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The Green Foundation box
1. In this work we used mechanochemical synthesis to produce biobased and 

biodegradable surfactants utilising waste cellulose materials. With this reaction method 
we avoided the use of solvents, catalysts or heat, only using small quantities of water to 
enhance the homogeneity of the system and reaction times of less than 15 minutes. In 
addition, a green purification method, foam fractionation, was successfully applied for 
purifying the surfactant mixtures.

2. Rather than using glucose or other high value materials, we exploited, without any 
further purifications, waste streams such as pulping black liquor or alkali-treated 
cellulose-waste. The reactions reached yields up to 85% in terms of targeted molecules.  
Foam fractionation was able to enrich the purity up to 33% in a very simple setup.

3. Additional research is needed to improve the sustainability of the production of alkyl 
amines and also to design a more efficient setup for foam fractionation.
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Abstract 
A series of hydroxycarboxylic acids (HAs) with excellent hydrophilic properties are produced from alkali 
treatment of cellulose–containing materials. The great majority of these hydroxy acids is constituted by 
glucoisosaccharinic acids (GISAs), which is a promising starting material for surfactants synthesis. Amide 
surfactants mixtures were produced by combining these HAs with primary amines of various alkyl chain 
lengths, namely 12, 16 and 18 carbons. The reactions were performed under liquid assisted grinding (LAG) 
conditions, a type of mechanochemical synthesis employing small quantities of liquid, water in this case, to 
favour the homogenization. Yields up to 90% were achieved with the purchased GISAs and up to 85% in terms 
of GISA–amides using non–purified HAs mixtures, regardless of the amine used. Products deriving from other 
HAs were detected as well. The amount of water influenced the efficacy of the mechanical stimuli and hence 
the yield of the reactions. Foam fractionation was employed as an alternative purification method and was 
effective enriching the surfactants up to 33% in the described setup. The resulting GISA–amides were able to 
lower the water surface tension below 27, 31, 34 and mN/m, respectively for 12, 16 and 18 carbons alkyl 
chain. The surfactants were also able to form foams and emulsions. Preliminary considerations done using 
data–fitting software and comparison with commercial surfactants (e.g. SPAN® 20, MEGA-12, MEGA 14) 
shown excellent potential in terms of possible applications and biodegradability. 

Keywords: Bio–based surfactants, Cellulose, Glucoisosaccharinic acids (GISAs), Mechanosynthesis, Foam 
fractionation, Amides

1. Introduction
Surfactants are broadly used in many industrial process, consumers goods and domestic applications. Their 
widespread use results in very large production volumes, which is unavoidably connected to many 
environmental issues, related to raw materials and end of life. As environmental regulations are becoming 
more stringent, there is an increasing interest in sustainable surfactants 1. Conventional surfactants are 
mostly produced from non–renewable and/or non–sustainable sources, and, even if bio–based surfactants 
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are already common, they are often produced from first generation raw materials, responsible for 
phenomena like deforestation, pesticides pollution, soil erosion and loss of biodiversity. Surfactants are also 
among the most challenging emerging contaminants which are continuously discharged into the 
environment through wastewater treatment plants 2.

To address these sustainability issues, waste feedstocks can be used as raw materials in the production, which 
result in lower emissions, renewable, bio–based and biodegradable surfactants. Among the bio–based 
materials, cellulose represents the most abundant biopolymer on earth, it is the main constituent of plant 
cells walls, but it can also be found in algae, fungi, and bacteria. Consequently, cellulose–based waste is as 
well plentiful, and, even if biodegradable, it represents a significant source of carbon emissions. Hence, 
methods for repurposing this raw material are being researched 3. 

When treated in alkaline conditions and high temperatures, cellulose undergoes degradation resulting in a 
series of hydroxycarboxylic acids (HAs). The main fraction consists of volatile HAs such as formic and acetic 
acid, low molecular weight acids such as lactic, glycolic and 2–hydroxybutanoic acid (2–HBA) and high 
molecular weight acids such as 2,5–dihydroxypentanoic acid (2,5–DHPA) and α ―  and β ―  
glucoisosaccharinic acids (GISAs). This degradation occurs, for example, in the Krafft and soda pulping 
processes which produce as waste material the so–called ‘black liquor’, an alkaline side stream which 
contains, together with lignin, the aforementioned HAs 4–6. The valorisation of this feedstock has been long 
investigated in the past as a possible source of HAs, as an alternative to using them as fuel. While some of 
these HAs already have known uses, e.g., acetic, glycolic, lactic, and formic acid, others are still being explored 
as possible bio–chemicals 7. Waste streams containing cellulose have also been treated with alkali to produce 
these hydroxy acids, for example agricultural waste and cotton–based textile waste   8–11.

Among these acids, the ones that are of particular interest are glucoisosaccharinic acids (GISAs). GISAs 
possess many hydroxy groups as well as the carboxylic acid function, making them very versatile in terms of 
reactions, as they can act both as alcohols and as acids. In addition, they undergo internal esterification under 
acidic pH conditions, resulting in lactones. They have been mostly studied for their capability of complexing 
metals 12–14. In addition, their structure resembles that of sugars, for this reason they look appealing in the 
production of sustainable surfactants 6,7,15.  Carbohydrates and their derivatives (e.g. sorbitan, glucose, 
sucrose, etc.) are already utilised in the production of bio–based surfactants 16. Cellulose itself is already 
employed as hydrophilic group for surfactants thanks to its enhanced hydrophilicity. The most common 
sugar–based surfactants are in the form of esters, glycosides/ethers, or amides. These types of surfactants 
are usually employed in consumers products thanks to their excellent biocompatibility and biodegradability 
16–20. GISA–based surfactants are expected to have comparable characteristics to sugar–based surfactants 
due to their similar chemical structure and reactivity. 

Presently, only two known studies have documented the use of GISAs in surfactants production. In a study 
𝛼–GISA was employed in the catalytic production of ester surfactants using tall oil as hydrophobic chain. In 
the study 40% yield was achieved after 24 hours at 70°C in a microwave reaction 21. Another study reports 
the thermal synthesis of GISAs–amide surfactants. The reaction was performed at relatively high 
temperatures (120°–170°C) for three hours without the use of a catalyst in chloroform as solvent using fatty 
alkyl amines 22. Amides–based surfactants, in comparison to esters and ethers/glycosides, display better 
stability due to the nature of the amide bond which is stronger and consequently more resistant to hydrolysis 
due to resonance stabilization 23. Amides perform better in alkali and acid conditions which are typical, for 
example, of cleaning formulation. Their molecular structure, characterised by enhanced hydrogen bonding, 
confers them great emulsifying and thickening capabilities and good solubility 24,25. Therefore, the decision 
of producing surfactants with the amide bond, employing alkyl amines.

Long–chain alkyl amines can also be produced from biobased waste materials, such as exhaust oils or non–
edible triglycerides. There are different methods to produce primary amines, the traditional approaches 
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require high temperatures, pressurized hydrogen, and metal catalysts for different catalytic reactions and 
hydrogenation 26–29. Recent research has shown that these catalytic steps can be replaced with enzymatic 
synthesis, making the production of amides much more sustainable. Citoler et al. achieved amine synthesis 
through a one–pot tandem cascade performed by a carboxylic acid reductase (CAR) and a transaminase (ω–
TA). Saturated and unsaturated fatty acids, with carbon chain lengths ranging from C6 to C18 were 
successfully aminated, obtaining conversions of up to 96% 30. In another work, Citoler et al. repeated this 
process using renewable triglycerides adding a lipase–catalysed step 31.

Amidation reaction itself requires harsh conditions, such as high temperatures and extended reaction times. 
In alternative to thermal amidation, compounds such as chlorides, coupling reagents, boron–based or 
transition metal catalysts, can be used for amidation. All these methods become less and less effective when 
the reactants are sterically hindered, like in the case of fatty amines 32. To address the problem of intensive 
reaction conditions and solubility issues, one promising technique is mechanically enhanced synthesis (or 
mechanosynthesis). This approach employs mechanical stimuli to induce the reaction of solids drastically 
reducing the volume of solvents needed. Mechanochemistry has proven to be very effective for a wide 
variety of compounds and materials such as pharmaceuticals peptides, as well as organometallic compounds 
33,34. The addition of a small amount of a liquid can greatly enhance or even enable mechanochemical 
reactions by significantly improving the mixing process, resulting in greater homogeneity and enhancing 
molecular diffusion. This type of mechanical synthesis is called liquid assisted griding (LAG). LAG is defined 
by the parameter λ = mLLAG

greactats
 which is the ratio between the liquid additive and the total weight of reactants 

35,36.

In order to be defined as LAG, the value of 𝜆 should be greater than 0 but smaller than 1 mL/g or 2 mL/g 
(disagreeing sources 34,35,37).  In the case of long alkyl groups, such as those involved in the surfactants 
synthesis, mechanical stimuli are indeed able to unwrap the long chains, increasing the contact area between 
the reactants, this allows to overcome steric and mass transfer limitations 38.

A. Bil et al. presented the mechanosynthesis of amides, at room temperature, without catalysts, with limited 
use of solvents, and short reaction times. The authors investigated the LAG aminolysis of glyconolactones 
using various types of amines and water as liquid additive. The reaction resulted in a 90% yield in a ball–mill 
and in a 83% yield in a pestle–mortar system for γ–galactonolactone and dodecylamine 37. Herrlé et al. 
reported the synthesis of levoglucosenone amides in LAG mechanochemical conditions using both primary 
and secondary amines obtaining some compounds with surfactants properties. They also proceeded with the 
sulfonation to obtain ionic surfactants 39.

Purification of surfactants can be complex since they can form stable emulsions, suspend solids, and enhance 
the solubility of impurities. Conventional methods such as solvent extraction, chromatographic fractionation, 
distillation, can still be adopted for the purification of surfactants, however another strategy would be to 
exploit surfactants interfacial activity resulting in less intensive purification. Their peculiar behaviour that 
allows them to form structures like micelles and foams can be exploited for the purpose of separating them 
from the reaction mixtures. Since amides exhibits good foaming characteristics, foam fractionation seems 
particularly suitable. The foam collected at the top of the column in fact undergoes phenomena like drainage, 
leaving the so–called dry foam which is composed of more concentrated surfactants solution  40–42. Chen et 
al. performed foam fractionation on surfactin, a natural lipopeptide, reaching enrichments up to 50% in batch 
and 55% in continuous mode 43,44. Li et al. used foam fractionation on saponins enriching the surfactants 
solution of 133 fold 45.

In this work, the HAs mixtures employed in the surfactants synthesis were produced from different cellulose–
like sources and used without any further purification. This minimized the number of steps necessary for the 
production of surfactants reducing their overall impact and simplifying the process. These were then reacted 
with purchased fatty amines (namely dodecyl–, hexadecyl–  and octadecyl– amine) to produce bio–based 
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surfactants. The reactions were conducted under liquid assisted grinding (LAG) conditions both in a pestle–
mortar system and in a rotary ball mill to ensure reproducibility. Purification options including silica gel 
chromatography, recrystallisation and foam fractionation were explored as possible post processing. Finally, 
the surfactants have been studied in their solution behaviour and physicochemical characteristics to 
determine their suitability for domestic and industrial applications.

2. Materials and methods

2.1 Materials
Microcrystalline cellulose (ThermoFisher Scientific), sodium hydroxide (98%, ThermoFisher Scientific), and 
CS11GC strong acid cation exchange resin (SAC) (Finex/Johnson–Matthey) were used for the production of 
hydroxy acids mixtures. Waste sources included zero fiber sludge (Lake Näsijärvi, Tampere) and lactose 
(ThermoFisher Scientific).

For surfactant synthesis, dodecyl amine (98%, ThermoFisher Scientific), hexadecyl amine (90%, Sigma–
Aldrich), and octadecyl amine (80%, Sigma–Aldrich) were combined with the hydroxy acids and with calcium 
α–D–isosaccharinate (98%, ThermoFisher Scientific). Deionized water (DIW, Evoqua, 0.104 μS/cm) was used 
throughout all the procedures.

Commercially available hydroxy acids (HAs) were used for the identification and quantification of the HAs in 
the mixtures. These included formic acid (98–100%, for analysis, Merck KGaA), acetic acid (99–100%, glacial, 
chemically pure, VWR), glycolic acid (99%, Acros Chemicals), succinic acid (99.5%, AnalaR Normapur, VWR), 
lactic acid (90% aqueous solution, chemically pure, VWR), sodium salt of 2–hydroxybutyric acid (2–HBA 97%, 
Sigma–Aldrich, CAS 5094–24–6), 2,5–Dihydroxypentanoic acid (2,5–DHPA, 99%, Sigma–Aldrich) , and calcium 
α–D–isosaccharinate (98%, ThermoFisher Scientific).

For HPLC analysis, acetonitrile (VWR Chemicals, chromatography grade), formic acid (VWR Chemicals, 
chromatography grade), phosphoric acid (VWR Chemicals, chromatography grade), and sodium phosphate 
(VWR Chemicals, chromatography grade) were used in eluent preparation.

The purification of reaction mixtures involved the use of n–hexane (ThermoFisher Scientific, chromatography 
grade), silica gel (Sigma–Aldrich, high purity grade, pore size 60 Å, 60–100 mesh), isopropanol (VWR 
Chemicals, chromatography grade), acetonitrile (VWR Chemicals, chromatography grade), methanol (VWR 
Chemicals, chromatography grade), and ethanol (VWR Chemicals, chromatography grade).

Octanol (Honeywell, ≥ 99%), Sunflower seed oil (Heliantus annus, Sigma–Aldrich) and Sorbitan Laurate 
(SPAN® 20, Sigma-Aldrich, MW=346.46 g/mol) were used in the surfactants’ characterisation. 

2.2 Synthesis of the hydroxy acids (HAs)
A total of 1 kg of microcrystalline cellulose (MCC) was mixed with 5.1 L of 15% NaOH solution at a solid–liquid 
volumetric ratio of 1:6. The reaction was conducted in an air bath reactor, an oven equipped with six 
autoclave chambers that rotate around a central shaft. Four of the six autoclaves, each with a 2 L capacity, 
were filled to 70% and purged with nitrogen gas three times to remove air. No additional pressure was 
applied. The digestion was performed at 160°C for a total of 6 hours, including 1 hour for heating to the target 
temperature and 5 hours reaction time. The resulting black liquor containing the HAs was treated with 
CS11GC strong acid cation exchange resin (SAC) to convert the HAs from their sodium salt form to their acidic 
form, by lowering the pH to approximately 2. The HAs were then dried overnight at 80–105°C before use. 

Similarly, zero fibre sludge (ZFS) was subjected to the alkali digestion using a 10% w/w NaOH solution. The 
digestion was performed at 180°C for 3 hours in the air bath reactor. The resulting mixture underwent the 
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same SAC resin treatment to liberate the HAs from their salts, which were subsequently dried overnight at 
80–105°C.

For lactose, the alkali digestion was carried out using a 4% calcium hydroxide (Ca(OH)₂) solution (3.6 L of 
water and 162 g of Ca(OH)₂) with a solid–liquid volumetric ratio of 1:6. The alkali solution was mixed with 
600g of lactose. The reaction was conducted at 90°C for 13 hours, including 1 hour to reach the target 
temperature. Afterward, the liberated HAs were acidified using the SAC resin and dried overnight at 80–
105°C. 

A total of 1.5 g Calcium α–D–isosaccharinate with 98% purity was used as a standard both for the 
quantification of GISA in the HAs mixture and for the production of surfactants standards. Calcium α–D–
isosaccharinate was dissolved in warm deionized water (DIW), and the solution was acidified to pH 2 using 
Amberlyst 15 SAC resin to liberate the corresponding GISA.

2.3 Synthesis of amide surfactants
For the synthesis of surfactants, approximately stoichiometric quantities of the reactants were employed, as 
the reaction is theoretically expected to proceed quantitatively due to the opposite polarity of the reagents. 
The HAs were used with no further purification as it was noticed that the reaction was not inhibited by the 
presence of impurities. Initially reactions were carried out using a pestle–mortar system. Subsequently, a few 
experiments were repeated in a ball mill to ensure reproducibility and consistency of the results. The reaction 
scheme for the desired GISAL products is shown in Figure 1.

Figure 1. Reaction scheme between GISAL and amides of different chain lengths. 

In the pestle–mortar experiments, the dried hydroxy acids and amides were weighed and placed in a 250 mL 
mortar along with a small amount of water to facilitate a liquid–assisted grinding (LAG) reaction. The amount 
of liquid used was chosen so that the parameter λ was in the range between 0 and 1 mL/greactants. The exact 
amount was determined empirically, based on the ease of grinding the mixture in the mortar, as the open–
air system allowed for continuous water evaporation. The mixture was ground for a total of 30 minutes with 
5 minutes allocated for cleaning the sides of the mortar. Intermediate samples were taken at 1–minute 
intervals during the first 15 minutes and at 5–minute intervals during the final 15 minutes. Both intermediate 
and final samples were analysed offline prior to drying.

For the ball mill experiments the Retsch Planetary Ball Mill PM 200 equipped with 250 mL stainless steel jar 
was used. The grinding media consisted of 400g 5mm and 10mm 316L steel balls. The rotary ball mill 
chamber, and the grinding media were rinsed with ethanol prior every reaction to ensure cleanliness. The 
reactants were weighted, then the hydroxy acids mixture was dissolved in a certain amount of water to 
achieve a parameter 𝜆 around 0.75 mL greactants. The ball mill speed was operated at 450 rpm and the time 
chosen was initially a total of 30 minutes. This consisted of a total of 15 minutes of grinding (3 times per 5 
minutes), interspaced with 5–minute breaks for cooling. 
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For reactions involving hexadecyl and octadecyl amines in the ball mill, an alternative procedure was 
attempted. This involved a total reaction time of 30 minutes, comprising 25 minutes of grinding with 5 
intermediate 1–minute breaks for cooling. The adjustment was made based on the hypothesis that longer 
alkyl chains might require extended reaction times to achieve completion.

Table 1. Summary of the performed reactions, raw material used and reaction conditions.

Reaction name λ  
mLLAG

greactants
 HAs Amine Equipment Reaction 

time [min]
Speed 
[rpm]

MCC_12_PM 0.10 20g MCC HAs 19.6g 12–Amine

MCC_16_PM 0.50 10g MCC HAs 10.5g 16–Amine

MCC_18_PM 0.50 10g MCC HAs 11.7 g 18–Amine

Pestle–
Mortar

20 min. 
monitored

–

ZFS_12_PM 0.50 0.48g ZFS HAs 0.5g 12–Amine

ZFS_16_PM 0.85 0.57g ZFS HAs 0.6g 16–Amine

ZSF_18_PM 0.80 0.68g ZFS HAs 0.8g 18–Amine

Pestle–
Mortar

10 –

MCC_12_MILL15 0.75 20g MCC HAs 13.2g 12–Amine

MCC_16_MILL15 0.75 10.4g MCC HAs 8.7g 16–Amine

MCC_18_MILL15 0.85 10.6g MCC HAs 9.2g 18–Amine

Ball Mill 15 450

MCC_16_MILL25 0.85 10g MCC HAs 8.5 16–Amine

MCC_18_MILL25 0.85 10.1g MCC HAs 9g 18–Amine

Ball Mill 25 450

LAC_12_PM 0.25 10g LAC HAs 10g12–Amine

LAC_12_PM_1 0.08 6g LAC HAs 6.9 g 12–Amine

LAC_16_PM 0.33 3g LAC HAs 3.1g 16–Amine

LAC_18_PM 0.45 3.2g LAC HAs 3.5g 18–Amide

Pestle–
Mortar

15 –

GISA_STN_12 0.50 0.3g GISAL 0.33g  12–Amine

GISA_STN_16 0.60 0.3 g GISAL 0.44g 16–Amine

GISA_STN_18 0.70 0.3g GISAL 0.5g 18–Amine

Pestle–
Mortar

10 –

LA_STN_12 0.27 1.2g LA 2.47g 12–Amine

LA_STN_16 0.56 1.2g LA 3.2g 16–Amine

LA_STN_18 0.62 1.2 g LA 3.5g 18–Amine

Pestle–
Mortar

10 –

For the quantification of the synthetised surfactants, the reactions were also performed using the GISAL 
resulting from the calcium α–D–isosaccharinate salt as well as purchased lactic acid in the pestle–mortar 
equipment using reactants in stoichiometric quantities. The reactants were grinded for 10 minutes plus a 
total of 5 minutes of intermediate stops and the products used to create standards. All the reactions are 
summarised in Table 1 together with their conditions. In general, what is expected are reactions between 
the HAs with the amines.

2.4 Purification of surfactants mixtures
Recrystallisation with ethanol and methanol were reported to be successful in many cases of surfactants 
purification 46–48. In this work the surfactants were dissolved in minimum amount of ethanol followed by 
cooling, initially at room temperature and then in the fridge.
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Silica gel gravity chromatography was also often applied for lab–scale purification of surfactants (49–51). For 
the reactions involving dodecyl amine products, purification was conducted in isocratic mode using a 1:1 
hexane:isopropanol solvent system for a total of 5 bed volumes (BV). Instead for the reaction mixtures of 
hexadecyl and octadecyl amides it was performed in gradient mode (hexane: iPrOH, 1 BV  1:1, 1 BV 2:1, 1 BV 
1:0, 1 BV 1:1, 1 BV 1:2, 1 BV 0:1). The reactions were carried out in a column (ST/NS 24/40, I.D. × L 20.0 mm 
× 305 mm) 0.1 BV of  100 g/L feed was used for every experiment.  

Foam fractionation exploits the capability of surface–active compounds to accumulate at interface and form 
foams. The setup is shown in Figure 2 and it consists of a flowmeter to regulate the compressed air flow, 
connected to the bottom of an empty column (ST/NS 24/40, I.D. × L 20.0 mm × 305 mm) equipped with a frit 
which acts as air sparger to generate small bubbles. The surfactant paste was dissolved in deionised water at 
a concentration of approximately 20 g/L and poured into the column. The air flow was then set to 0.05 
nL/min, and the valves were opened. The foam formed gradually, allowing the drainage of excess liquid. The 
system is operated in batch mode, where a pool of crude surfactants solution is left to foam until the 
concentration of surfactants in the pool is too low for foam formation. The foam is collected manually and 
left to collapse and dry. 

Figure 2. Foam fractionation setup used for the purification of surfactants mixtures.

2.5 Chemical analyses 
HPLC–DAD Agilent 1200 Series was used to monitor the reactions and for the quantitative analysis. UPLC–
TOF–MS Waters Aquity– LCT Premier XE was used in negative polarisation mode for the recognition of the 
species though mass analysis.

The HAs were analysed using an Agilent Luna Omega Polar C18 column (5 μm, 250 x 4.6 mm) in isocratic 
mode. The mobile phase consisted of 0.1% H₃PO₄ and 50 mM NaH₂PO₄ in water, with a flow rate of 0.5 
mL/min in the HPLC–DAD and 0.4 mL/min in the UPLC–TOF–MS.

For surfactant analysis, an InfinityLab Poroshell 120 EC–C18 column (3.0 x 100 mm, 2.7 μm) was used, coupled 
with a guard column (InfinityLab Poroshell 120 EC–C18 HILIC–Z, 2.1 x 5 mm, 2.7 μm). The mobile phase 
consisted of a mixture of acetonitrile (ACN) and water (60:40), with 0.1% formic acid (FA), and the flow rate 
was maintained at 0.5 mL/min in the HPLC–DAD and 0.4 mL/min in the UPLC–TOF–MS. Both the HPLC–DAD 
and UPLC–TOF–MS systems employed the same columns and methods for analysis. 

For structural characterisation of surfactants NMR, JEOL JNM–ECZ–500R 500 MHz, was used (Tampere 
University). The samples were dried and dissolved in DMSO–D6.
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2.6 Characterisation of surfactants behaviour in solution
Surfactants’ key properties to study include their ability to foam, emulsify, and form suspensions, as these 
are closely related to the solubility and interfacial activity of the molecules. Commonly used parameters to 
describe surfactant behaviour in solution include the critical micelle concentration (CMC), hydrophilic 
lipophilic balance (HLB) and the partition coefficient (𝐾𝑃). Additionally, qualitative experiments can be 
conducted to assess the surfactants' emulsifying and foaming capabilities.

Surface tension and CMC
For the estimation of the CMC, measurements were done using contact angle goniometer which is a device 
capable of performing different types of optical measures among which the pendant drop and the sessile 
drop techniques. The software associated with the contact angle goniometer is able to optically collect data 
and fit those in the Young–Laplace equation which relates the curvature radii of the droplet to the surface 
tension and the Laplace pressure. For comparison, the commercial surfactant sorbitan laurate was tested 
under identical experimental conditions. Additionally, the results were compard with literature data for 
methyl glucamides (MEGA), as their great structural similarity to GISA-amides provides a relevant benchmark. 

The pendant drop experiments were used to measure the surface tension change with concentration.  A 
series of 10 μl droplets of increasing surfactant solution were ejected through a syringe. The elongation of 
the pendant drop was proportional to the decrease in surface tension. The elongation proceeded until the 
CMC is reached. Pendant drop experiments were conducted with surfactant concentrations ranging from 0 
to 5 mM at temperature of 20°C. 

A similar measurement was done with the sessile drop. The drop had a certain contact angle at the three–
phase contact point related to the surface tension through the Young equation. The experiments consisted 
in depositing on a well–defined hydrophobic surface 10 μl droplets with concentrations from 0 to 5 mM using 
a syringe at temperature of 20°C, carefully rinsing the surfaces with EtOH after every drop. Two different 
materials were used, polypropylene and polystyrene. This, aside from understanding the wetting properties 
of the surfactants, was also done to have differentiated data providing more accuracy. 

Hydrophilic–Lipophilic Balance (HLB)
The hydrophilic–lipophilic balance (HLB) are generally estimated using the Griffin method52 and the Davies 
method53. The Griffin method is purely based on the molecular structure of the surfactants, and it is 
calculated as follows (1):

HLBGriffin=20∙
MWHydrophilic

MWSurfactant 

(1)

The Davies method 53 instead is an empirical method which evaluates the HLB considering the balance of the 
size and strength of the hydrophilic and lipophilic moieties of a surfactant molecule. To each group the Davies 
method assigns a group number, evaluated based on the activity coefficients (2):

HLBDavies=7+∑nHhydrophiles–∑mHlipophile
(2)

Where n is the number of times a certain hydrophilic group is present in the molecule, while m is the number 
of times a certain lipophile is present. These values are widely available on literature and hence they are not 
reported 53,54. Other methods have been also developed to overcome the limitations of the previous two.  
For example, the Chemaxon method developed by the software provider is a consensus method based on 
Davies and Griffin methods 55. These values can be calculated manually or using a software for more rigorous 
results. Here the calculations were dove using the software MarvinSketch from Chemaxon. 
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Partition coefficient K
The partition coefficient K was also estimated as in equation (3)

K=
Csurf

Oil

Csurf
Water

(3)

K is the ratio of the concentrations of a compound in two immiscible solvents, i.e. water and an oil, at 
equilibrium and it is usually reported in terms of log K. Most commonly the partition coefficient is evaluated 
in a system where one of the solvents is water, while the second is 1–octanol. The KOW can be predicted 
based on the molecular structure by interpolating the values of  log KWO of compounds with similar 
structure. In this case MarvinSketch was used for the prediction of KOW. The software offers two methods 
for estimation: The Chemaxon method is based on Chemaxon's own log KWO  model for water–octanol 
system, which is based on the VG method (derived from Viswanadhan et al. 56 ), while the Consensus method 
is based on the model built by Chemaxon, Klopman et al. models 57, and the PhysProp database. Since these 
methods could lead to substantial errors, it was worth using also another software, ChemSketch by ACD Labs, 
to obtain an average value of the coefficient. The same programmes were used to also estimate the values 
of the partition coefficient for the commercial surfactants with similar structure, i.e. sorbitan laurate and the 
methyl glucamides. When available in the literature experimental values are also reported.

For the GISAL products, which are the main target compounds, experimental values were obtained by 
contacting the phases for long time to reach equilibrium without shaking to avoid the formation of emulsions. 
In this case 1% (w/w) surfactant solutions were contacted with octanol for three days and then the two 
phases were measured using HPLC.

Foam height and stability experiments
For the estimation of foaming capability of surfactants, a type of static foam test consists in shaking a solution 
of surfactant followed by foam height measurements. Similarly as done by Campana et al. 58, 10 mL of 0.1% 
w/w solution was put in a 100 mL graduated cylinder and shaken with a vertical shaker for 30 seconds. The 
foam was measured and monitored for several days.  Also in this case the experiment was repeated for 
sorbitan laurate.

Emulsion stability experiments
To test the surfactants capability of stabilising emulsions, different water/oil ratios and surfactants 
percentages were tried. The conditions are reported in  Table 2. The preparation method was analogous for 
all the experiments. The two phases were heated to 50°C, the continuous phase was vigorously stirred with 
a magnetic stirrer to 1600 rpm, then the dispersed phase was added gradually. The obtained emission was 
left to set for some hours and then, if stable, a drop was added to a beaker filled with water to verify the type 
of emulsion. Thickening/ gelling capabilities were also observed by subjecting a 1% surfactant solution to 
heating and cooling cycles. The same emulsion experiments were performed also with sorbitan laurate.

Table 2.  Phases involved in the emulsification experiments.

Continuous phase Dispersed phase Surfactant
50% water 50% octanol 0.5% total weight of 12,16,18–GISA–Amide/sorbitan laurate
90% water 10% sunflower seeds oil 1% total weight of 12,16,18–GISA–Amide/ sorbitan laurate 
90% sunflower seeds oil 10% water 1% total weight of 12,16,18–GISA–Amide/ sorbitan laurate
80% water 20% sunflower seeds oil 2% total weight of 12,16,18–GISA–Amide/Sorbitan laurate
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3. Results and discussion 

3.1 Hydroxy acids production 
The composition of the hydroxy acids obtained by alkaline digestion of various raw materials are reported in 
Table 3. The digestion of lactose and of microcrystalline cellulose (MCC) were done using relatively lower 
temperatures with the aim of obtaining HAs mixtures with a high percentage of GISA and a minor quantity 
of other acids, with the price of a lower conversion.  By increasing the temperature in fact, it was promoted 
the production of low molecular weight acids. For the digestion of ZFS instead a higher temperature was used 
to ensure enough acids would be produced since the raw material was very low grade 10. Only the acids for 
which standards were available could be identified certainly, namely glycolic acid, 2,5–DHPA, 2–HBA, formic 
acid, acetic acid, lactic acid and GISA with its lactone. The aim of this synthesis was to produce a hydroxy acid 
mixture chemically similar to processed industrial black liquor (after delignification and removal of pulping 
chemicals). Sodium hydroxide could in principle be recovered from the SAC resin during the regeneration 
process but it is not in the scope of the research.

Table 3. Composition of the dried HAs mixtures from different sources 

Compound MCC [g/g] ZFS [g/g] Lactose [g/g] Calcium a–D–
isosaccharinate [g/g]

Glycolic acid 0.009 0.014 0.011 –
GISA Lactone 0.663 0.435 0.596 0.81

2,5–DHPA 0.044 0.008 0.008 –
2–HBA 0.005 0.062 0.021 –

Formic acid 0.008 0.039 0.007 –
𝛼–GISA 0.004 0.047 0.062 0.088

Acetic acid 0.014 0.023 0.012 –
Lactic acid 0.015 0.053 0.013 –

(CxHyOz)176 0.098 NQ 0.031 –
(CxHyOz)178 0.072 0.188 0.037 –
(CxHyOz)192 0.027 NQ NQ –

2–HGA 0.033 0.026 0.038 –
Conversion 45% – 47% –

Yield 67% 51% * 72% 97%
NQ: not quantifiable; *yield refers to cellulose which is 60% of the mass of the ZFS

For the other compounds, hypotheses could be made according to the mass identified via UPLC–MS and 
literature 59. The chromatogram of the HAs and their spectra are reported in Figure 3, in Supplementary 
Material Figure S1. The conversion of the digestions was calculated in terms of produced acids (unreacted 
base) which is a measure of how much of the cellulose had been converted into HAs, this was evaluated by 
titrating the alkaline solution with HCl. The yield was evaluated in terms of GISAs over total recognised acids. 

Three compounds with masses around 147, 176, 178 and 192 g/mol (indicated in Table 3 as (𝐶𝑥𝐻𝑦𝑂𝑧)𝑀𝑊) 
were particularly worth of attention. These three molecules could indeed be associated with some 
polycarboxylic acid or hydroxycarboxylic acid as they reacted with the amines forming amides by–products 
(see Table 5, Table 6,  A=16-GISA-Amide + Br, B= 16-GISA-Amide, C= =16-(𝐶𝑥𝐻𝑦𝑂𝑧)178– Amide, D=16–HGA-
Amide, E=16-(𝐶𝑥𝐻𝑦𝑂𝑧)192– Amide, G. The spectra for the other compounds can be seen in Supplementary 
Material Figure S4.

Table 7). Käkölä et al. 60 identified the compound with mass 147 g/mol in the 2–hydroxyglutaric acid (2–HGA). 
Niemelä et al. 59 made an extensive study on the hundreds of different acids that can be found after the alkali 
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treatment of cellulose, several compounds with compatible masses for each of these were listed, but it was 
not possible to isolate those compounds to conduct a structural evaluation. 

Figure 3. UPLC MS Chromatogram and spectra of HAs mixture from MCC. A=(𝐶𝑥𝐻𝑦𝑂𝑧)176, B=Glycolic Acid, 
C=GISA, D=GISA-Lactone, E=(𝐶𝑥𝐻𝑦𝑂𝑧)178, Lactic acid+ Formic Acid, F=Acetic Acid+ Formic Acid, G=2,5-DHPA, 
H=(𝐶𝑥𝐻𝑦𝑂𝑧)192, I=2-HGA, J=2-HBA. The other spectra are available in Supplementary Material Figure S1.

3.2 Synthesis of amide surfactants
In Table 4 are reported the identifiable products for each reaction together with the monoisotopic mass and 
the IUPAC name. The compounds listed in Table 4 were subjected to structural characterisation with carbon 
and proton NMR. The resulting NMR data are reported only once for the GISA and lactic amides as the size 
of the alkyl chain only influence the dimension of the signal relative to that part of the molecule (δ 1.19 ppm).

Table 4. Table of the products that can be identified with standards. 

Product R 
group*

IUPAC name Monoisotopic mass 
[g/mol]

12– GISA–amide C11H24 N-dodecyl-2,4,5-trihydroxy -2–(hydroxymethyl) pentanamide 347.27
16– GISA–amide C15H32 N-hexadecyl-2,4,5-trihydroxy-2-(hydroxymethyl) pentanamide 403.33
18– GISA–amide C17H36 N-octadecyl-2,4,5-trihydroxy-2-(hydroxymethyl) pentanamide 431.36
12–Lactamide C11H24 N-dodecyl-2-hydroxypropanamide 257.24
16–Lactamide C15H32 N-hexadecyl-2-hydroxypropanamide 312.29
18–Lactamide C17H36 N-octadecyl-2-hydroxypropanamide 340.32

*Refer to Figure 1

GISA–Amides:1H NMR (500 MHz, DMSO–D6) δ 7.53 (br s, J = 6.0 Hz, 1H, NH), 5.20 (br s, 1H, OH), 3.61 (dp, 
1H,CH(OH)), 3.45 (dd, 2H, O=CC(OH)CH2OH), 3.30 (dd, 2H HOCH2CH(OH)CH2), 2.99 (dd, 2H, CH2NH), 2.73 – 
2.66 (m, 1H,CH2OH), 1.67 – 1.52 (m, 2H, HOCH2CH(OH)CH2), 1.37 – 1.29 (m, 2H, CH2CH2NH), 1.19 (alkyl  
CH2), 0.81 (t, J = 6.8 Hz, 3H,CH3). 13C NMR (126 MHz, DMSO–D6) δ 174.57(C=O), 77.35(C(OH)COH), 69.06 
C(OH)COH, 68.64 (HOCH2CH), 68.26 (HOCH2CH), 67.74, 66.97 (OHCCH2C(COH)OH), 38.95(NHCH2), 31.84–
26.38 (alkyl CH2), 22.65(CH2CH3), 14.51(CH3). Lactamides: 1H NMR (500 MHz, DMSO–D6) δ 7.63 (br s, J = 6.0 
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Hz, 1H, NH), 3.88–3.54 (O=CCHCH3OH), 3.03 – 2.65 (CH2NH), 1.47 (CH2CH3), 1.28 – 1.20 (m, 2H, CH2CH2NH), 
1.21–1.07 (alkyl CH2), 0.81 (3H CH3).13C NMR (126 MHz, DMSO–D6) δ 174.76 (C=O), 67.76 (O=CHCH3OH), 
39.32 (CH2NH), 31.84– 26.41 (alkyl CH2), 22.65 (CH2CH2CH3), 14.50 (CH2CH3).

The presence of the amide bond is proven by the amide -NH shift δ 7.53 ppm and δ 7.63 ppm in the 1H NMR 
and from the COO– shift in the 13C NMR at δ 174.76 ppm. The NMR spectra are reported in the supplementary 
material Figure S7–S18.

The compositions of the resulting amidation reactions are reported in Tables 5–7. All the concentrations are 
evaluated based on the 12–GISA–Amide standard except for the lactamides products that are evaluated 
based on the 12–lactamide standard. This was done since the alkyl chain length has no relevant impact on 
the DAD response.

The maximum yield represents the maximum amount of surfactant that can be obtained if all the GISA 
present in the given HAs mixture reacts with one molar equivalent of the amine, and it is evaluated as in 
equation (4):

ηmax =
mGISA + mamine

mtot reactants

(4)

Where mGISA is the mass of GISA in the HAs, calculated as the mass fractions (from Table 3) multiplied by the 
mass of the used HAs mixture (from Table 1), while mamine corresponds to 1 molar equivalent of amine to 
the amount of GISA their sum is the maximum amount of amide that can be produced. The mtot reactants is 
the sum of the HAs mixture and amine used in the reaction (Table 1).

The percentage yield is calculated as in equation (5):

η% =
ηamide 

ηmax
∙ 100 (5)

Where 𝜂𝑎𝑚𝑖𝑑𝑒 is the actual yield, which correspond to the values reported in Table 5, Table 6 and  A=16-
GISA-Amide + Br, B= 16-GISA-Amide, C= =16-(𝐶𝑥𝐻𝑦𝑂𝑧)178– Amide, D=16–HGA-Amide, E=16-(𝐶𝑥𝐻𝑦𝑂𝑧)192– 
Amide, G. The spectra for the other compounds can be seen in Supplementary Material Figure S4.

Table 7 in terms of 𝑔𝐺𝐼𝑆𝐴―𝑎𝑚𝑖𝑑𝑒/𝑔𝑚𝑖𝑥𝑡𝑢𝑟𝑒. In Table 5 are reported the resulting composition of the surfactant 
mixtures involving the HAs from different sources and the dodecylamine as alkyl chain.

Table 5. Resulting compositions of the reactions involving dodecyl amine and the HAs mixtures from 
different sources

Reaction 
name

12–
GISA–
Amide 
(g/g)

12– 
(CxHyOz)176
–Amide
(g/g)

12–
(CxHyOz)178–
Amide 
(g/g)

12–
(CxHyOz)192–
Amide 
(g/g)

12–
HGA– 
Amide 
(g/g)

12–Lactic 
amide
(g/g)

Max 
yield
𝜂𝑚𝑎𝑥

Yield 
%

𝜂%

MCC_12_PM 0.540 0.058 0.076 0.075 0.014 0.007 0.72 75
ZFS_12_PM 0.382 NQ 0.110 0.098 0.021 0.087 0.54 70
MCC_12_MILL 0.379 0.010 0.062 0.061 0.005 0.022 0.86 44
LAC_12_PM 0.733 0.027 0.020 0.025 0.013 0.029 0.83 88
LAC_12_PM_1 0.558 0.008 0.015 0.015 0.011 0.012 0.67 83
GISA_STN_12 0.879 – – – – – 0.97 90
LA_STN_12 – – – – – 0.75 1 75

In Figure 4 are reported the chromatogram and the mass spectra of the identified species for the reaction 
MCC_12_PM. The first peak eluting at 1.23 min represents the unreacted starting material, both the leftover 
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HAs and the protonated amines which have very weak interaction with the column.  The main product (12–
GISA–Amide) is reported in Figure 4, peaks A and B together with the complex formed with bromine and 
formic acid. Other amide products were also formed namely the 12–(CxHyOz)176–,  12–(CxHyOz)178– and 
the 12–(CxHyOz)192– Amide, respectively in Figure 4 peaks C , D and F, while E is the 12–HGA–amide and G 
the 12–lactamide. The spectra of these molecules are reported in Supplementary Material Figure S2.

Figure 4. UPLC–MS Chromatogram and mass spectra for reaction MCC_C12_PM. A=12-GISA-Amide + Br, B= 
12-GISA-Amide + Formic Acid, C=12-(𝐶𝑥𝐻𝑦𝑂𝑧)176– Amide + Formic Acid, D=12-(𝐶𝑥𝐻𝑦𝑂𝑧)178– Amide, 
E=12–2-HGA- Amide, F=12-(𝐶𝑥𝐻𝑦𝑂𝑧)192– Amide, G=12-Lactamide. The spectra for the other compounds can 
be seen in Supplementary Material Figure S2.

For the reactions involving hexadecyl amines, reported in Table 6, and octadecyl amines, in Table 7, 
extensively long times for the UPLC–MS analysis would have been necessary, hence some of the compounds 
were not identified in those measurements since the device was not readily available to repeat the analysis. 
What was done instead, was to synthetise standards for the lactamide which is the last compound to elute 
and then compare the intermediate peaks with those identified for the dodecylamide products, since the 
elution order should be maintained. In Table 6 are reported the composition of the reactions involving 
hexadecyl amine as alkyl chain. 

Table 6 Resulting compositions of the reactions involving hexadecyl amine and the HAs mixtures from 
different sources

Reaction name 16–
GISA– 
Amide
(g/g)

16– 
(CxHyOz)176
–Amide 
(g/g)

16–
(CxHyOz)178
–Amide 
(g/g)

16–
(CxHyOz)192
–Amide (g/g)

16–Lactic 
amide
(g/g)

16–
HGA– 
Amide
(g/g)

Max 
yield
𝜂𝑚𝑎𝑥

Yield 
%
𝜂%

MCC_16_PM 0.539 NQ 0.092 0.080 0.093 0.038 0.81 67
ZFS_16_PM 0.376 NQ 0.048 0.121 NQ 0.043 0.63 60
MCC_16_MILL15 0.437 0.015 0.050 0.080 NQ NQ 0.90 49
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In Figure 5 can be seen the UPLC–MS analysis in terms of chromatogram and mass spectra, where it was 
possible to recognise the peak containing the unreacted starting material (peak at 1.17) and the main product 
peaks A and B. The 16–(CxHyOz)178– and the 16–(CxHyOz)192 –Amide are visible in Figure 5 peaks C and E 
respectively. It was also possible to identify the product of HGA in Figure 5 peak I. The mass spectra fort these 
compounds are reported in in Supplementary Material Figure S4. However, the measurement was too short 
to identify the 16–lactamide, which was later measured using HPLC. The chromatograms for the HPLC 
measurements for the lactamide standard (LA_STN_16) and for MCC_16_PM can be found in Supplementary 
material Figure S3.

Figure 5. UPLC–MS Chromatogram and mass spectra for reaction MCC_C16_PM. A=16-GISA-Amide + Br, B= 
16-GISA-Amide, C= =16-(𝐶𝑥𝐻𝑦𝑂𝑧)178– Amide, D=16–HGA-Amide, E=16-(𝐶𝑥𝐻𝑦𝑂𝑧)192– Amide, G. The 
spectra for the other compounds can be seen in Supplementary Material Figure S4.

Table 7. Resulting compositions of the reactions involving octadecyl amine and the HAs mixtures from 
different sources

Reaction name 18–
GISA–
Amide
(g/g)

18– 
(CxHyOz)176
–Amide
(g/g)

18–
(CxHyOz)178
–Amide 
(g/g)

18–
(CxHyOz)192
–Amide 
(g/g)

18–
Lactic 
amide
(g/g)

16–
HGA– 
Amide 
(g/g)

Max yield
𝜂𝑚𝑎𝑥

Yield 
%

𝜂%

MCC_18_PM 0.359 NQ 0.009 0.019 NQ 0.020 0.80 45
ZFS_18_PM 0.320 NQ NQ NQ NQ NQ 0.56 57
MCC_18_MILL15 0.778 NQ 0.026 0.058 0.082 0.024 0.92 85
MCC_18_MILL25 0.323 NQ NQ NQ NQ NQ 0.87 37
LAC_18_PM 0.278 NQ NQ NQ NQ NQ 0.82 34
GISA_STN_18 0.637 – – – – – 0.88 72

MCC_16_MILL25 0.370 0.012 0.031 0.046 NQ NQ 0.90 41
LAC_16_PM 0.448 0.008 0.010 0.014 0.007 NQ 0.79 57
GISA_STN_16 0.857 – – – – – 0.90 95
LA_STN_16 – – – – 0.66 – 1 66
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LA_STN_18 – – – – 0.54 – 1 54

Finally, in Figure 6 are reported the chromatogram and the spectra obtained from the UPLC–MS analysis of 
the reaction MCC_18_PM (top) and of ZFS_18_PM (bottom), analogously here the peak at 1.17 min 
represents the unreacted starting materials. It was possible to identify the 18–GISA–Amide in in Figure 6 peak 
A and B, 18–HGA–Amide peak C and 18– (CxHyOz)178–Amide  peak D. The mass spectra for these 
compounds can be found in in Supplementary Material Figure S6. The side–products 18– (CxHyOz)176–
Amide, 18– (CxHyOz)192–Amide were not found in these analysis but can be identified in the HPLC together 
with the 18–lactamide that was not detected here since the measurement time was not broad enough. The 
HPLC chromatograms are reported in the supplementary material Figure S5.

Figure 6. Chromatogram and mass spectra for reaction MCC_18_PM (top) and ZFS_18_PM (bottom). A=18-
GISA-Amide + Br, B= 18-GISA-Amide, C=18-HGA- Amide, D=18-(𝐶𝑥𝐻𝑦𝑂𝑧)178– Amide. The spectra for the 
other compounds can be seen in Supplementary Material Figure S6.

Summarising, from the results of the analyses, it can be seen that the reaction proceeds with relatively good 
yields even in presence of high percentages of impurities. The difficulties of detecting some of the species 
for longer chain length is due both to the lower yield with respect to dodecyl amine, resulting in undetectable 
quantities, but also intrinsically to the analysis method. The chromatographic column used here is a modified 
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C18 type, having particular affinity for C16 and C18 compounds, resulting in very strong interactions and very 
long retention times, up to almost two hours for 18–lactamide.

It is also interesting to notice that the parameter 𝜆 plays an essential role in the reaction conversion as well 
as the chain length of the amine. In Table 5 for example, it can be seen that, for chain length of 12, increasing 
the water content (MCC_12_PM and MCC_12_MILL15) inhibited the reaction, drastically reducing the yield. 
On the other hand, looking at  A=16-GISA-Amide + Br, B= 16-GISA-Amide, C= =16-(𝐶𝑥𝐻𝑦𝑂𝑧)178– Amide, 
D=16–HGA-Amide, E=16-(𝐶𝑥𝐻𝑦𝑂𝑧)192– Amide, G. The spectra for the other compounds can be seen in 
Supplementary Material Figure S4.

Table 7, it can be seen that by increasing 𝜆 for chain length of 18, the reaction yield increased significantly 
(MCC_18_PM and MCC_18_MILL15). While looking at Table 6 the yield decreased by increasing the water 
content (MCC_16_PM and MCC_16_MILL15). These experiments also have another major difference, i.e., 
MCC_12_PM, MCC_16_PM, and MCC_18_PM were done in a pestle–mortar system and hence subjected to 
inconsistencies while MCC_12_MILL, MCC_16_MILL and MCC_18_MILL were performed in the ball mill with 
exact same procedure. Anyhow, what is crucial is that, since the reaction happens thanks to mechanical 
stimuli, it is essential to add to the system an appropriate quantity of liquid so that the paste is not too thick 
to inhibit the reaction and stop the molecular diffusion and phase contacting like it happened in MCC_18_PM. 
At the same time excessive water, like in MCC_12_MILL and MCC_16_MILL, makes the reaction mixture too 
fluid so the friction applied and the mechanical energy transferred to the molecules were not enough. 
Another important data that can be extrapolated from Table 6 and  A=16-GISA-Amide + Br, B= 16-GISA-
Amide, C= =16-(𝐶𝑥𝐻𝑦𝑂𝑧)178– Amide, D=16–HGA-Amide, E=16-(𝐶𝑥𝐻𝑦𝑂𝑧)192– Amide, G. The spectra for the 
other compounds can be seen in Supplementary Material Figure S4.

Table 7 is that when the reaction time is increased and the cooling time reduced, the yield of the reaction is 
decreased (MCC_16_MILL15 vs MCC_16_MILL25 and MCC_18_MILL15 vs MCC_18_MILL25). In fact, when 
the reaction mixture is grinded in the ball mill, the reacting mixture is heated, this has as major effect the 
melting of the reactants with consequent reduction of their viscosity which diminish the mechanical energy 
transferred to the molecules. As a result, longer reaction times are not necessary and can actually make the 
yield worse if the cooling is not proper.

3.3 Purification of surfactants mixtures
Purification was done on the mixtures produced in reactions MCC_12_PM, MCC_16_PM and MCC_18_PM, 
the results are reported in Table 8. As expected, silica gel chromatography allows to reach high purity 
however it is limited to laboratory scale, and it involves intensive use of solvents such as hexane. For 
recrystallisation in EtOH multiple slow steps are needed to reach good purity, however it is not able to 
completely remove the unreacted amines, in addition this method did not work well with the MCC_12_PM 
since the compounds were too soluble and the process slow. Anyhow this method can be scaled up and uses 
green solvent that can be recirculated. Foam fractionation showed to be promising and only involve the use 
of water and air flow. Already this simple setup was sufficient to relevantly increase the purity, more complex 
and specific setups could significantly improve the efficiency of this process.

Table 8. Results from different purifications techniques applied to MCC_12_PM, MCC_16_PM and 
MCC_18_PM.

Purification technique
 

Max purity for C12 
[g/g]

Max purity for C16 
[g/g]

Max purity for C18 
[g/g]

Gravity silica gel chromatography 0.91 0.98 0.85
Recrystallisation in EtOH – 0.88 0.56
Foam fractionation 0.75 0.69 0.46
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3.4 Critical Micelles Concentration (CMC) 
Before proceeding with the evaluation of surfactants solution the device was tested with water for accuracy. 
The measured water surface tension was 75.6 ± 1.0 mN/m while the value reported in literature is 74 mN/m. 
The measured contact angle between water and the polypropylene surface was 85.5°± 6.0 and for 
polystyrene was 101°±1, while the values found in literature were respectively 87.4 ° and 102°. The critical 
micelles concentration (CMC) was calculated from the cross point of the contact angle versus concentrations 
lines in the sessile drop experiments, as well as the cross point of the surface tension versus the logarithm of 
concentration in the pendant drop experiments. The values of CMC are reported in Table 9, and they are 
expressed in terms of mean value and their PLS error among the duplicates. These values obtained are in 
agreement with the generally observed trend in surfactants and the values are comparable with those of 
similar surfactants. In fact, the CMC decrease with increasing chain length as the hydrophobic interactions, 
described Van der Waals forces, become more favourable the longer the chain length, as this conformation 
minimises the unfavourable contact of the chains with water and lower the energy of micellization. Next to 
the CMC are reported the values of the surface tension at CMC. These surfactants are capable of lowering 
the surface tension of water from 74 mN/m to respectively 27, 31 and 34 mN/m. 

In Table 9 are also reported the values of the Langmuir isotherm at CMC, ΓCMC , which indicates the moles 
of surfactants covering the water–air interface, called surface excess. These values have the meaning of the 
absorbed monolayer at the water–air interface. The value ΓCMC is defined as: 

ΓCMC =  ―
1

RT  
Δγ

Δ log C
(6)

Where Δγ
Δ log C

 is the slope of the line in pre–micellar regime in the graph γ versus log C, reported in Figure 7, 

where it is possible to compare the trends and CMC for the three GISA surfactants. 

The CMC is one of the most important values when describing the physicochemical characteristics of 
surfactants. On a theoretical point of view, it represents the thermodynamical state in which molecules 
arrange to minimise the Gibbs free energy of the system. Practically it represents the minimum concentration 
at which a surfactant in solution is able to form micelles. Surfactants behaves very differently when their 
concentration is above the CMC, in terms of solubility, refractive index, surface tension, molar conductivity, 
osmotic pressure etc. In fact, below the CMC surfactants are present as single molecules in solution or at the 
air–water interface. Hence these values can be interpreted as the lower concentration limit of applicability. 
The values of CMC tendentially decrease with temperature. 

Figure 7. GISA–amides surface tension reduction with concentration (logC). Evaluation of CMC by intersection 
of the linear trends in pre– and post– micellar regimes. 
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Table 9. Experimental physical–chemical properties of the GISA–Amides surfactants 

Surfactant 𝛾@𝐶𝑀𝐶 Γ @CMC 

10―6
mol
m2

𝑎𝑚 @𝐶𝑀𝐶 
[Å2]

CMC [mM] 
Pendant drop

CMC [mM]
Sessile drop 

Mean 
[mM]

PS: 0.793  ±  0.04212–GISA–
Amide

27 7.8 21 0.767 ±  0.1

PP: 0.732 ±  0.034

0.760

PS: 0.035 ±  0.00116–GISA–
Amide

31 8.6 19 0.034 ±  0.005

PP: 0.030 ±  0.001

0.033

PS: 0.010 ±  0.00218–GISA–
Amide

34 9.2 18 0.016 ±  0.002

PP: 0.0095  ±  0.003

0.012

Sorbitan 
laurate

27 9.4 18 0.032 PS: 0.041 ±  0.005
PP:0.048 ±  0.006

0.044

Surfactant 𝛾@𝐶𝑀𝐶 Γ @CMC 𝑎𝑚 @𝐶𝑀𝐶 CMC

Sorbitan 
laurate

28*62 4.1*61, 40*61 0.02-0.06*61

MEGA-12 30*63,64 4.1*63,64 40*63,64 0.35*63,64

MEGA-14 36* 4.7* 35* 0.014*

*Literature values, measured with surface tensiometer

Another datum reported in Table 9 is the area occupied by a surfactant molecule at CMC, am, i.e. in the 
monolayer. This value is a measure of the packing capability of the surfactant. It is evaluated as:

𝑎𝑚 =
1

Γ𝐶𝑀𝐶 𝑁𝐴

(7)

Where ΓCMC is the surface concentration and NA is the Avogadro number. The area occupied by a surfactant 
molecule decreases, counterintuitively, with increasing chain length. This is due to the tighter packing of 
surfactant with longer chain length, in which the hydrophobic interactions are predominant hence their 
position at the interface with air is more favourable. For this reason, more molecules accumulate at the 
interface, resulting in less space for each molecule 65. For the commercial series of SPAN®, 𝑎𝑚 varies from 40 
Å2 for SPAN® 20 (C12)  to 37 Å2for SPAN® 40 (C16)61 and from 40 for MEGA-12 to 35 for MEGA-14. 

In Figure 8 are shown the results of the contact angle (CA) experiments. From these pictures it is visible again 
the CMC, but what is interesting in these graphs is the wetting behaviour in relation with the material of the 
surface. The polystyrene surface has a free energy from 35 to 44 mN/m, which indicates relatively high energy 
surface, meaning it is weakly hydrophilic. When the water–surfactant solution is deposited on PS, the lower 
surface tension (in terms of contact angle) is reached with 12–GISA–amide while higher surface tensions are 
reported for 16– and 18–GISA–amides, this is due to the fact that the surfactant with the shorter chain is 
more affine to quasi–hydrophilic surface. This does not happen with PP surface which has a surface free 
energy below 30 mN/m which makes it quite a hydrophobic substrate. 
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Figure 8. Contact angle experiments for the three GISA–amide surfactants on PP and PS surfaces. 
Evaluation of CMC.

The comparison of the behaviour of surfactants on different materials highlights the necessity of combining 
different surfactants to obtain an optimal formulation. In detergency and coatings, for instance, maintaining 
a balance between long–chain and short–chain surfactants is crucial, as dirt particles can be either water–
based or oil–based. Similarly, surfaces and textiles often consist of a diverse range of materials with different 
water/oil affinity.

3.5 Hydrophilicity parameters 
Hydrophilic-Lipophilic Balance (HLB)
The HLB is a measure of the degree of hydrophilicity of amphiphilic molecules, it is mainly used in the field of 
formulation technology to have an estimation of which kind of surfactant to use. The values obtained are 
reported in Table 10 and they display substantial variations due to the differences explained in section 2.6. 

Table 10 HBL calculations using the different methods

Compound HLB Davies HLB Griffin HLB Chemaxon
12–Amine 10.70 3.24 7.72
16–Amine 8.80 2.49 6.28
18–Amine 7.85 2.23 5.60

12–GISA–Amide 15.93 10.26 13.66
16–GISA–Amide 14.03 8.83 11.95
18–GISA–Amide 13.08 8.26 11.15
12–Lactamide 11.65 6.77 9.70
16–Lactamide 9.75 5.56 8.07
18–Lactamide 8.80 5.10 7.32

Sorbitan Monolaurate 8.60 9.47 4.13
MEGA-12 17.35 11.78 15.12
MEGA-14 10.96 16.40 14.22

Using the values proposed by Griffin method enables screening of possible applications and solubility of 
surfactants based on their HLB, this HLB classification is broadly available in literature (e.g. 66,67) and it is not 
reported. Considering the values of the HLB obtained for the GISA–amides, these molecules can be good 
stabilisers for O/W emulsions. However especially 18–GISA–Amide is close to W/O stabilisers, hence in this 
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case the emulsion type is decided by other factors, such as phase ratio. The HLB for the other compounds 
were calculated as well since surfactants are usually never used alone but rather in mixtures. In fact, when 
making an emulsion, each oil has a required HBL for O/W type and a required HBL for W/O type, by matching 
these values it is possible to forecast the type of emulsion that will be obtained. For example, to create an 
emulsion of stearic acid (C18H35O2), it is required a HBL of 15 for O/W emulsion and a HBL of 6 for W/O 
emulsion 68 . By mixing different surfactant molecules the value of the HBL can be tuned to stabilise the 
emulsion using the lower amount of surfactant possible, optimising the formulation in economic terms but 
also in terms of environmental impact and biocompatibility.

Partition Coefficient 
The partition coefficient can also be interpreted as a measure of the water and oil affinity of molecules. A 
good surface–active compound should have a log KOW  similar to the continuous phase but not drastically 
distant from the dispersed one. However, log KOW  is a lot more than a solubility parameter, indeed it is used 
in the QSARs (Quantitative structure–activity relationship). The QSARs are a series of mathematical models 
relating some quantitative parameters (e.g. KOW and molecular weight) derived from the chemical structure 
to a measure of a property or activity. 69 In surfactants this can be used as a parameter to evaluate both the 
effect of surfactants on biological systems and the environmental impact hence its toxicity as well as the 
possibility of applying it in drug delivery. 

The log KOW of some of the compounds involved in this research are reported in Table 11. Considering the 
average values of the available data, all the produced compounds except from the 16–lactamide and the 18–
lactamide, are in the range of intermediate values (1–4) of log KOW, which is associated with moderate 
bioavailability, lower bioaccumulation, reasonable degradability, and are less likely to exhibit extreme 
mobility or persistence 70.

Table 11. Estimated values, literature values and experimental values of the partition coefficients for the 
main synthetised surfactants.

Estimated ExperimentalCompound
log 𝐾𝑂𝑊

Consensus
log 𝐾𝑂𝑊 

Chemaxon
log 𝐾𝑂𝑊 
ACDLabs

Average 
log 𝐾𝑂𝑊 

Literature Exp.

12–Amine 4.30 3.7 4.90 4.3 4.76 71 –
16–Amine 6.03 5.35 7.12 6.2 6.73 72 –
18–Amine 6.92 6.14 8.19 7.1 7.7 73 –

12–GISA–Amide 1.59 0.68 2.42 1.6 – 0.82
16–GISA–Amide 3.37 2.27 4.54 3.4 – 2.3
18–GISA–Amide 4.26 3.06 5.61 4.3 – 2.9
12–Lactamide 3.83 3.27 4.38 3.8 3.7974 –
16–Lactamide 5.60 4.86 6.50 5.7 5.3575 –
18–Lactamide 6.49 5.65 8.56 6.9 7.7876 –

Sorbitan monolaurate 2.57 1.77 4.47 2.93 3.1577 –
MEGA-12 0.91 0.22 1.85 0.99 –
MEGA-14 1.80 1.01 2.91 1.90 2.3078* –

*value reported for a mix of 65-70% MEGA-12 and 20-30% MEGA-14 and 0-15% C8 and C16. 

Low partition coefficients (log KOW<0) means very hydrophilic compounds, which translate into greater 
bioavailability in water environments hence easier hydrolysis and microbial degradation but also means that 
they spread widely and accumulate in aquatic organisms. On the other hand, high partition coefficients (
log KOW>5) can be index of accumulation in fatty tissues of organisms, persistence in environments, as they 
tend to adsorb in soils and sediments making them less mobile and less available to bacterial degradation. 79 
In general, extremely low or extremely high log KOW values are associated with undesirable properties. The 
value of log KOW is also used, together with others, as parameter to determine if a compound has the 
chemical and physical properties that are required for a drug–like molecule. 80
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According to the Ghose filter 81  and of Lipinski's rule of five 82 more than 80% of the drugs on the 
Comprehensive Medicinal Chemistry database have a log KOW between –0.4 and 5.6 and a molecular weight 
between 180 and 500 Da. Values within this rage seem to indicate that the synthetised surfactant molecules 
have good biocompatibility, they have the right size and affinity to biological system and for tissues 
permeation to be applied in pharmaceutical and cosmetic formulations. It is also possible that these 
compounds display antimicrobial activity. Clearly these data alone are not enough to assess with certainty 
any of these properties, but, considering previous studies on the raw material and on similar biobased 
surfactants, it is reasonable to think that these surfactants should not be harmful below certain concentration 
and should have good biodegradability.

3.6 Solubility behaviour with temperature
When a solution is heated, the phase behaviour of surfactants can change because its physical chemical 
characteristics are influenced by the energy of the molecules. Without any particular instrument than a 
thermometer, it was possible to observe some interesting phenomena. When a 1% w/w solution was 
prepared it was cloudy while when heated up instead at a certain temperature it became clear. This 
temperature was different for the three chain lengths of the GISA surfactants, namely 23°C, 39°C, and 50°C, 
for 12–, 16– and 18– GISA–Amides. 16– and 18–GISA–amides were not very soluble in water at room 
temperature. Upon cooling the solvent again, it resulted in reduced solubility of the surfactants, 
consequently in a lower affinity between solvent and the surfactant molecules. At this point the molecules 
self–assembled into aggregates present in high number, since the concentration was highly above the CMC, 
which interacted with one another and formed a three–dimensional network that immobilises the water 
molecules, which caused gel–like behaviour.

3.7 Foam stability

Figure 9. Stability of the foam formed by GISA–Amides surfactants in the cylinder shaking experiment.

In Figure 9 is reported the foam height VS time for the three surfactants over a liquid height of 2 cm of a 
solution containing 1% w/w of surfactant in water. In agreement with the literature, which reports as foaming 
agents surfactants with alkyl chain of 10–14  carbons  and HBL of 10–15 83, 84–86, here as well the highest foam 
was obtained for 12–GISA–amide, however while this foam completely collapsed in a few days, for longer 
chains the small quantity of the formed foam was more durable in accordance with reported trends. Sorbitan 
laurate, as expected displayed very poor foaming capabilities due to its low HLB, this was expected as this 
surfactant is usually applied as defoamer87. However, surfactants are practically never used singularly but in 
mixture to obtain the best performance to quantity ratio. In particular for foams more often blends non-ionic 
and ionic surfactants are used. From this foaming behaviour however, some important statements can be 
done, 12–GISA–Amide has good foaming properties and can be suitable for those applications where foam 
is a desired or required property for the consumers such as shampoos, on the other hand 16– and 18–GISA–
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amides have lower but more persistent foaming, making them more suitable for house and industrial 
cleaning.

3.8 Emulsions stability 
Upon shaking the octanol–water system used for the log 𝐾𝑂𝑊 (1:1 octanol: 1% surfactant solution) the 
system stabilized in a Winsor type III system, composed by three layers, the water phase, the O/W emulsion 
and the oil on the top layer. The system remained stable for more than one month. The O/W emulsions 
containing both 1% surfactants and 2% surfactants (refer to Table 2) also remained stable for more than one 
month. On the other hand, 12–GISA–Amide was not able to stabilise the W/O emulsion while 16– and 18–
GISA–Amides did. These results were expected, as the required HLB for sunflower seeds oil is 11 for O/W 
emulsion which is close enough to the HLB of all the three surfactants, while the required HLB for W/O 
emulsion is 7 which is very different from the HLB of 12–GISA–Amide. Sorbitan laurate, due to its higher 
hydrophobicity compared to GISA surfactants, in these conditions was able to stabilise only the W/O 
emulsion.

4. Conclusions
This work shows the possibility of valorising side streams such as pulping liquors and other cellulose–
containing waste for the production of added–value surfactants, thus addressing two important 
environmental issues, specifically the non–sustainable surfactants synthesis and raw materials, and the end 
of life of these molecules. Here, surfactants with excellent characteristics have been produced exploiting 
different cellulose sources, including waste materials such as sedimented pulp mill (ZFS) and lactose. These 
were treated with NaOH obtaining hydroxy acids mixtures, used without any pre–purification. In addition, 
these molecules have been produced in relatively short reaction times, at room temperature, with only the 
addition of water and mechanical stimuli. In the mortar, yields up 95% were achieved from purchased GISA 
(GISA_STN_16), up to 75% with MCC HAs (MCC_12_PM) and up to 70% with the ZFS HAs (ZFS_12_PM). In 
the ball mill the maximum achieved yield was 85% (MCC_18_MILL15). The downstream purification was done 
by exploiting the foaming capability of the surfactant mixtures, foam fractionation only required the 
solubilisation of surfactants and the use of low–pressure air flow, to achieve increase in yield up to 33% for 
MCC_12_PM. Improving the foam fractionation design and operation could lead to higher purity. The GISA–
Amides surfactants represented the main focus of the present work and showed CMC respectively of 0.76, 
0.033 and 0.012 proportionally to the alkyl chain length, foam height decreased with increasing chain length 
while the stability had opposite trend. Exploiting some computational tools together with some experiments, 
it was possible to estimate the partition coefficients for the main compounds that gives credit to the 
hypothesis of the excellent biocompatibility of these surfactants, as previously suggested by studies on the 
raw materials and on similar compounds. Finally, the comparison with commercially available surfactants, 
especially MEGAs, also shown the great potential of GISA-amides. In fact, GISA amides displayed highly 
comparable parameters to MEGAs due to their extreme similarity in chemical structure, confirming the initial 
hypothesis that GISA surfactants can be possible substitutes for sugar-based surfactants. When compared to 
sorbitan laurate, the GISA-amides shown higher hydrophilicity, in fact some of the parameters of the sorbitan 
laurate were more similar to 18-GISA-Amide than to 12-GISA-Amide, due to the chemical difference between 
the ester and amide bond and to the higher number of free -OH groups in GISA than in sorbitan.  
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