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Surfactand are amphiphiles, i.e., they have a hydrophobic and a hydrophilic moiety that
confer these moleculgseculiar properties, in fact they collect at interfaces between two
phasesand affect the surface tension. For this reason, they are used for solubijlisation
stabilisation, emulsifications ana ©n. As a resultthey are widely applied iseveral
industies

Surfactants, nowadays, are mostly produced fromranawables and/or nesustainable
raw materialsin addition to that they end up in wastreams and can affect the ecosystems
if not biodegradable

The most sustainable way to produce surfactianis use waster sidestreamdo valorise
them. In countries vinere the forestry industry is well developed, such as Finlside,
streamgesulting from pulping of cellulosech materials is very abundarthis stream is
called black liquor (BL) and contains among others, hydroxycarboxylic &ttgever,BL

is mostly burned for engy. Among the hydroxycarboxylic acids, there are the so called
GISAs (glucoiosaccharinic acids) whibhve attracted a lot afttention due to their many

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

Here BLwasproduced from microcrystalline cellulosel®80°C and 160°C, with the latter
havingthe highest GISAs conterffter liberating the hydroxycids, theywereapplied in

the synthesis ofurfactants by combininghem with fatty acids and amines. Different
reaction conditionscatalysts and solventgeretried to find the most suitable conditions.



Difficulties were encountereth identifying the productsdue to the high presence of
impurities and underdeveloped analysis methodEhe most successful reaction was the
mechanic synthesis @ISA-dodecanamide which was detected in sufficient amount to
perform contact angle experimeatvisualise its effect when present in a mixture.

After these experimentsne step purification was done on the raw acid mixture to remove
part of the impurities. Thignixture was then used to perform other reactions. The
compounds forming/consuming were monitohedvever the identification of products and
byproducts was not possible with the available analysis.

As many reaction conditions and methods were attemjtisdresearch served adool to
gatherexperiencend put goodbases for furthework on this tops.
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1 Introduction

Surfactants representcéass of chemicals widely used in almost evedystrial process and
consumesd producs. In fact, due to their amphiphilic nature thesgplay peculiar surface
behaviour at interfaces betweemmisciblephases andelf-asseml# in both polar andon
polar solventsOwing tothis uniquecharacterististhey have several roles, likenulsifiers,
dispersants, wetting, and foaming agents, lubricants and @handani et al. 2020; Porter
1991, 5) Surface active moleculese essential ingredienggd process fluids several
industrial manufacturing sector such as pulp and paper; textile manufactnatag and
mineral processingood and agriculturakectors pigments, paints and coatingsl and
lubricant industy, as well as in pharmaceuticahd cosmeceutid formulations and drug
delivery system¢ Sz Tt s dRévdsz Br2aMkikens and Friberg 1996)

Because of the variety of applications, the surfactamésket is approachingSD 50billion

per year (ASurfactants Market by Typpg A Sur f act ant s Mar ket

S

Forecast 0; ASurfactants Mar-X@3 iiB)pradaction Gr o w

volumes of approximately8Lmillion tonsannually with a forecasted continuous growth
(ASurfactanGkoMalr kenhd$stzey Forecast 0)

Surfactantsare composed of laydrophobicanda hydrophilicportion based on thaeature
of the latter they cahbe divided intdour main categories: neionic, cationic, anionic and

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

polymeric,gemini, linear and branchesholecules(Gecol 2006, 2430) . Currently a big
portion of conventional surfactants ammanufactured usingcompletely o partially

petrochemicalderived reactanisbut with the increasing demand, the depletion of oil

resources and the awarenesseaVironmental issues, this trend needs to be changed

(Bhadani et al. 2020)

In the past fewdecadesresearcherdiave focused on the production alurfaceactive
compoundshat are completely renewable and degraddblerder to do thathe two main

componentsthe alkyl chaintail and thehydrophilic head need to berecovered from

sustainablesourcesthe most commorompounds are fatty acids, fatty alcohols and fatty

aminesin the range C&20 and theirderivatives esters, ethoxylatesnides, sulfonates,

1



sulphatesand so on(Porter 1991; Hayes, Solaiman, and Ashby 2019; Johansson and
Svensson 2001For the hydrophilihead, many options are available as wigk glycerol,
amino acids, sugars, and sa ttrmust be considered that even if thesenpounds are
renewableit does not imply that they are sustainable, in fact many of dres®ompeting

with the food productione.g., fattyacids from coconut oibr palm oil or sugars
increasing thadeforestation and loss of biodiversity monoculturegBhadani et al.
2020)

Therefore,to produce truly sustainablurfactants a good option is to exploit waste
streamghat are usually rich sources of cheap raw materials. The most abhuodidiniy
blocks on earth angolysaccharides, with cellulose leadifiReyes et al. 2020)heseare
the main components ofl ant s a stidictueahcomnmpanenssdd other partsand

they are found in manyndustrial waste.

Mono- and Polysaccharideare of particular interest in the field of surfactants due to
their highhydrophilicity and hence tlveparticular suitability tdbe thetheadpart of the
molecule They have many available hydroxy groups, ideal to bivechydrophobic
chain producingcleavable surfactamtMany studies are available in the use of these
moleculesin surfactarg production(Neta, Teixeira, and Rodrigues 2015; Teng et al.
2021; Sz T t-Révéazn2012; STehaallagha and Holmberg 2007; Hayes,
Solaiman, and Ashby 2019)

Interestingderivatives of saccharides are hydroxycarboxylic ac{#As), that can be
produced fromalkaline digestiorof saccharide$ Kumar and Alén 2016; Heinonen and
Sainio 2019a; Reintjes and Cooper 2Qd®)cause they contaione or more acidic
groups together with one or mdrgdroxylsmaking them suitable for mampplications
(Heinonen and Sainio 20194#)is estimated that 7 tons of weBkack Liquor (BL) are
obtainedper ton of produced pul@Reyes et al. 202nd &ery year the pulping and
paper industry produces approximately 200 Mblafck liquoras dry solid,of which
20Mt are HAgqJari Heinonen and Sainio 2019#)is waste is currently used to produce
energy to sustain thaulpingprocess, howevdrydroxy acids have lowaalorific value
than ligninandvery oftenBL is present in large exce@@eyes et al. 2020 onsidering

the abundancy, methods are being developed to separate the acids from the BL before
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combustion, opening many pathwagsexploitthis class of molecule@deinonen and
Sainio 2019a)Among the applicationsike polymers, drugs, chelating agents, these
acids can be used to produce surfactants due to their enhasmetvity and
hydrophilicity. AlImost hundred acids have been observedédorming during this
process, the most interestiigr this research arésosaccharinic acids (ISAs)n

particular the glucoisacchariniacids(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 studes they formduring the storage of
medium gradealkaline radioactive wastdrom the degradation of cellules material

contained irthe wasteand their capability of forming complexesth 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 combustmmwered technolgies.

Finally, for economic reasons, surfactants are molecules applied everywhere among sectors,
and with the industrial growth in many countri¢lseir request is rising. Especially in
countries like Finlandwith a highdeveloped pulping industry a potential way to exploits

compounds from black liquor represgiaigreat economic resource.

1.2 Objectives of the thesis

The goal of this research project isassess the feasibilitf producing surfactants lmsing
as starting material the hydroxy acids present in the unprodassidiquor The ideal case
would beto reduce as much as possible the processing stejbtain 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 sedavated.
3



different cellulose digestions are performed, to have a BLaptimized amounts of GISAs.
TheBL, which is in alkaline conditionis brought taneutal or acidicpH to liberate the HAs

andsuch that th&ISAs are present in the lactone form (GI$A

Different approaches are tri¢ol produce the surfactan@sthe use othese molecules for
this appicationis quite a novel field and not many references are available. In parttbelar
reaction conditions were varied based on the difficulties encountered during the

experimental work.

Three different types of fatty molecules are appliedthe hydrophobic portion of the
surfactants, namely fatty acids, fatty amines, and fatty alcowdls fatty acidsbeing the
favourite ones atheycan be obtained from naturahd waste sourceshe combination of

the HAs with the fatty acids leads to ester surfactants while the reaction with fatty alcohol
can both give estend carbonates. This is done both in homogeneouketrdbgeneous
acidcatalysis using an ion exchange re3ine deal with these two typesmbleculess that

they are easily hydrolysabie alkaline and acidic conditionsence also the reaction with
amides is triedAmideshave enhanced stability to alkali and improved hydrophilicity.

Consideringhe current ste of the art otheresearch on GISAbased surfactants, the aim
of the research is mostly 8®t the starting reaction conditions that enablecthations of
the novelle moleculeand their characterisatipas no standards are available. The study

does not involve optimisation, purification kinetic studies



2 Saccharidsalkaline degradation

Saccharides (monpdi-, oligo-, and poly) are widely distributednolecules in nature, they
are associated with livings metabolistimey are energy source and structural constituents of
plants Monosaccharides can exist in ring foranging from 3 to 6 carbons with multiple
hydroxy substituentéPoole 2023, 41i35).

In order to understand how hydroxycarboxylic acids are formed from carbohydrates in
alkaline conditiongit is important to introduce the concept of reducing sugarsducing
sugarcan actas reducing agenin alkaline conditions these sugars are present in the form
of aldehydes or ketones, hence they are called aldoses and k&gethe aldehyde is a
reducing agent, but ketones can tautomerize to form aldenftlemonosaccharides are
reducing sugars, while for-dio poly- saccharides it depends @hich carbon is occupied

in theglycosidic bondi.e, there must be a hemiacetabrexample sucrosenoleculeform

the glycosidic bondetween their anomeric carbon®., they are acetaland therefore
cannot convert, when the chain is opened, to ketone or aldehyde. On the othkdhase,
and maltose only have one of the two anomeric carboaspied for the glycadic bond
hence they are reducing sugdrsalkaline conditions reducing sugars are oxidized to their
respective acidgAngyal 1984; Whistler and BeMiller 1958)

In alkaline conditions, three reaction tymestribute to the degradation of polysaccharides:
the peeling reaction, the stoppimgaction,and thealkaline hydrolysis(Mozdyniewicz,
Nieminen, and Sixta 2013; Whistler and BeMiller 1958; Heino2622. In the following
paragraphs these three reactions are described in order to understaestdiegradation
conditions taoptimize the presence of bigger hydroxy acttle ISAs A simplified scheme

of the possible reactionsccurringin cellulose alkaline degradation gmownin Figure 1
(Glaus and Van Loon 2008)
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Figurel Simplified reaction scheme involved in the alkaline degradation of cellulose.
Symbols:z Reducing endgaldehydes)d glucose monomeric unit§, chemically stopped
end groups (metasaccharinic acjdshtermediatesAdopted from(Glaus and Van Loon

2008)

2.1 Peeling reaction

The peeling off reactioof the reducing end groups leads to the production of.ISAs
accessible reducing endse transformed to an enediol by ketwol tautomerisatigrfor
ketoses and aldosdisis is known as Lobry de BruiAlberda van Ekenstei({LdB-AVE)
transformationThe reaction steps are showrHigure2. In theLdB-AVE is catalysedy a
base,the aldose idransformed in the ketose isomer acwhtrarywisegoing through a

tautomeric enediol intermediaf€he enediol is also the intermediate for epimerization.
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Figure2 LdB-AVE transformatioradgpted from( Kocadaj |l &€ 2016)

In Figure3 the complete peeling off reaction is summarized. Under alkaline conditions, the
2,3enediol is deprotonated to an enolate©(23), which favoursf  alkoxy-carbonyl
elimination at the &1 carbon atom (8 4), followed by tautomerisatigd© 5)and benzylic

acid rearrangement to foim orf  isosaccharinic acid {8eoxy-2-C-(hydroxymethyl)
pentonic acid) (9 6). Retrecaldol reactions of the enediol can bring short chain degradation
products(Mozdyniewicz, Nieminen, and Sixta 2013; Chen et al. 2017)
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Figure3 Peeling off Reactioadapted from (Chen et al. 2017)



2.2 Stomping reaction

The stopping reactionccursas illustrated inFigure 4. The deprotonation of 1-@nediol
causeg1 © 2)f -hydroxy-carbonyl elimination2 © 3), followed bytautomerization3 ©

4), andbenzylic acidearrangemer(@ © 5). This lastrearrangemeriirings to the formation

of an alkalistable metasacchariracid end group (5 he stopping reaction is abledocur
only when a sufficient concentration of alkediadded to produce the-idinic intermediate
(2), hence at high alkaline conditionsstineaction is more favoured than the peeling off one.
In case of cellulose also physical stopping is present, vaomirswhen thereacting end of
the chain reaches a crystalline regi@Mozdyniewicz, Nieminen, and Sixta 2013; Chen et
al. 2017)

OH OR o OH OR OH OR
+H PR o
H OH =—— H(/ ',} oH OH? Hoi N OH
O OH OH O OH OH o OH
1 © 3
OH OR o OR
OH H
MOH +H,0 MOH
o OH 0 OH
5 4

Figure4 Stopping ReactiarAdapted from(Chen et al. 2017)

2.3 Alkaline hydrolysisand other reactions

Alkaline hydrolysisor random scissiors anothetype of degradation that casccurat high
temperature, usually abovE20-140 JC in a relevantquantity. In cellulose and other
polysaccharides thikeads to a fast decrease in the degree of polymerization (C:DR)
molecular weigh{Knill and Kennedy 2003)The mechanism of this reacti®a random
breakage of glycosidic bondby internal nucleophilic substitutiomhe shorter chains that
are formed then undergpeeling reaction (secondary peelingaine 2022; Knill and
Kennedy 2003; Paananen 2018ith this mechanisnformic and acetic acids can be
formed. Other reactions are fragmentation and rearrangewietite cleaved unitsThis
brings to the formation of the smaller acids like laaticiformic. The pathwagare shown
in Figureb.
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Figure5 Carbohydrate degradation reactidwopted from(Reyes et al. 2020)

2.4 Observed acidm theblack liquor

Many compounds present in the BL have attractmimercial interest, among which the
hydroxy acidslt was estimated that 2015 the market of organic acids was arousD 6
billion, hence the recovery of these acids is of great economic intereke available
literatureit is agreed thathe mainacids present in the Bare of thredamilies, the volatile
acids, the hydroxgcids and the ISAghe most abundant af@mic (FA) and acetidAA),
glycolic (GA), lactic (LA), 2,5DHPA, and2-HBA, while for the ISAs the most abundant
are the -f - GISAs andxylo-isosaccharinic acid (XISAqFigure6). (Reyes et al. 2020;
Heinonen and Sainio 2019b; Laine 2022)
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Figure6 Main observedydroxycarboxylicacidsin BL. Adapted from(Heinonen and
Sainio 2019b; Reyes et al. 2020)



Formic acidand acetic acids afermed along the peeling reacti@tetic acid also is formed

by the loss of acetyl groups from hemicellulose during the initial delignification, &hile
hydroxyhkutyric acid and XISAs are formed from xylaasdthe ISAs are formed from
hexosansKigurel, Figure5), the remaining acids can be produced by any polysaccharides.
(Reyes et al. 2020)

All of the volatile anchydroxy acids already have wdihown applicationg-ormic acid has

a volume of production of more than aheusandkilo tons peryeat i For mi ¢ Aci d
Size & Share Analysis Industry Research ReporGr o wt h  Bd is msddsnomany
sectorsas aldehyde, acidic and reducing agentjtastalso usedh innovativefuel cells as

well asreagent for other chemicals producti@rijs, Rongé, and Martens 2022; Reyes et
al. 2020) Acetic acidhas a global demand of around 20 Mt/yéaiit Acet i ¢ Aci d
Si ze, Tr end#is & esSentiaMchemicel the food industry but alsfor the
production ofacetate estergjnyl acetatemonomeyassolvent,in coatings, adhesives and
resinssectorand so orfReyes et al. 2020).actic acid igproduced in a volume of 1,5 M&wgr
(Reyes et al. 2020amongts applicationghere is the production g@lylactic acid PLA),

a biodegradable polyman the food industryt is applied in its pure forror as lactatsalts

that work as acidulargnd preservativen the cosmetic industryactate esters are used as
nonthazardous solvenend so or{Castillo Martinez et al. 2013)Glycolic acidsimilarly to

lactic acid is also used to prodyselyglycolic acid(PGA), a biodegradable polymesr as
building block in other copolymer#,is also useth cosmetics and pharmaceutipabducts
andin the production ofesinand assolvent(Lachaux et al. 2019Hydroxybutyric acids

have applications mostly in the production of cosmetitg pharmaceuticalflavourings,

ard polymers for medicgdurposes(Reyes et al. 2020)

Theother acidsare not common in industrial applicationsnetheless they are being more
and more researched due to their potentiality in the production of sustainable and
biocompatible productOf particular interest are 1ISAdue to their abundanap BL and
potentials in synthetic chemisirgo far ISAs have mostly been exploreddmafe disposal
of low- to medium grade radioactive waste since they are able to &minble complexes
with actinides and lanthaniddse to the many U "@roups availablé/Narwick et al. 2004;
Warwick, Evans, and Vines 2006; J. Tits, Wieland, and Bradbury 200&)presence of
these groupss whatmakes themnterestingfor chemicals productiobut also require the
development ofyroup protectiontechniquedo achieve selectivity(Almond et al. 2018)
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ISAs at low pH arelehydrated tohe lactone fornprotecting the acidic grougigure7 and
Figure8)
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Figure7 Equilibrium GISAGISAL
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+HO 0] 0
HO 2
OH == OH
OH
OH OH
Xilosaccharuue Acid Xilosaccharing- 1.4- Lactone

Figure8 Equilibrium XISA-XISAL

This transition for GISAoccursat pH around 2Allard, Ekberg, and Albinsson 20Q4yhile
GISA is deprotonatedt pH between 4 and 5, this tendency is shown Figure9.

1.2

Relative concentration

pH

Figure9 Equilibrium between the lactone and the acidic form for GISAU  2]+( [ | S A
[HISAD/[ISA] tot. (Allard, Ekberg, and Albinsson 2004)
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2.4.1 Influence of the parameters on the observed acids

The ratio & the HA is influencedby the digested polysaccharides ahyg the operating
condition of the digestigmamely temperatur@ndalkali concentrationSeverakesearches
show agreeing resul{&ozdyniewicz, Nieminen, and Sixta 2013; Knill and Kennedy 2003;
Pavasars et al. 2003; Glaus and Van Loon 2008; Whistler and BeMiller. 18&Bgeling
reaction is favoured &igh temperatures while the alkaline degradation is negligiblew
temperatureand becomes dominant when the temperature is(hitp0°C)(Laine 2022)

as a resulét high temperatures the formatioh smaller acids is favourezince the GISAs
are not stable dtigh temperaturesat high alkali concentration the conversion in acids is
higher.

The data fronthe previous works of LUT Separati@csience group were analyseulfind

the conditions at which the presence of GISAs is higher.evident from the data that the
higher amount of GISAs is obtained at lower temperatures and higher alkali concentrations
(100°C and 10% w/Mb & 0 )Gacrificing the total acid yiel@85%) At higher temperatures

the totalacidyield is higher but the percentage®iSAs is lower(Laine 2022)

It is important to keep in mind thate goal of this research is to develop a technique to
exploit the black liquor waste resulting finothe Soda process and the Kmaftbcess The

Kraft process is the most used one since it gudp with higher mechanical resistance
however the Soda processsitl used with easilypulped materials like straws, bagasand
hardwood.(Windeisen and Wegener 2012)he Kraft process uses as cooking chemicals

0 0 @O w "Y(white liquor), itis usuallyoperated at around 174F5°C and pH above

10, allowing the breakage of the bonds that link the lignin to cellulose and hemicellulose.
The presence db & "Yhelps to compensate the loss of alkali during the cookorgs
sulphate products that are ma@@uble and limits the attack on cellulose giving products
with higher strengthThe cooking time varies depending on the desired product, longer times
bring tosofterand easy to bleaatellulose Kraft process is derived from ti$®da process.

The Soda plping process usess digestion chemical @ 0,"@nthraquinongAQ) can be
added tdimit the carbohydrate degradatjghe lignn obtained from this poess does not
contain sulphur and has higher purity with respect to the Kraft ligrioung, Kundrot, and

Tillman 2003; Alén 20150 comparison of the digesting condition is reportedable 1.
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Tablel Kraft pulping VS Sodadata from(Young, Kundrot, and Tillman 2003; Windeisen

and Wegener 2012)
Procesg T Chemicals| Raw pH P Time Yield (%)
(°C) Materials (atm) | (min)

Kraft 155 | 0 ® 0 'O | Hardwood, 10 5-10 | 60-240 | 4555
175 | and0 @ Y | soft wood 14

odp
Soda | 160 0 @0 "0 Annual 100 | 5-10 | 120300 | 50-70
180 plants, soft 14
wood, hard
wood

The composition of the BL varies a lot with ttaev material, example of tre@mposition of
the BL from Kraft andSodaprocessefor Birch and Pine woodre reported ifable2.

Table2 Composition of BL from Soda and Kraft processes, data {Adén 2015)and
(Reyes et al. 2020)

Component Pine Birch

Process SodaAQ* | Kraft* SodaAQ* 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
3,4DHPA 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

13



2.5 Separatiorof acids fromblack liquor

Many methods to separatiee acids from BlLhave beerdevelopedand include different
technologies ranging fronmembrans, various chromatographic techniqueslvanced
filtration methodsand so on. An overview of the main explopadhwayss shown inFigure

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.

IUItraﬂI(ration — SEC } * lon-exchange -{ Adsorption |
B [ + Electrodialysis { C
L } i A
‘C\ ~‘ Carbonation +| Centrifugation } ’ Evaporation } +| Precipitation | { Esterification ’ :
K [ y > (o)
| Ultra/Nano filtration '— + Evaporation + L-L Extraction X
L . ‘ (R .4 $ ) Y
| ‘ Evaporation + Carbonation | +| Acidification I »| Distillation L
Q L J . AR L o
- y | B

u N | I i 1 C
0 hlon schenge | | s Coo{lng' :{Nanofiltration J A

| crystallization
R | ( C
i Centrifugation ‘ |  Filtration } ‘ IEC ‘ 1
| | 73 @
’{ Filtration + lon-exchange | S

Lignin

Routes used for the recovery and purification of hydroxy acids from BL (adapted from Gallet’®): ultrafiltration and adsorptions®* il electro-
dialysis”” il esterification and distillation®” i, ultra/nanofiltration®* il nanofiltration®® [l liquid-liquid extraction®* i distillation under pressure’®7®
[ ion-exclusion chromatography™* 1, sequential chromatographic process** . Abbreviations: SEC = size-exclusion chromatography; L-L extrac-
tion = liquid-liquid extraction; and IEC = ion-exchange chromatography.

Figure10 Different possibilities to separakéA from BL (Reyes et al. 2020)

One of the most promising purification techniques is chromatographic sepaginonen
and Sainiodeveloped dour-stefs separation based arhromatographi¢echniquesThis
method exploited the differencetbe various acids in hydrophobicitgcidity, and ISAs
lactore equilibrium. The hydrophobicity is expressed in terwis partition coefficient,
I TO@vhile the acidity is expressed in termsrpf , the values for the main acids are

summarized imable3.

! Ratio of concentration of a compouimdtwo immiscible phases at equilibrium. The most commpioases
are octanol and water.
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Table3 Acidity and water solubility values for the main hydroxyacids present in the black

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

Compound no 1 T0C
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
2,5DHPA 3.79 0.21 0.8

XISA 349 021 2.0

| -f - GISA 3.20 0.43 26/ 1762 0.57
GISAL 1.852 0.521
XISAL 1.196 0.501

The overall purification process is shown kigure 11. In the first step2-HBA was
completely separated exploiting its hydrophobicity compared to the otheuaaidhighly
hydrophobic PEVB (polystyrenedivinylbenzene) resin In the second stepthe
differencesmnu ard the lactonization tendency of ISAs was exploitgdoerforming the
separatiorwith the site sharing mechanism. This is achieved by usmgxchange resin
with multivalent counterionse.g.,”™ , that can bind carboxylic acitly association with
"O counterion This cause a decrease in charge of the counterioorenaf the ionic groups
that was occupied in the bond with the multivalent ion is now free to binchthexylae.
With this mechanism the carboxylic acid is trapped in the ion exchange resin without actual
ion exchangeccurring TheISAs eluted first thanks to their neutral lactooenf thatonly
interacts weakly with the resisuccessivelfhe GISAs and XISA and GA, LA and 2;5
DHPA mixture are furtherseparateceexploiting again difference in hydrophobicit§.ood
purity wasachievedfor the compounds of intergestamely97.78% for GISA, 980% for
XISA with respective yield of 96.12% and 73.98%einonen and Sainio 2019b)
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3 Surfactantsstructures, properties and behaviour

The termsurfactantcomes from surfacactive agent with this termare referred a wide
variety ofmolecules that displays surface activity, meaning that they adsorb satrthee
between two immiscible phasese(i.liquid-liquid, solidliquid, gasliquid) with the effect

of lowering the surface tension anat high concentrationselfassembling intespecial
structures called micelleso be able to show these properties, surfactants must be composed
of two functional groups, with different affinity to tltfferentphasesone hydrophilic and

one hydrophobicSurfactants show different behaviowspending on the functional groups
that composdahe molecule the modification of themoietiesbrings to surfactantswith

tuneable propertiespecifically meant for the desired application.

3.1 Molecular structure

Surfactants can be categorized by their hydrophilic portion into caewmianionicnon
sulfonate (™Y ), phosphate (0 0 00 "O)  quaternary ammonium (Y 0 ) and so on
Instead,somenortionic groups are polyoxyethylene, sorbitol, glycerol and s{Natkama
2017) The lipophilic chain instead is an alkyl chain with usual length between 8 and 22
carbons (Porter 1991; Nakama 2017put also polymeric surfactants are very used
especiallyethylene and propylene oxideSurfactantscan be designed to have different
structures with one or moteads and tailSomestructureseexamples arehownin Figure

12 Molecular structure of surfactant(A) singletailed surfactant, (B) doubiwiled
surfactant, (C) triplgailed surfactant, (D) catanionic surfactants, (E) gemini surfactants (two

singletailed surfactants connected by a spacer chain), and (F) bola form surfactants.
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Figurel2 Molecular structure of surfacta(tA) singletailed surfactant, (B) doublailed
surfactant, (C) tripldailed surfactant, (D) catanionic surfactants, (E) gemini surfactants
(two singletailed surfactants connected by a spacer chain), and (F) bola form surfactants.
(Fil ivpomwcielkovil 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 pramuresulting in low cost and good efficageir main application

is detergency, buhey are widespread in many other secésrdispersant in and emulsiger

(Qin et al. 2022 he optimum dimesion of the alkyl chain for thegrolecules is between

12 and 16 carbongOliver et al. 2013; T. F. Tadros 200Bhe mostcommon ones are
carboxylates, sulphatesulphonated and phosphates. Gtenter ion is usually sodium or
potassium, but it can also be ammonium calcium and different ardiedsaol, isopropyt

, and so on)(Porter 1991; Rapp 201%pome examples are shownFigure13.

To the class ofarboxylatesbelongs different types of moleculesosehydrophilic parts
consist of a carboxylic acahd its derivatives (e.gsarcosinategstersbetaines and so an)
The most common are soafigtarealkali metal salts of fatty acids; they dne most spread
surfactants and probably the first ever invented and &&eghsare usually commercially
available as salts of natum@ls; hence they contain fatty acids of various lengisluding

unsaturated ones. These surfactantslaeap, effectivajontoxic, and biodegradabléKent
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2003; Porter 1991he main drawback is their instability hard watersi.e., in presence of
heavy metal ion®) "Q , 6w they precipitate, butlso, they are unstable in acidic
conditionsas they come out of solution as free fatty acits.overcome the instability
carboxylates can be reacted with ethylene ox(&€3) chains of various lengths to @i
ethoxy carboxylatesthe additionof EO increases the solubility and the stability to
electrolytesand to other anionic surfactan(¥adros 2005Tadros 2013;The presence of
EO also lowers the critical micelle concentration (see Ch8pt¢rThe modified carboxylic
group like in the case ®&farcosinates betainggrease the solubilitgnd resistance to ions.
(Ananthapadmanabhan 2019; Porter 1991)

Sulphatesre the most produced of the anionic surfactdhey aresynthetisedy reaction
between an alcohol and sulphuric a@idn general a sulphating agent such chsutphonic

acid (Fainerman, Mobius, and Miller 2008ulphates are chemically unstablige to the

fact that the sulphur atom is bonded to #ikyl chainvia an oxygen, which can be
hydrolysedat pH lower than 3,5they are also susceptible to thieesence of electrolytes
hence in manypplicationsthey have been substituted by the correspondent sulphonate
(Porter 1991, Tadros 200%D this class it belongs sodium dodesylphate (SDS) which is
usually taken as referencesuarfactantsciene but also very used industrial applications.
Analogously to the other typesulphateypes ofsurfactants can be ethoxylated to improve
stability, solubility, and resistance to electrolyt¢Bhattarai, Niraula, and Chatterjee 2014)

Sulphonated surfactantsonsist of a sulphur atom directly bonded to the alkyl ghain
providing enhanced stability to hydrolysiBhe sulphonatiorsidone by reactingn olefin
with a sulphating/sulphonating agestich as chlorgulphonic acidfuming sulphuric acid,
and so onSulphonatedurfactantdhiave great water solubilignd chemical stabilityAlso,

in this case it is possible to add E@ups to increase the solubiliffFainerman, Mobius,
and Miller 2001; Porter 1991; Tadros 20@8hong the most common sulphonated there are
the alkyl benzene sulphonatalcohol ether sulphonatgsaraffines sulphonatefatty acids
and fatty acids esters sulphonates,and olefines sulphones, fluorinated sulphonic
surfactants are also available and used in cleaftagp 2017)however they have very
long halftimes hence they are bioaccumulating and environmentally hazafdwiker

class in sulphosuccinatederived from sulphosuccinacids (Porter 1991)

Phosphate based surfactaats produced by reacting fatty alcohols or alcohols ethoxylates

with a phosphorylating agent (e.9.0  tetrgophosphoric acid Phosphates have properties
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that arein-betweenethoxylated nofionic surfacants andsulphated oneshey are good
emulsifiers and foaming agentbey have good resistance to hydrolysishard waterrad
electrolytes(Arora et al. 2018; Tadros 2005; Porter 1991)
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Figure1l3 Some examples of naonic surfactants(Rapp 2017)

3.1.2 CationicSurfactants

The mainly usedationic surfactants are quaternary ammorghiorides saltsAmong these
the mostommon are the alkyl trimethyl ammonium chloride, two tadedactants like di
alkyl dimethylammoniumchlorideand alkyl dimethyl benzyl ammonium chloridd hey
can also be modified with E@.ationic surfactants are very water solug 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 wh nonionic ones. Their main
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characteristic is to interact with negatively charged compounds heegere applied for
their antistatic effect indir productsfabric softenes and plasticfor corrosion protection,
for electrostatic flotation and stabilizatidifadros 2005; Porter 199Their positive charge
also interacts withproteins in thecells, making them also excellent bactericice=l
disinfectants(Vereshchagin et al. 2021)
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Figure1l4 Some examples of cationic surfactaii®&app 2017)

3.1.3 AmphotericSurfactants

Amphoteric surfactants are a class of ionic surfactidmatshave both the cationic and the
anionic moiety hence their behaviour as anionic or catiotépends on the pH of the
solution in which they are dissolveat low pH thesurfactantdbecomepositively charged,
while in alkaline conditions they get negative charge. At certain pH values both groups
have equalonization,this is called the isoelectric pojrat this particular pH the surfactant
shows a minimum in solubilitgnd has similar behaviour to nanic ones(Lv et al. 2011;
Tadros 2005Yhey show very good compatibility with all types of surfactants and can form
mixed micelles Amphoteric surfactantare also suitable fatases where electrolytes are
present(Tadros 2013Yhese molecules are populamnixtures especially in hair and body
foaming detergentsas well as incleaning for fabric and surfaceSome examples of
amphoteric surfactants are alkyl betaines, such as lauryl amido propyl dimethyl fetaine
obtained byreaction oftertiary aminewith chloroacetic ad; glycinates and amincand

amido propionateshat hae the alkyl chain connected straight to the nitrogen, these are the
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most widespread amphoteric&nother common group is represented by imidazolines

derived from fatty acidgPorter 199150me examples are shownHigurel5.
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Figurel5 Some examples @mphoteric surfactan{®app 2017)

3.1.4 Non-ionic Surfactants

Nortionic surfactantslo not have any charged groups, the hydrophilic porticepiesented
by a watersoluble compound that can bleydroxyl, ether, esteramine and so oriThe
solubility of these compounds a lot lowerthan that of ionis. For examplefatty acids and
alcohol can show surfactant properties only at low chain lengtC&6for good surfactants
behaviourmultiple hydroxy and ethiegroups are neede(llTadros 2005)'he hydrophobic
chain can also consist of aromati€@ne of the most commonways to prepare these
surfactants is to combine a fatty acid or alcohol wiififierent amounts oEO chains of
various lengththis allowsto tune the solubility and behaviour of the molec(F@rter 1991;
Tadros 2005An alternativeapproach is to use molecules thaturally contairmultiple
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hydroxy groups ke sugars andlycerol some examples agucosidessucrose esters,
glycol estersglyceroland polyglycerol esters and so &@aponins are also commonly used
in detergency applications and biological udés-ionic surfactants have lower CM@an
correspondent ionics with the same chain lelfjtbghaddam, Dehghannoudeh, and Basir
2016)Another class of nofonics is represented by polymeric surfactants, particularly the
EO-PO copolymer, commercialized with the name Pluronj@éu et al. 2005; Tadros 2005)

Some noronic surfactants are shown kiigure 16.
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Figure16 Some examples of naonic surfactant§Rapp 2017)
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3.2 Hydrophilic-Lipophilic balance

Another classification can be done in teraissolubility, a measure ahis affinity is the
Hydrophilic-Lipophilic Balance (HLB) Different formulas have been proposed for the HLB
calculations sincé is not easy to evaluatespeciallyfor ionic surfactantsThree different
formulas are reporteigelow ((1),(2),(3)). It is important to remember that HLB depends on

temperaturas well as the presence of other additives like salts and other surfactants.
v~ 0 1

Whered is the molar mass of the hydrophilic portion ands the molar mass of the entire
molecule(Porter 1991)

ny
000 ¢1Op 5 (2)

Where“Yis the saponitiation number and A is the acidity number, both experimentally
determinedRay 2023)

Davies and Rideal suggted an empirical equati¢Barret 2018; Ray 2023)

0006 x OB "0 (3

rrrrrr

where 0w we& VO aresemiempirical values reportedkigure17.
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Hydrophilic groups Group number | Lipophilic groups | Group number
-S0, Na* 387 -CH = 0475
-Co0'K* 211 -CH,- 0.475
-COO'Na* 19.1 ~CHs- 0.475
SOjNa* 110 ~CHa 0.475
RoN 9.4 -CF,- 0.870
-COOH 2 -CF; 0.870
—OH (free) 19
-0- 13
—-(OCH CH;) - 0.5
—(OCH,CH)- 0.33
-OH (sorbitan ring) 0.15
Ester (sorbitan ring) 6.8
Ester (free) 24

Figurel7 Values for thecalculation of HLBwith the group contribution formulaf the

most commormgroups(Barret 2018)

The HLB valuesarealso determining to identify the possible applicationssimfactants
this tendency is shown Figurel8. This however only represent the effect of sngactant
alone while irreal applications mixtures are presémthis case the HLB is evaluatad the
weighted average of the HBL of the surfactants in the mixture.
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Figurel8 Applications andolubility of surfactantdased oHLB. (Mistry 2021)

3.3 MonolayerState

The main characteristic of surfactaimsvater solutionswhich makeeasibletheir practical
applicationsis the tendency of these mneglilesto accumulate at the interfabetween the
agueous solution and the other phase (gas, liquid, sdhé)relevance of this phenomenon
can be acknowledgday considering that the ratio between the molecules of surfactants and
the molecules of watén a typical cleaning product is 1:20 000the surfactant would stay

in solution, at this level of dilution it wouldot have any effect, insteadstadsorbed at the
interfacecreating a monolayekVhen the surfactants adsorb at sweface, they substitute
water molecules, the iataction between the water molecules and the surfactant molecule
are weaker than the watemater interactions, the resultasdecrease of the surface tension
(Hantal et al. 2019)0 give some numbers of the extent oféffect of surfactants on surface

tension, in genefa surfactant withan average alkyl chain (220 carbons) can lower the

surface tension of water frogn— below o =— at¢ 180, and between a mineral oil and

water from around) — to less thano— (Schramm 2005)For examplansoluble polar

molecules like fatty acidare able to adsorb and create a monolayer both in covithaias
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and with another liquid phas#jey creae very stable emulsions due tow interfacial
tension and mechanical resistance to collision since they increasarfheeviscosity.
(Schramm 2005; McClements, Lu, and Grossmann 2022)

The surface tension is defohas the energy per unit of area that is necessary to increase the
surface of a specific syste), e.g., diquid (MartinezBalbuena et al. 2017)

T O 4
[ 2

0 n

At the interface of a surfactamiater solution, the main parameters that characterize the
system are temperatui® surface tensioii, concentration expressed in terms of area

occupiedper moleculé and of thepressura.

At constant temperature this relationship can be expressed grapmitialtiige pressurarea

or pressureoncentratiorturveswhich are alséunctionof the presence @lectrolytes(van

Oss 1990)A geneic trendline of the surface tension as function of concentration is shown
in Figurel9, the surface tensiaonstantlydecrease as the concentration increases, until the
surface is saturated and the surfactant molecules start t@sselnhble into micelles, this
point is called criticamicelle concentration (CMGnd will be described in the following

paragraphgHantal et al. 2019; Harasima 1958)
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Figurel19 Surface tension of a generic surfactant as function of concent(atioB u r f act a
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The decrease in pressure calibg the presencef@ surfaceactive moleculas due to an

expanding forcé thatis subtracted tthe interfacial tensioas follows:

T ‘ (6)
wherel is the resulting surface tension in presence of a surfactant andis the surface
tension of the solventSchramm 2005 ertain types ofals (e.g.,0 & 16 gwhen added
to the watessurfactant solutiondissociate and the iomsteract withwater molecules the
first and second layemodifying the orientationthis affects the residence time of the
molecules both water and surfactanggesent at the interfac This is becauséne forces
between the solute and the solvent become stronger than the -sallvemt ones, causing
the surfactants moleculés migrate from the interfacéZhang and Carloni 2012; Schramm
2005)

The lowering of the surface tensidue to the presence of a surfactanthe interfacdut
also the effects of saltsan bethermodynamically expressday considering asystem
composed by two phases in contact (e.g:liguid) of imaginary volumeAt equilibriumis
possibleto considerthe surface as thermodynamic system itsgHyting fromthe Gibbs
Duhem guation(7).(MartinezBalbuena et al. 2017; T. F. Tadros 2005)

YQ'YBEQ 0Qr 4O (7

and considering that only the concentration oftheompound is changing, it is possible to
evaluate the surface tensionsa®wn in(8).

Qo (8)

Q0
From thisthe Gibbs adsorptiomsothermfor a binary systenms obtainedn terms of 3
which is thesurface excess of surfactdfj. This equation is only valid for binary systems
at low concentrationgp & 0 and cannot account for CMGnless it is very lowThe

presence of salts lower trmurface excess concentratigfthah, Ali, and Bilal 2013;
Schramm 2005; MartineBalbuena et al. 2017)

P Qr Qr Géa (9
YUY Ql b

p
th YYQl b o

o3| ™

wherew is the activity of the surfactant in the bulk.

From this value the packing density per area can be evalsted
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P (10
0 3

Where. is the Avogadro numbeifThis is valid for non-ionic surfactantsfor ionic
surfactantghe system gets more complicated due to dission. The Gibbs adsorption

isotherm for this case can be expressdolésnys.

5 p Qr (11)
Y Y6 o Qat o
whered 6 ¢cO 6 o 0O ,0 isthe salt concentratioandO is the surfactant

concentration, if no salt is addeahd the ions are monovaleit &HS ¢. (Martinez
Balbuena et al. 2017)

3.4 Critical Micelle Concentration

Surfactants behaviotnighly depends ottheir concentrationin fact, when these molecules
are addedchbove certain amounthey start to selassembly into micelles, this concentration
is called Critical Micelle Concentration (CM@jorter 1991; Nakama 2017; Perinelli et al.
2020) Usually,nortionic surfactants have lower CMC than ionic with the same alkyl chain,
and it decreaseBy increasing the chain length. CMC hasually weak dependence on
temperature while it depends stronglythe presence of other compounds. For exantipde
presence of electrolytes and alcohols can lower the CMC especially for ionic surfg€tants.
F. Tadros 2005)

3.4.1 Thermodynamics of micellization

Micellization is an entropy driveprocessandit hassmall andusuallypositive enthalpy. In
fact, thesemolecularaggregatesire the result of hydrophobic interactioreused by the
increase of entropy in the water moleculest are in contact with the surfactawater has

the tendency to try to expel the hydrophobiwin, but the hydrophilic portiorputs an
opponent force to this tendendis surfactant is added tmeolecules first positiontahe
interface once the surface is coverglde water molecules surround the surfactants creating
ordered clusters. When the concentration is incretlsegdurfactantmolecules starts to
assemble in micelles and the water molecules of the cluster are relBasddrmation of

micellescauses decrease in the entropy but at the same timedber moleculeghat are
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now released from thislusters increase the entropy of the systetims entropy is much
larger than the decrease, thiggers themicellization as micelles formation stabilize the
system resulting in a large negative free enefbipkama 2017; Fisicaro et al. 2008; T. F.
Tadros 2005)Other factors contributing to the increase of entropy is the higher mobility of
the hydrophobictail whenin micelle, and in the case of ionic surfactants, an additional
contribution is given bylectrostatic interaction®Vhen an electrolyte is added the counter
ion neutralize the charge of tisairfactant releasing water molecul@daskar, Dey, and
Moulik 2013; Nakama 2017)

Describing the thermodynamics of micellization is very diffigifice it depends on many
factors, among whicthe geometry of the moleculdbe shape of the micelles, the type of
surfactants, the solventhe temperaturand so onTwo mainsimplified thermodynamic
theories used to describecellizationin terms of Gibbs free energyne is thgpseudephase
separation modthe other one is thmass action modeVariations ejsts also among the
same theorie§ he phase separation model considieesmicdle formation as the separation
of a new pseudphase thabccurswhen the surfactant molecules reach the saturation
concentrationi.e., the CMCabove CMCa solvent phasexistswhich containsurfactants
micelleswith constantctivity. Themass action modelescribeshe micelles as a system in

dynamic equilibrium with surfactants momersin solution, ashown below(12).

A (12
When ¢ is big ¢50) both models give the same relation for the Gibbs free energy of
micellization(13):
YO YYBOO (13
for nonrionic surfactants, while for ionic ones it can be approximatdtis

v

YO Y'Y T 1B06 (14)

m
wherel isthe average degree of counten binding to the micelle(T. F. Tadros 2005;
Schramm 2005)

The enthalpy and entropy oficellization can then be evaluatedth a simplified method,
by measuring the change in CMC when temperature is changed. The enthalpy is evaluated

from the integration of equatiqi5):
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Q boo (15

YO Y'Y Oy
and the entropy can be evaluated from the relation betwéeén and
YO as(16):

y'O YO "YY'Y (16)

(Tadros 2005; Schramm 2005)

3.4.2 Properties of solutions above CMC

Surfactantshow very different behaviour below the CMC or ahaatelow concentration

the behaviour of these molecule is similar to that of a simple electrolyte while above CMC
the properties change a IGE. F. Tadros 2005)hence the CMC can be determined by
measuring for example, surface tensiprosmotic pressure,optical properties, and
conductivity A generic trend of howhese properties change wgtrfactantoncentration

is shown inFigure20.
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Figure20 Generic trendlines of the physical properties of a surfagtater solution at

varying concentratiofl Wogowi cz and Staszak 2019,; -

3.4.3 Phase behaviour above CMC

When the concentration overcomes the CNCthe continuous phase both micelles and
single molecules are presenta dynamic equilibrium of micelles braking and forming

continuously minimizing the contact ofhe hydrophobic tail with waterThe typical
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surfactanatconcentration just abo@MVC (one alkyl chain and one hydrophilic head) ferm
spherical micelleand the solution is still isotropievhile surfactants with two tails tend to
form planar micelles when the concentration increa$esunderstand which structure is
most probable to fathe Critical Packing Parameter is used (CPP) that quantifieptue
occupiedby a surfactant moleculfNakama 2017; Manohar and Narayanan 20Thg
packing factor can be evaluated as folldlvg):

W 17)

wherew is the volume the hydrophobic portiaijs the area of the head group ansl the

660

length of the hydrophobic chain.

Avalue oft 6 0 0 -indicatesspherical micelles, avalueof 6 0 0 T8 T ipdicates
globular micellesa value of@ @ 6 0 0 -indicatescylindricalor rocHike micelles and
avalue of- 6 0 0 pindicates vesicle micelleA packing factor of comprised between

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

electrolytes A value comprised betwegnand- is typical of surfactants with twibexible

chainsNon-spherical micelles solutions display anisotropic behavi@urg. Tadros 2005)
Values around onalenoteplanar micelles and valugseater tham are reported fonverse
micelles.(Manohar and Narayanan 2012; Nagarajan 2007; Dopazo et al. R0a4jal

representation of micelle shapes is reportdeiguire21.
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Figure21 Micelle shape based on the molecular shape of the surfa@apizo et al.
2021)

However, the shape of the micelles also depends on the concentration of the surfaetants,
phases that can form are mpsif two types, the one made of discrete elements (micelles),
and those made of continuous phase (liquid crystdis)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 micellés terms ofshape, optical propertieé
structures(Nakama 2017; C. Guo et al. 2010; T. F. Tad2085) Liquid crystals are a
mesomorphic phases that show both the characteristics of a liquid and of knsbédsame
figure it is also shown the temperature dependence of the micatlesncertation above
CMC andtemperature belowy, where"Y is the critical temperaturef the phase transition
between hydratedolid and solut€Figure 22, red line) surfactants micelles are insoluble
crystal hydrates, at temperatures abowenicelles start to change frogpherical to rodlike

and as temperature is further increased together with concenthegisurfactants molecules
starts taassembldirst into hexagonabr cubicliquid crystalsand thernnto lamellar (C. Guo

et al. 2010)The lamellar phasevolves a bilayer of surfactant moleculeish water trapped

in betweenthis phase generatesrindhe coagelgresent at temperatures below the gelling

temperaturesy, astemperature increasmore water is trapped in between and gel is formed
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followed by liquid crystalsA generic phase diagrathat shows all the phase transitisn

shown inFigure22; 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 paragrafh and different surfactants,

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

consequence different diagrams.
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Figure22 Concentration and temperature dependendii@phases of surfactarnis

agueous solutiofNakama 2017)

3.4.4 Rheology of surfactants solutions

The rheological properties ar@so highly modified by theincrease in concentraticand
temperature Molecules with high solubility in water and short chains-C) 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 transitionare shownn Figure22 andFigure23. Hydrated solids that form aboV¥
can be gels or @gels Coagelshave abelayer structurevith hardly any water between
layers, as temperature increase a gel is formed in which molecuteghélyepacked rising

temperature even morbe liquid crystals are formed where a lot of wagresent between
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interlamellar spaces, becoming a liquidjuid crystals have lower viscosity thgels aghe

molecules ar@o longer aligne@ndare free to slideon each other anoin the water layer
making the phase flexibl@odama and Seki 1991; Nakama 2017)
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Figure23 Behaviour of surfactants at high concentrati@wakama 2017)

3.5 Solubility-Temperature relationship: Cloud and Krafft points

An important parameteor nonionic (mostly ethoxylatedyurfactantds the cloud point.

Mixtures of cationic and anionic also shogésuding The cloud point is the temperature at

whichthe phase rich in surfactafypically 1%)starts to separate frotihhe aqueous solution

(Figure22), resuting in two phaseswhich is the cause of cloudines®r-ionic surfactants

tendto cloud when temperature is riseacause of decreasesolubility, hencethe cloud

point is used also as a measure of solubjfyrter 1991; Nakama 201 7his parameters

also influenced byoth the hydrophilic andydrophobiayroups and by thaddition of ionic

compoundsWhen the temperature is increased the water molecules interacting via hydrogen

bonds with the oxygens in the hydrophhiead starts to break, decreasing the solupditg

in the case of ethoxylated the ethylene glycol chains also starts to dettwr, decreasing
the solubility.(Huibers, Shah, and Katritzky 1997; Nakama 2017)
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Similarly to the cloud pointhe Krafft pointis thetemperaturat whichthe solubility of the
surfactantincreasesstrongly and becomes equal to the CiMthis is a measure typically
applied toionic surfactantbut also thosaon-ionic surfactants that increase their solubility
with increasing temperatur€his point can be visualized Figure22. 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 surfactavdtersystem which typically is not representative

of a real system, where alsoialcohols, other surfactants and compounds are present.
(Nakama 2017)

3.6 Wetting Spreading and Adhesion

The interactiorof solid surfacesvith a liquidis an essential proce#s many applications
that involve wetting spreadingand adhesioboth in the preparation of the products and in
their applicatiorlike in the case of suspensicBome examplesf suspensionare paints
coatings, adhesivepesticides and fertilizergosmeticsand pharmaceuticalsletergents,

and so on.

Wetting involves the completor partial displacement offlid by another fluidfrom the
surface of a solidWhen a liquid droplet is placed on a solid surface it can either spread
completely or partiallyremaining as defineddrop. The tangent plane to the droplet and
the tangent plane to the solid form an argfléhe wetting perimeterthis angle is called
contact angle—and t is a measure of the wettability tife surfaceit can be visualized in
Figure 24. The wetting pemeter is the contact line among the three ph&gesv. If a
surface is completely wettable by a liguid 711 Jor w 1 J — 711 Jhe surface is wettable,

and p ¢ T J— o Ttthe surface is poorly ettable (T. F. Tadros 2005; Schramm 2005)

For real applicatiomthe wetting has toccurras fast and efficiently as possibleencen

this case the measurement of the dynamic contact angle is more useful, even if complicated.
In generalalso theequilibriumcontact angle inot easy because loysteresié(Baxter 1950;
Sloutskin et al. 2007; T. F. Tadros 2008hen the drop is placed on the surface it takes the
conformationthat results in the minimum free energy of the syst®eatause of the three

phases involved, three interfacial tensions carebegnised ,[ andl (Figure24)

2 The contact angle hysteresis is the difference bettieeadvancing angl¢éhe angle formed bgidvancing
the borders of the drop and the receding angleuated by removing the liquid, it is caused mostly by-non
idealsurfaces (porous and rough)
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respectively at the surface aréas, 0 and0 . At equilibrium in proximity of thehree
phass perimeter the sum of the tens#is minimized, giving the Young’'s equatiis).
(T. F. Tadros 2005; Schramm 2005)

I 1 AT-© (18)
The contact angle the results of the-& adhesive forces and tikehesive forces inside the
liquid.

7sv

Figure24 Liquid drop on a flat solid surface and representation of contact angle and
surfacetension(T. F. Tadros 2005)

The solid isalsoat equilibrium with the vapar of the liquid soit is possible to define the
spreading pressuré which is the lowering of the surface tension of the solid due to
adsorption of vapour

CorT (19

and theadhesion tension defined: as

t o7 I rowéEil — (20)

It is also possible toomputethe work of adhesions as

w T I I FowEl B (21)

and thespreadingcoefficient
Yoo roor r Al-0p (22

The presence of surfactants is able to lowesthiace tension at both theM.interface and
the S-L one. This is a consequence of surfactaasorption atnterfaces hence itcan be
described bysibbs adsorption isother(®) (23).
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(0% (23

by substituting18)
e Q= . (24
0] E—I-m Y "Y3 3 3 Al-©
if — madding surfactants improves wetting otherwise-f 1t surfactants impros

de-wetting. De-wetting is of essential importance in detergergyt is usuallyan oily
substancen a solid substratevith the addition of a surfactant the contact anglecieased,
and the dirts washed away from mechanical agitatibhe goabf the surfactant is to lower
the adhesiorforce, (21) by acting @ one of more surface tensigrthe most effective
detergents are able to adsorb both atstitestratevater interface and at the disater. (T.
F. Tadros 2005)

Substrate

Figure25 De-wetting of an oil particle from asolid substrat€T. F. Tadros 2005)

As the presence of surfactants is able to modify divetact angle Alkawareeket. all
developed a simple experimethtat allows toroughly estimate th€MC. The experiment
consistsin the preparation of solutions afsurfactant at different concentratioribese
solutions are then added to a drop of wateith\WWe use of a contact angle goniomgtiee
contact angle changare monitored. What is observed is a sudden stop in the chathge of

contact angle when the CMC is observed, as showigure?26.
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Figure26 CMC estimation from contact angle measuremedisAB
(Cetyltrimethylammonium bromide

3.7 Foams, emulsiongnd suspensions

A colloid is adispersion o dropletqarticles,or bubbles in a second pha3gpically, the
size of the dispersed compound rabgéwveenp ¢ dandp‘ & the upper limit isusually
extended up tdwundreds' & Colloids have high specific ar¢a-volume ratio; hence
interface chemistry is very importatet understand their properties. The types of colloidal
dispersim are shown inthe table inFigure27. (Schramm 2005; T. F. Tadros 2005; Porter
1991)

Dispersed phase Dispersion medium Name

Liquid Gas Liguid aerosol
Selid Cas Solid aerosol
Gas Liguid Feam

Liquid Liguid Emulsion

Solid Liquid Sol, suspension
Gas Solid Solid foam
Liquid Solid Solid emulsion
Solid Solid Solid suspension

Figure27 Types of colloidal dispersior{Schramm 2005)

In this work onlyemulsions, suspensions and foams will be described as they &ed tela

surfactants behavioum solution
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3.7.1 Emulsions

Emulsions areolloidal dispersions in which kguid is suspended in another liquid with
different composition. fie two easier emulsions to distinguish are water in ollQand
oil in water (O/W), but also double emulsiares be formed likeil-in-waterin-oil (O/W/O)
and waterin-oil-in-water (W/O/W) a schematic representation is shownFigure 28.
(Schramm 2006

114——{_‘-——-? 114——{_‘-——-?
W/O Surfactant
s
AN AN ) 7 O/W Surfactant
I odd
O Aqueous phase
\ R / \ ¥ ) O Oil phase
O/W Emulsion W/O Emulsion
‘1145——-——‘? ‘1145——-——‘?
o3d -1
-1 (- r1)
dob dad \ 5 :' o u /
W/O/W Emulsion O/W/0O Emulsion

Figure28 Types of emulsion

3.7.1.1 Emulsionsformation and surfactants” role

Analogously to micelles formation, the formation of an emulsemmbe described using the
second law of thermodynamics:

Yo Yor Y (25)
whereg’ is the surface energy terfhis the surface aremdY"Ys 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 afethe Van der Waal§vdW) type,

namelydipole-dipole, dipoleinduced dipolgDebye),and dispersion (Londonfccording

40



to Hamaker these three forces caatidded under the term of Vdsttraction the total forces

can besimplified in the expressiof26):

8 @29
pPCQ
where 0 is the Hamaker constaéntQis the distanceand R is the radius (for spherical

droplets)

The othemechanisms that act in teemu | s formatian $n presence of ionic surfactants
is electrostatic repulsiolVhen two dropletare atdistancéQthat is smaller than the double
layer* they repulse each othdihe thickness of the double layer depends on the presence of

electrolytes and on the valency. The repulsion force can be simplified with the e@@tion

0 ¢ VYT wlilp A@PIQ (27)
whergl and] are thepermittivity in the empty space and relative to the mdHia, the

DebyeHuckel parameterandw is the surface potential.lhe parameter representshe

extensiorlayer.When thedouble layes of two droplets overlague electrostatic repulsion

happensvith an intensity approximately equal® . (T. F. Tadros 2005)

Another stabilzationis due to steric repulsion, this can be achieved with the &iotbfionic
and nonionic surfactantsThis effect is the combination of differecontributiors like the
increase in viscosity of the surfastich cause unfavourable miximg the droplets due to
the head groupand an entropic contribution due to the loss in configurational entriopy
to the overlap of the hydrophobic chaffiabor et al. 2014)

The effecs of surfactantghat facilitate the creation of an emulsicare lowering the
interfacial tensior{8), increasing theurface elasticitysteric) creating arelectrical double
layer,lowering the Hamakearonstant anéhcreasing theurface viscosityAnother essential
contribution, given by the presence of surfactanssthe creation of interfacial tensions
gradients Without these gradients, droplets could not withstand tangential forces and would

coalescegradientsoccurdue to the continuous flow of theternalliquid 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 happemsse patiween
two patrticles, is additive and independefithe intervening media.
4 Electrical doubldayer: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 surfactanthesurface tension gradiecduss concentrations differencegich will
drag some liquidthis is known as Marangoni effédtY. Yeo et al. 2002; T. F. Tadros 2005)

For an optimized efficacy trmurfaceactivemolecule should havenited solubility in both
phasesEmulsifiers that have tighter packing tend to stabilize the emulgitren using a
surfactant (or a surfactant mixture) in an emulsion the shape of the sacfamemolecule
definesthe arrangement of the two phases (O/W or WiDg HLB can be a first indicator
of the phase distribution in a wateit-emulsifier system, low HLB are useful for W/O
emulsions, high HLB are useful for O/W (d&gurel8). (Schramm 2005; Porter 1991)

Emulsion formation, as stated before, is not a spontaneous process, hence to for an emulsion
energy is needed, themaller the droplets the higher the enerthys relation can be
expressed through theplace pressure as:

oo (29)
yn o

where¥Yn is the difference in pressure inside and outside of the dr¢pldt. Tadros 2005)

3.7.1.2 Viscosity of emulsions

Because of the property définingthe distribution of the phases, surfactants also influence
the droplet size distribution and the viscosity and rheology of the sySwraral laws are
available to calculate the viscosiby an emulsion the simplest is the Einsteinégjuation

(29) which is meant for & dispersions buwvorks for estimating the order of magnitude.

- — p C®% (29

where%ois the volume fraction between the two phases.

A polynomial form(30) can abo be used, wher® is the Einstein’s coefficierand Q

accouns hydrodynamic interaction§or %o Tt higher order polynomials are needed.

- p Q% Q% E (30)
Taylor derived the following equatidi@1) that accounts for the viscosity of the dispersed
phasgT. F. Tadros 2005; Shi et al. 2018)

> Marangoni effect is thenass transfealong aninterfacebetween two phases due tgradientof thesurface
tension
42


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

- 18-
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ThemodifiedRichardsorLaw (32) accounts for the viscosity change related to the presence

of an emulsifier.

- - AR 0 B Mo & (32
where— is theviscosity ofthe continuous phasé and@ are parametemxperimentally
determinedd is the concentration of the emulsifier a#ééds the volume fraction between
the internal phaseqShi et al. 2018; Schramm 2003)hen theinternal phasédias high
percentagebke 50%, the emulsion viscositydreases due to droplets crowding and usually
displays norNewtonian behavioiThe maximum volume of internal phase is usually around

74% but emulsions with values of 99% have been cred&thramm 2005)

3.7.1.3 Phase inversion temperature

Since thesolubility, i.e., the affinity with the phases, dependent otemperaturalso the
phases distributioris. Some emulsifiers are able to stabilize O/W emulsion at low
temperatures but at high temperatures thtaypilize W/O The temperature at which this
tendency changeis called phase inversion temperature (PIThe PIT is exploited to
produce emulsions with vegmall, dispersedroplets this method is called PIT method and
it consist in creating an emulsion at fAE" then rapidly coolingtaroom tenperature In

fact, the surface tensiatecreasewith increasing temperatumtil the PIT, this low surface
tension allows tdave droplets of reduced siz&he stability of an emulsion to break and
invert phases usually increases with increasing molecular size of both the portions of the
surfactantUsually, emulsifiers araised in applications that require temperatures far from
the PIT (PIF5010). PIT is also exploited to break emulsio(@chramm 2005; T. F. Tadros
2005)
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3.7.1.4 Emulsions breakinghechanisms

The mechanisms involved during the-elaulsification are summarized iRigure 29.
Creaming and sedimentationoccurs for gravitational effectsbecause of thelensity
difference between thevo liquids. This can be avoided by using thickendng reducing the
droplet size and by matching the densities of the two ph@ebins, Watson, and Wilde
2002)

Ostwald ripeningcan be explained by different lawsjs due to the difference in pressure
between small andiffusive flows from the smaller to the larger dropldist alsodue to the
difference in solubility betweehig and smalldroplets Indeed,smaller dropletare more
soluble (and havehigher pressurgthan big onesesulting indifferent chemical potential
thisbrings theoretically, to the collapse of all the droplets in a single oil pfiasehappens
very slow, what is observedsteadis agrowthin the size of the droplets. This effect is
particularly strong when th&ize distribution in wideThis can be avoided by the addition
of an insoluble specithat will balance the chemical potentiahd by using surfactants that
are strongly adsorbe(ll. F. Tadros 2005; Nakama 2017)

Flocculationis caused by VdW forcesencet occurswhen the energy barrier is lowered

If the emulsion isstabilized by exploiting electrostatic effect, the addition of an electrolyte
can cause flocculation, if the emulsion is sterically stabilized, flocculatoarswhen the
thickness of the surfactant layer is redudgdmodifying the solubilizing power of the
continuous phasethis can be avoided by creating a thick and tightly packed layer of

surfactant

Coalescenceccurswhen twodrops come in contact due to various effect (Brownian mption
flocculation,and other mentiongghenomenp due to thinning of theurfactanbarrier they
collapse in one droffhis is avoided by using mixtures of surfactahtg improve elasticity,
thicknessand avoid the motion of surfactant away from the interfacéy the formation

of multilayer lamellar structures that wrap the droplet. In geneVeral of these

phenomena occur simultaneously when an emulsion is broken.
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Figure29Me c hani s m of e nfu F.3adros2605) br eaki ng

3.7.2 Foams

In a foam,gasbubbles are dispersed in a continuéigsid phase.Due tothe enormous
density differences between the two phaies gas bubbles tend to separate into praxts
with the foamon the top layer. The gas bubbles, wittime, can be distorteish polyhedral
structuresA liquid-gas system cannot form a foam without the aid of a surfadtalgted
the gas bubbles present in a liquid usually tend to rapetgh the surface and burst.
Surfactants alter theurface equilibrium of the bubblEausing a restoring force that will

prevent the rupture.

3.7.21 Foams formation anskructure

Two methods are used for foarfemation condensation and dispersion. Condensation
approaches include the foaming by decreasing predsunegreasing the temperature or by
chemical reactiong hedispersion method is the most used one and consistdisipersion

of the gawusing a sparger withegular orifices. Using the dispersiarethod,it is possible

to obtain bubbles withadii i that depend on the orifisesize by setting the equilibrium

between buoyancy and surfaeasion(33):
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gi - (33)
¢ Q

wherei isthe orificeradiuws, ” is thedensity of the liquid and is thesurface tension.

N

(Bikerman 1973)Foams carconsist of spherical bubbles surrounded by a thick layer of
liquid (wet foam)and in polyhedratells (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 structusesome polyhedral hence
Polyhedricstructuresare ®parated by flat liquid films which are two dimensional surfaces
called Gibbs surfacand are connected via chanreishe plateau borderBheunit structure

is called lamellaandinclude 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 ofJi@gure 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 Walice
compete with gravityAt the plateaythe corner that joins different celldue to curvature

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

the central part of the film thinner being cause of rigp{iawale et al. 2015; Walstra 1989)

Liquid

Intertace
Liquid Thin Region
Fim Region

Figure30 Polyhedric foam structuradopted fron{Schramm 2005)

3.7.2.2 Foam®breaking mechanism

Foams are thermodynamically unstabézause ofiigh interfacial freeenergy;they can be

classified based on the degree of stability umistable and metastable. Unstable foams are
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made using only mild surfactants like short chain alcobolacids,or in general weakly
soluble surfactantsMetastable foamare more resistant and are produced with suitable
surfactants (or mixturesjlose or above the CMQMetastable foams are stabilized by
proteins,mixtureslong chain fatty acidderivativesand so on, they can have very |drig
without the event of external disturband@¥alstra 1989; T. F. Tadros 2005)

The maincausedfoams 6 r upt ur eraatyaethetplateau leofdérsmamdlys o f
drainage and thinningsravity forces act both directly on the liquid film but also indirectly

at the plateau bordetsy capillary forces as mentioned abo&7(2.1). Thesecapillary
forcestendto pull the liquid far from the centre of the film causing thinning and eventually
rupture.Mechanisms to avoidr favour foams involves the useafmpounds thatinterfere

with gravity forces(T. F. Tadros 2005; Schramm 200%)e role of surfactants in stabilizing
foams will be described in the next paragraph.

There are two classes fafam inhibitors, theantifoamng, which prevent the formation of
the foams, and thée-foamng which cause foam brakingnti foaming agentseduce the
surface and bulk viscosity and increase drain#ige can be achieved by the use of low
molecular eight surfactants like octduioat reduce the cohesive forces of the film. Other
compoundsanact asfoams inhibitors like solvents (e.g., short alcohols) soldibilized
chemicalsAnother class of compounds that ac$ath anti foaming and defoaming is fatty
acids esterand silicon oilsabove the solubility limjtthe oily dropletsenterandspread at
the liquid/gasinterface causng the rupture of the filmSolid hydrophobic particles also
cause antfoaming byrapidly consuming the surfactant needed for foam formation by
adsorption at the solisurface In generalit is hard to understand fully the mechanisms that
cause these phenomena, for example the same surfactant at different concentrhiga can
opposite effects on foamas at certain concentration it favours tabilizingMarangoni
effectwhile at higher it inhibits it causing thinning of the fil{T.. F. Tadros 2005; Deotale
et al. 2023)
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3.7.2.3 Surfactantsodé role in foams st abt

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 distribigiessential in foam
stabilization as it causes surface tension gradi@ritghis is known as Gibblslarangoni

effect. (Vitasari et al. 2020Because of)[ a dilatational elasticity is preséntalled Gibbs
elasticity (34). T is defined as theesistance to surface deformation during thinnisgo

called Surface Dilation Modulus and i the ability of a film to adjust its surface tension
when an external stress is applied

Qr (34)
‘O 0

whereQis the changeni lamella thicknesqT. F. Tadros 2005; Lee, Nikolov, and Wasan
2014) A minimum value of is neeled to have a film and as a consequence a foam.
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 therfeee sd the liquid.
(Vitasari et al. 2020)The duration of a foam depends on temperature, surfactants
concentration, rate of drainag®€[, diffusion forces and other external factors (e.g.,
temperature)Surfactants adsorbs at the gas liquid intexfeawering the interfacial energy
increase the interfacial viscosity and elastifitymaking it easier to maintain tharge
surface area created lybbles (T. F. Tadros 2005; Schramm 2005; Lee, Nikolov, and
Wasan 20147 he foaming capability is optimalt mediunmsurfactants concentratio(isp to

fairly above CMC), as if the concentration is tow the film will not have elasticity, if too
high (well above CMC) the surface tension gradient is relaxed too quid&lgiffusion
causing avery thin film to form which is not stabl@his behaviour is explained Figure

31 (T. F. Tadros 2005)
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Figure31 Foaming at different surfactants concentraibnF. Tadros 2005)

Above CMCmicelles are formed in theguid film causing an opposing contributionttee
thinning of the film.Surfactants thadreale to form liquid crystals can also be applied in
foams stabilizatioby increasing the viscosity of the filmeducing film drainage. The liquid
crystals alsoepresent a source of surfactants molecule to maintain the bptabdizing
concentration(Lee, Nikolov, and Wasan 2014; T. F. Tadros 2005)

Foamingproperties alsaicreases with the length of alkyl chain and decrease with increased
branching.Foamability also decrease with all the factors that increase thesacissnal

area, e.g., polyethylene oxide chailmic surfactants are more suitable for foaming since
they provideadditionalstabilization by electrostatic repulsiodmowever optimal foams are
obtained using mixtures afnic and noronic surfactantsthe mix has lower surface tension
and CMC.(Schramm 2005)

3.7.3 Suspensions

A suspensiornis acolloidal suspensiorn which a solid igdispersedn a continuoudiquid
media.Solid particles are very often irregular in shdyemce very variable association can

occurin their dispersionA suspension of particles in turbuldétdw behavedike a fluid,
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hencein the fluidizedstate, much larger particles can be maintained in suspension than
would be possiblender static or laminar flow condition&lso, in the case ofuspensions

the viscosity is a lot higher than thiscosity 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 bydispersionln the first methodonsist in the preparation of a supersaturated solution
followed by the change in chemical physical conditions that cause precipitatiorolves

two steps, the nucleation which is the formationaohew phase from supesatuated
solutionand a secondgage consisting in the growth ofetiormedcrystals.This method is

of particular interest iemulsion polymerizationThefree energy oformation of anucleus

can be expressed:as

T LY (39
"y 7Y
Y

YO tir

wherei is the radius of the nuclepss the S/L interfacial tensiofi is the liquid density;-

is therelativesupersaturatioandd is themolar massThe first contribution igontribution
of surface energy and the second contribution relatedgersaturation and radius increase.
The critical vale of radiusafter which thegrowth is spontaneous is givéy finding the

maximum of the function by differentiation and imposing the result to zero.

. ¢ 0 (36)
n ot T “Y
Y1y
In the second method a pi@med solid is dispersed into a continuous liquid phase with the

aid of a surfactantThe first essential stage of creating a suspension by dispersion in the
wetting of a surfacethis topic has been widely described in Chaptér

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 thar accumulation at the -§ interface. In the case ofsuspension formation by

condensation theurfactant has a similar role to that in emulsificatiosa., lowering the
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surface tension, control of the dimension thie nuclei and solubilization of the

supersaturated phase (e.g., emulsion polymerization).

In the case odlispersiormethod(or after the suspension is formed by condensatioa)of
therolesof surfactargis tohelp the wetting of the surfadaternally and externallyor 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 ionthélyaget
adsorbed on ithis also include the adsorption of ionic surfactafte surfaceharge, is
usually compensated by a counters@amd ceionsdensity, this configuration is well known

as GuyChapman double layer theorfhe potential exponentiallgecreaseswith the
distance from the charged surfa@), when thedouble layer of two particles overlaps,

repulsionoccurs
W wAabl o (37
The thickness of the double laygependon the presence of electrolytes and surfactants.
The electrostatic repulsion is given: by
™“YTT wi ip A@BIQ (39
cY 1Q
At the same tim&dW attraction forceS8O alsoactand can be describedth equation(26).

0

Surfactantgs already mentioned lower the Hamaker constduet stabilizing conditions are
generation of higlzetapotentiaf and surface chargmd low electrolytesoncentration and

counterion charge.

In presencef anionicbulky or polymeric surfactantanother stabilizing effect is added, the
steric oneWhen twoparticlescovered in surfactant meet, the surfactant layer can overlap
or compress, anore realistically both, this result in two energetic contrib&gitime mixing
interaction’O  and the elastic interactio® . The mixing interaction is the result ah
increase in theurfactantoncentration in the overlapped regtbat cause an increase in the
chemical potential in that regipthis also results in an increase in the osmotic presBuee

to this gradient in osmotic pressure, the solvent will diffuse in the overlapped zone and

causes separatidretween the two particle$he elastic interactiom caused by the loss of

6 Zeta potentialpotential generated by the presence of an electrostatic doubleltagfes field of colloidal
dispersions it is a measure of stability
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configurational entropy when two macules approach each, atherto the reduced space
available their surfactant chains are limited in movemefisr a good steristabilization,

the particles must be well covered, the surfactant must be well adsorbed on the surface of
the particlesthe stabilizing chain should be well solvated by the continuous pirase
should have a sufficient thickness to prevent flocculadiwh sedimentation.

3.8 Environmental issues of surfactants

Surfactants, thanks to their amphiphidehaviour, finds extensive application especially in
the personal and housdetergency industry. The widespread use of these moleitules
cleaning cause their presence in Wegter streamdshence being responsible fpollution.
Surfactantscan reacmon-controlled environment viwastewatetreatment plast(WWTP)

or directly by discharge irsurfacewates. (Badmus et al. 2021;ripathy et al. 2021)In
WWTP surfactants are difficult to completelgegrade because of their molecular
characteristics, therefore i®rmmon that the degradation n®t completeand surfactants
together with their degradation produate dispersed in water bodiesdirg up in soil and
sediments as We Another reason why surfactants manage to overcomé/WWeT is that
they interfere with the microorganism applied in theseerplantsfor depurating waters

from common pollutantgJohnson et al. 2021)

Surfactants can reach the soil also throsglwvagesludge,which is nowadays used as
fertilizer, at the same time surfactants are also addeeésticides antertilizersto increase
the adsorption as dispersirmgents, emulsifiers, and so gfiripathy et al. 2021)The
dispersion of surfactants in the environment also haghengh industrial waters andaste
sincethese molecules are used algdely applied asadditives andervice fluids in many

industries.

The dispersion, especially of ionic surfactaimghe environment can causeriousdamage

to ecosystems, especially aquatic flora and fauntkeed is estimated that about 60% of the
surfactants produced somehow ends up in water strédofmson et al. 202X ationic
surfactants can easily besadbed in to negatively charged surfaces it sludge plastics
and biological membranekke the cytoplasmatic onecausing bioaccumulatiorthese
substancebuilding up can cause growth retardation dadth Similarly anionic surfactants

interact with proteingresent in the cell membranafsaquatic plants and animakenzymes
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and the DNAcompromising several vitdlinctionswhich causecellular deathAlso, non
ionic surfactants have antimicrobial effects duprmtein interactiongJohnson et al. 2021)
Every surfactantoverall due to themodification in surface tensigncompromisethe
exchange function of biological membranes limiting nutrients, oxym®h metabolites
exchange(Badmus et al. 2021)

In addition to these direct effect, surfactants lower surface tensioviraglother pollutants

to adsorb more easilike persistent organic pollutants (POP)eYalsocause foaming on

water surfaces limiting the light and oxygen exchange damaging all aquati¢Badmus

et al. 2021)Eventually manysurfactants are degraded in aerobic conditimnsnicrobial
activities meaning that its structuris significantly changednto bacterial metabolites

(e.g, 60 MHORO U and biomassand no longer hae surface activitythe issusis the time

for degradatiomnd the intermediates that sometimes happens to be more damaging than the

starting moleculg(Tripathyet al. 2021)

The toxicity and the risks related ¢arfactants irthe environment are measured in terms of
concentration parameters like theedian effective concentratiofDd , median growth
inhibition concentratio® and tke medianlethal concentratiofnd , which is the amount
that has the described effect on 50% of the studied popul@iadmus et al. 2021; Johnson
et al. 2021)
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4 BiobasedSurfactants

Theharmful effects of surfactantsn theenvironmenhave been summarized in sect®f

to thesealso the environmental impact of producing the building blocks fossils derived
chemicals must be addezbnsidering the enormousarketvolumes( A Sur f act ant s
Size Gl obal | n keemng inymind- these ssaesiany )biobased and
biodegradable surfactardse being developedh 2017 theyaccounted foR5% of the total
surfactants produce{Hayes and Smith 2019)

The term fibios u r f a acanabe used to refer tmolecules extracted directly from
organisms or for molecules synthetized from biobased buildliocks, in this work with
both types of surfactants will be addressedsash The ECN (European Commission of
Standardization) defined as wholly biobased compounade for at least 95 of biobased
materials, while below 5% they are rmbbased(Hayes and Smith 201$§ome examples
are reported ifrigure32.

Biosurfactantsas mentionedarea wide variety of compoundbat includesurface active
molecules extracted directfyom the natural sourcalsor ef er red as finatur
like polar lipids,glycolipidsthat are carbohydrates fatty acid esters present in extracellular
membrane amino acids derivativesterpenes derivativesglycopeptidesand so on
Amphiphilic molecules are widespread in nafungliving cells this type of molecules have

the same function that are needed in technical applicanoogify surfacesandovercome
solubility for example for nutrition or protection reasofidolmberg 2001; Johnson et al.

2021)

In the biosurfactantmily, are also includedurfactants composed at least of one biobased
moiety in the head group or in the tabr both The source of these molecules can be
bacterial, animal and plat bas@dolmberg 2001; Johnson et al. 2021; Hayes and Smith
2019) This workwill be focused on the second tyaeit allows theralorisation of discarded
materials to produckarge scalanolecules such asurfactantsLong chainacids, alcohols

and aminessaccharidebasedcompoundswill be the main interest since themolecules
synthesized in the experimental section belongs to these cate§peetically, fatty acids

esters fatty alcohols esterand fatty amines amidesvolving saccharide and glycerol
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derivedhead groupsvill be described as they are already widely used (e.g., SPAN and

TWEEN) and are the maireferencdor the experimentakesearctof thismanuscript

Table 1 Some organic emulsifiers

Lecithin and lecithin derivatives
Monoglycerols

Sucrose esters of fatty acids
Hydroxycarboxylic acid and fatty acid esters
Lactylate fatty acid esters

Polyglycerol fatty acid esters

Ethylene or propylene glycol fatty acid esters
Ethoxylated derivatives of monoglycerides
Sorbitan fatty acid esters

Propylene glycol monoesters

Phosphated mono and diglycerols

Sodium stearoyl-2-lactylate

Calcium stearoyl-2-lactylate

Fruit acid esters

Figure32 Some organic emulsifie(&inyanjui, Artz, and Mahungu 2003)

The advantages of biosurfactaate variouspiodegradability, being biological molecules
andamphiphiles with cleavable bonds they can be easily degraded by bacterial activities and
environmental conditions, low toxicity and biocompatibility, vergsitds they can be easily
manipulated by stressing the organism or by syntleeticlitions abundant and renewable
sourcessustainability and many mar@nother desirable property that has been observed is
that on an average the surface actiwityterms of CMC of natural surfactants is 10 to 40
timeslower thansynthetic onegJohnson et al. 202The main reason whlyiosurfactants

are not that widespread is their lack of availability, these molecules are often present in very
low concentrations and theéxtractionis often difficult. Indeed, in most of the cases the
separation and purification costs can exceed the cost equivalent synthetic molecules.
(Holmberg 2001)

4.1 Carbohydrateand derivativegs headgroup

Carbohydrates artieir derivatives are of great interest in the surfactants production as they
carry many reactive 0 "‘Qgroups that are hydrophilic and can be explodgecead group

and to link the hydrophobic chai€arbohydratdbased surfactants are mastmmorny
applied inin the cosmetic, detergent, food, and pharmaceutical industries a¢haghly
biocompatible(Allen and Tao 1999)The most commorarbohydratesisedare fructose,

sucrose, glucose and sorbose and tieeiucedorm, like mannitan, sorbitgrditanbut also
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their alcohols like sorbitol, maltitol, mannitoiditol and xylitol A classification of

carbohydrates ishown inError! Reference source not found, while in Figure34 it can

be sea how for example., from starch many possible functional groups can be obtained.

5

q
\

Carbohydrate

Glucose

Fructose

Monosaccharidea--l Galactose

Mannose

Xylose etc.

Sucrose

Lactose

Disaccharideq

Maltose

Raffinose

Oligosaccharides

Stachyose

Starch

Glycogen

-|POIysaccharid+5—| Cellulose

Mannans

Xylans etc.

Figure33 Carbohydrates classification

Sugars, their reduced form and sugar alcohols catolbined with fatty acidsalcohok

and amide®f various lengths and naturesobtains surface active molecules. To achieve

betterproperties these molecules can be subjected to ethoxylation, sulphonation and so on.

Anotherfeature of carbohydrates that must be considered when using them for reactions is

that as mentionedheirmany U "Qgroups have more or less the samwctivity, hence if

specific selectivity wants to be achieved, group protection techniques must be applied

otherwise most probably mixtures of produeith one or more chains in different position

will be obtained. Group protection can be done by acetylati@sterification, and

etherification howeverthis requires many reacting stefls. Guo and Ye 2010)
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L-Lactic Acid -Lysine L-Glutamic Acid Ascorbic Acid
{(Vitamin C)

Figure34 Possible derivativesrom sugas treatmentgFoley et al. 2012)

A novelle class of molecules that can be weebydrophilic portin, as theabovementioned
molecules are ISAswhich can be classifiedlso as carbohydrate surfactants since, as
explained in Chapte? , they are derived fromarbohydrateslegradatiorin presence of
alkali. ISAs can be applied in their acidic form or in lactone form for the synthesis of

surfactants, combined as well with leolgain acids, alcohgland 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. Estemides, and carbonate bonds undergo
enzymatic degradation as well as alkaline and acidic degradation. (FBagima and
Holmberg 2007) Overall the surfactants are designed to be stable at the cotluityoaise

meant to be applied.

4.1.1 Ester surfactants

Ester surfactants are a class mbbased, degradable surfactants characterized by the
presence ot least oneleavable ester bond their structureThey include fatty acidand
alcohol ethoxylated, glycerol and polyglycerol of fatty acidsgar esters and their
ethoxylategdand so on(TehraniBagha and Holmberg 2007)
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One of the most popular ester surfactants are those derivéldebyondensation of a
saccharidgor its derivative)with a fatty acidin presence of aatalyst The saccharide

provides the hydrophilic portiowhile 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 ligasethis
reason, ester surfactants are suitabl@fgiications in neutral or slightly alkaline or acidic

conditions (TehraniBagha and Holmberg 2007)

Sorbitan esters agroducedrom the reaction between souditind a fatty acid in presence
of acid or basas catalystin this condition sorbdtl undergoes internal esterification to give
sorbian and simultaneously reaatith the fatty acidto produce the ester$his reaction
occuss at temperatures betweenp @ dndg ¢ @, Jor milder reaction conditiorsnzymatic
reaction is possible using the lipase fr@andida antarcticar Mucor miehi Sorbitan esters
are among themost used biobased surfactartteey arecommercializedunder the name
SPANwhile their ethoxylatedierivatesuinder the name TWEE{Holmberg 2001)Sorbitan
esters alonbavelow HLB ranging from 1 to 8hence usually they are not soluble in water
and are suitable for W/O emulsificatiomo make them more hydrophilic they are
ethoxylated, reaching values of-1@. For example,SPAN 80 has a HBL of 5 while its
ethoxylated TWEEN @ (20 moles oEO) has a HLB ofl5. Another strategy is toreate
mixture of ethoxylated and non to cover a wider range of HLBE. Tadros 2005%orbitan
esters ardiobasd (at least partially) and biocompatible hence theynawstly applied in
food, cosmetic and pharmaceuticals, but also in suspension polymerizediosh
agrochemicals(Pal et al.,2021; Allen and Tao 1999%orbitan esterare approved by the
FDA as food additive(Nutrition 2023)
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Figure35 Sorbitan Monooleatéor SPAN) and the ethoxylate@WEEN)

Swyar esters are very mild surfactantisat are applied mostly in cosmetiood and
pharmaceuticalssucrose is a very temperature sensitive molecule hence it is difficult to
esterifywithout damaging the reactant and the prodlicey are synthetized by combining
the primary hydroxyl group of the needucingmoiety with a fatty acid(Pal et al.202%,

Allen and Tao 1999AIso sucrose esters aaecepted by FDA as food additifdutrition

2023)
0 | 0 i
-C-R' -C-R!
OH ° OH

Fructose Monoester Fructose Diester

Figure36 Fructosemonoester and diester.
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OH 0
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CH,

Figure37 Sucrose Monostearateéerived from sucrose and stearic acid
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4.1.2 Alkyl glycosides

Alkyl glycosides are synthetized by reactfatty alcoholdn the range C& 16with glucose
(1-3 units)in presence of acidic of basic catalyBhe reaction gives as prodsdiifferent
alkyl glycosides and potglycosides based drow many 0 "Qhe fatty chain will bondTo
achieve selectivityg r o uppotedion techniques may be used but they are not really
necessarand economically convenierlkyl glycosidesare very useful for the creation of
very stabldoams,andthey also displagood wetting powewhich is an essential feature in
detergency and dyeings the other surfactants. theerformance depends on the length of
the alkyl chainthe possible substituents, and the type of headgrehijpe theinterfacial
tension is not dependeon temperaturesat happens for ethoxylated derivativéBal et al.,
2027) The glycosidic bond is degraded acidic conditions while it is stablenoughin
alkaline condition(TehraniBagha and Holmberg 200A&)kyl glycosidesare also available
in their ethoxylated form, where one or more of the availdbi¢are reacted with EQiving
temperature dependent propertigs general all thesenolecules have good solubility in

water anchigh cloud points(Tadros 2005)

OH

O

OH
HO O/W\/\\/WW\

OH
Figure38 Alkyl glycosides derivedfrom glucose andtearyl alcohol and glucose

Alkyl glycosides can be turned into anionic surfactants by reacti@xfonple witlcitrates,
sulfosuccinates, and tartrates. showing better results with respect-tonior{Pal et al.,
2027 Alkyl glycosides are in the list of food additives approved by FWutrition 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&nd 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 703hd 100
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, anchtbaated fatty alcohols

were precipitated by neutralization with'@0 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 wn a ratio 1:1 was used the monoester was more abundant. At
temperatures higher than 1X0 the unsaturated fatty acid started to -peliymerize.
However, no results were reported on the surfactant performance of these mdli€auies.

and Alén 2016)

OH

0 O 0
0 o O
HO + R)LOHH HO = I+ HoO
~__-OH ~__0 R
OH o OH
0
o O
RJLO = g
~__0 "R
o OH
JU O _o
OH

Figure39 Esterification reactiondtween GISA and fatty acids to form monand 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 adfatty ac
anda compound containintpe amine group.g.,amino sugarsr from a long chaiamine

and acarboxylic acid Amide sugarbasedsurfactants are not vepopular yet, even if their
characteristics arsimilar enough to sugar estesmides are more stable to alkaline
hydrolysis than esters and glycosides, however the amidehasna very strong hydrogen

bonding feature which increase the surface tenéidin Hussen, and Heidelberg 2014)
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While ethoxylated alkylamine have high toxicity for marifige, the carbohydrates

derivatives show lower damaging effedt®skarsson et al. 2007)

The reaction of éong chain amine and a hydroxy acid is the main reference for part of the
experimental part of the present workreaiew the reference article is presented in the

following chapter.

o]
HNJ\/\/\/\/\/\CH
¢H,
HC—OH
HO—CIJH
HC—OH
HC—OH
(IDHZOH

3

Figure40 Amide surfactanimade from the reaction of an amino sugar and a fatty brid

this case lauric acid.

415 |ISAs-based amide surfactant

Also in the case of amides, the usd®As has not been widelxplored. Only few studies

were available ihiterature.

M. Rejentes and G.K. Coopexcoveredhe alkaline liquor from sulfitpulpingprocess, the
fluid had a total solid content of 20.6%he 3360g of black liquawere first acidified and
then concentrated unthey were left witt297g of darksolution They purified it bywashing
with ¢ Propanolfiltered and the salt cake was again washed with imoreropanolMore
water and; Propanolwereadded together with activated carliompurify it, the result was
a clear tarsolution This was then used to syntleetsome amide surfactants by reacting
with long chain amineasing a thermal approachirst, they produced the lauryl saccharin
amideby mixing 6.7g of lactone mixture ar®d25g of lauryl amide, they mixed for 1h at
60°C and then for another hour at 120IR was used to see if the product formed &nd
showed the appearance of an antidebonyldoublet at 175@& . The resulting material
was not water solubldyut it was in 2propanol,andit was also found thahe resulting
product 0.1% solutionwas able to stabilize a 50:306luene water emulsion. They also
synthetized thetearyl saccharin amide by reacting the clear tawithl stearyl amide, the

reaction was carried 460-170°C under nitrogen for 3 hours. The resulting product was
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successivelyaken up in chloroform and washed with 10% acetic acid followezbbgous
sodium bicarbonate. The organic phase was thied with magnesium sulphate and the
solvent evaporated in a rotavapér.tan powder was obtained, analogously to ltheyl
amide, this product is also solubledirganic solvents but not in water, it also has emulsifying
properties but riaas effective as the lauryl one. After synthetizingsthtwo molecules they
also decided to further react them to obtain shiphate of the stedramide and the
ethoxylated version of tHauryl saccharin amidét wasperformed the surface wetting test
on a hydrophobipolyethylene surfacasing the sulphate sacchaemide (water soluble)

by preparing a 1% water solutiothe compound displayed good wetting properties as the
drop spread whethe surfactant was addgeintjes and Cooper 2002)

OH OH

Ho 0__o 0
+ /\/\/\/\\/\/\/\\\/\/\ -
OH NH, HO™ ™ ‘ NH e T T T TN
OH (O

OH

O\
|
CI—‘IS—OH NaOH
1

0
HO/\(_EO/ 0
~CH + /\/\\/\WNHZ = Ho N SONH S SN, HO
OH o4 | OH

;  OH

0]
HO/\_/\/)LNH
w
y

Figure41 Reaction between GlSAand amine to give amides and their sulphonated and

ethoxylated derivativeAdapted from(Reintjes and Cooper 2002)

Bil et al. developed an impressive mechanosynthalsgeverabldonamides byaminolysis
of unprotectedsugarlactonesTheysimply used aibrating ball millto performgrinding of

stoichiometricamounts 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 anmortar to show the

possibility of doing the reaction also without any equipngBiitet al. 2022)

e L
- ball milling N
+ ~
HO f B=Nle e HO/\W R
OH 0N HON O
\\-56..:. i
%0

Free sugar lactones Various amines Unprotected aldonamides

Figure42 Mechanosynthesis ¢dctonesamides(Bil et al. 2022)

Oskarssoret al. synthetized & -shaped surfactanissing D(+)-gluconic acid| -lactone
which is very similar in terms of functional groups to the ISAsd dodecyl aminelhe

synthetized molecules are shown in

OH OH
C12-DGA | on

S ean

Nk/\“ OH OH

OH OH

OH

Figure43 Dodecyl amine and gluconic acidshaped surfactant

4.2 Degradation osomebiobasedsurfactants

The main advantage of biobased surfactants is that they areableaunder certain
conditions and the resulting products can be furthegraded by bactetiaactivity
(biodegradationyvithout any toxic byproduct that can cause bioaccumulation, pollution or
damage to livingheings. Biodegradations defined as the series of metabolic reactions that
give as products biomass) , water and metabolite Their effect has been most studied on
humanexposure and in their persistence in WWTP as, as mentioned in seé&iothey

reach the environment mostly via water streams.

The two main mechanism taking place in surfactal@gradationare hydrolysis of the
cleavable bond anda alkyl chain oxidatiorfBaker et al. 2000As mentioned abovester
bond ischemicallyhydrolysableand ony applicable in a pH range between 5 andTie
stability to hydrolysis oesterbasedsurfactantglepends on the substituent of thearbon

in the alkyl chain but it has been shown thathaltlife in solution also depends on the
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concentration, in fact at concentration above the CMC it has been showtheirat
degradation ratdecreasedue tothe fact that the surfactants involved in the micelles are
protected from hydrolysisSurfactants containing a fatty acid havenlineardegradation
time dependence as when part of it are degréuednicelles becomes negatively charged
and further stabiliz¢ as anions are repellgd@ehraniBagha and Holmberg 2007)

Usually thebiodegradation of ester surfactamiscurswith the cleavage of the ester bond
simultaneosly with the alkyl chain oxidationas shown irFigure44.HoweverBaker et al
observedusing aerobically growing sludge from a WWTRatthe presence of a sulfonyl
group inhibits the hydrolysisf the ester bondsence the degradation starts from the slow
alkyl chain oxidation(Baker et al. 2000)Studies also with thepeptidase and lipase from

the Mucor Miehei and Candida antarcticawere performed wittethoxylated fatty acids.
(Lundberg, Stjerndahl, and Holmberg 2008; Stjerndahl, van Ginkel, and Holmberg 2003;
Lundberg, Stjerndahl, and Holmberg 2023)
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Figure44 Degradation pathway for sucrose esteWWWTP (Baker et al. 2000)
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Amide bondsare also subjected to hydrolysis especially at lowhile they resist pretty
well to alkalihydrolysis.Analogously to the esters, the mechanism obtbdegradation of
amides was studied I8tjerndahl and Holmbengsing an activated sludge from a municipal
WWTP, the study was performeash ethoxylated amideshe study found thaagainthe
biodegradatioroccurssimultaneously by -oxidation of the accessible alkyl chéwy co
enzyme A that act as carbon sourdellowed by hydrolysisof the amine bondThis also
occursfor surfactants containing the etrandcarbonate bondStjerndahl and Holmberg
2005)The moststudied enzymes for studying thgdrolysis ofamidesurfactants are the
amidase and lipase fromthe Mucor Mieheiand Candida antarctica (Stjerndahl and
Holmberg 2005; Lundberg, Stjerndahl, and Holmberg 2008)

Geerts et alused municipal WWTP sludge to evaluate biedegradation ofatty acids
amides, thebacteria belonged to the strafseudomonasind P. aeruginosa The most
relevant findings are thgirimary and secondary amides hydrolyse mean of amidase
enzyme while tertiary amidesat leastinitially , are dealkylated, hydroxylated or transformed
by another unknown reactis(Figure45). It has als been noticed thainly the cooperation
of morebacteriastrains allows theomplete breakdown of the surfactant$inh FO (6 and
ammoniumsalts this is because some of the strains did not have the aneidagme, but

all of them used ammonium as nitrogen soufGeerts et al. 2014)
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Figure45 Degradation of amides surfactants by WWTP slu@igerts et al. 2014)
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Jurado et alstudied the ecotoxicity ahe metabolites resulting from the degradatidn
different nonionic surfactants among whicHatty-alcohol ethoxylatesand alkyl
polyglycolides (section4.1.2) They tested the ecotoxicity on bioluminescent bacteria,
founding out thathe toxicity increase with the length of the alkyl chamd HLB, in the

case of nodlinear alkyl chain the trend is opposite. Another digexy 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 summarisg fatty acids estersand amidesare asily cleaved both chemically and
enzymatically Fatty acidgsepresena carbon source for many bacteria presentumicipal
WWTP and in natureAmides arehydrolysed chemically and by those bactdraving
amylase. The hydrophilic head, ifabnsistof sugars such as glucosesorbitol, they are
also used as energy soufo@m bacteria.

Of more interest from this work is tesearch the biodegradation of GISiA®lied in the
experimental works. As mentioned, GISAse mostly studiedn the complexation of
radioactive metaleence most of theesearcheavailable focus on thmicrobial degradation

in repository conditionas their degradation brings to molecules that have lower complexing
power causing the liberation of the radioactive nuclides. The repository conditmfar
from the WWTPones,asthe storage of radioactive waste is enmdic and often in very
extreme andlkalineconditionsfor bacterial growthlSAs are not widely available in nature,
hence not mangommonbacteria were found that are able actively consume ISAs.
Instead, microorganisms with this property were found in proximiglades where ISAs

are present constantly, i.e., pulping and paper factq@esenfield et al. 1994)

Strand et al. teste®dacteriastrandsamong which some are also found in WWTP sludge,
soil, and waterthey found thahone of those bacteni@as able to actively grow on GISAs
substrateThis is an interesting resudis GISAs are carbohydrates derivatives sithilar
structures to other saccharides produbtt®yalso tested some bacteria found close to paper
mills, thosestrandswere able to grow confirming what is available in literat&rand,
Dykes, and Chiang 1984)

At this point, since GISAs have been gathering interest foptbduction 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 gumicrobiomewhen digesting plant’s cell waléd lactoseand detected in
urine showing that they might not show toxidifjit-Aissa and Aider 2014; Kareb and Aider
2019) In case of commercialization of any ISAs based products toxicityaes$tsmarand

in general on the environmegute performed anyways.
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5 Sources of fatty moleculder surfactants production

Long alkyl chain molecules are prepareiher frombiological sources or byetrolbased
moleculesThefatty molecules present in biological systgasimals, plants, algae, bacteria
and so on.) are mostly in the form of triglyceridEise synthetic fatty acids apgoduced by
continuousair oxidation of aliphatic hydrocarbons these are roapplicable for food
purposes as they contain eddmber liner acidgFineberg 1979)Molecules from natural
sources are not necessarily more sustainable thaoilth@sedones asthe latter may
compete with food industrybeing cause of monocultural agricultudeforestationand
pollution due to pestidies and fertilizerdM. Kumar et al. 2020)However,exist vegetal

sources of fatty molecules that are reafible like some planand algagand wastetreams.
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Figure46 Possible pathways for surfactants synthesis fronfFetey 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 oheobtain free fatty acids (FFA), the triglycerides
undergo hydrolysis or are split via lipase. In natefeare available in lengths between 8
and 80 carbonm even numberghey can havap to 6 double bonds and other substituents

as well More than a 1000 have been currently recogniaediever the most recurring one
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are in the range between 10 and 22 carbons. The 97% of the producednaisfrom only

few sources, namely palm (and its kernel), cococanpla, olive, sunfier, soy cotton,

and peanuti-or animalbased FA the most common sources are beef tallovparkdiard.

Therelativeamouns of the fatty acid®f interest for this studgresent in thaforementioned

sourcesare reported iTable4. These oils & all edible, hence they can be found in waste

cooking oils (Kenar, Moser, and List 2017)

Table4 Content of FA in the most common spedj€snar, Moser, and List 2017)

FA Coconut| Corn | Cotton | Olive | Palm | Palm | Peanut| Canola| Soy | Sunflower| Pork | Beef
(%)* kernel lard | tallow
Caprylic | 4.6-10 - - - - 2.4- - - - - - -
C8:0 6.2
Capric | 5.0-80 | - - - - 2.6- - - - - <05 | <05
10:0 50
Lauric 451- <03 | <0.2 - <05 | 450- | <0.1 - <0.1 | <0.1 - -
C12:0 532 55.0
Myristic | 16.8- <0.3 | 0.6-10 | <0.05| <05 | 140- | <0.1 <0.2 <0.2 | <0.2 10- | 20-
C14:0 210 180 25 6.0
Palmitic | 7.5-10.2 | 8.6- 214- 7.5 39 6.5- 8.0- 1.5-6.0 | 8.0- 5.0-7.6 20.0- | 20.0-
16:0 165 | 264 20 475 | 100 140 135 30.0 | 300
Stearic | 2.0-4.0 <33 | 3.0- 055 | 35 1.0- <0.2 <3.0 2.0- 2.7-6.5 8.0- 15.0-
18:0 6.5 6.0 3.0 54 220 | 300
Oleic 5.0-10.0 | 2.0- 12.0- 550- | 36.0- | 120- | 35.0- 8.0- 17.0- | 14.0-390 | 350- | 35.0-
c18:1 420 | 280 830 | 440 | 190 69.0 60.0 300 550 | 450
Total 6568 5 1820 | 25 45 4550 | 60-65 | 4045 | 18 3545 - -
30 50 20
* 66 mmeasured values oon-present

Another possibility is the extraction of fatty acids from microorganisms; however, the cost

of these molecules is much higher than the pheasied ones. A lot cheaper and convenient

source of FA could be algae which are currently being used for biodreskeigbion. A big

limitation in this case is the fact that) 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 201AIso, 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 lltail, animal fats and sewage sludde.sludge mostly short

acids are present.
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Tall oil fatty acids (TOFAsgrea side produstof the Kraft pulping procesghe composition
is very variable, on average it contains mostlgic and linoleic acid(Kumar and Alén
2016)However in the last decad®©FAshavebecome a very valuable product usechemy

fields, hence due to its high request it has bedamlg expensive.

Waste cooking oil has been widely employed fer pnoduction of biodiesel, the oil present

in this waste streams are mostly those reporteBable 4. Wase cooking oil should be
processed beforkeing reused, byemoving eventual solids and water present from food
contact.Lima et al. produced free fatty acids from waste palm oil by alcolatfialine
saponification followed by acidic hydrolyswgith a yield of more than 97%Lima et al.
2012) Another strategy used both for recovery of FFA and for biodiesel production is by

esterificationmostly with methanol.

5.2 Fatty acids derivatives

From FA other useful molecules can be derived, for this stymyticularly interesting
molecules are fatty alcohols and fatty amines. Both these molecules are obtained by
reduction of FAFatty 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 coppat 3000 and elevated pressur@8-30 MPa. Fatty
(primary) amines are prepared byo-step reaction, in the first step the FA éacted with
ammoniaat high temperaturgs obtain an amiderhe amide is then dehydrated to give a
nitrile which is then reactedith hydrogen to give the desired amin@enar, Moser, and

List 2017)
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Experinental section

In this section the experimental work is described. Befxplaining in details the
experiments, a shairitroductionof the analysis method is givémjustify the reason of the
choices. After assessing the analyttbg, cellulosealkalinedigestion is described as it will

represent one of the starting materfalsthe production of surfaeactive molecules.

6 Analysis method

Analyses were performed imariouscampuses. Differemhethods were employdzbthfor
structural purposes and to monitor the consumption/produaticompounds.

NMR analysis was performed in Tampere thanks to Professor Rama Layek who collaborates

with thatuniversity.

FT-IR was also attempted, as it was available in Hlappeenranta, 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 Ldahti campus. The method was developed

together withother project researcher working in the facility.

Finally, GC-MS was performedn in LUT-Lappeenranta, this allowed to asséssa

definitive way the presence/absence of products.

As anexampe of the potential development of this researblb, gerformance of surfactants
in mixture wasmonitored using a contact angle goniometer. This device allows the

evaluation othe 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 casbe detailsare reported i ableb.

Table5 HPLC Method for acid mixture

Equipment Agilent 1260 Infinity Il
Column Agilent Luna PolaC18
Dimension 250x 4.6 mm
Injection volume 51
Flow rate 0.5 ml/min
Temperature 15°C
Mode Reverse phase
Eluent 0.1%000 +50mM 0 & @0
Wavelength 205 nm
Solvents Water
Detector DAD, RID

TheBL production will be described in the nesdction (Chapter ), howeverthe HA that

are present in BL were already discussed in se@idnHere, inTable6 the retention times

of the identifiable acids are reported.

Table6 Retention times of the hydroxy acids

Acid Retention timgmin]
Oxalic Acid 4.994
Glycolic 6.995
Formic 7.150
| GISAL 8.825
I GISAL 9.114
Lactic 10401
2,5DHPA 12622
2-HBA 22619
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As mentioned in the Chaptet.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 be able to identify them and to monitor their consumption.

For the analysis of surfactantsixtures the column used was the Agilent InfinityLab
Poroshell 12@&EC-C18which compared to other availaldelumns shoulgrovidefaster and

more preciseseparation. The column consiof 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 selectiviBiglure 47). These featuresesults ingood

efficiency for acids, bases, and neutrals.

Porous Outer Layer

- Short analyte diffusion
path in/out of the
porous layer enables
faster and higher-
resolution separation

Particle Size

Figure47 HPLC molumn featuresised for surfactants analygisi | nf i ni t yLab Po

| Agil ent o)

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 surfacthotgd elute in

between the two. The method used for the analysis is summarizatley.
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Table7 Summary of HPLC method for surfactants

Equipment Agilent 1260 Infinity II
Column Agilent InfinityLab Poroshell 120 E18
Dimension 3.0 x 100 mm, 2-Micron.
Injection volume 51
Flow rate 0.5 ml/min
Temperature 15°C
Mode Reverse phase
Eluent 65 % ACN / 35 % H20 with 0.1 % formic
acid / For R11 measured in 20 nplosphate
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 reportedTiable8.As expected, based on the features of the
column, shorter alkyl chains result in a faster elytishile biggerchain 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 measureénml, the measurement was repeated to be sure.

The reason for this behaviour is unknown.
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Table8 Retention time of the starting materials

Compound Retention time [min]
Octanoic acid 2.348
Lauric acid 11.369 (2.353 in 20 mM phosphate buff
Stearic acid >30
Dodecanol 15.39

Dodecyl amine -

Hydroxy acid mixture 0.831 (0.9731.26, 1.588, 1.871in 20
mM phosphate buffer)
DMF 0.953
IPA 1.177

6.2 GC-MS Method

GC-MS is a technique thabmbines separation and mass analysis. To be abtdatlize
such big molecules as the ones under study, thoseswigjected to silylationwhich makes
all the compounds more volatitey attachingtrimethylsilyl etheé groups to the molecule.
This was done by dissolvingrt4 mg of sample irl50 * | of pyridine and 150 | of 95%
BSTFA and 5% MCS followed by 1h in the ovelhe reaction is shown belo{89).

Y 50 & YO ©®0Y Y@ (39

The overall method is reported Tiable9.

Table9 GC-MS method

Equipment Agilent 7890 and 7000 GC/MS trip
quadrupole
Column 25 m/0.25 mnwide-bore capillary columr]

with a nonpolar phase (HP, Agilent

Technol ogies) film

76



This techniqudurned out to be useful but at the same time difficulthasnew molecules

were not available in the database and were “"hidden” in a mixture of many compounds, in
addition with this analysighe molecules undergo fragmentation which complicated the
procedureThe fragmentation reactions that are mexpectedo occurinclude thebreakage

of the fatty acid alkyl chain, the losd -OH groups from the5ISA/ GISA., and their

fragmentatiorand rearrangemeint different positions.

Thanks also to the database searchitothe GCMS software it was possible to identify
some of thenostcommoncompounds that are present in the BLparticular it was possible
to identify some of the peaks that were consistently presentstireakactionswhere the

BL was in the same phase as the prodamt)the starting materidlhe identified compounds

are reportedh Table10.

Table10 Identified compounds via GBIS

Compound Retention time
| AT GISAL 1477414974
| AT GISA 15.009-15.245
1,4-Butanedioic acidSuccinic) 7.4197.458
Hydroxybutanedioic acid\alic) 8.3458.40
Pentanedioic acid (Glutaric) 1115111191
2-Hydroxyperanedioicacid 1266412675
Hydroxybutanoiacid 5.973-6.004
Benzoic acid 6.161-6.208
Octanoic acid 6.4286.641
Lauric acid 13.81514.051
Stearic Acid 32952-33172
Ethyl Laurate 12.692-12.982
Lauryl amine 1875919592

In additionto these compoundsihydroxy acidsvere also suggested as possible compounds

as well agyluconolactone. fie isomers of all the named compoungsealsofound.Others

could not be identifiesvith good degree of cexinty.
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Due to the largaumberof fragmentation and rearrangement reactions thabceur,it was
not straightforward to identify possible productsspecially due to thenknown exact
composition of the reacting mixture. Howexame peaks with minimal fragmentation were

found The masses calculations aeported in Appendix Jable A33, Table A34,
Table A35,

Table A36 and Table A37. In addition to that in GEMS, molecules are subjected to
ionization, hence it is not excluded tiia¢ charge of the molecules is highwarn 1 resulting

in lower m/z ratioAnother issuencountered was the solubilisation of some of the reaction
mixture and the fact that, during silylation, some precipitation occur@uthese reasos,

it is not possible to state with absolute certathy nature of most of the peaks.
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7 Cellulosedigestion Hydroxy acidsproduction

Based on the work of J. Lailaad the Separation Science research grdugmne 2022) two
experiments ofmicrocrystalline cellulos€dMCC) digestions wergerformedin different
conditiongto obtain a higher amount of GISA3iversely from heaforementioned reference
work, where an autoclave reactor was used, in this work the digestenesunin anAir
Bath Reacto(Appendix 1Figure Al 1), which allowshigher S/L ratiosnon-mechanical

stirring and enhanced temperature control.

7.1 Digestionof MCC at 18QIC and10 % w/w. A / olution

A total of 200g of MCCwere divided in 3 of the 6hambers, together witlitres of 10%

w/w . A/ @queous solution. The remaining 3 chambers were filled with water to
counterbalance the weighthe chambers were then flushed with a nitrogen stream to
remove all the oxygen thaould degrade the HA Thereaction time was 3h starting from
when the average temperature of the chamieached.0QIC. The solution was thdiltered

to remove unreacted cellulggndthe hydroxy acids were liberated using an ion exchange
resin. The theoretical composition is reported @ble11. The obtained acid mixture was

measured using an HPEQAD, the chromatogram is reportedrigure48.
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Orgaaniset_hapot| DAD1A Sig=210.4 Ref=400 100 | Millan_orgaaniset hapot 1st digestion_1.dx

®10°

o

Response [mALl]

<]3,339

48,802

47 006

4]

20
Retention time [min]

Figure48 Chromatogram of thelA resulting from MCGCdigestion att8QJC and 10%
W/WO0O o0 O

The compositionof the acids in the Blis reported inTable 11 (the retention timesxan be

seen inTable6).

experimenta(Laine 2022)

Table11 Compositionof Hydroxy acidsat 18QIC after 180 minreference VS

Value | T t Glycolic | Formic | GISAs | Lactic | Acetic | 2,5 2- Oxalic | Yield
[36 | [min] | [%] [%] [%)] [%] [%] DHPA | HBA | [%] [%0]
[%6] (%]
Ref. | 180 | 180 | 1.63 125 67.4 870 |[0543 920 |0 0 60
Exp. | 180 | 180 14.85 2969 |5183 | 1530 |0 7.20 0 7.877 | 52

The solid cotent(in which the most abundant acid3$SAs)was measured by evaporating

the acid mixture in a 1@& oven obtaining7.22g ofsolid acidan 1325 g of liquidmixture,

corresponding t6.5% in weightof the liquid mixture.

7.2 Digestion of MCC at 168 and 15 % w/w A / folution

A total of 1 kg of MCC was divided into the sskambers, with 6 litres of 15 % whvw 0 'O

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
reachedLOQJC. After that the unreacted cellulose was separated and the acid were liberated

by using @ ion exchange resiff.he obtained acids were analysed using HE1AD.

In the work used as a refereno@ experiment reported the use of 15% w/ /, (

however it was shown that increasing the amount &f/ ificrease the conversion (
Tablel2).

The obtained acid mixture was measured using an HPAD. The chromatogram is
repoted in Figure 49, the residence times of the acids canskeen in Table 6. The

compositionof the acids is also reportedTiable12.

Orgaaniset_hapot | DADMA, Sig=210,4 Ref=400100| Millan_orgaaniset_hapot acds 2nd_digestion_2.dx

<] 8,801

Response [mAL)]

1TAT0

SERLT
18,2

2 4 & 3 10 12 14 16 18 20 22 24
Retention time [min]

Figure49 Chromatogram of the acid mixture resulting from MCC digestidi68IC and
15% W/W0O w0 'O

Table 12 Compositionof HA for a digestion performed at 5%A / &nd at 10% A/ (
(Laine 2022)Comparison with the digestion performed at 15%. / (

Value | T t Glycolic | Formic | GISAs | Lactic | Acetic | 2,5 2- Oxalic | Yield
[36 | [min] | [%] [%0] [%0] [%0] [%0] DHPA | HBA | [%] [%6]
(6] (%]
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Ref. | 160 | 163 | 1.34 114 705 |67 |067 |94 0 ]0 481
(5%
AT

Ref. | 160 | 180 | 0.64 103 | 740 |577 |064 |90 0|0 505
(10%
CATY(
Exp. | 160 | 180 | 1229 | 1707 | 5968 | 8570 | 0 7092 | 0 1065 | 47

The solid contentif which the HA consismostly of GISAs) was measured by evaporating
the acid mixture i 100JC ovenobtainingto 4.9 g of solid acids in 967 g of liquid mixture,
corresponding to 5% in weight of the liqult composition was altered with respect to the

original mixture as most of the lightacidswere evaporateduring the drying process.

The acids were also anaddin thar neutralsolution(pH around 7) such that it was possible

to identify the difference in retention between the GISA andii$\.. The composition of

the dry acids and theeural solution are reportedTable13. From thechromatogram it was

also noticeabl¢hat in the case of pH=2 the equilibrium between the GISAs and the . GISA
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 iportantto notice is the differenca composition that was observed
in both digestions with respect to the reference work. This is hypothesised torbestlye
to the different reactor usedihe air bath reactpcompared to the autoclaveffers better
mixing, more uniformtemperatureand higher solid/liquid ratioThis might have caused a
faster ISAs breakagkineticsrelatedto better heat anthasstransfer In addition to that,
while in the autoclave it was possible to monitor the reaction via continuous sarmpiivey,
air bath onedhis was not a possibility, hendeis impossibleto recoverpossible reaction

schemes based on the species formed and consumed.

It is also crucial to point out the observed behaviour of the acid mixtisiag a regular
oven,it was not possible to remove all the water, at least without degradation of the acids.
Every time asticky tarlike material was obtained that needed the use of a solvent in order
to be properly used. Tharied mixture showed strong affinity mostly to water and DMF,
while it did not dissolvevery well in THF, isopropanolacetonitrile, ethyl acetate and
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hexaneThe acid mixture at pH=@lso showed weak affinity to DMprobably due to the
presence of only thepen GISA.

Table13 Composition of the dry hydroxy acids

Glycolic | Formic | GISAs | Lactic | Acetic | 2,5 Oxalic
(%] [%] (%] [%] | [%] DHPA | [%]
[%6]
pH=2, dry | 4.649 0 8874 | 2237 |0 2.6484 | 1.719
pH=7,dry | 1.483 0 7646 | 8534 |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 reaatimmditions, and the catalyst activity. The reactions
that were chosen were the esterification of octanol with acetic and lactic acid, since they are

also generally fond in BL.

The catalyst adopted was Amberlyst 15, a strongly acidic ion exchange resin formed by a
styrenedivinyl benzene support with sulfonates sites. To enhance the catalytic reactivity,
after the first reactionjt was decided to pretreat the catalyst to eliminate possible
contaminants and enhance its watgelling characteristics. To do that the catalyst was
rinsed 5 times with ethanol and 2 additional times with water. After being thoroughly washed

it was driel for 24h in an oven at 106.

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 catalyiie reaction scheme is reportedrigure50.
0

OH4 — """"T0H == Y\Lo/\/\/\/\ +H,0
OH OH

O

N

O T N
Figure50 Scheme of the reaction between lactic acid and octanol

To start the reaction 1% g of octanol were measured which correspond1@70mols,

lactic acid was added with a ratio 2:1 with respect to the alcohol, this was done to favour the
products a# is an equilibriunreaction 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. Theeaction was carried in the Syrris jaclkke®50 ml batch reactor (Appendix 1
Figure Al 2). The oil bath was set at X5 such that the temperature inside the reactor

would be stable around JO. 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) @ U f@llowed by 5 ml of 10% w/w) & U t@neutral pH. The oily
layer was kept while the watery layer containing the neutralized acids was dis¢déoded.

purification was performed.

The reaction mixture was analysed to detect products using boiMRI and GNMR
(Appendix 2,Figure A2 1). The spectrum for HNMR is presented irFigure 51. The
presence abctyl lactateand the diestazan be seen in the rarige  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. T§tarting materia the ester and diesterere also identified

by HPLC.

55 5.0 45 4.0 3.5 3.0 25 2.0 1.5 1.0 0.5

0.0:
0!
8
0

0.35

Figure51 H-NMR spectrum of octyl lactate

8.2 Reaction between octanol and acetic acid (RO)

Thesecond 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 hagdraitg characteristics

(Figure52)

85



0]

0
/lLOH + OH ~ ™ )J\o

Figure52 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 wittblg of dry Amberlyst 15 were added. The reaction
was carried for a total of 7h with the oil bath ad@G&o that the temperature would be of
approximately 8% inside the reactor. The excess acid was neutralized using 10% W/W
0 @0 ® neutral pH. The oily layer was kept while the watery layer containing the

neutralized acids was discarded.

The reaction mixture was analysed by bothhlMR and CNMR. The spectrum for HHMR

is reported inFigure53. From the GNMR analysis it is possible to identify the ester shift
1 171456 (Appendix 2Figure A2 2). From the HNMR the octyl acetatas visible
around 4, while the leftover acetic acid is visiblelat  3.6. The product is present

with a ratio of 4:1 with the acetic acid. The product was also identified by HPLC.

4.038
4.025

<
~

0 3.5 3.0 25 2.0 15 1.0 ppm

0.55

Figure53 H-NMR spectrum of the octyl acetat
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9 Surfactants synthesisom rawmixture of hydroxy acids

In this sectiont will be describedhe synthesis adurfaceactive moleculestarting fromthe
preparechydroxy acids mixturérom BL (Section7 ) and some fatty acids and ames The

research work is described in chronological order.

9.1 Reaction between aqueous acid mixture and lauric acid

To make the process more sustainabplettempt was made to use the acid mixture by only
partially concentrating it instead of completely dryingis way the small acids are
evaporate@nd do not interfere with the reactidrhis is done because the GISAs have high
affinity for water and drying is very energytensive, buthis also allow avoiding the use of
organic solvents such as THFhe concentrate solution wageacted with lauric acid to
obtain the desire@ISAL laurate A volumetric ratio of 1:1of GISAs and acid w&s used as
this time two phases are clearly separatedhplicating the mass transférhe reaction

scheme is reported Figure54.

0 O 0
0] 0]
HO +\E|J\ =—= Ho =0 + H,0
OH
~__-OH , ())LIE/:I/
OH ) _ OH n
n=10, lauric acid
0
0]
0
Mo
n > OH

OH

O
O
g /\Q/OJLE/:I/
OH n

Figure54 Scheme of the esterification reaction between GI&#d lauric acid to get
GISAL-laurate. For clarity only GISAare reported, however it is not excluded the reaction

with other compounds.

A total of 100mlhydroxy acids mixture was measuraad placed in a rotavapor atJ@
such that formic and acetic acid would evaporafiger 30 minutes7/5ml were left and
transferred to the Syrris reactor witbml of lauric acid (previously meltednd 1g ofdry

Amberlyst15. The temperature of the oil bath was set aX’%nd the reaction was carried
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for 23h. Samples were takafter 2h, 4h and 23h in both phases to monitor the readtmn.

post processing was done.

The reaction mixture was analysed usingIRTThe spectrum iseported irFigure55. From

this spectrums not possible to confirm of neglect the presence of products as the excessive
presence of lauric acid make it difficult to understathalwever, it is possible to notice some
differences in the spectra for the samples taken at different, tingedifference is visibli

the range3100-3600 cm! where the GISA, stearatepeaks should be according to the
literature(H. Kumar and Alén 2016)The aqueous layer was atoalysed, however due to
thehigh-wateraffinity it was not possible to remove all the water present, hence the spectrum

is not completely cleait is attached iM\ppendix 2Figure A2 3.

t=22h t=2h t=4h
1.2

0.8

0.6

0.4

TRANSMITTANCE %

0.2

4100 3600 3100 2600 2100 1600 1100 600 100
WAVE NUMBER CM-1

Figure55 FTIR Spectrum of the reaction mixturevolving BL HA and lauric acid in

water

The analysis of the samples in the HPaXy reported the starting materiate product
werefound.In the following sectiorf9.2thethermodynamic 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 inthe previous sectioand throughoutll 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 isus®e 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 es¢prin the database and

by choosing the most suitable thermodynamic model.

In this case the UNIFAC model waslectedthis modeluses the functional groups present
on the molecules that make up the liquid mixture to calculate activity coefficiEinés
activity coefficients will then be used to estimate thguilibrium constant and its

temperature dependency.

For theestimation of the equilibrium constant tREquil reactor model was used ias
provides the simltaneous solution of stoichiometric chemical and phase equilibrium

calculations

Sincethe results that can lextrapolatedrom this simulationare not rigorous but mostly
correct onan order of magnitude scale, this simulation was only donghi®rreaction of

lauric acid with GISA to give moneesterin different positionsand diester

Four reactions were inserted in #imulationas reported ifrigure54, the diester is formed

from the reaction of each of the monoesters with another molecule of lauricTaisd.
assumption is based on the products detantéie paper used as starting pdidt 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 GISAand lauric acid.

Two sensitivity analyses were then performed, one to monitor the concentration of the
monoester when water was addethe feed, and the other one to monitorc¢hange 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, howeveconsidering that they are all esterification reactions and all the
thermodynamic data, except for lauric acid, are estimated based only on the chemical

structure, thisimulationat least provides the order of magnitude and the trend.

The temperature was varied in the range between 40°C and. 0@ €quilibrium constant
varied in the rangketween 62 and 2.1IThe showed ifFigure54is reliable as esterification
is an exothermiceactionand the equilibrium constant found in literatue compatible

with these valuesAt 100°C the estimated equilibrium constans.is.

In addition,it is necessary to point out that at 40°C the reacatiag not happen due to the
fact that the temperature might be too low to reachattizvation energyhoweverit is

unknown at this moment of the research.

5-1 - Results Summary
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Figure56 Variation of the equilibrium constant for the formation of the GISAlrate

with temperature

The water content was vari@d the range between 0 aedmolar ratiowith the moles of
reactants(0-1.5 kmol/h) At 0 moles of water present and 100°C thelar fractionof
monoester 9.1 while at6 it is 0.05.1t must be rememberetiat in this simulationthe
diesters and the other monoesterlzgag formed with the same chances. In reality this is
not true as there ar®H groupsthat are more reactivlan others. h this case the most
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probable monoester that fornssthe first one inFigure 54, and that the formation of the

diester is a lot slower due to also the sthimtlrance

Sensitivity Results Curve
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Figure57 Variation of GISAL laurate content with the concentration of water in thee fee

9.3 Reaction between dry acid mixture dadric acidin THF (R2)

To remove water, thElA mixture was left to dry at 13& for approximately76 h. From

100 ml of solutiorb.31 g of acids wereecovered, dissolved in THF to reach 10@wiume

and divided in halfpne portion will be used in the reaction described in se@&iénlt is
importantto notice that the dried acids showed an unusual behaasthey only shown
partial solubility in THFand watemwhile the previous timgethey were completely soluble.
Judging from the appearantseemed like the temperature of the oven was changed in the
course of dryingausingdegradatiorit is excluded that the drying time was excessive as it
was done for othezxperimentsand this was never observétbwever,it is not possible to

know, and the acid mixture was used anyways.

A total of 50 ml of HA in THF wer@ut in the Syrris reactdaogethemwith 4 g oflauric acid
and 0,53 g of the dry Amberlyst ITbhehot oil bath was set &0JC such that the temperature

inside stayed belothe boiling point of THFThe reaction time was approximately Sine
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reaction mixture showed two layers. The THF was evaporated in the Rotavath layers

are saved for analysis.

A total of six samples were collected since different phases seenbeda@senbefore and

after removing the solvent. All the samples were analysed by HPLC, some peaks that did
not belong to the starting material were foundame ofthe samplesThe chromatogram
arereported below ifrigure58 andFigure59. In Figure58 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 produdiy-product of the reaction.

R2 31 re-run | DAD1B,3ig=205 4 Ref=400,100| 271023 Giorgia_R2_51_2 comected.dx

x102

Responsea [mALl]
£l

=
—
o

<119,925

VAN

2 4 ] 2 10 12 14 16 18 20 22
Retention time [min]

=)
=]
L{] 0g48*

Figure58 HPLC Chromatogram of theaction mixturenvolving BL and lauric acigd

sample loily phase

In Figure59 again the HA peaks and the lauric acids are visible. The measurement was too
short to see peaks after 13 minutes howéwether analyss were performed also on this

sample.
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Figure59 HPLC Chromatogram of the reaction mixture involving BL and lauric acid,

sample 2 BL phase

The samplesvere also analysed using 6{S to assess the nature of those pe#ks
important to disclose that the following are assumptions, and it was quite difficult to identify
the with absolute confidence the peaks asNBEEis highly destructive with esters and many
unknown compounds are present that can potentially show sinaiganentation patterns.
However, an attempt was made to try to identify possible products candidates.

The chromatograms are reported in the Appendiig8re A37 andFigure A38. Some of
the peaksspectrashow fragmentation that is compatible with floeecastedoroducs in
particular the one found around d®@nutesthat is compatible with GISAlaurate This peak
show to have a similar peak on the side, this can be compatible wittotf@ms of GISA,

| i and lactoneone ofthe two is reported inFigure 60. In fact it is visible the pattern
recurring inthe GISA fragmentatior(128.8, 146.8, 188.7, 346seeAppendix3 Figure A3
3-), the one compatible witthe tail(117.6, 184.2, 242.6, 256.8ppendix3 Figure A39)
and a high molecular weigptak that has the same mass asrdgmented GISAlaurate
(437.5).
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Figure60 Spectum of the GC-MS peak19.63119.749 min showing the fragmentation of
the peak compatible witBISA_-laurate

Other peaks were found that coyddssibly represent theome of the other reactions
products however due to high fragmentation iherd to state with a good degree of certainty

what compound thegre

9.4 Reaction between dry acid mixture and octanoic ecictHF (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 condenset.he reaction scheme is reportedrigure61.

0
0 (0]
0] O
HO + == HO =0 + H20
OH JLH/
'~ _OH . 0
H OH n
0
o]
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HJ-L o
n > OH

0
OH

O
O
: /\(i/o;@/
OH n

Figure61 Scheme of the esterification reaction between GI&#d octanoic acid to get

n=6, octanoic acid

GISAL-octanoate. For clarity only GlSAare reported, however it is not excluded the

reaction with other compounds.
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An amount 060 ml of the HA in THF wee added with 10 ml of octanoic acathd0.50 g
of Amberlyst B. The oil bath was set at JO. The reaction was run for 5h. After thhe
THF was evaporated in tletavapor and recovered.

A total of 3 samples were collectedie belonged to the acid mixture and two were collected
after evaporating the solvent. By analysittie via HPLC, only one of the three
chromatogram showed different peaks than the starting material. The chromatogram is
reported inFigure62. Considering the peak of the octanoic acid in positi&72 minutes,

the othes areall possible candidatdés be theGISAL-octanoateas itis more polar than the
octanoic acid itsejfhence it should elute before it.
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Figure62 HPLC Chromatogram of the reaction mixture involving BL and octanoic acid,

oil phase

The sample was also analydedGGMS, the spectra is reported in the Apper@ikigure
A3 10. In the spectra reported Figure63in is visible the tail fragmentation pattgfiil6.8,
1328, 158 172, 1847) and the fragmestreldive to GISA (1028, 128.7, 1468, 2167,
2427). This peakamong the others is the one with thest spectrato be the GISA-
octanoate.

Also, a small peak is visiblm the spectravith molecular weight that isompatible with the
product after the cleavage of thikyl chaingroups(around 362%) which is expectedo

occu in this type of analysisAnother small peak was present near tme in the GC
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chromatogramthat could be related to the other version of the GJ88wever the spectrum

was not extracted.
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Figure63 Spectrunof the GC-MS peak14.08314.138 minshowing the fragmentation of
the peak compatible with GISAoctanoate

Other peaks with higmolecular weight fragmentsere 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 min($eg Appendix 3)

9.5 Reaction between aqueous acid mixture stearic acd

Another attempt was made to use the acid mixture without riegnthe water. The reaction
was runin a roundbottom flask in oil battwith condenserThe catalyst was changed to
PTSA monohydrate, as it has been use&Kbyar and Aén (Kumar and Alén 2016)The
reaction scheme is reportedrigure64.
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Figure64 Scheme of thesterification reaction between GISand stearic acid to get
GISA.-stearate. For clarity only GlISAare reported, however it is not excluded the

reaction with other compounds.

50 ml of aqueous HA mixture were placed in the flask together5gitbf stearic acid and
0.63g of PTSA. The oil bath was s&tlA0JC such that insid& was measured tioe 80JC.

As expected, no product was deteondth HPLC, and no further analysis was made since
the outcome was predictahilae to the presence of wathr fact, thanks to the calculations
done in sectio®.2it is possible to estimate the quantity of product that could be present if
thereaction would reach thermodynamic equilibrium asda resulinaximum conversion.

By approximating theactivity coefficients to concentrations aasisuming that all theolid
contentin the HA mixture is GISA and that oly the monoester forms, it is possible to
estimate the ester concentratemfollows The equilibrium constant 80°C is assumed to

be equal to 4.
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However this value does not take into accoalfttthe factors that limit the conversisnch
as mass transfer, that in this case plays a major role as the two phasgggwan®nmiscible

and does not account fonpuritiesand byproducts.
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9.6 Reaction between dry acmdixture andstearicacid (R4)

An attempt was made to directly react the dried acid mixture with the fatty acids without the
use of any solventas done in the reference article summarised in seétibB, however,

in this article the GISAused was chromatographically pufiée maindifficulty of this
reaction was the consistency of the dried black ligudvich has the tendency of retaining

water resulting in a stickgolid whichis difficult to stir and contact with the other phase.

The following reactants were weighted anceal togethers.24 g of dry acid mixture from
seconddigestion 9.33 g ofstearicacid, and 09 g of pTSA. The reactiowas carried out
overnight a90-95 JC. The oil phase was dissolved in toluene and the unreacted fatty acids
were precipitated using a solution 8% 0 @ 00 . Toluene was then evaporated in the

rotavaporandthe leftover was a dirty white powder.

Samples were takeat 3h, 6h and 24h in both phases. Only the ones taken at 24h were
showing thepresence of product¥he hydroxy acids phasehenanalysé with the HPLC,
showed different peaks than those of the starting matenalsle the oil phase
chromatogram was almost not showing anything, in fact as already mentioned, stearic acid
has difficulties in elutingThe results are reported igure65. Even if the separation was

not optimal it was enough to stetsomenew compoundbad formedIn fact, aside from
thehydroxyacids peaks (0.814, 0.903) and IPA (1.E0®)ther peak is visible at 3.360 min.
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Figure65HPLC Chromatogram of the reaction mixture involving BL atelaric acid, BL

phase

Both phases were in any case analysed witAME; the chromatograms are reported in

Figure A311 andFigure A312 Some peaks were fourtldat could possibly represent the

GISAL estersSince stearic acid elutes at 33 minutes, the products were searched in the peaks

following this one.Two fragments were particularly interestiagd reported irFigure 66

andFigure67. The peak shown iRigure66 belonged to the oil phase, this was interesting

because of thaigh relative amount o&lkyl chainfragments(peaks116.8, 131.8, 144.7,
2007), suggesting that possibly two chains are attacimefdct the peak 439.6 corresponds

to the mass of thdiester that has lo& alkyl groups on each chain (see AppendikaBle
A3 1 peak 442)
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Figure66 Spectrum of th&C-MS peak 45.9646.074 min showing the fragmentation of
the peak compatible with GlSAstearate of oil phase

The other interesting peak is shownHRigure 67, this peakaround 608.thas mass that
correspond to the open GISA asweth fragmented alkyl chaithat has los® 6O (see
Appendix 3Table A32 peak 609 This isremarkablesince this reaction mixture has been
neutralisedvith calcium carbonatbence it is feasible that the GIS&ansformed tapen

form. This peak was not found in Rf,fact the reaction mixture was not neutralised.
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Figure67 Spectrum of the GBIS peak 40,25310,347 min showing the fragmentation of
the peak compatible with GlSAstearate of Blphase

Additional peaks were found, that could possibly be sotinerside productshowever again
the concentration is quite low compared to timeeactechydroxy acids (peaks around 15
minuteg and the unreactestearic acidsSome will be described in chap@Bas they were

also found in R9. In any case the concentrations of these specmgery low.
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9.7 Mechanosynthesis @ISA- amide(R5)

An interesting technique for amidation was, as reported in the literature, the
mechanosynthesis. This approach offeredsa@ventfree, green method to amides
production while in general high temperatures and/or hazardous catalysts are,nveigted
mechanosynthesis it was sufficient to energetically grindétig amine together with the
dried acid mixture to obtain the produdihe leftover water present in the acid mixture
worked adluid to facilitate the grinding(LAG see Chapte#.1.5)The reaction scheme is
reported inFigure68.
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OH I NH,
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OH OH
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Figure68 Scheme of the amidation reaction between GI&Addodecyl amingo get
lauryl-GISA amide For clarity only GISA are reported, however it is not excluded the

reaction with other compounds.

A total of 50 ml of aqueous acid mixture was driicectly in themortar bowl, obtaining

total d 5g ofdried hydroxy acids mixturelo the same bowg,95 g of lauryl amine were
added The grinding process wamerformed using a regular pkesand 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.

Thereaction mxture was analysedith HPLC, several peaks were detected aside from the
starting materialsee retention times ifable8). The first four peaks are associated with the
acid mixture(0.799,0.972, 1.10 1.206, sincethe amine alone did nalute out of the
column when the standard was measutbd remaining peakstartingfrom 2.234min
contain thedifferent productsof the reactiorbetween the amine and the hydraagids

among which théauryl-GISA amide This was a promising @, sincetheamine could react
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with all the acids presents, not only with the hydroxy ones.HREC chromatogram is
reported below irfrigure69.
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Figure69 HPLC Chromatogramf amidation reactiomvolving BL and dodecyl amine

The product was also analysed by-BIS, the GC chromatogram is reportedAppendix3
Figure A313. Two adjacent peaks showed finegmentghat can be associated widuryl

| A GISA amide the MS spectra are shownkigure70 andFigure71. Considering

the fragmentation of the reacting molecules, tthe spectra show the pattern of taléyl
chain(116.8, 146.7, 204.7,242.6)and that of the GISA§102.8,146.7, 190.7242.9. In
addition fragmentedauryl-GISA amidepeaks are also visiblier example332.7, 3996,
441.7, 457.torrespond tdauryl-GISA amidetha has losttwo -OH and part of the alkyl
chain,531.7 correspond tauryl-GISA amidethat has lost oneéOH and one alkyl group
(see Appendix Jable A37). The most visible proof of the presence of product is the peak
around 620 whichsi associated with the mass of theryl-GISA amidemoleculethat has

lostone 6O group from the alkyl chain.
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Figure70 First pectrum of the GEMS peak 45.21915.376min showing the
fragmentation of the peak compatible wryl-GISA amide
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Figure71 Second spectrum of the @@S peak 4541-45832min showing the
fragmentation of the peak compatible wigliryl GISA amide

Comparing the peak heigtisible in the GGchromatogranwhich is related to themount
of lauryl GISA amide in the sampj@-igure A313) with the peakwisible in theHPLC
chromatogramit is reasonable to assume that the produébiind in theHPLC peak with

retention time of 2,483 mjrpurely based on the peak height.

9.8 Homogeneouseactionin DMF between acid mixturandstearicacid (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 mixtusewak done
using DMF.

The following reactants were weighted and mixed together in a round bottom flask with oll
bath:5g dry hydroxy acids mixtureh,68stearicacid 70 ml DMF, 0,1mI MSA. The HPLC
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analysis bowed the presence ohesmallpeak, which can be assigned to some product as

the stearic acid do not show in the first 30 minutes of measurement as mentioned above.
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Figure72 HPLC Chromatogram of the reaction mixture involving BL and stearic acid, oil

phase

The sample was further analysed using-K8E to assess the nature of those pedhs
chromatogram is reported in Appendi¥igure A31. Theresultscan be directlyompared

to the reaction described in secti®ré some correspondepeaks were found. Sindhis
reaction was performed in a single phase, the products were identified all in the same
chromatogramslhe peakthatwerefound to be matchingre,aside from the fatty acidhe

one reported ifFigure 73, around 41 minutegnd itsanalogousorresponding to the

bl GISA_-stearate In the spectra of this peak it is possible to recognise again the tail
pattern 144.7,203.7,242.7) and the GISA (128.8, 170.8216.7, 244.7, 347.6, 361. The

peak 563.6 correspondstte GISA,. -stearateha has lost oneOH.
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Figure73 Spectrum of the GBAS peak 41328 41,564 min showing the fragmentation of
the peak compatible with GlSAstearate 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 Transesterificationf lauric acid(R11, R13)

In order toreduce the problem caused by the presence of wateg-stepreaction 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 timéxture. The
advantage of this reaction is that water no longer represent a product in the second stage,
thereforets presence shoultbthave a very relevant impact on the equilibrjumaddition

no solvent was needed the acid mixture could be used jaatiallywetform. The reaction
scheme is reported iigure74. The reaction was performed twice in order to monitor the

progress.
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Figure74 Reaction scheme tdfvo stepsransesterificatiomeactionof lauric acidand
GISAL. For clarity only GISA are reported, however it is not excluded the reaction with

other compounds of BL

A total of 6 grams oflauric acid were weighted andelted a total 0f15.8 ml of ethanol
were added to the flaskhe large excess of ethanol was needed to push the re&atia.

dry Amberlyst 15 were used as catalyst, this excessiges ashe resirhas the capacity of
absorbing part of the water produced during the reactiba.reation was left overnight.
The catalyst wadecanted, and the excess ethanol evaporated in the rotavapasiltiag
product was a mixture of the ethyl laurate and the fatity. & his mixture was then further
reacted with4.9 g of the concematedhydroxyacid mixture and MSA was used as catalyst.
The reaction was left overnight @JC. The second attempt was repeated with the exact
conditionsand samples takeafter 3 hours, 6 hours and 24 hours, all the peaks that did not

belongto the starting material were only visible in the overnight sample.

The mixture wasinalysed using HPLC, the resulting chromatograigure 75) showed the
presence of other compounds aside from the starting matertadsfirst four peaks are
associated with the acid mixtu0.973,1.26, 1.588, 1.871while the lauric acid has
retention time B53in phosphate buffer where the reaction mixture was measuhed

remaining peaks represent B6A. laurate and the other products.
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Figure75HPLC Chromatogram of the reaction mixtafanvolving BL andlauric acid,

BL phaseg(attempt 1, water phasstep 2
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Figure76 HPLC Chromatogram of the reaction mixture of involving BL and lauric acid,

BL phase (attempt 2, water phase, step 2)
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Figure77 HPLC Chromatogram of the reaction mixture of involving BL and lauric acid,

BL phase (attempt 2, oil phase, step 2)

ReactionR11was also analysed with the @@S. The results were very difficult to analyse

as the chromatogram was not very géadpendix 3Figure A32), however it was possible

to identificate some peak# particular the peak related to the monoester was found in
similar position as reactoR2 (segrigure60).

Two diesters peaker peaks related to thepen GISA-lauratewere also found one is
reported inFigure78.

x10 6 |+El Scan (43.939-44.167 min, 30 Scans) 20231113_R11S2.D Subtract
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242.6

Figure78 Spectrum of the GBS peak 43,9314,167min showing the fragmentation of
the peak compatible with GlSAaurate of BL phase
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10 Surfactants synthesfrom purifiedmixture of hydroxy acids

Consideringhte limited results obtained in the previous section, it was decided to perform a
onestep purification of theaw HA mixturein order to remove at least part of the unknown
molecules that gives the liquid the characteristic dark brown colour. After this step the

reactionghat were described above are repeated and described in the next sections.

10.1  Black liquor purification

The purification was performed by using a polymeatisorbentthe AnberLite XAD-16N
(Appendix4 Figure A41). The resins across likel DVB thatabsorb impurities based on
hydrophobic interactions. As tgdroxy acids are atonore hydrophilic than the impurities

hencethey tend to stay in solution whitee pollutants get absorbed.

The first step was to wash the resin, first with ethanol andséegratimes with waterA

total of 90 g of resin was used in a total of 300ml of BhisTwas done in two steps, using
45¢g each timeThe first run was left to stir overnight, after thimeé the BL was still quite
dark (Appendix4 Figure A42 Figure A43), so the second run was performed with the exact
same methodrlhis timg the amount of impurities retained by the absorbent was a lot less
(Figure A43).

The remaining acid mixture wasncentrated in the rotavapor and then dried in the oven.
The acid mixture was measured with HP&ffer every step, the resulting chromatograms
were compared to the ones of Aaurified acids. From the chromatograms, almost no
differencewas noticeable, however this is most probably due to the fact that with the current
method the impuritieare notidentifiable The chromatogramafter 1 and 2ound of resin
adsorption are show figure79 andFigure80.
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AmberLite XAD-16N
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10.2

The reactionseportedin chapter®.6, 9.7 and 9.9vere repeated with the same conditions

as already described abdiee all the available fatty acids. The reactions are summainsed

Tablel4.

Reactions from purifietiydroxy acids mixture

Table14 Summary of the reactions performed with the purified HA mix.

Reaction | Description Reactants Conditions
R14 Esterification, ng 2.5g HA mix, 2.22g octanoic | 781C, 24h
solvent acid, Q1ml MSA
R15 Esterification, ng 2.6g HA mix, 321glauric 78JC, 24h
solvent acid, 0,11ml MSA
R16 Esterification, ng 2.5g HA, 4.29gstearic acid, | 78JC, 24h
solvent 0.2 ml MSA
R17 Amidation, 2.29 HA mix, 2.51 glauryl Grind 20 min
mechanosynthesiy{ amine
R18 Transesterificatior] Step 1: 36ml octanoic acid, | Step 1: BIC, 24h
40ml ethanol, Bg Amberlyst | Step 2: 73C, 24h
15
Step 2: 2g HA mix, A0ml
MSA
R19 Transesterificatior] Step 1: 2g lauricacid,60ml | Step 1: BJC, 24h
ethanol, g Amberlyst 15 Step 2: 79C, 24h
Step 2: 2g HA mix, A0ml
MSA
R20 Transesterificatior] Step 1:3.83 stearicacid,60ml| | Step 1: 73C, 24h
ethanol,0.5g Amberlystl5 Step 2: 79C, 24h
Step 2:1.83g HA mix, 0.1 ml
MSA
R21 Ester 1g HA mix, 24g lauric acid | Grind 20 min
Mechanaynthesis
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The reaction mixtures were analysed only with HPA GGMS was not available in

reasonable timesSome of the reactions failgd particular reaction R16 and R19

R16 containedtearic acid, which is the biggest of the acids employed in this research, for

this reason the massnsfer limitsarehigher and maybe a higher temperature was needed

due to higher activation energy.

R19 failed due to the fact that, while fol&and R20 thélA mixture wasnot completely

dried butit could still be stirred, for R19 the HA mix walier, almost solid, which was

sticking to the sides of the reactor.

The other reactions showed some interesting peaks. As thd&€buld not beused in

order to monitor the@rogressing of theeactiors, samples were taken after 2, 4, 6 and 24

hoursfor reactiondR14, R15, R18, R2@nd therelative height of the peaks was monitared

The relative peak height islated to thenass fractiorof thespecieshence this should give

an idea of the produced and consumed species. The reaittadnaere successfiudre

described singularly below.

10.2.1 Reaction R14

The data rgardingR14 are reported ifable 15 in terms of peaks antthe relativepeaks

area. The data are then plottedrigure81 to visualisethe trend of thepecies.

Tablel1l5 Reaction R1between octanoic acid and HA mRelativeHPLC peaks area

Retention timé Relative peak Relative peak Relative peak Relative peak
area t=2h area t=4h area t=6h area t=24h

1.70 0.103 0.409 0.5@8 0.428

2.23 0.305 0.290 0.307 0.429

3.30 0.0346 0.0591 0.0553 0.073

3.66 0.00577 0.003% 0.0033 0.0125

4.07 0.548 0.23 0.121 0.0508

5.47 0.00324 0.00438 0.00569 0.006%

*Relative tothetotal area

Considering the retention tim¢see chromatogram iRigure82) of octanoic acid (348

min) and that othe acid mixture (831) andconsidering 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 1,708in andoctanoic acid with the peak073. The octanoic acid

peak decreases, while the HA mixturetially increase before decreasintpis can be
attributed to possiblelegradation processescuring due tomass 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 thrmbnoester products can fmund in peal around.2, 3.3

min and diesters desspolar products ipeakaround5.46 min.

R14 Relative peaks area VS time

0.6 0.6
g
)
£ 0.5 0.5
2

0.4 0.4 2.23
5
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0 0.3 0.3
< —e—4.073
Q
o ®
E 1.708
EGKJ 0.1 0.1 3.661

0 0
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time [h]

Figure81 R14 Relative peak area VS reaction tifmereaction 144.073 octanoic acid,

1.708 HA mixture, other peaks related to products and byproducts.
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Figure82 HPLC Chromatogram of the reaction mixture involving BL and octanoic acid,
oil phaseafter 24 hours4.073 octanoic acid, 1.708 HA mixture, other peaks related to

products and byproducts

10.2.2 Reaction R15

Theretention times of reaction Rbetween the HAnixtureand lauric acidvith the relative
peak area are reported Trable 16 and plotted inFigure 83 while the chromatogransi

reported inFigure84.

Tablel1l6 Reaction R1%®etween lauric acid and HA mix. Relative HPLC peaks area

Retention tim& | Relative peak | Relative peak | Relative peak | Relative peak
area t=2h area t=4h area t=6h area t=24h

0.881 0.1082 0.0564 0.06% 0.0635

1.16 0.2(8 0.15 0.216 0.398

2.95 0 0 0 0.00437

341 0 0.0012 0.0021 0.0115

5.20 0 0 0 0.00583

5.99 0 0.00143 0.0021 0.04@

5.59 0 0.003® 0.00648 0.0210

7.24 0.0021 0.00333 0.003% 0.008%

8.54 0.682 0.7 0.703 0.447

*Relative tototal area
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FromFigure83it is possible to identify the peak related to lauric acid addb40andthe

hydroxy acids mix peak is the one at 0,881 minutdsch are the decreasing peakkany

products are formed in between these two peaks, unfortunatelyoit jssible to identify

with certainty which onéelongs taGISAL-laurate
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R15 Relative peaks area VS time
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Figure83 R15Relative peak area VS reaction time for reaction 15. 8.475 lauricCa8Rl,

HA mixture, other peaks related to products and byproducts
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Figure84 R15Chromatogram of the reaction mixture involving BL dadric acid, oil
phase after 24 hour8.540lauric acid,0.881HA mixture, other peaks related to products
and byproducts

10.2.3 Reaction R18

The peak areachangesnd the retention timder reaction 18 between the HA mixture and
octanoic acidcan be seen iffable 17 and visualised irFigure 85. R18 can be directly
compare with reaction R14using the chromatogram Figure86. The peaks are slightly
shiftedbackwardshoweverit is straightforvard to match some of those. For example, peak
0,8 can be related to the acid mixtuaad the peak arourig613and 6,86Xkan be associated

to productsas they grow in timeThe peak obctanoic acidncrease, however this can be
explained by the fact that the reaction is a transesterification hene¢htieoctanoates
getting hydrdysed this increase the concentration of octanoic acid, also it can be seen from
R14 how most of octanoic acid is consumed in the 4iisbursand then it remains almost

constant, here in the decreasing trend is gligbtly visiblein the first four hours.
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Table17 Reaction R8 betweeroctanoicacid and HA mix. Relative HPLC peaks area

Reention time | Relative peak | Relative peak | Relative peak| Relative peak
area t=2h area t=4h area t=6h 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 0.0065 0.0238
2.466 0 0 0 0.0050
6.862 0.222 0.246 0.327 0.614
*Relative tototal area
R18 Relative peaks area VS time
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Figure85R18Relative peak area VS reaction time for reactionl1¥97 octanoi@cid,

0.8 HA mixture, other peaks related to products and byproducts
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Figure86 R18 Chromatogram of the reaction mixture involving BL and octanoic acid, oil
phase after 24 hour$.997 octanoic acid).8 HA mixture, other peaks related to products

and byproducts

10.2.4 Reaction R20

The peak variationfor reaction R2®etween HA mix and stearic aade reported ifable
18and plotted irFigure87 and the chromatogram is showrFigure88. As stearic acid was
not eluted out of the column the first 30 minutes of measuremeiitss possible tadentify

as possible reaction produetsthe peaks from 1,774 to 8,679, with the latter being the most
probableto be GISA- stearateeonsidering théong retention time of stearic acithe peak
around 8,89 initially increase and theslightly diminishes this can be a sign for example
of hydrolysis of the product.
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Table18 Reaction 2Relative peaks area

Retention time | Relative peak| Relative peak| Relative peak| Relative peak arez

area t=2h area t=4h area t=6h t=24h

0.83 0.0962 0.06(8 0.02% 0.0279

0.906 0.218 0.125 0.0521 0.0347

1.147 0,333 0.552 0.579 0.236

121 0,334 0.0848 0.096 0.288

1.774 0.0125 0.05211 0.0904 0.289

1913 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 tototal area

R20Relative peaks area VS time
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Figure87 R20Relative peak area VS reaction time for reactior028 HA mixture, other

peaks related to products and byproducts
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Figure88 Chromatogram of the reaction mixture involving BL atelaricacid, oil phase
after 24 hours0.83 HA mixture, other peaks related to products and byproducts

10.2.5 ReactionR17

ReactionR17 wasexecutedas done in chaptéR5, by grinding theHA mixture and the
dodecyl amindor 20 minutes in a mortartie resulting chromatogram, reportedrigure

89, is very similar to the one from the previous case
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Figure89 HPLC Chromatogram of amidation reaction involving BL and dodecyl amine,

no water

However, this time as suggested in literature (see Chapter 4.1.5), the reaction was also
performed by adding some water as grinding meatie chromatogram is shown kigure

90. The main difference can betioed in the peak around 1,659 min, the peak result to be a
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lot bigger than th@revious caselhe reasons for this are difficult to explagonsidering
that it is not possible to identify the peaks. Howeseme hypothes can be madéhefirst
hypothesis is that water improved the grinding, and the product related tol ji&k
increasedThe second hypothesis is that wdtgdrolysed some of the product and the peak
around 1,659, that has retention times very similar to the acid mixtgreased as it is

related to the acids not to the products.

RA17 amidation grinded with water | DAD1 B, Sig=205,4 Ref=400,100]211123_Giorgia_ R17_52 1.dx

%102

£3.905

.
41 559

Response [mAL]

=] 6 GGG
<]9,023
11 136
13,755

A
o I
z S\
6 7 8 9 10 11 12 13 14
Retention time [min]

Figure90 Chromatogram of amidation reaction involving BL and dodecyl amine, with

water

10.2.6 Reaction R21

Since amilation 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 wamalysed wittHPLC, and several peaks were identified aside from

the starting materiabs shown irFigure91. Considering tb peaks of the acid mixtueand

of lauric acidreported inTable8, it can behypothesisedhe presence of esters in different

positions and with different hydroxy acidad also the presence of the diester.
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Figure91 Chromatogram of mechanic esterification reaction involving BL and lacidc a

Unfortunately jn this time frame it was not possible to further analyse the mixture with other
methodsHowever, considering the amidation reactig@haptefit is legitimate to assume

the presence of producesspecially considering the similarities in the chromatograms.
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11 Contact angle example

ReactionR5 (sectior®.7) was theonly one wherénighamount of product was obtained and
detected with relative certainbpth by HPLC and G®AS, it was possible to perform some
testing of thdauryl GISAL-amideproductmixture

The contact angle, as mentionadhefirst partof this work(Section3.6), is arelated to
theCMC and the surface tension lowering of a sudacive compound-or this experiment

a contact angle goniometer was uskilst the surface tension of water was measured a
different volumes to create a standard. After ¢haplution of dodecyl amine and a solution

of the lauryl GISAL-amide mix were measured at different concentrations and compared
with literature( Maf ko et al . 2016)

Solutions were prepargidom p 1 0 top 1 0, for the dodecyl amina concentrated
solution(p 1t 0 ) was prepeed and dilutedwhile for themixture containing the surfactant
this was done analogously but the weight imaseaseaf 30% tocompensate the presence
of impurities (rough estimation of the composition from the -GS chromatogranwith
trapezoidal integration methpdhe droples dispensed had a volume of 15aeach
measurement was repeated four times for good praétiter. each drop the surface was

cleaned with ethanol to remove any surfactant trace.

The results are reported in the graph balowigure92. As it can be seen the GISAdmide
contact angle drops slowtis can be due to several reasons, at this stage it cannot be stated
with certainty,but it is possible to make assumptio@ne reason can be related to the
presence of unreacted agidnd other productbut alsoby looking at the literature, this can

be due to the fact thdhese types of surfactants before reaching the CMC create many
hydrogen bonds that are responsible for high surface teridssecond hypothesis could

not be verified at the moment but is just an assiongiased on surfactants theory.

The effect of surfactants concentratmm contact anglean also be practically seen thanks
to theimages that can be captured with the goniometer. Some frames relative to different

surfactants concentrations are showfigure93.
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Figure92 Contact angle VS concentratifor GISAL-Amide and Amineon a PE surface

Even if this experiment is natgoroussince the polyethylene surfacsedwas not a
standard oneand 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 @@mplexmixtures and, e.g., in detergency, they interact with organic

material.

Figure93 Contact angle variation with surfactanixture concentratioron PE surface
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12 Summary of resultand discussio

The firstcrucial step of thgroject was the production of BL from MCC. This was done
based a the previous research of tiyeoup, thedifferencewas related to the use of the air
bath digestomsteadof an autoclaveeactor The use of thair bath digestodetermined the
differences incomposition of the BL compared to previous resultsisTis due tothe
different conditions suchsanonrmechanical stirringgndmore uniformtemperature across
the rexctor, that caused a faster GIS@Aegradationput lower conversion related to lower
residence time. Thiact that it is not possible to take intermediate sanges not allow to
stop the reaction at optimal GISAs concentrations, which would be the optimal case for this
specific researchHowever, as stated before, the final goal of this whole project is to use BL
coming from secondary streams and not produced in thevkabh contains lower amount

of GISAs.

Two experiments were madéedifferent temperatures afidw U @ncentrationgthe results
matched the trenfbund in literatureand are compared ifable20. In the case of digestion

at 160°C higher yield was expectdulit, as the experiment was run in larger scksger
chambers were usgtdowever the chambers of the digestor resulted to be too big for the

volumes, which resulted worse solid/liquid contacting.

Table19 Comparison of the results of the two digestions

Temp.| NaOH | Time | Glycolic | Formic | GISAs | Lactic | Acetic | 2,5 2- Oxalic | Yield

[°Cl | [%] [min] | [%] [%] [%] [%] | [%] DHPA | HBA | [%] [%6]
[%6] (%]

180 10 180 14.85 2969 |5183 | 1530 | O 7.20 0 7877 | 52

160 15 180 12.29 1707 | 5968 | 8570 |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 surfacactive molecules. From tHierature it was obvious that GISAs are
almostunexplored in synthetic chemistayd in surfactants production, only two examples
were found but the information collected from those were not suffidiemtthis reason,

before the experiments, some theoretical evaluations were made to try to predict the
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behaviour of the designed molecules based on their structure. In particular, the HLB was
evaluated. According to the group contribution method forng8Jait was possible to
estimate the HLB of the reactants and synthetized molecules (see calculations in Appendix
5 Table A51). The affinity with water phase is also evaluated in ternis bbCwater has

I T0@qual to-1,380, therefore the compounds with similar values have better solubility.

This can for examplebe exploited for estimating the behaviour of the molecules in water.

Table20HLB and solubility ofsome ofthe synthetized moleculeandsome of the

designed molecules

Molecule HLB log P Solubility in water
Octanol 5.1 3 0.3 g/
Octanoic acid 5.8 3.05 0.68 g/l”
Lauryl alcohol 3.2 5.4 0.004 g
Lauryl amine - 4.76 3.5 g/
Lauric acid 3.9 4.6 55 mgl™
Stearic acid 1 8.23 0.0029 gI”
Octyl acetate 5 3.8 0.18 g/I’
Octyl lactate 7 3.17 300 mg/T
GISAL octanoate 11 1.15 + Q44 yes
GISAL di-octanoate 9 512 + Q45 no
GISA_ laurate 9 3.27 + 044 sparingly
GISA. di-laurate 7 9.37 £ Q45 no
GISA. stearate 6 6.46 + Q44 no
GISAL di-stearate - 15.74 + Q45 no
GISA- - 3.11 + Q69 sparingly
dodecanamide
GISA octanoate 113 1.3+07 yes
GISA laurate 9.4 3.43 + 069 no

"Calculated based on the structure ushegsoftware ChemDragACD/Labs)™ at 20IC
and atmospheric pressucree and Waghorne 2021Jari Heinonen and Sainio 2019b)

60 not possi bl e etgmupeontabutiométtedd. wi t h Davi

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 cdluseced by
theanalysismethod, but as standards were not available this was a tool to make hypotheses

and estimations.

The experimental research was staliggberforming some test react®il he test reactions
were not only a way ttry the equipmenand the catalydbut, sincelactic acid and acetic
acid are alsgenerallypresent in BLthey also represented a wayetglore other production

possibilities tovalorise every acid.

Going to theapplication of BL, theeactions became more complicatedmplementdue to
the partialunknown composition of the BL. Indeed, it was possible to identify only the

compound for which the standards were available, iseme of thdéydroxy acids.

During the preparation of reactions all the solid phase was considered to bg GiSAvas
far from reality hence it was not possibledim any calculations related to their conversion.

Nonetheless, sonoductswere obtaine@venif 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 stirringhe chromatogram did not show big differences
between the purified and nguurified 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 thé1&Q@vas not available in a

feasible time frame. In any case it was possible to extrapolate some. results

The reactions tit should provide analogous produatscomparedo try to find a pattern
in theHPLC chromatogramsgn particular R1R14 and R8 based on octanoic actén be
compared, as well as RR 11, R15 and R2based on lauric acid, R4, R9 and R2&ed on
stearic acid and R5 and Rb@sed on dodecyl amine.

For R2, R4, R15some analogies in tHePLC peaks were foundreaction R4 peals did
not match the others, hewer by identifying the IPA peait is possible to notice thahe
distribution matched very welln fact the negative peakormed by IPA that is normally

found in position ®-1, here it was found in position I8 and all the others followed with
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identical patternThe peak comparison is reportedTiable 21. Considering octanoic acid

has retention timef 2,3 and the acid mixture of Q,8ll the peaks in between can be
considered as prodwctin particular, for R1 it was possible to perform -GS which
detected possible products, hence it is possible to state that these three reactions were

somehow successful.

Table21 Peak comparison of compounds containing octanoic acid

Peals R1 R14 R18
IPA 0.9 1872 1.0
First peak 0.8 1.708 0.8
Other peaks in ordeg 1.093 2.230 15
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 reactiongontaining lauric acidfor R11, R15 and R21, matching peaks were
found, instead for R2 the peaks were a lot differ€hts can beelatedto different factors
such adlifferent reaction conditionand differentanalysismethod. In fact all the other
reactions were measured in phosphate buifieany case it is worth comparing R11, R15
and R21.
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Table22 Peak comparison of compounds containing lauric acid

Peals R11 R15 R21 R2
IPA -* 0.907 -* 0.903
First peak 0.973 0.881 0.948 0.848
Other peaks i 1.260 1.163 1.090; 1229 1.201
order 1.558 1.655 1.374;1754 10.752

1871 2.951 2.1; 2315; 2654 | 19.925

2.352 3.413 3.233; 36; 3484

2.975 3.70 4.194; 4667

3.650 5.201 5.123; 5559

6.427 5.50, 599 6.550

7.618 7.23 7.157

8.701 8.540 8.150

*Measured in waterStarting materials

In addition, to verify the presence of products in R2, iwisth to compare the GMS
chromatogranpeaks with the ones of R{Chromatograms iAppendix 3. In these |t was
possible to identify the starting materiateamely lauric acid around 14 miacid mixture
around 15 min, ethyl laurate (first step of transesterification) around 13min. The

chromatogram of R11 was very difficult éatrapolate data from

Finally, theHPLC chromatograms for R4, R9 and R20 wierpossibleto comparethis is
becausgdue to the affinity with theolumn, the compounds have difficulty in ehgi

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 gettimgothite

phase to correctly interact with the sample and with the column can be challenging. For this
study, the method to analyse complex mixtures suguasctant has been developed during

the same period of the reactions and is not still completelgloped for this reason
sometimes the measurements fail&€-MS also turned out not to be the ideal analysis
method, forseveralreasons. First of all, the number of compaumes enormous and as a

result compoundswith similar massesvere presentsecond GEVIS is highly destructive
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analysis method which cause fragmentation iangation to the molecules modifying the
mass response, and finally the method used was not optimistheé$ertypesf 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 piogect, contact angle
measurements were done. This experiment did not aiprdeide anyabsolutedata
regarding the GISAamide but it was more of a demonstrationhoiw surfactantperform

even in mixture containing other substanaed other surfactants, in this caseuhesacted

amine.

Overall, the resultof the chemical analysis wewery difficult to interpret.As a resultit

was not possible to obtaaccurate and reliable information about the composition of the
reaction mixtureOnly fewprevious research on synthesis of surfactants from hydroxy acids
were availablg¢o use(H. Kumar and Alén 2016; Reintjes and Cooper 2002summary,

several typesf 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

130



13 Conclusionsand prospects

Considering the results discussdabve some relevant conclusioean bedrawn.As first,

it is important to acknowledgihatthe results obtainedre not verysignificantin terms of
data that can be extrapolatétbwever they are a good starting point for the future research
as they gave an overview of what @ard what cannot be darend to recognise the mistakes

made and improve them.

This study suffered severe limitatioredated to the raw matergabndto the early stages of
the researcbn GISAs However, most of the limitewereassociatetb the lack of equipment
available in the laboratgrwhere the study was performethis resulted in the failure of
many of the experimentslowever, aghis research will be continuethis work served to

collect data with #&rial-anderrorapproachsuch thatn futurethese issues can be addressed.

Another issue that limited thexperimentsvasthat the water generated by the reactiwas
condensed back to the reactor as no Etank apparatus or, in general, watemoving
systems were available and esterification reactions are very sensitive to water. édsdent

as mentionedabove due to the hydrophilicity of thbydroxy a ¢ i mistude drying in
atmospheric pressure was not successful, but no vacuum equipment was available to
overcome this problenin addition to that, no analysis method veasilable in the firstew

months, thigdid not allow to understand the criticalities of this approach until the time was

no longersufficientto take care omost of theproblems.

Another big challengevas thatle use of BL as starting material waaybe too ambitious

atthe state of the adf the researctsincethis complicatedot onlythe 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 alcoholk©H group that could undergo esterification.

As a consequence, GI@S analysis resulted idatathat were very difficult to interpret as
the compounds undergo silylation, fragmentation and rearrangennergsmixture that
potentially contairhundredsof compounds with similar compositigmostly C, H, O) and

hence similar massedPLC method was not always successful to separate and elute some
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of the productjn addition to thatreference retention times were not available, hence the
only information that could be extracted from ttsathe presence of other compounds than
the starting material and tielative production/consumptiofhis issue can be once again

solved by developing standards.

It is important to point out thain the case of GBS, a method that was not meant for this
project was used and soraempounds present in the reaction mixttaeed precipitation
during silylation. For HPLC, the methastarted to be developesimultaneously to the
production of these moleculeand it is still in progressor this reason it is not optimised to

work eveny andsomemeasurementsiled.

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 axidbdrBL, but

also this approach seemiedbetime consuming since, as explained, it requires several steps,

for example the setup afiultiple chromatographic columns.

Considering all, he main outcome of this stydvas theidentification of the criticalities
related to this synthesiandto come up with strategies smlve them in a morstructured

way.

Furthermore, during the study of the topitany researcpathwayswere identifiedon the
possibility of applying GISAs in synthetic chemistgnd specifically in surfactants
synthesislin fact, as mentionedbove, the molecules that were designed have potentials to
be applied in food, cosmesigpharmaceuticaland detergengyas their structure resemble

that ofsurfactants that are already approved and used, such as sucrose ester or SPANSs.

Hence, considerinthe outputs of the worlg new strategy was developed to continue the
study. The new strategy is schematised bel@vgure 94), and it involves starting the
research by relatively clean components such thaethdting reaction mixture is composed

of few recognisable species from which is possible to obtain standaois these clean
reactionsjt is then possible to obtain data regarding the molecules, such as boiling point,
selectivity, CMC, HLB etc., and about the reactions such as thermodyraamaikineticdata.

Theinformation obtainedrom this can then be used to optimise the reaction conditions, for
purification of the productand for assessing possible applications
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AUse the developed
methods and optimise
them

AReactions that involve
> Synthesis few, recognisable
species

; AEasy recognition of
> to %a'?d products even in
standards complex mixtures

Separate the

acids from BL

_ Collect ABoiling point
information kinetics,reac,tivity etc.
about the ne ACMC. HLB

molecules

Exploit AFor purifiaction
characteristics AFor applications

Figure94 Scheme of the neapproach to the research

Once these data are knowhenit 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 oilderiving for examplefrom food sectoor tall oil.

Other pathways that can be exploredre the possibility to experiment with the reaction
conditions and with the use of catalyst. Particularly, one of the possibilities that was of
specialinterest 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 researt¢hat involves more the specialty of chemical
engineering includes the reactor designand eventual scale upThis is particularly
challenging due to the complicated massdfanof multiphase reactions where the products

are surfacective and can interfere withe phasequilibrium

Finally, theproduced molecules could then be further modified to obtain, for exgionple
surfactants or they could be ethoxylated to improve dharacteristics. More niche
molecules could also be derived, suctihesmaoresponsiveandor pH-responsive micelles

for drug delivery.
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On each othese molecules then, toxicignd degradabilitgtudies must be performed, as

thedestiny of surfactants is to end up in water streams

In conclusion, een if the results were not satisfactory as expedieid research work
allowed togather information othe criticalities ofthese synthesemd toidentify ways to
overcome thenin orderto improve the results quality. In additiomprking and studying
this topicalso allowed todiscover manygaps in theesearch orGISAs applications to
identify thepotentialitiesof the designed moleculesdto individuateseveraresearch paths

that carbedeveloped in future.
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Appendix1i Equipment

Figure Al 1 Air bathreactor

Figure Al 2 Syrris orb jacketed batch reactor



Appendix 2I NMR and FFIR
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Appendix 3i GC-MS

Table A33 GISAL esters mass calculation for the fragments

Tall Fatty GISAL | Silylated Silylated Silylated Silylated Silylated
length | Acid ester GISAL GISAL GISAL GISAL GISAL
mass ester ester-OH | ester- ester- ester-OH -
20H CH3OH CH30H

Cc2 60.0504 | 2041754 | 3485536 2593575| 1701614 2453309 1561348
C3 74.077 | 218202 | 3625802| 2733841 184.188 2593575 1701614
C4 881036 | 2322286| 3766068| 2874107| 1982146 2733841 184.188
C5 1021302 | 2462552 | 3906334| 3014373| 2122412 2874107 1982146
C6 1161568 | 2602818 404.66 3154639 | 2262678 3014373 2122412
C7 1301834 | 2743084 | 4186866 3294905| 2402944 3154639 226.2678
C8 14421 | 288335| 4327132| 3435171 254321 3294905 2402944
C9 1582366 | 3023616| 4467398| 3575437| 2683476 3435171 254321
C10 1722632| 3163882| 4607664| 3715703| 2823742 3575437 2683476
Cl1 186.2898 | 3304148 474793 | 3855969| 2964008 3715703 2823742
C12 2003164 | 3444414 4888196| 3996235| 3104274 3855969 2964008
C13 214343 | 358468 | 5028462| 4136501 324454 3996235 3104274
Cl4 2283696 | 3724946| 5168728| 4276767| 3384806 4136501 324454
C15 2423962 | 3865212 5308994 | 4417033| 3525072 4276767 3384806
Cl6 2564228 | 4005478 54926 4557299 | 3665338 4417033 3525072
C17 2704494 | 4145744 5589526| 4697565| 3805604 4557299 3665338
C18 284476 | 428601 | 5729792| 4837831 394587 4697565 3805604




Table A34 GISAL diesters mass calculation for the fragments

Tails Fatty Acid GISAL diester | Silylated Silylated GISAL | Silylated
length mass GISAL diester | diesterOH GISAL diester
CH30H
C2 60.0504 2462108 3183999 2292038 2151772
C3 74077 274.264 3464531 257.257 2432304
ca 88.1036 3023172 3745063 2853102 2712836
C5 1021302 3303704 4025595 3133634 2993368
C6 1161568 3584236 4306127 3414166 327.39
C7 1301834 3864768 4586659 3694698 3554432
C8 14421 41453 4867191 397523 3834964
C9 1582366 4425832 5147723 4255762 4115496
C10 1722632 4706364 5428255 4536294 4396028
c11 1862898 4986896 5708787 4816826 467656
C12 2003164 5267428 5989319 5097358 4957092
C13 214.343 554,796 6269851 537.789 5237624
Cl4 2283696 5828492 6550383 5658422 5518156
C15 2423962 6109024 6830915 5938954 5798688
C16 2564228 6389556 7111447 6219486 607.922
C17 2704494 667.0088 7391979 6500018 6359752
c18 284476 695062 767.2511 678055 6640284
Table A35 GISA esters mass calculation for the fragments
t Fatty GISA ester| Silylated | Silylated Silylated Silylated Silylated
Acid GISA GISA ester | GISA ester | GISA GISA ester
mass ester OH 20H ester30OH | CH3OH
C2 60.05033| 222.19133| 510.9477| 421.75163 332.55553 243.35943] 406.72503
C3 74077 |  236.218| 524.9744|  435.7783|  346.5822| 257.3861|  420.7517
C4 881036 | 0250.2446| 539.001| 449.8049| 360.6088| 271.4127|  434.7783
C5 1021302| 264.2712| 553.0276]  463.8315| 374.6354| 285.4393|  448.8049
C6 1161568 | 278.2978| 567.0542|  477.8581 388.662| 299.4659]  462.8315
C7 130,1834| 2923244 581.0808| 491.8847| 402.6886| 313.4925 476.8581
C8 14421 |  306.351| 595.1074| 505.9113|  416.7152| 327.5191]  490.8847
C9 1582366| 320.3776| 609.134| 519.9379| 430.7418| 341.5457| 504.9113
Cl0 | 1722632 334.4042| 623.1606] 533.9645|  444.7684| 355.5723| 518.9379
Cll | 1862898| 3484308 637.1872| 547.9911 458.795| 369.5989]  532.9645
Cl2 | 2003164 | 362.4574| 651.2138| 562.0177| 472.8216| 383.6255| 546.9911
C13 214343 |  376.484| 665.2404| 576.0443|  486.8482| 397.6521| 561.0177
Cl4 | 2283696| 390.5106| 679.267| 590.0709| 500.8748| 411.6787| 575.0443
C15 | 2423962| 4045372 693.2936|  604.0975 514.9014| 425.7053| 589.0709
Cl6 | 2564228| 4185638 707.3202|  618.1241 528.928| 439.7319]  603.0975
Cl7 | 2704494 432 5004| 721.3468|  632.1507| 542.9546| 453.7585|  617.1241
C18 284476 |  446.617| 735.3734| 646.1773| 556.9812| 467.7851]  631.1507




Table A36 GISAdiesters mass calculation for the fragments

Tails length Fatty Acid mass GISA diester Sylilated GISA diester
C2 60.0504 264.2568 408635
c3 74.077 29231 4366882
c4 88.1036 3203632 4647414
C5 1021302 3484164 4927946
C6 1161568 3764696 5208478
C7 1301834 4045228 548901
c8 14421 432576 5769542
C9 1582366 4606292 6050074
C10 1722632 483.6824 6330606
c11 1862898 5167356 6611138
C12 2003164 5447888 689167
C13 214343 572842 717.2202
Cl4 2283696 6008952 7452734
C15 2423962 6289484 7733266
C16 2564228 657.0016 8013798
c17 2704494 6850548 829433
c18 284476 713108 857.4862
Table A37 GISAamide mass calculation for the fragments
Tails Amine GISA silylated GISA | silylated GISA silylated GISA
length amide amide amide -OH amide-20H
C2 45.084 207.225 495.9814 406.7853 317.5892
C3 59.1106 221.2516 510.008 420.8119 331.6158
C4 731372 235.2782 524.0346 434.8385 345.6424
C5 87.1638 249.3048 538.0612 448.8651 359.669
C6 1011904 263.3314 552.0878 462.8917 373.6956
C7 115217 277.358 566.1144 476.9183 387.7222
C8 1292436 291.3846 580.141 490.9449 401.7488
C9 1432702 305.4112 594.1676 504.9715 415.7754
C10 157.2968 319.4378 608.1942 518.9981 429.802
Cl1 1713234 333.4644 622.2208 533.0247 443.8286
C12 18535 347.491 636.2474 547.0513 457.8552
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Figure A37 Chromatogram of esterification reactiB2 oil phase
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Figure A38 Chromatogram of esterification reactiB2 HA phase




x10 2 [+EI TIC Scan 20231101_R1S1.D

x10 2 |+El Scan (13.815-14.051 min, 31 Scans) 20231101_R2S1.D Subtract

14 731 256.9

0.5
0.254 l 200.8
i F i o

50 100 150 200 250 300 350 400 450 500 550 600 650 700 750 800 850 900 950 1000
Counts (%) vs. Mass-to-Charge (m/z)

Figure A39 Spectra of lauric acid fragmentatiohreaction R2

6 65 7 7.5 8 85 ) 95 10 105 11 115 12 125 13 135 14 14.5 15 15.5 16 1655 17
Counts (%) vs. Acquisition Time (min)

Figure A310 Chromatogram of esterification reactiBi

x10 2 [+EI TIC Scan 20231101_R4S1.D
1

0.15
01 ﬂ
005 | . hA ANV L . 3 . . L

6 7 3 ¢ 1o 11 12 13 14 15 16 17 18 19 2 21 22 25 24 25 26 27 28 20 30 31 32 33 34 35 36 37 38
Counts (%) vs. Acquisition Time (min)

Figure A311 Chromatogram of esterification reactiBd, oil phase
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Figure A312 Chromatogram of esterification reactiBd, HA phase
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Figure A313 Chromatogram of amidation reacti®®
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Figure A314 Chromatogram of esterification reactiB®
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Figure A315 Chromatogram ofransesterification reactioR11



Appendix4i BL purification

Figure A41 AmberLite XAD 16N Clean

Figure A42 From left to right: BL, BL after the first absorption, dirty AmberLité









