sucrose ester or SPANs.  

Hence, considering the outputs of the work, a new strategy was developed to continue the 

study. The new strategy is schematised below (Figure 94), and it involves starting the 

research by relatively clean components such that the resulting reaction mixture is composed 

of few recognisable species from which is possible to obtain standards. From these clean 

reactions, it is then possible to obtain data regarding the molecules, such as boiling point, 

selectivity, CMC, HLB etc., and about the reactions such as thermodynamic and kinetic data. 

The information obtained from this, can then be used to optimise the reaction conditions, for 

purification of the products and for assessing possible applications.  
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Figure 94 Scheme of the new approach to the research 

Once these data are known, then it is possible to explore the conditions that allow using 

waste raw materials that are not pure, since tools to monitor the reactions in a systematic 

way would be available. Aside from BL, in fact, one of the prospects of the study is to 

valorise waste oils deriving for example, from food sector or tall oil. 

Other pathways that can be explored are the possibility to experiment with the reaction 

conditions and with the use of catalyst. Particularly, one of the possibilities that was of 

special interest for this case was developing the reaction in water, this can be mostly done in 

two ways, namely the use of enzymes and via reaction in micellar system.  

Another interesting branch of research, that involves more the specialty of chemical 

engineering, includes the reactor design and eventual scale up. This is particularly 

challenging due to the complicated mass transfer of multiphase reactions where the products 

are surface-active and can interfere with the phase equilibrium. 

Finally, the produced molecules could then be further modified to obtain, for example, ionic 

surfactants or they could be ethoxylated to improve the characteristics. More niche 

molecules could also be derived, such as thermo-responsive and/or pH-responsive micelles 

for drug delivery. 

Separate the 
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On each of these molecules then, toxicity and degradability studies must be performed, as 

the destiny of surfactants is to end up in water streams. 

In conclusion, even if the results were not satisfactory as expected, this research work 

allowed to gather information on the criticalities of these syntheses and to identify ways to 

overcome them in order to improve the results quality. In addition, working and studying 

this topic also allowed to discover many gaps in the research on GISAs applications, to 

identify the potentialities of the designed molecules and to individuate several research paths 

that can be developed in future.  
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Appendix 1 ï Equipment 

 

Figure A1  1 Air bath reactor 

 

Figure A1  2 Syrris orb jacketed batch reactor 

  



 

 Appendix 2 ï NMR and FT-IR 

 

Figure A2  1  C-NMR Octlyl lactate 

 

Figure A2  2  C-NMR Octyl acetate 

 



 

 

Figure A2  3 FT-IR spectrum of the acid mix 
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Appendix 3 ï GC-MS  

Table A3 3 GISAL esters mass calculation for the fragments 

Tail 

length 

Fatty 

Acid 

mass 

 GISAL 

ester 

Silylated 

GISAL 

ester  

Silylated 

GISAL 

ester -OH 

Silylated 

GISAL 

ester -

2OH 

Silylated 

GISAL 

ester -

CH3OH 

Silylated 

GISAL 

ester -OH -

CH3OH  

C2 60.0504 204.1754 348.5536 259.3575 170.1614 245.3309 156.1348 

C3 74.077 218.202 362.5802 273.3841 184.188 259.3575 170.1614 

C4 88.1036 232.2286 376.6068 287.4107 198.2146 273.3841 184.188 

C5 102.1302 246.2552 390.6334 301.4373 212.2412 287.4107 198.2146 

C6 116.1568 260.2818 404.66 315.4639 226.2678 301.4373 212.2412 

C7 130.1834 274.3084 418.6866 329.4905 240.2944 315.4639 226.2678 

C8 144.21 288.335 432.7132 343.5171 254.321 329.4905 240.2944 

C9 158.2366 302.3616 446.7398 357.5437 268.3476 343.5171 254.321 

C10 172.2632 316.3882 460.7664 371.5703 282.3742 357.5437 268.3476 

C11 186.2898 330.4148 474.793 385.5969 296.4008 371.5703 282.3742 

C12 200.3164 344.4414 488.8196 399.6235 310.4274 385.5969 296.4008 

C13 214.343 358.468 502.8462 413.6501 324.454 399.6235 310.4274 

C14 228.3696 372.4946 516.8728 427.6767 338.4806 413.6501 324.454 

C15 242.3962 386.5212 530.8994 441.7033 352.5072 427.6767 338.4806 

C16 256.4228 400.5478 549.26 455.7299 366.5338 441.7033 352.5072 

C17 270.4494 414.5744 558.9526 469.7565 380.5604 455.7299 366.5338 

C18 284.476 428.601 572.9792 483.7831 394.587 469.7565 380.5604 

 

 

 

 

 

 

 

 

 

 



 

Table A3 4 GISAL diesters mass calculation for the fragments 

Tails 

length 

Fatty Acid 

mass 

GISAL diester Silylated 

GISAL diester 

Silylated GISAL 

diester-OH 

Silylated 

GISAL diester-

CH3OH 

C2 60.0504 246.2108 318.3999 229.2038 215.1772 

C3 74.077 274.264 346.4531 257.257 243.2304 

C4 88.1036 302.3172 374.5063 285.3102 271.2836 

C5 102.1302 330.3704 402.5595 313.3634 299.3368 

C6 116.1568 358.4236 430.6127 341.4166 327.39 

C7 130.1834 386.4768 458.6659 369.4698 355.4432 

C8 144.21 414.53 486.7191 397.523 383.4964 

C9 158.2366 442.5832 514.7723 425.5762 411.5496 

C10 172.2632 470.6364 542.8255 453.6294 439.6028 

C11 186.2898 498.6896 570.8787 481.6826 467.656 

C12 200.3164 526.7428 598.9319 509.7358 495.7092 

C13 214.343 554.796 626.9851 537.789 523.7624 

C14 228.3696 582.8492 655.0383 565.8422 551.8156 

C15 242.3962 610.9024 683.0915 593.8954 579.8688 

C16 256.4228 638.9556 711.1447 621.9486 607.922 

C17 270.4494 667.0088 739.1979 650.0018 635.9752 

C18 284.476 695.062 767.2511 678.055 664.0284 

 

Table A3 5 GISA esters mass calculation for the fragments 

t Fatty 

Acid 

mass 

GISA ester Silylated 

GISA 

ester 

Silylated 

GISA ester -

OH 

Silylated 

GISA ester-

2OH 

Silylated 

GISA 

ester-3OH 

Silylated 

GISA ester-

CH3OH 

C2 60.05033 222.19133 510.9477 421.75163 332.55553 243.35943 406.72503 

C3 74.077 236.218 524.9744 435.7783 346.5822 257.3861 420.7517 

C4 88.1036 250.2446 539.001 449.8049 360.6088 271.4127 434.7783 

C5 102.1302 264.2712 553.0276 463.8315 374.6354 285.4393 448.8049 

C6 116.1568 278.2978 567.0542 477.8581 388.662 299.4659 462.8315 

C7 130,1834 292.3244 581.0808 491.8847 402.6886 313.4925 476.8581 

C8 144.21 306.351 595.1074 505.9113 416.7152 327.5191 490.8847 

C9 158.2366 320.3776 609.134 519.9379 430.7418 341.5457 504.9113 

C10 172.2632 334.4042 623.1606 533.9645 444.7684 355.5723 518.9379 

C11 186.2898 348.4308 637.1872 547.9911 458.795 369.5989 532.9645 

C12 200.3164 362.4574 651.2138 562.0177 472.8216 383.6255 546.9911 

C13 214.343 376.484 665.2404 576.0443 486.8482 397.6521 561.0177 

C14 228.3696 390.5106 679.267 590.0709 500.8748 411.6787 575.0443 

C15 242.3962 404.5372 693.2936 604.0975 514.9014 425.7053 589.0709 

C16 256.4228 418.5638 707.3202 618.1241 528.928 439.7319 603.0975 

C17 270.4494 432.5904 721.3468 632.1507 542.9546 453.7585 617.1241 

C18 284.476 446.617 735.3734 646.1773 556.9812 467.7851 631.1507 

 



 

Table A3 6 GISA diesters mass calculation for the fragments 

Tails length Fatty Acid mass GISA diester Sylilated GISA diester 

C2 60.0504 264.2568 408.635 

C3 74.077 292.31 436.6882 

C4 88.1036 320.3632 464.7414 

C5 102.1302 348.4164 492.7946 

C6 116.1568 376.4696 520.8478 

C7 130.1834 404.5228 548.901 

C8 144.21 432.576 576.9542 

C9 158.2366 460.6292 605.0074 

C10 172.2632 488.6824 633.0606 

C11 186.2898 516.7356 661.1138 

C12 200.3164 544-7888 689.167 

C13 214.343 572.842 717.2202 

C14 228.3696 600.8952 745.2734 

C15 242.3962 628.9484 773.3266 

C16 256.4228 657.0016 801.3798 

C17 270.4494 685.0548 829.433 

C18 284.476 713.108 857.4862 

 

Table A3 7 GISA amide mass calculation for the fragments 

Tails 

length 

Amine  GISA 

amide 

silylated GISA 

amide 

silylated GISA 

amide -OH 

sily lated GISA 

amide -2OH 

C2 45.084 207.225 495.9814 406.7853 317.5892 

C3 59.1106 221.2516 510.008 420.8119 331.6158 

C4 73.1372 235.2782 524.0346 434.8385 345.6424 

C5 87.1638 249.3048 538.0612 448.8651 359.669 

C6 101.1904 263.3314 552.0878 462.8917 373.6956 

C7 115.217 277.358 566.1144 476.9183 387.7222 

C8 129.2436 291.3846 580.141 490.9449 401.7488 

C9 143.2702 305.4112 594.1676 504.9715 415.7754 

C10 157.2968 319.4378 608.1942 518.9981 429.802 

C11 171.3234 333.4644 622.2208 533.0247 443.8286 

C12 185.35 347.491 636.2474 547.0513 457.8552 



 

 

Figure A3 3 Spectra of GISA fragmentation (Chapter 8.6) in R2 

 

Figure A3 4 Spectra of GISA fragmentation in sample in R9 

 

Figure A3 5 Spectra of GISA fragmentation in sample in R11  



 

 

Figure A3 6 Spectra of GISA fragmentation in sample in R4 

 

 

Figure A3 7 Chromatogram of esterification reaction R2 oil phase 

 

Figure A3 8 Chromatogram of esterification reaction R2 HA phase 



 

 

Figure A3 9 Spectra of lauric acid fragmentation of reaction R2 

 

Figure A3 10 Chromatogram of esterification reaction R1 

 

Figure A3 11 Chromatogram of esterification reaction R4, oil phase 

 



 

 

Figure A3 12 Chromatogram of esterification reaction R4, HA phase 

 

Figure A3 13 Chromatogram of amidation reaction R5 

 

Figure A3 14 Chromatogram of esterification reaction R9 



 

 

Figure A3 15 Chromatogram of transesterification reaction R11 

 

  



 

Appendix 4 ï BL purification 

 

Figure A4 1 AmberLite XAD 16N Clean 

 

 

Figure A4 2 From left to right: BL, BL after the first absorption, dirty AmberLite-16 






