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Preface 
 

The present thesis has been organized as a collection of the five papers published 

throughout the entire PhD period. Therefore, each of the publications has been adapted 

into a standalone chapter that can be read independently. 

The collection of papers is preceded by a general Aim of the thesis work and an 

Introductory Chapter which summarizes the “state of the art” and provides general 

information about the main topics of this thesis, in particular focusing on exploited 

biomasses, deep eutectic solvents and final products applications. 

Moreover, all the experimental sections published within the papers have been included, 

whereas the additional data published in the supporting information section of each 

publication are indicated with the corresponding web link and reported at the end of every 

chapter.  

The Executive Summary of the entire three-year research work presented to the Faculty 

Board of the PhD programme has been attached at the end of the thesis, providing a 

comprehensive overview of the work conducted.  
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Abstract 
 

In this PhD thesis, deep eutectic solvents (DESs) were investigated as new tools for 

biomasses valorization thanks to their versatility and unique properties.  

DESs are easily prepared by mixing together a hydrogen bond donor (HBD) and a 

hydrogen bond acceptor (HBA) at high temperatures (50-100 °C) for few hours.  

Frequently HBA and HBD are natural compounds, leading to the classification of these 

DESs as natural DESs (NADESs). For many years, DESs were considered similar to ionic 

liquids (ILs) as “new green solvents”, but recently DESs have gained more relevance 

because they offer some advantages over ILs, such as no-toxicity, biocompatibility, 

biodegradability and cost-effectiveness. Consequently, DESs are largely exploited in 

many fields, such as biocatalysis, biomass fractionation, CO2 capture and metallurgy.  

However, despite their widespread exploitation, the scientific community is highly 

debating about what can be considered a DES and what a simple mixture of compounds, 

which are the main parameters to consider in the definition of a DES and how the presence 

of water influences the DES formation. In fact, the term “DES” is often abused because 

of the limited number of publications devoted to understand DESs nature, and the absence 

of a standardized, cost-effective method for their characterization. For this reason, we set 

up a new analytical tool based on the NMR technique for the study of trimethylglycine 

betaine-based DESs. In particular we focused on understanding how the relaxation time 

(T1) of this set of DESs changes with the HBD molar fraction, and how this correlation 

might be modified by progressive additions of water. 

The first DESs application here reported involves their utilization in the biocatalytic 

synthesis of polar head-modified phospholipids. In particular DESs in biocatalysis are 

known to work as co-solvents with water, as pure solvents or as solvent and substrate of 

the reaction. In the latter case, these DESs are referred to as reactive DESs (RDESs), and 

we exploited them for the enzymatic transphosphatidylation of phosphatidylcholine (PC). 

PC is the most abundant natural phospholipid and is esterified at sn-1 and sn-2 positions 

with saturated and unsaturated long chain fatty acids, which constitute the lipophilic 

moieties, and in sn-3 with a phosphate diester as the polar head group. In particular, the 

enzyme phospholipase D (PLD) catalyzes the transphosphatidylation of the substrate in 

presence of an alcohol (X-OH) leading to PX formation. So, in this work, we investigated 

the potentialities of alcohol-based RDESs for the enzymatic transformation of PC into 

two polar head-modified phospholipids of pharmaceutical interest, phosphatidylglycerol 

(PG) and phosphatidylethyleneglycol (P-EG).  

The second application addressed has been the set-up of a multistep DES-mediated 

process to fractionate two abundant regional agrifood wastes biomasses: brewers’ spent 

grain (BSG) and rice husks (RHs). The primary objective was the recovery and 

exploitation of their main fractions, with a particular attention focused on recovered 

lignins. In detail, the developed process was based on an initial biomass pretreatment in 

hot water in autoclave that led to the formation of a soluble fraction and of an insoluble 

one. For BSG, the soluble fraction (accounting for 25% of the initial biomass) consisted 

in sugars subsequently exploited for the preparation of growth media for microbial 

fermentation, instead, in RHs cases, we recovered by extraction phenyl-propanoids (2-

3%). For all biomasses, after filtration, the insoluble fraction was successively submitted 
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to a DES-mediated fractionation process, which allowed the recovery of the cellulose-

enriched fraction and the lignin. The recovered lignin fractions (almost 15-20% of the 

initial biomass) have been deeply characterized, and a preliminary evaluation of their 

potentiality as precursors of cement water reducers gave encouraging results. 

The studies on lignin recovery from waste biomasses led more recently to exploit this 

material for nanoparticles (NPs) preparation in the third part of the PhD work. Initially, 

the set-up of the NPs synthesis protocol using the technical lignin Protobind has been 

studied thanks to its quite low cost and large availability in research laboratory. The final 

aim of this work was the set-up of a sustainable scaffold for enzyme immobilization that 

could be employed in phospholipids biotransformations. In particular, stable lignin 

nanoparticles were synthetized starting from hydroxymethylated lignin, and then PLD 

was immobilized on them by direct adsorption without use of any crosslinkers. The 

immobilized PLD was employed in the biotransformation of PC in three natural high-

value polar head-modified phospholipids: phosphatidylglycerol (PG), phosphatidylserine 

(PS) and phosphatidylethanolamine (PE). 
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Aim of the thesis 
 

The current PhD research work has been focused on the preparation and the exploitation 

of deep eutectic solvents for the treatment and valorization of biomasses that are 

particularly abundant in our region and typically disposed of as wastes. This work fits 

into the Green Chemistry and Circular Economy concepts, which comprehend 

respectively the utilization of less hazardous solvents and renewable feedstocks, and the 

creation of a market for secondary raw materials, that can be fed back into the economy 

as new high value-added compounds. Recently, DESs have gained significant attention 

in the scientific community thanks to their interesting properties, such as low toxicity, 

biodegradability and the natural origin of their main components, replacing another type 

of green solvents, the so-called ionic liquids (ILs). In fact, DESs and ILs share similar 

physical characteristics, but differ in their chemical properties and facility of preparation, 

making DESs the subject of extensive research. Despite this, there is still a lack of 

understanding the principles behind DESs formation and preparation. In fact, in literature 

different stoichiometric ratios of the component for the same DES are reported, and also 

it is not clear in the application of water-DES solutions which is the maximum quantity 

of tolerated water before the H-bond disruption of the supramolecule.  

Specifically, the present research work has been focused on three main topics:  

1. DESs analysis by 1H NMR measurements: Preparation of timethylglycine betaine 

based-DESs and investigation of their structure through NMR experiments, with 

the aims of (i) verifying if and how the 1H NMR spin-lattice relaxation time (T1) 

of a set of selected DESs changes with the HBD molar fraction (X), and (ii) of 

ascertaining how such a suggested correlation might be modified by progressive 

additions of water. 

2. DESs in biocatalysis: Preparation and exploitation of different DESs in the 

biocatalytic conversion of PC into two important polar head-modified 

phospholipids, using phospholipase D as enzyme. In this work these solvents were 

considered reactive DESs (RDESs) because they were not only the reaction 

solvents of the enzymatic transphosphatidylation, but also the donors of the 

alcoholic moiety reacting with the substrate, allowing the preparation of high 

value-added compounds recovered easily by filtration, avoiding the use of 

hazardous organic solvents.  

3. DESs in biomass fractionation: Lignocellulosic waste biomass DES-mediated 

fractionation. Different fractions were recovered (cellulose, hemicellulose and 

lignin) and in particular lignin was deeply analyzed and tested as water reducers 

for concrete preparations and as starting material for nanoparticles preparation to 

be used as bio-based scaffolds for further enzyme immobilization. In particular, 

our aim was to perform the immobilization of an expensive enzyme, PLD, on a 

sustainable scaffold derived from an agrifood waste, paving the way for the 

circularity of the process. 
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Introduction 
 

1. Circular Economy and Green Chemistry  

The Circular Economy concept is defined as a production and consumption model that 

implies waste reduction and recycle of end-life material creating further value. It 

comprehends sharing, leasing, reusing, recycling to extend products life cycle. It differs 

from the traditional linear economic model, and it relies on a large amount of by-products 

material. The Ellen MacArthur Foundation describes the Circular Economy as a system 

in which materials never become wastes: products and materials are kept in the market 

through processes like reuse, composting, refurbishment and many others. The necessity 

to introduce the Circular Economy concept to the market arose in response to the global 

challenges we are currently facing, such as climate change, biodiversity loss, pollution 

and consumerism. The three core principles are (i) the elimination of waste and pollution, 

(ii) the circulation of products and materials, and (iii) the nature regeneration. These are 

described by the butterfly diagram, which represents the continuous flow of materials 

through two main cycles: the technical (right) and the biological (left) ones. 

 

 
 

Figure 1: Butterfly diagram for Circular Economy representation. 

 

On one hand the technical cycle describes how the products and materials are kept in 

circulation thanks to processes like repair, reuse, recycling and remanufacturing. On the 

other hand, the biological cycle shows how the nutrients from biodegradable materials 

are returned to the Earth to restore nature.  
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The European Union is actively promoting the Circular Economy concept. In fact, in 

March 2020 the European Commission presented a Circular Economy action plan to 

encourage the design of more sustainable products, the reduction of wastes and the 

creation of a market for secondary raw materials. In this scenario, low value by–products 

of traditional production chains, usually disposed of as waste, can be fed back into the 

economy as new raw materials.  

 

Green Chemistry is the “design of chemical products and processes to reduce or eliminate 

the use and generation of hazardous substances”. This definition was first introduced by 

P.T. Anastas and J.C. Warner, in Green Chemistry: Theory and Practice, 1998,1 and this 

goal is pursued through 12 key principles, which comprehends for example waste 

prevention, use of safer solvents and auxiliaries and renewable feedstocks. Some 

variables were also introduced to measure how much a process is sustainable, and these 

are called Environmental Factor (E-factor), Atom Economy and Reaction Mass efficiency 

(RME). They are respectively defined as the conversion efficiency of a chemical process, 

the amount of waste produced and the percentage of reagents that end up in the product:  

 

- E-Factor (g)= mass of waste (g)/mass of product (g)   

- Atom Economy= Mw products/Mw reagents  

- RME= (mass products/mass reagents)*100 

The Green Chemistry can be applied almost to all the chemistry fields, such as organic, 

inorganic, analytical and so on. Many effort to make chemistry more environmentally 

friendly focus on the use of cleaner and more benign solvents (water, ionic liquids, deep 

eutectic solvents), renewable feedstocks (biomasses) and mild reaction conditions 

(microwave, sonication).  

The concept of Green Chemistry can be applied not only to the academic research, but 

also to industry and many other fields, since the achievement of the sustainability is 

profitable not only for the research itself, but it is also one of the goals of the modern 

world.  

 

 
Figure 2: Representation of Green Chemistry 12 principles.2 
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In this project, we pursued the Circular Economy and Green Chemistry principles by the 

exploitation of a new class of green solvents, the deep eutectic solvents (DESs), for the 

valorization of different agrifood wastes. From this perspective, the valorization through 

DESs of edible residues from vegetable oil industry and lignocellulose aims to decrease 

waste production, representing a tentative to achieve the goal of sustainability by using 

renewable feedstocks for the obtainment of high value-added compounds.  

 

2. Biomasses Exploited in the Project 

2.1. Residue from Edible Vegetable Oil Industry 

One of the aim of the following thesis has been the valorization of acid degumming waste 

from seed oil for the production of high added value phospholipids (PLs).   

Our interest on phospholipids started in our research group in 2017 with the beginning of 

the “SOAVE” project (Seed and Vegetable Oils Active Valorization through Enzymes), 

supported by Fondazione Cariplo and Innovhub (grant n. 2017–1015). This project was a 

collaboration between Politecnico di Milano, SCITEC-CNR and Oleificio Zucchi to 

develop enzymatic methods for the preparation of high value compounds from the by-

products derived from the refining process of vegetable oils. In fact, crude vegetable oils 

are mainly composed of triacylglycerols, and minor components, such as PLs, diacyl and 

monoglycerols, fatty acids, tocopherols, sterols and many others, which effect the final 

quality of the products. These components are removed and recovered by a refining 

process, which consists in the following steps:  

 

- Degumming: it aims to remove PLs and colloidal substances from vegetable oils, by 

a first water-based treatment, followed by an acidic one. In fact, the addition of water 

allows to remove the hydratable PLs, such as phosphatidylcholine and 

phosphatidylinositol, from the oil, while the treatment with an acid removes the non-

hydratable PLs that are still present, such as phosphatidylethanolamine and 

phosphatidic acid.    

- Deacidification: it reduces the free acidity of the fatty acids present in the oil to the 

neutralization, and it is usually carried out using NaOH.   

- Winterization: it is essential to remove the crystallized components (waxes for 

examples) that are responsible for the turbidity of the oil.   

- Deodorization: it removes the oxidized components with undesired taste and odor, to 

produce oils with better sensorial and organoleptic properties.   

- Clarification: it eliminates the substances responsible for the excessive coloring of 

the oil.  
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Figure 3: Summary scheme of vegetable seed oil purification and PLs extraction.  

 

We focused on the residue recovered after the acid treatment of the degumming phase, 

called “waste gums”, which is rich in PLs and other compounds in different concentration 

according to their origin. This residue was submitted to several physical separation steps 

to isolate the PLs, that were then enzymatically transformed to generate high value 

compounds.   

The necessity to prepare modified PLs depends on the fact that PLs biological activity 

and commercial value are strictly correlated to the chemical identify of the polar head and 

the acyl chains. In fact, PLs are amphiphilic molecules that are ubiquitous in nature and 

play a fundamental structural role in all biological membranes.3 From a structural point 

of view, PLs present a glycerol backbone, esterified at sn-1 and sn-2 positions with 

saturated and unsaturated long chain fatty acids, which constitute the lipophilic moieties, 

and in sn-3 with a phosphate diester as the polar head group. 

 

Figure 4: Structure of the main natural phospholipids. The acyl chains in orange are the most abundant in 

phospholipids extracted from soybeans. 
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Because of their structure, PLs present excellent biocompatibility and are studied in many 

different fields. Moreover, PLs are a nutritious source of fatty acid, organic phosphate and 

choline, and they are recognized to possess beneficial effects to human health, and for 

these reasons they are investigated for several biomedical applications. In particular, 

thanks to their amphiphilic nature, PLs are able to self-assemble to form liposome and 

micelles, and this characteristic has been largely exploited in the drug delivery studies, to 

design biocompatible carrier systems.4-6 In addition, the capacity to spontaneously form 

aggregates made PLs interesting also as diagnostic markers7 and as cosmetic additives.8  

Furthermore, PLs, in particular lecithin, are used in the food industry as emulsifiers and 

stabilizers thanks to their antioxidant properties9 and because of their ability to be at the 

interface in an oil-water solution stabilizing lipid droplets.10
 

All these applications lead to a strong demand for PLs preparation methodologies, and 

the possibility to synthetize different PLs derivatives constitutes a central point in the 

research on this topic. Their chemical synthesis from appropriate homochiral precursors 

could be exploited, but it requires a multistep process and the use of a complex sequence 

of protection and deprotection step to introduce the desired functional group. Also, the 

extraction of PLs from natural sources could be done, but it could be particularly 

expensive, especially for some PLs derivatives. Therefore, the demand for biocatalytic 

approaches is increasing, especially when the final products destinations are to the food 

and the pharmaceutical industries, since they allow to work at milder conditions avoiding 

the use of hazardous and toxic reagents.  

In particular, phosphatidylcholine derivatives are widely demanded, since PC is the most 

abundant natural PL, and it constitutes the 15% of lecithin composition. Its modification 

can occur both on the acyl chains and on the polar head leading to high value-added 

products, and their enzyme-mediated modifications include hydrolysis, 

transphosphatidylation and transesterification. In particular, phospholipase A1 and A2 

(PLA1 and PLA2) perform hydrolysis respectively of the acyl chain in position sn-1 and 

sn-2, producing 2-acyl and 1-acyl-lysophospholipids (1-lysoPL and 2-lysoPL); 

phospholipase C (PLC) eliminates the phosphoric ester on the glycerol side, and 

phospholipase D (PLD) cleaves the molecule on the polar head.11-12  

 

 
 

Figure 5:  Enzymes acting on phosphatidylcholine (here reported as 1-palmitoyl-2-linoleoyl-

phosphatidylcholine) and their specific site of action. 

 

In particular, in the SOAVE project, we focused on the recovery of PLs from soybean, 

peanuts and corn oil, and their transformation by phospholipase D enzyme, which 

catalyzes, in addition to the PC hydrolysis into phosphatidic acid (PA), the 

transphosphatidylation of the substrate in presence of an alcohol (X-OH) leading to PX 

formation.  
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Figure 6: Reaction scheme of a phospholipase D (PLD)-mediated polar head transphosphatidylation of 

PC. 

 

Thanks to the acquired knowledge, in this work we present the transphosphatidylation 

reaction of PC derived from commercial soybean lecithin into phospholipids of 

commercial interest obtained using alternative green reaction media.  

 

2.2. Lignocellulose Based Biomasses 

Lignocellulose, also known as plant biomass, is categorized in hardwood, softwood, 

agrifood waste, and grasses, and its composition is strictly dependent on its origin. 

However, lignocellulose main components are polysaccharides (cellulose (29-47%), 

hemicellulose (25-35%)) and lignin (16-31%), linked together in a highly heterogeneous 

structure (Figure 7).13  

 

Figure 7: Schematic structure of lignocellulose.14 

 

Other factors that could influence lignocellulose composition are the part of the plant, 

growth conditions, and harvesting time. Moreover, traces of inorganic compounds (such 

as calcium, sodium, potassium, magnesium, phosphorus, silicon, aluminum, and iron), 

pigments, alkaloids, and waxes could be detected in lignocellulosic biomass.15  

Briefly, cellulose is considered the most abundant biopolymer, and it is a linear polymer 

constituted by the repetition of D-glucose units linked by β-1,4 glycosidic bonds, and has 

a degree of polymerization between 4000 and 6000 in woody biomass. Cellulose contains 

both crystalline and amorphous structures, which are linked together to form microfibrils 

and covered by hemicellulose and lignin.16-17   

Hemicellulose is a polysaccharide composed of monosaccharides such as pentoses 

(arabinose, xylose) and hexoses (glucose, galactose and mannose), and also of uronic 
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acids, rhamnose and fucose in some traces. All these molecules are bonded together by 

glycosidic and fructose ether linkages and form a branched polymeric structure.18-19 

Hemicellulose has a low degree of polymerization (80-200), is highly amorphous and 

susceptible to hydrolysis, making it the appropriate subject for valorization studies.  

Finally, lignin is an aromatic polymer obtained by the oxidative coupling of 

phenylpropane units called monolignols: p-coumaryl alcohol, coniferyl alcohol and 

synapyl alcohol, containing zero, one and two methoxy groups respectively. The 

corresponding units in lignin are known as p-hydroxyphenyl (H), guaiacyl (G) and 

syringyl (S) units, and they are organized randomly in the totality of the structure.20  

  

  

 
Figure 8: Lignin monolignols. 

 

These monomers are linked by several C-C and C-O-C non-hydrolyzable bonds, and the 

mojority of them consists in β-O-4 bonds. Lignin also is a hydrophobic polymer, that 

makes the cell wall impermeable to water, and ensures water and nutrients transport into 

the cells.21  

In this work, the focus has been pointed on lignocelllosic biomass pretreatments and on 

the recovered lignin fractions. In fact, biomass pretreatments are necessary for 

lignocellulose exploitation, since it allows the separation of the main components and 

their recovery. It is calculated that about 181.5 billion tons of lignocellulosic biomass are 

generated each year, and the majority is disposed of as waste or burned, to avoid the 

storage costs. However, lignocellulose, thanks to its low cost, availability and 

composition can find applications in many different fields, from biofuels, to polymers, to 

the synthesis of food or pharmaceutical precursors.22-23 
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Figure 9: Lignocellulose possible applications. 

 

In the past, the main aim of the biomass pretreatments was the obtainment of biofuels, 

while lignin and hemicellulose were disposed of. Only recently, the focus has been moved 

on the recovery and the whole exploitation of each fraction of the biomass. In general, 

pretreatments can be categorized as physical, chemical, physicochemical and biological 

approaches, and the ideal pretreatment is economically advantageous, enviromental 

friendly and simple. The principal focus should be the obtainment of a high value 

compounds from a waste biomass using a low-cost process.  

 

Figure 10: Scheme of the most important lignocellulosic pretreatments.24  

 

1) Physical pretreatments: they aim to the reduction of biomass size and of its 

crystallinity. They include milling, extrusion, freeze pretreatments and pyrolysis. They 
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are all based on the reduction of the biomass size and of its crystallinity. However, their 

main drawback is that these methods often require to be combined with others and are too 

expensive to be used in a full-scale process.  

 

2) Chemical pretreatments: they are the most used, also in industries on large scale since 

most of them have a significant effect on biomass structure. They are the most promising 

methods to separate cellulose/hemicellulose/lignin and to reduce crystallinity of cellulose. 

They are also particularly interesting since they can operate at normal temperatures and 

pressure, however they are responsible for the production of hazardous and toxic wastes   

Chemical pretreatments include acid/alkaline processes and organosolv methods. 

Acid/alkaline methods are the most used to recover cellulose/hemicellulose, and in 

general to delignify the biomass. On the other hand, the organosolv ones are used in 

lignocellulose with a high percentage of lignin, because it is able to extract lignin that can 

be valorized. 

 

3) Physicochemical pretreatments: the most exploited is the steam explosion in which the 

biomass particles are treated with steam at high temperature for few minutes in order to 

increase successively the activity of enzyme on cellulose and hemicellulose. Also, CO2 

explosion pretreatment can be used, and one of the major advantage is that CO2 molecules 

can penetrate into lignocellulose pores. This process requires lower temperatures and it is 

less toxic and non-flammable.   

 

4) Biological pretreatments: they don’t require chemical solvents or particular physical 

conditions, such as temperature and pressure. For these reasons, biological pretreatments 

are environmentally friendly, and they especially use white rot fungi to delignify the 

substrate and to facilitate the enzymatic hydrolysis of cellulose and hemicellulose. The 

efficiency of this method can be influenced by the particle size, moisture content, time 

and temperature. However, they are not largely used in industry since they require long 

process time, large scale requirement and continuous monitoring of microorganisms.25-26 

 

5) New approaches: they are born to solve some problems of the methods already 

mentioned, like the production of toxic wastes or the requirement of high levels of energy. 

For these reasons new green solutions are now emerging, especially in the food industry, 

and they comprehend ionic liquid (ILs), DESs, the utilization of microwaves and 

ultrasound technologies. These methods have some advantages in environmental terms, 

however, they also show some drawbacks, like the production costs and minor efficiency 

that make them less exploited than the traditional ones.   

In this thesis work, we decided to exploit DESs for the fractionation of two different 

biomasses particularly abundant in our regional territory: brewer’s spent grain (BSG) and 

rice husk (RH).  

2.2.1. Brewer’s Spent Grain 

BSG is the main by-product of the brewing industry and it is estimated to be the 85% 

(w/w) of the total waste. In fact, for every kilogram of beer, about 0.12 kg of dried BSG 

are produced (equivalent to 0.2 kg of wet BSG), and the estimated global annual 

production of beer is around 38,600,000 metric tons.27-28   
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BSG is the final residue obtained by the beer making process. Firstly, the malted grains 

and the other requested materials are crushed, mixed with water and then heated. In this 

step, called mashing, the sugars are solubilized in water and two enzymes, α and β 

amylases, are added. Then the lautering step starts: the enzymes are inactivated, the 

insoluble spent grain (BSG) and the wort are removed and the hops boiled and filtrated 

away. At the end the yeasts are added, essential for beer fermentation and aroma. 28 

 

 

 
Figure 11: Scheme of beer preparation.28  

 

The residual grains are composed of layers of peel, pericarp, and seeds with residual 

amounts of endosperm and aleurone from barley used as raw material.29 BSG 

composition depends on several factor, such as the type of barley grains, the harvesting 

time, the brewing technology, and the process parameters. However, typically it 

comprehends 15-25% proteins, 50-70% fibre (hemicellulose, cellulose, and lignin), 5-

10% fats, and 2-5% ashes. In particular, glucose, xylose, and arabinose are the most 

abundant monosaccharides in BSG, while hordeins, glutelins, globulins, and albumins are 

the majority of the proteins. For what concern the lipids, BSG contains triglycerides at 

high percentage, followed by free fatty acids.30 Even if at minor concentration, BSG 

contains several minerals (calcium, iron, magnesium, phosphorous, manganese ecc), 

vitamins (biotin, choline, folic acid, pantothenic acid ecc) and amino acids (essential: 

leucine, valine, threonine and lysine; non-essential: alanine, serine, glycine, glutamic 

acid, aspartic acid, tyrosine, proline, arginine). In addition, some hydroxycinnamic acids 

with interesting anti-inflammatory and antioxidant activity, such as ferulic and coumaric 

acid derivatives, could be extracted from BSG.   

However, one of the main drawbacks of BSG production is its moisture content, which is 

around 80%, that, in addition to its high content in lipids and protein, make this biomass 

particularly subject to microbial contamination. Thus, BSG has a very short lifespan (7-

10 days), and this makes difficult its storage and further exploitation. Also, even if this 

biomass is disposed of, it is counted that, without drying pretreatments, every ton of BSG 
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release 513 kg of CO2.
31-33 The majority of the BSG processes for its further exploitation 

aims to reduce the moisture from 80 to 10%, by drying (oven or autoclave) or pressing 

and filtering the biomass.29  

The whole biomass actually is used in several fields, that comprehends mainly pet/human 

food production and substrate for fermentations. For what concern the food industry, it is 

counted that currently 70% of produced BSG is send from the breweries to farms as 

animals feed, since it provides, together with a nitrogen source, the essential amino acids 

for ruminants. BSG is also used in food production, for a maximum of 15% on the total 

mass, for example in pasta, bread and pastry products. In fact, thanks to its high content 

in fibres and protein, and its low content in ash, it has some beneficial gastrointestinal 

effect.34-35 Regarding the utilization of BSG as fermentation substrate, it could be used as 

source of sugars for different microbial cultivation, for the synthesis of enzymes (such as 

cellulase, amylase)36, high value compounds like xylitol37 and lactic acid,38 prebiotics39 

and ethanol.  

However, thanks to the spreading of Green Chemistry and Circular Economy, BSG 

fractionation and pretreatments are gaining relevance in the scientific scenario, allowing 

the complete exploitation of the whole biomass and the extraction of its valuable 

compounds. In literature different techniques are reported, summarized in Figure 12, and 

they allow the separation of sugars from lignin, and the extraction of proteins, lipids and 

phenolic compounds. 

 

 

. 
Figure 12: Scheme of possible BSG pretreatments.33  

 

2.2.2. Rice Husk 

Rice, botanically known as Oryze, is a monocotyledon plant, and consists of two 

cultivated species and 21 wild species. The cultivated ones, called Oryza sativa and Oryza 

glaberrism, are native of Asia and Africa respectively. In Asia, over 90% of the total 

worldwide rice production is satisfied, especially in China and India, where the 
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production corresponds to 28 and 19% respectively. Rice constitutes the major source of 

supply for approximately half of the world population, and its request is expected to 

remain unchanged over the years, thanks to the continuous economic and population 

growth in Africa and Asia.40   

It is estimated that 755 million tons of rough rice (also known as paddy rice) were 

produced worldwide in 2019, and it is counted that for every kg of paddy rice, between 

0.41 and 3.96 kg of rice straw are produced. Rice husk (RH) consists in the 20-33% of 

the total paddy weight, and it is possible to estimate a global annual rice husk production 

of 150 million ton. Typically, paddy rice is composed of 20% of rice hull, 11% of bran 

layers and 69% of starchy endosperm (total milled rice). RH is the outer layer of the paddy 

grain, and it is separated from the grains during the dehusking, process,41 that consists in 

two rubber rolls where the paddy rice is put in under a continuous steam. The two rolls 

rotate in different directions and at different speed allowing the separation of the husk.42  

 

 

Figure 13: Scheme of dehusking process (Rice Knowledge Bank). 

 

Almost 20% of the worldwide rice is submitted to a parboiled process to obtain the 

parboiled variety (also called white rice). This process consists into a rice starch 

hydrothermal treatment which aim to its gelatinization. Parboiled rice has some 

advantages respect to the non-parboiled one (raw or yellow rice), such as improved yields, 

enzyme inactivation, sterilization, retention of vitamins and amino acids. For these 

reasons, the demand for parboiled rice has increased during the last years, thanks 

especially to its low costs and beneficial effects on the human health.42-44   

RH composition depends on many factors, like the type of paddy rice, the climate and the 

geographical location, but it is mainly composed by cellulose (29-42%), hemicellulose 

(14-29%) and lignin (13-24%), and it differs from other lignocellulosic biomasses by its 

high content of silica and ashes (10-15%), which makes it suitable for the production of 

building materials, bio-based adsorbents and for pollutants removal from wastewater. In 

addition, RH presents low nutritional values, so it is mainly burned to produce the so-

called rice husk ashes (RHA). Usually, they are prepared through a two-step process, 

which involves firstly the biomass carbonization in absence of oxygen and then its 
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physical or chemical activation. RHA are mainly used as fertilizers, adsorbent, biochar 

and in concrete preparation.   

On the other hand, if RH is submitted to pretreatments processes, it can be used also as 

raw material for the production of interesting chemicals such as ethanol, furfural, xylitol, 

acetic acid, and lignosulfonic acids. Therefore, the availability of this huge quantity of 

wastes and their low cost have pushed the current research towards the investigation and 

development of new sustainable possible applications for such materials.45-47   

 

3. Deep Eutectic Solvents 

The term eutectic derives from greek ευτηκτος (eutektos) and means easy to melt, and 

was first used by the British physicist Frederick Guthrie in 1884 to describe “a lower 

temperature of liquefaction than that given by any other proportion”.48 Only in 2003 

Abbott used the term “deep eutectic solvent” to describe a liquid eutectic mixture with 

lower melting temperature than its components, property derived from the charge 

delocalization caused by the hydrogen bonds formation.49 In fact, DESs are described as 

a binary or ternary mixtures between a hydrogen bond donor (HBD) and a hydrogen bond 

acceptor (HBA) which form a HBD—HBA supramolecule.50-51 The first DES reported 

by Abbot consisted of urea and choline chloride. DESs can be described by the formula 

Cat+X−zY, where 

• Cat+: any possible ammonium, phosphonium or sulfonium cation 

• X−: Lewis base anion 

• Y: Lewis or Bronsted acid 

• z: number of molecules of Y interacting with 𝑋−. 

Commonly DESs are described by a phase diagram, that shows how the HBA and HBD 

mixture only at a specific molar ratio reach the “deep” eutectic point that corresponds to 

the lowest melting temperature of the two compounds, while, before and after this point, 

the solvent is just the simple mixture of the two compounds, and it is not possible to 

properly talk about DESs.  

 

 

Figure 14: Phase diagram of a solid-liquid mixture.52  

 

In general, it is possible to distinguish DESs into five categories according to their 
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components: (i) Type I: quaternary ammonium salt and metal chloride; (ii) quaternary 

ammonium salt and a metal chloride hydrate; (iii) quaternary ammonium salt and a HBD 

(typically an organic molecular component such as an amide, carboxylic acid, or polyol); 

(iv) metal chloride hydrate and HBD; (v) relatively new class composed of only nonionic 

HBAs and HBDs.53 The type III DESs are usually the most studied and reported in 

literature, especially the mixtures composed by choline chloride as quaternary ammonium 

salt. In fact, choline chloride is widely used since it is approved as a natural additive for 

many animals’ species, is cheap, biodegradable and non-toxic. In this category of DESs, 

many different HBD are used, in particular amides, alcohols, and carboxylic acids. More 

recently, the use of hydrophobic compounds such as tetrabutylammonium bromide, 

menthol, thymol, and fatty acids as hydrogen bond acceptors together with long alkyl 

chain alcohols and carboxylic acids as hydrogen bond donors, led to the introduction of 

a new type of DES: the so-called hydrophobic DES.54  

Recently, in 2011, Choi et al.55 introduced the concept of  “natural DES” (NADES), 

derived by the combination of quaternary salts with primary metabolites such as organic 

acids, amino acids and sugars.  

 

 

 
Figure 15: Examples of typical hydrogen bond acceptors (HBAs) and hydrogen bond donors (HBDs) 

used in DES preparation.  

 

Furthermore, DESs preparation is very easy, and two principal techniques are used: the 
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heating and the grinding methods. For what concern the first one, it only requires the 

mixing of the main components (solid and liquid, or solid and solid) at high temperatures 

(50-100 °C) for few hours, until a clear and homogeneous mixture is obtained. 

 

Figure 16: Schematic representation of DES preparation by heating method.   

 

However, one of the main drawbacks of this method is the possibility of esterification 

reaction between HBA and HBD, especially when carboxylic acids are used as HBD, 

leading to DES degradation.56 Instead, the grinding method consists in mixing the DES 

components at high temperature and then grinding them in a mortar until a homogeneous 

clear liquid is obtained.57 Even if less exploited, in literature other DESs preparation 

procedures are reported, such as the freeze-drying,58 the evaporation methods and the 

microwave/ultra-sound-assisted approaches.59-60   

DESs are particularly attractive not only for the many possible combinations of the 

components and their easy preparation, but also due to their peculiar physicochemical 

properties such as low volatility, non-flammability, low vapour pressure, chemical and 

thermal stability, and low toxicity.61  Thanks to these characteristics, in the last decade 

DESs became highly investigated, also replacing ionic liquids (ILs) as a green solvent 

option, since DESs are cheaper to produce, biodegradable and less toxic. Until few years 

ago, DESs and ILs tent to be considered equals, and ILs were widely exploited for many 

different applications. It is only from the beginning of 21st century that DESs became 

popular and have been proposed as a greener and cheaper alternative to ILs. Prompted by 

all these above considerations, DESs are studied in many different fields like metallurgy,62 

liquid-liquid extraction,63 CO2 capture,64 biocatalysis and organic chemistry, biomass 

processing65-66 and many others. However, despite their large exploitation, the scientific 

community is highly debating about what can be considered a DES and what a simple 

mixture of compounds, which are the main parameters to consider in the definition of a 

DES and how the presence of water influences the DES formation.67 With this in mind, 

the term “DES” is often abused because of the limited number of publications devoted to 

understand DESs nature, and the absence of a standard cheap and replicable method to 

define theme. In fact, it is common in literature to find different molar ratios of the same 

HBA-HBD combination all defined as DESs. Concerning the water role in DESs 

formation, the maximum quantity at which DES supramolecule resist, and how water 

influence DES properties is also not well clarified. In fact, it is known that a small 

percentage of water, called embedded water, is necessary for DES preparation,68 but at 

high concentration it pervades the DES supramolecular structure forming H-bond both 

with HBA and HBD, disrupting the system and changing its characteristics, like viscosity, 

density and electrical conductivity.69 
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In this PhD thesis, the preparation of various DESs has been investigated and analytically 

studied together with their utilization in biocatalysis and biomass fractionation.   

 

3.1. DESs Analysis by 1H NMR Measurements 

Even if DESs are largely applied in many fields, it is still unclear how HBA and HBD 

interacts, how the supramolecule is formed and the influence of water in it. To answer 

these questions, scientific community often uses NMR technique, since it is a powerful 

tool in understanding the structure, the dynamic and the interactions in DESs. In literature 

many different NMR analysis are reported, such as 1H NMR,70 13C NMR, NOESY71 and 

relaxation time (T1 and T2) measurements,72 and in this thesis we applied the NMR on 

DESs in several studies for different purposes.   

Firstly, 1H NMR has been used to evaluate the HBA/HBD molar ratio in DESs 

composition. In particular, the analysis was conducted at room temperature and it took 

only few minutes allowing to understand the real composition of the solution, only by 

simply integrating the spectrum signals. An example is reported in Figure 17, where the 

composition of DES trimethylglycine betaine/ethylene glycol 1:2 has been verified. In 

particular, the signals at 3.22 and 3.85 ppm correspond respectively to N-(CH3)3 (s, 9H) 

and N-CH2-COOH (s, 2H) of trimethylglycine betaine, and the signal at 3.63 pmm to OH-

CH2-CH2-OH (s, 8H) of ethylene glycol, and the integral of ethylene glycol signal 

confirms that the HBD is twice the HBA in molar ratio.  

 
 

Figure 17: 1H NMR of DES trimethylglycine betaine/ethylene glycol 1:2. 

 

Another application here reported is the validation of DESs recycling in Chapter 2 and 3. 

In fact, after the lignocellulose fractionation, DES choline chloride/lactic acid has been 

recycled by water evaporation, and the purity was tested by 1H NMR (Figure 18). As 

reported in the spectrum, the recycled DES (Figure 18 b) doesn’t present peaks 

attributable to lignocellulosic material.  
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Figure 18: 1H NMR of a) pure DES choline chloride/lactic acid; b) recycled DES choline chloride/lactic 

acid.  

 

Finally, the T1 relaxation time parameter has been investigated in order to identify the 

molar ratio at which the HBA-HBD solution is a DES and not only the simple mixture of 

the two components. In fact, T1 measurements quantify the rate of transfer of energy from 

the spin to the environment and, for this reason, is strictly dependent on molecules weight 

and size. Prompted by these considerations, we recreated the DESs phase diagram (Figure 

14) by 1H NMR relaxation time measurements, identifying the eutectic point as the HBA-

HBD mixture with the lowest relaxation time, calculated by inversion recovery (see 

Figure 3 of Chapter 1). In fact, firstly a 180° pulse was applied to the sample at a specific 

timing, so the magnetization went from z to -z, then a 90° pulse flipped the magnetization 

from z axis to xy plane to be detected, and it resulted in the fitting reported in Figure 19.  

 

 
Figure 19: Inversion recovery spectrum of DES trimethylglycine betaine/ethylene glycol (1:3). 

 

a) 

b) 
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3.2. DESs in Biocatalysis  

Water is the main solvent used in biocatalysis, but this often represents a problem, since 

the majority of substrates and reagents possess a hydrophobic nature, which leads to a 

low solubility in the media. For this reason, nowadays research in biocatalysis is focusing 

on finding alternative non-aqueous solvents, which show some advantages such as 

positive effect on the reaction equilibrium and decrease in water side-effects. In this sense, 

organic solvents (mainly hexane, toluene, dichloromethane) are mostly used, but they 

don’t reflect the need of Green Chemistry on finding green solutions that promote the 

utilization of biocompatible, biodegradable and  non-toxic solvents. Thus, the 

exploitation of DESs is gaining relevance and many studies are reported with different 

combinations of HBA and HBD. DESs in biocatalysis can have different application: (i) 

co-solvent together with water/buffer to solubilize the substrate; (ii) reaction medium 

without addition of water; (iii) reaction solvent and substrate of the reaction.73  

 
 

Figure 20: DESs applications in biocatalysis. 

 

Some crucial factors must be considered when DESs are applied to biocatalysis, such as 

the necessity to add water and the combination of HBA and HBD used. For what regard 

the water addition, it seems that a small amount of water is necessary to decrease the 

DESs viscosity making the reaction more manageable, and to enhance the activity of 

several enzymes. However, in literature it is not clear how much water is tolerated by the 

eutectic mixtures before its dissolution. Concerning the HBA/HBD choice and ratio, this 

can influence DESs viscosity, the mass transfer and reaction rate, and interfere with the 

enzyme. In fact, DESs intramolecular H-bonds could be responsible for increasing 

enzyme affinity for the substrate, and DESs composition could change the secondary and 

3D structure of enzymes, provoking unfolding and refolding processes that influence 

stability over time and activity. For example, choline chloride-based DESs seem to be 
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more likely to disrupt the α-helix structures, provoking enzyme instability. Finally, water 

content and DESs composition are two influencing factors on the total reaction 

efficiency.74  

DESs in biocatalysis have been particularly exploited for lipase reactions.75 For example, 

Cao et al. tested different DESs on the  transesterification of benzyl alcohol with vinyl 

acetate performed by Candida antartica lipase B (CALB) and found out that hydrophobic 

DESs had positive effects on enzyme activity, reaching 57% of yield in 12 hours.76 Lately 

DESs have been tested also as solvent/co-solvent for whole-cell catalysis. Yang et al. 

proposed the enzymatic conversion of isoeugenol to vanillin by Lysinibacillus fusiformis 

CGMCC1347 cells, testing more than 40 DESs/NADESs, improving the final yield of 

130-140% respect to the DESs-free reactions.77  

 

The novelty of this PhD work consists into the use of DESs to perform PLD-catalyzed 

biotransformation of PC derived from soybean. In fact, usually, PC transformation is 

performed in a biphasic system organic solvent/buffer in presence of an alcohol, and then 

the products are recovered by extraction. In this study, DESs, called for that reason 

reactive-DESs (RDESs), have been used as solvents and as the donors of the alcoholic 

moiety reacting with the substrate, allowing the preparation of added-value compounds 

recovered easily only by filtration, avoiding the use of hazardous organic solvents.  
 

3.3. DESs in Biomass Fractionation 

One of the main steps for an efficient lignin valorization is the lignocellulose 

fractionation. In the last 15 years, different methods have been reported, such as acid or 

basic treatments, but often they generated a modified/condensed lignin. Prompted by 

these results, researchers have studied the development of new systems to fractionate 

biomasses and recover native lignin, such as the use of ILs and DESs. DESs were firstly 

used in biomass fractionation in 2012, and since that type III DESs were the most studied 

for this purpose, like for example choline chloride mixed with lactic 

acid/glycerol/ethylene glycol/2-propandiol and amines.78 The effectiveness of the process 

depends on several factors such as pretreatment conditions (temperature, time, and solid-

to-liquid ratio), type of HBA and HBD, and type of raw material. In general, DES-

mediated fractionation starts with the hemicellulose hydrolysis and lignin extraction, 

while cellulose tendentially remains insoluble in DESs. Lignin extraction is promoted by 

the cleavage of ether bonds between lignin polymers and ester and carbohydrate complex 

between hemicellulose and lignin,79 as reported in Figure 21.  
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Figure 21: Schematic representation of lignocellulose cleavage by DESs.  

 

Since lignin and hemicellulose are the first two polymers to be affected by DES-

treatments, it could be challenging to recover them in high yield in a single pretreatment. 

For this reason, it could be necessary to perform a two-step mediated fractionation 

process, in order to first pre-extract hemicellulose, and then lignin. Tian et al.80 for 

example presented a method in which biomass is firstly submitted to a hot water 

pretreatment (160-240 °C) that easily depolymerize/solubilize hemicellulose, facilitating 

the subsequent lignin extraction using various solvent systems. This pretreatment allows 

to obtain both a high-quality lignin and a high-purity cellulose fraction.  

DESs treatments efficiency depends on several factors, such as ratio biomass/DES, 

temperature and time. Commonly, DESs are used in excess to the biomass, and the most 

used ratios biomass/DES are 1:5, 1:8 and 1:10. This parameter could influence lignin 

recovery, cellulose crystallinity and DES recycle. For what regard temperature and time, 

a wide range of them has been tested (temperature: 60-200 °C; time: 0.5-24 h), but 

prolonged pretreatments at high temperature could successfully solubilize carbohydrates 

and increase final lignin yields.80  

Acidic DESs are the most effective in biomass deconstruction, and tendentially natural 

hydrogen bond donors are used, such as formic acid, lactic and acetic acid. In general 

monocarboxylic acid–based DESs are recommended for lignin extraction, since the 

lignocellulose bonds are easily cleaved by the proton provided by the carboxylic acid. In 

this respect, in literature the combination choline chloride and lactic acid in different 

ratios has been reported, since both HBA and HBD are cost–effective and can be 

produced from renewable raw materials. In general, cellulose is insoluble in this mixture 

while, by increasing lactic acid content, lignin becomes more soluble, less easy to recover 

and biomass delignification occurs.81  

 

In this thesis, a two-step DESs-mediated fractionation process has been set-up in order to 

fractionate BSG and RH biomasses, kindly furnished by Orso Verde brewery and Riso 
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Scotti S.p.A. In this process, the biomasses have been firstly submitted to a hot-water 

pretreatment, and then to a DES-mediated fractionation in order to separate the cellulosic 

fraction from lignin, that was further highly characterized and investigated.   

 

4. Applications of the Final Products 

4.1. Phospholipids Applications 

In this PhD thesis the obtainment of polar head-modified phospholipids has been studied 

since the commercial value of PLs in the pharmaceutical, cosmetic and food industry 

depend on the nature of their polar head and lipophilic tails. The development of practical 

methods for the preparation of structurally variable polar head-modified PLs is an 

important prerequisite to achieve the establishment of structure-activity relationships of 

these compounds, and a biocatalytic approach for the synthesis of modified PLs is 

preferred when compared to the chemical processes, especially due to the very high 

selectivity and the use of safer reagents and milder conditions.   

In this work we proposed the PLD-catalyzed synthesis of three polar head-modified 

phospholipids of pharmaceutical interest: phosphatidylserine, phosphatidylglycerol and 

phosphatidylethanolamine.  

a) Phosphatidylserine (PS): it has achieved a great commercial interest for a long time as 

it is a membrane PL ubiquitously present in all cellular membranes, especially in the 

brain, and is involved in many neurological processes.82 It is a molecule that presents 

many nutritional and medical functions as low levels of PS is linked to memory 

problems, to Alzheimer’s and other mental diseases. It is demonstrated that the 

assumption of PS leads to positive benefits in terms of mind and memory 

enhancement. It reduces the age-related decline in mental function, it prevents 

Alzheimer’s and dementia, it is considered a mood enhancer to cure depression, it 

improves athletic performance, it is a stress reducer and it is an important ingredient 

of liposomes used in drug delivery.83 The main drawback is linked to its low 

availability in nature and high costs of extraction from natural sources.84  

b) Phosphatidylglycerol (PG): it is one of the most abundant PLs found in natural 

membranes. It possesses an excellent liposome forming ability and has been studied 

from a long time, since 1985, as an emulsifier for drug delivery systems.85-87 In fact, 

PG is known to have unique surfactant/lubricant properties, particularly when mixed 

with appropriate proteins. It has been found, for example, in relatively large amounts 

in mammalian lungs compared to other mammalian membranes pushing the research 

on the development of surfactant preparations for therapeutic practices for the relief of 

a variety of diseases such as neonatal respiratory distress syndrome.88 

c) Phosphatidylethanolamine (PE): it is another major PL in the membranes of eukaryotic 

cells. The importance of PE metabolism in mammalian health has recently emerged 

following its association with Alzheimer’s, Parkinson’s and nonalcoholic liver 

diseases, as well as with the virulence of certain pathogenic organisms.89-90 Moreover, 

PE has a significant influence on the heart to prevent cell damage. This product also 

presents good antioxidant activity against free radicals, which is another characteristic 
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which could provide beneficial effects to human health.  

 

4.2. Lignin Applications 

In this thesis, subsequently to biomass fractionation, we have focused on the exploitation 

of the recovered lignin fractions, since this polymer could be suitable for many different 

applications that are here briefly reported. In particular, we have focused on the lignin 

exploitation in the constructions and nanoparticles fields, and, for this reason, these two 

sections will be here widely investigated. In general, it is possible to distinguish lignin 

utilization into different categories:   

a) Extraction of monomers/macromolecules and fine chemicals: since the fossil reserves 

are running out, research is focusing on finding a way to use renewable resources, such 

as lignin, for the production of environmentally friendly and competitive products, 

such as vanillin, lipids, muconic acid and polyhidroxyalkanoates.91-93 In fact, thanks 

to its structure and monomers composition, these chemicals can be obtained by 

submitting lignin to different treatments, processes of depolymerization and separation 

methods. For example, in literature are reported thermochemical (pyrolysis and 

microwave), biological (fungi and bacteria) and chemical processes (oxidation, acid 

catalysis, metallic catalysis, homogeneous/heterogeneous catalysis).  

 

b) Polymer synthesis: lignin, thanks to its interesting properties, could be used to replace 

petroleum derivatives in polymer synthesis (such as polyurethanes and resins) thanks 

to two different methods. The first method consists into using functional monomers 

developed from phenolic lignin model compound. In fact, lignin presents 

aliphatic/hydroxyl groups that could be exploited for their further modification, like 

alkylation, amination and esterification (see Figure 22). Instead, the second method 

consists into directly incorporate lignin in polymers thanks to the grafting technique: 

lignin works as a core unit on which new polymer chains are directly grown.94-95  
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Figure 22: Main lignin possible modifications. 

 

c) Biofuels: the energy demand is constantly increasing, and the biorefineries based on 

the utilization of lignocellulose are a promising tool to solve this problem. In particular 

biorefineries tends to use the cellulose and hemicellulose fractions to produce ethanol, 

while lignin is disposed of as a waste. Recently researchers are also focusing on 

recovering the maximum possible energy from lignin. In fact, for example, lignin can 

be depolymerized into aromatic monomers that are then dearomatized and reduced to 

generate CO2, H2 and acetate that lead to the formation of methane.92, 96 It is important 

to consider that lignin is environmentally friendly not only because it is renewable and 

abundant, but also because lignin-derived biofuels generates a lower carbon footprint 

respect to the fossil ones.  

 

d) Building materials: cement production represents the third largest source of carbon 

dioxide emissions, since almost 8% of the total carbon dioxide emitted in atmosphere 

are caused by concrete preparation. Therefore, researchers and industrialists are 

looking for new materials to be used to prepare eco-friendly concretes and, in this 

respect, several agro-industrial by-products have been successfully exploited as 

potential building materials. Concretes main required characteristics are workability, 

strength and durability, and these are enhanced by the use of lignin in cements as 

concrete water reducers (or concrete plasticizers), which are necessary to reduce the 

water amount in concrete preparation. Concrete is prepared by adding between 0.06-

0.6% wt of plasticizers on cement. The demand of water reducers is estimated about 

1-1.5 million tons per year, and of this 700.000 tons are lignosulfonate and post-

sulfonate alkali lignins. Concretes are prepared in an alkaline environment, and so 

plasticizers work through electrostatic and steric repulsion between the cement grains. 

In fact, the water reducers, thanks to their negative charges (carboxylic and sulfonic 

groups), are adsorbed on cement particles, usually made of calcium aluminate, giving 

them a negative charge that force the particles apart.  
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Figure 23: Scheme of superplasticizers mechanism on cement grains.  

 

It is possible to distinguish water reducers in “ordinary” ones, like lignosulfonates, 

and superplasticizers that are commonly petroleum derivatives (naphthalene and 

polycarboxylate). Usually good plasticizers are able to reduce water amount by at 

least 12%, and lignin usually doesn’t reach this criteria because of its low amount of 

hydrophilic groups and typical high polydispersity. For these reasons, lignin can be 

modified through fractionation and oxidation-sulfomethylation to enhance its 

efficiency as water reducer. For example, Li et al. fractionated lignocellulose biomass 

by using formic acid, and then submitted lignin firstly to organosolv fractionation to 

homogenise its molecular weight distribution, and then to sulfonation to increase its 

hydrophilic content. In this way they increased cement workability by 21%.97 Another 

example is reported by Kalliola et al., which performed oxidation on soda lignin in 

alkaline conditions, introducing acidic groups in the polymer structure. The obtained 

lignin showed a higher efficiency than the commercial lignosulfonates, and equal 

performance to synthetic superplasticizers.98   

At least, in literature the utilization as plasticizers of lignin grafted to other polymers 

is reported. In fact, Aso et al. successfully proposed the grafting of kraft lignin to 

epoxylathed polyethylene glycol derivatives, showing positive results respect to 

commercial lignosulfonate.99  

In this PhD work, we have successfully investigated the utilization of lignins 

recovered by BSG and RH fractionation and compared them to a technical lignin, 

Protobind 1000, as water reducers in concrete preparation, with a concentration of 0.2 

% wt. These experiments gave positive results, showing a comparable activity 

between the lignins recovered from the two biomasses and the technical one, paving 

the way for the generation of lignin-based plasticizers. 

 

e) Nanomaterials: the utilization of lignin without previous modifications is usually 

limited due to is heterogeneity and complex structure. However, it is possible to 

overcome this problem by transforming lignin into nanomaterials, such as 

nanoparticles (LNPs), nanotubes, nanofibers and hydrogels.100 In particular, in this 

thesis we have focused on LNPs synthesis and exploitation for further enzyme 

immobilization, so they will be here reported, and their characteristics investigated.  

LNPs were chosen thanks to some advantageous properties, such as sustainability, 

biodegradability, biocompatibility and low cost. Another important characteristic is 

that LNPs on the surface are rich in functional groups that could be further modified 

according to the final application.101 The nanoparticles characteristics, such as 

dimension, size, exposed functional groups, depends on the method of lignin extraction 
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from biomass (physical/chemical/biological), if lignin underwent some chemical 

modifications, and the technique used for LNPs preparation.101-102 LNPs could be 

obtained by different methods, that comprehends anti-solvent precipitation, acid 

precipitation, dialysis, polymerization, solvent exchange, sonication and many others. 

Nanoparticles formation is possible thanks to lignin amphiphilic nature, since it 

possesses hydrophobic groups, such as phenylpropanoid acids, and hydrophilic ones, 

like hydroxyl and carboxylic groups. For this reason, tendentially LNPs formation 

starts with lignin solubilization in a polar solvent, which breaks lignin intramolecular 

H-bonds, and then the solution is added into water and nanoparticles formation takes 

place. In particular, the lignin hydrophobic groups tend to self-assemble as the core of 

the nanoparticles, while the hydrophilic groups to remain on the surface, forming non-

covalent interactions on the surface. In this mainframe, lignin tendency to self-

assemble into spherical particles allows to minimize the surface area in contact with 

the non-solvent phase, typically water.   

Lignin nanoparticles main characteristic is their stability over time in aqueous solution, 

in which they preserve their spherical shape and small size. In this sense final lignin 

concentration is a critical factor since an increase in lignin concentration could provoke 

the nanoparticles agglomeration and an increase in their size.103   

 

 

Figure 24: Scheme of lignin nanoparticles preparation.103 

 

LNPs are particularly interesting for many different applications because of some relevant 

properties, such as antioxidant and antibacterial activity, ultraviolet adsorption properties, 

biocompatibility and biodegradability. For this reason, LNPs are replacing traditional 

hazardous nanomaterials, in accordance with the Green Chemistry principles in a plethora 

of different materials chemistry applications, including drug carriers,104 UV protectants 

and hosts for enzyme immobilization. For what regard this last point, in this thesis work 

we focused on PLD immobilization on LNPs for phospholipids transformation inspired 

by some recent publications with redox enzymes. For example, Capecchi et al. described 

LNPs for the immobilization of tyrosinase for the synthesis of catechol derivatives,105 and 

glucose oxidase and peroxidase immobilization to obtain biosensors for the detection of 

glucose.106  
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Abstract 

1H NMR spin lattice relaxation times (T1), measured by inversion recovery technique, 

allowed to establish the stoichiometric coefficient (ratio between the H-bond acceptor and 

H-bond donor) of a series of trimethylglycine betaine/diol based deep eutectic solvents 

(DESs); ethylene glycol, triethylene glycol and 1,3-propandiol were selected as H-bond 

donors. The maximum amount of water tolerated by the DES, before its complete 

hydration, was determined as well. Finally, the method was validated comparing the 

eutectic composition of the betaine/glycol system with that determined by means of 

differential scanning calorimetry analysis, the stoichiometric coefficients resulted 

identical. 

 

Paper 

The term eutectic was coined by Guthrie in 1884 from the old Greek eutecticos, easy 

meltdown, to describe the melting point depression of a mixture with respect to its pure 

components.1 The term deep eutectic solvent (DES) was used for the first time in the 

seminal work of Abbott in 2003,2 where the adjective “deep” was meant to describe a 

much lower melting temperature than the ideal mixture of its components, typically two. 

Ever since many others DESs were discovered, and nowadays this new class of solvents 

has become extremely popular, especially in green chemistry. Later in 2011, Choi 

introduced the term natural DES (NADES), to describe the so called third liquid phase in 

microbial mammalian and plant cells, besides water phase and membrane lipids phase.3-

4 Even though the scientific community is still debating on a full comprehension of the 

nature of these solvents,5 during the last decades, the number of DES-based applications 

in a wide range of fields has rapidly grown.6-8  

In addition to their melting/freezing point, these solvents are characterized by many other 

physicochemical properties such as viscosity, density, ionic conductivity, surface tension, 

vapor pressure and refractive index.9 Some of these observables (ionic conductivity, 

solvent polarity and viscosity) vary significantly with the molar composition of the 

mixture.9-10 Noteworthy, very recently, it was found that the presence of small amounts 

of water (embedded water) might play an important role in promoting the DES 

formation.11  

At nanoscopic level, the combination of a hydrogen bond acceptor HBA (usually solid) 

with a hydrogen bond donor HBD (either liquid or solid) leads to the formation of an 

HBA…HBD supramolecule, self-assembled by means of a cluster of H-bonds, and 

accordingly the mixture becomes liquid at eutectic temperature only at a definite 

HBA/HBD molar ratio (eutectic composition). However, it is not rare to find in literature 

different stoichiometric coefficients for the same DES. For instance, the formation of 

trimethylglycine betaine/ethylene glycol DES has been reported with three different 

stoichiometries: the ratio of 1:2 was used for the biocatalyzed synthesis of phospholipids 

in water,12 whereas for the purification of gasoline a ratio of 1:3 was preferred,13 the same 

composition was later found by Paiva,14 instead, for the extraction of palmitic acid from 

palm oil, a mixture with more glycol (1:4) was applied.15 Lastly, it is not always clear 

which is the maximum amount of water tolerated before that the H-bond disruption of the 

supramolecule occurs, in any case, the water added, typically does not exceed the 30-50% 

in weight.16  

Prompted by the above considerations, the following study aims: (i) to verify if and how 



PhD Tesis | Letizia Anna Maria Rossato 

 

43 

 

the 1H NMR spin-lattice relaxation time (T1) of a set of selected DESs changes with the 

HBD molar fraction (X), and (ii) to ascertain how such a suggested correlation might be 

modified by progressive additions of water.  

Our choice of the longitudinal relaxation time constant T1 as an observable potentially 

informative of DES-supramolecule formation is based on its well-known dependence on 

the molecular tumbling motion (random molecular rotations and diffusion movements) 

in a liquid.17-18 Thus, it is reasonable to think that larger and more rigid is an organic 

molecule, slower is its tumbling in solution. Indeed, without going too much in details of 

the complex spin-lattice relaxation theory, T1 depends, among many other variables, on 

the molecular size and therefore on the molecular weight. Now, such relationship hints 

our tentative conjecture that the DES-supramolecule formed at the eutectic point might 

be characterized by a lower tumbling rate than its HBD component and conceivably by a 

specific value of T1. 

 

 

Figure 1: Components of trimethylglycine betaine-based DESs. 

 

In the frame of our ongoing research work12 we focused our attention on the 

trimethylglycine betaine/diol based DESs. In Figure 1 the selected HBD diols to be 

combined with the HBA trimethylglycine betaine (Gb) are shown: ethylene glycol (D1), 

triethylene glycol (D2) and 1,3-propandiol (D3), for more details on sample’s preparation 

see the experimental part. However, the moisture content of diols was checked by Karl 

Fischer titration (< 1.5% in weight) before mixing with Gb.  

The T1 were measured by inversion recovery method at 75 °C, to avoid detrimental effects 

of viscosity on the linewidth (i.e., spectral resolution) of the 1H NMR spectra. In addition, 

at this temperature we could widen the number of observable HBA/HBD mixtures, 

especially those with molar fraction X (X=[diol]/([diol]+[Gb])) lower than the eutectic 

mixture (infra eutectic region), which otherwise at room temperature would precipitate.  

In Figure 2a we show the 1H NMR spectra of Gb/D1 DES (molar ratio 1:3, at 75 °C, 

external lock on D2O in a coaxial tube). The OH resonance (broad singlet, chemical shift= 

5.53 ppm) is clearly well separated from the other signals, moreover, using a long 

relaxation delay (d= 20 sec), the integrals result fully consistent with the ethylene glycol 

molar fraction of the mixture (XD1≈ 0.75). Then, by adding 3 eq. of water to the freshly 

prepared DES, the OH signal appears significantly shielded (from 5.53 to 5.19 ppm) 

indicating a partial disruption of the H-bond self-assembled supramolecule (Figure 2b), 

whereas the chemical shift of the other signals did not change so much.  

Since both OH protons of DES and of water at 75 °C are under rapid chemical exchange, 

the observed chemical shift is the weighted average of the chemical shifts of the two 
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species. Indeed, by lowering the temperature at 29 °C it was possible to discriminate the 

different nature of OHs (5.39 ppm vs 4.72 ppm, Figure 2c). 

 

 

Figure 2: 1H NMR spectra (400 MHz) of trimethylglycine betaine/ethylene glycol DES (1:3, XD1≈ 0.75), 

the sample was externally locked using D2O in a coaxial insert tube, the chemical shift calibration was 

done with respect to HDO (=4.71 ppm, residual signal of D2O), and a recovery delay d= 20 sec was 

applied: a) DES at 75 °C; b) sample a) plus 3 eq. of H2O with respect to HBA betaine; c) sample a) plus 

few drops of water at 29 °C. 

 

Now, to begin with aim (i), the measured T1 of OH proton in Gb/D1 mixtures appears to 

change with the molar fraction (XD1) as shown in Figure 3a. Indeed, the diagram T1 versus 

XD1 exhibits a minimum (T1= 1.26 sec) in correspondence of the molar composition 

Gb/D1= 1:3 (XD1≈ 0.75), somehow reminding the customary solid-liquid phase diagram 

of binary eutectic mixtures. However, this point should correspond to the formation of 

the Gb(D1)3 supramolecule, in which the lowest mobility of OH is most likely due to the 

formation of stronger H-bonds in the newly self-assembled supramolecule. Besides, in 

the ultra-eutectic region, the relaxation time increases linearly as the XD1 increases (linear 

regression equation: T1= -2.46 + 5.0 XD1, R
2=0.98) reaching the upper value of neat D1 

(technical glycol T1= 2.63 sec vs T1= 2.11 sec of pure and anhydrous glycol,19 purity 
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≥99.8%, the two values are different likely for the moisture, lit.20 H2O T1= 9.11 sec at 75 

°C).  

 

Figure 3: a) Plot of OH T1 (measured with external lock) vs XD1 at 75 °C for the Gb/D1 system, using 

commercial ethylene glycol (H2O< 1.5% w/w). Green solid line: mixtures without addition of water; blue 

solid line: addition of 3 eq. of H2O with respect to Gb; blue-navy solid line: addition of 6 eq. of H2O with 

respect to Gb. The dashed lines correspond to the linear regression fitting. b) DSC analysis: plot of 

melting point T (°C) vs XD1, without addition of water. 

 

As initial approximation, we reckon that the T1 observed in this region of the diagram is 

the molar average of the eutectic point and neat glycol values. However, quite recently, it 

was shown by IR and Raman spectroscopy that ethylene glycol is in equilibrium with its 

H-bond self-assembled dimer,21 thus it is not unreasonable to think that the measured T1 

might be arise also from other supramolecular species present in solution.  

On the other hand, in the infra-eutectic region of the diagram, the relaxation time becomes 

longer as XD1 decreases. However, since the leftmost point of this region was determined 

from a mixture with XD1≈ 0.71, not much different from that of the eutectic composition 

(XD1≈ 0.75), the correlation between the small increments of T1 (from 1.26 sec to 1.42 

sec) and the progressive dissociation of DES supramolecule was not reliable.  

Finally, the 1:3 eutectic stoichiometry found by OH T1 measurements (data in agreement 

with that reported by Paiva)14 was confirmed by differential scanning calorimetry (DSC) 

analysis (Figure 3b), and a eutectic temperature (Te) of -100 °C was determined.  

Intrigued by the net influence of DES formation on the OH bonding donor mobility, the 

relaxation times of the remaining proton signals were analysed as well (see ESI); 
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however, the variations of T1 were not anymore significantly traceable to a neat formation 

of Gb(D1)3, mainly for two reasons: (i) these hydrogens are not involved in strong non-

covalent interactions and therefore their mobility is less influenced by the formation of 

the H-bond self-assembled supramolecule; (ii) the chemical shift of these signals may 

change with X, and in some mixtures partial overlap of signals occurred, making the T1 

measure less accurate and reliable, and consequentially not anymore diagnostic of DES 

formation.  

Concerning aim (ii), the relaxation time measurements of the Gb/D1 mixtures were 

repeated on samples containing three and then six equivalents of water with respect to the 

HBA Gb (Figure 3a, blue and blue-navy solid lines, respectively). The T1 diagrams of the 

wet mixtures have a similar shape to that of the “dry” system (H2O< 1.5% in weight), but 

there are two discernible differences. First, by adding H2O the T1 value at the eutectic 

point becomes longer, in agreement with recently published studies,22 secondly, the slopes 

of both regions of the diagram decrease remarkably (for instance in the ultra-eutectic 

region T1= 1.35 + 3.95 XD1 with 3 eq of H2O and T1= 1.14 + 1.51 XD1 with 6 eq of H2O, 

R2=0.98 and R2=0.94, respectively).  

These observations suggest that the addition of water has the beneficial effect of reducing 

the viscosity, while the eutecticity of the system is partially conserved; however, it is 

conceivable that higher concentrations of water promote the complete dissociation of the 

eutectic supramolecule Gb(D1)3 in the individual hydrated components.  

Lastly, we repeated the T1 measurements for the Gb/D2 and Gb/D3 mixtures (Figure 4a-

b), and analogously to that seen for the Gb/D1 system, the OH mobility of each diol 

decreased linearly to a minimum value in the correspondence of the eutectic point. More 

precisely, for the Gb/D2 system the T1 of triethylene glycol decreased from 2.03 sec to 

1.35 sec, (T1= 1.30 – 3.29 XD2, R2= 0.98), suggesting that the formation of DES-

supramolecule occurs most likely with the Gb(D2)4 stoichiometry (ratio 1:4, XD3≈ 0.80), 

such eutectic composition fully agreed with the one reported in literature.23 While for 

Gb/D3, the formation of DES-supramolecule was achieved by mixing Gb with D3 in a 

ratio of 1:3 (XD3≈ 0.75, Gb(D3)3), indeed at such molar composition the OH relaxation 

time reached the lowest value (i.e., T1= 1.11 sec with T1= 0.25 – 1.78 XD3, R
2= 0.99). 

Even in this case, the eutectic composition determined by T1 measurements resulted in 

full agreement with the literature data.23  
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Figure 4: Plot of OH T1 (measured with external lock) vs Xdiol at 75 °C for the trimethylglycine 

betaine/diol system: a) with triethylene glycol D2; b) with the 1,3-propandiol D3. Dashed lines 

correspond to the linear regression fitting in the ultra-eutectic region. 

 

In conclusion, we have shown that T1 measurements allow to establish the appropriate 

stoichiometry to which the trimethylglycine betaine and the diol form the corresponding 

DES. The T1 values were determined by inversion recovery method on a standard NMR 

instrumentation using an automated system; the eutectic compositions were validated by 

DSC analysis. All in all, the presented methodology compares well in terms of simplicity 

and time consuming with other analytical methods, especially if it will be updated with 

the new rapid T1 estimation technique, recently reported.24  

Lastly, our study shows that the trimethylglycine betaine/glycol DES can tolerate a 

maximum of 15% in weight of water, indeed, using a higher amount of water (26% in 

weight), the ethylene glycol seems no longer H-bonded to the glycine betaine.  

 

Notes  

The trimethylglycine betaine and diols were used as received by the suppliers without any 

further treatment. Trimethylglycine betaine (1.17 g, 1.0 mmol) were mixed with diol (see 

the ESI for the molar ratio) and stirred at 75 °C until the reaction mixture appeared 

completely homogeneous, then, it was left to stir for others 2 hours. The freshly prepared 

mixtures were submitted to NMR analysis. All NMR experiments were carried out on an 

Avance 400 Bruker instrument at 75 °C or at 29 °C, using an automation routine 

(IconNMR software). 1H NMR T1 relaxation times were measured using the Bruker 

library inversion recovery pulse program (Topspin software, version 2.5). D2O was used 

as external lock in coaxial tube (5 mm), and the chemical shift calibration was done on 
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the HDO residual signal (= 4.71 ppm). Acquisition and processing parameters: number 

of scans= 1; relaxation delay d1= 20 sec; dummy scans ds= 2; variable delay list (sec): 

0.1,0.2, 0.3, 0.5, 0.7, 1.0, 1.4, 1.8, 2.3, 2.8, 3.4, 4.1, 5.0, 7.0, 9.0, 12.0, 16.0, 20.0; line 

broadening lb= 2 Hz. T1 fittings were obtained using Dynamic Center software, version 

2.7.4 (see ESI).  

Electronic supplementary information (ESI) available: Copies of 1H NMR spectra 

and T1 fitting. See DOI: https://doi.org/10.1039/d2ra08082f  
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Abstract 

The use of Reactive Deep Eutectic Solvents (RDESs) in the preparation of polar head-

modified phospholipids (PLs) with phospholipase D (PLD)-catalyzed biotransformations 

has been investigated. Natural phosphatidylcholine (PC) has been submitted to PLD-

catalyzed transphosphatidylations using a new reaction medium composed by a mixture 

of RDES/buffer. Instead of exploiting deep eutectic solvents conventionally, just as the 

reaction media, these solvents have been designed here in order to contribute actively to 

the synthetic processes by participating as reagents. RDESs were prepared using choline 

chloride or trimethyl glycine as hydrogen-bond acceptors and glycerol or ethylene glycol, 

as hydrogen-bond donors as well as nucleophiles for choline substitution. Specifically 

designed RDES/buffer reaction media allowed the obtainment of PLs with optimized 

yields in the perspective of a sustainable process implementation.  

 

1. Introduction 

In recent years, the demand for new synthetic approaches with reduced environmental 

impact is highly present in the political agenda. In this context, the use of new protocols 

involving biocatalysis as well as the investigation of greener suitable solvents in the 

chemical modification of organic materials fits perfectly the research focused on the 

achievement of the Sustainable Development Goals.1-4  

Deep Eutectic Solvents (DESs) are a relatively new class of solvents5-6 prepared for the 

first time by Abbott et al. in 20037 and, since then, deeply studied in many fields 

including, among the others, materials science,8 analytical and preparative separation,9-10 

biomass processing,11-12 organic synthesis,13-14 and biocatalysis.15-19 DESs are eutectic 

mixtures composed by a hydrogen bond acceptor (HBA) and a hydrogen bond donor 

(HBD) that can be easily prepared by mixing and heating the components generating clear 

liquid phases, which present a significantly lower melting point compared to their 

individual components. Clearly, these solvents are a promising alternative to ionic liquids 

(ILs), since they share many important features20 such as low volatility, conductivity, high 

thermal stability, negligible flammability, and a broad liquid range. DESs can be prepared 

from a broad range of components including biomass-derivatives and renewable organic 

compounds. DESs have there-fore a key advantage in the development of reaction media 

for environment-friendly and sustainable chemical processes.21 Moreover, a distinctive 

feature of DESs is the extensive hydrogen bonding that, besides ensuring very good and 

modulable solvating properties, can actively participate in the process as catalyst or co-

catalyst.13 Because of the very large combinatorial space of the main components6 and 

the possibility to add co-solvents or anti-solvents such as water,22 DES-based process 

media benefit from an exceptional versatility, which allows the design of highly optimized 

mixtures with special characteristics such as specific catalytic activities and adjusted 

solvation properties. All of these qualities lead the way to the development of tailored 

biocatalytic processes,16, 23-24 particularly with the possible addition of a water component 

in order to ensure the establishment of an enzyme-friendly environment.24-25 On top of 

that, a recent and very interesting development is the promotion of the DESs role from 

solvent/catalyst to actual reactive component. Reactive Deep Eutectic Solvents (RDESs) 

can exploit the versatility of DESs in such a way to provide a reaction medium mixture 

containing one or more process reagents, resulting in several advantages that include a 

substantial mass effect due to the very high concentration. Moreover, the highly adaptable 
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solvating properties allow for the designing of specifically tuned mixtures for the 

reactants dissolution as well as for the efficient separation of products by precipitation, 

enhancing the overall process yield. This can be particularly important in the optimization 

of enzymatic processes based on equilibrium reactions, a common case in bio-based 

sustainable Green Chemistry. RDESs are known to have been successfully employed in 

cellulose derivatization,26-27 free-radical polymerizations,28 heterocyclic synthesis,29-30 

and in biocatalytic processes24 such as the enzymatic synthesis of 1,3-diacylglycerols,31 

glycolipids,32 and menthol fatty acid esters.33  

Phospholipids (PLs) represent the main constituents of all biological membranes and they 

are the topic of many areas of biomedical research due to their natural involvement in 

many cellular functions such as cellular regeneration processes, differentiation of 

neurological pathways, and promotion of molecules transportation through cell 

membranes.34-35 Furthermore, they are able to promote the biological activity of various 

membrane linked proteins and receptors, and they have been successfully exploited as 

therapeutic agents, drug-delivery systems, and diagnostic markers for different 

diseases.36-39 Moreover, some neurological pathologies such as stress-related disorders, 

schizophrenia, dementia, and Parkinson’s disease have showed to be associated with a 

disequilibrium in PLs metabolism, signaling, and transport.40-41 Dietary PLs are essential 

for preventing a broad range of human diseases such as inflammation, cancer, and 

coronary heart issues.42-43 Other interesting applications involve their use as natural 

emulsifiers, surfactants, food stabilizers, and detergents.44-45 From a structural point of 

view, as reported in Figure 1, PLs molecules present a glycerol backbone, esterified in 

sn-1 and sn-2 positions with saturated or unsaturated long chain fatty acids (lipophilic 

moieties) and in sn-3 with a phosphate diester (polar head group). 

 

Figure 1: General structure describing the PC (here 1-palmitoyl-2-linoleyl-PC) structure composed by 

two acyl chains (in red), a glycerol backbone (in blue) and a polar head (in green). The attack position 

cleaved by PLD is also indicated with the orange arrow. 

 

The amphiphilic nature of these molecules, due their peculiar structure, is the key factor 

responsible for their spontaneous aggregation (in bilayers and micelles) in aqueous 

environments, a very appealing property for the applications within the drug delivery and 

cosmetic sectors.46 In the last year, after the beginning of the Covid-19 pandemic, the 

design of new vaccines has been the major studied worldwide topic. In particular, the 

design considerations about the new formulations have focused on liposome preparations, 

which are employed in modern vaccine technologies because their design is mandatory 

to ensure proper immune responses.47-48 Liposomes serve in fact as adjuvants with the 

role of potentiating the immune response of the vaccines by improving their efficacy.49  

The biological activity of PLs is strictly dependent on the chemical identity of the polar 

head and the acyl chains. The commercial values of these compounds are highly related 

to the source and the purity of the products.50 Natural PLs can be obtained from vegetable 

sources such as soybeans, sunflower, corn, peanut, flaxseed, rape (canola) seed 
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wheatgerm, and animal sources like egg yolk, meat, milk and krill.51-54 The challenging 

chemical preparation of the different PLs can be achieved by semi- or total synthesis 

starting from appropriate chiral precursors. These procedures usually require, in addition 

to the introduction of the desired functional groups, a complex sequence of protection and 

deprotection steps. For these reasons, the set-up of simpler biocatalytic approaches for 

the preparation of these specific PLs from natural sources is a suitable alternative. 

Furthermore, these greener protocols based on the use of harmless, natural, and safer 

reagents are especially preferred when the product’s destination is for the food or 

pharmaceutical sectors.53, 55-56  

The most abundant PL in nature is phosphatidylcholine (PC, reported in Figure 1 as 1-

palmitoyl-2-linoleyl-PC). This compound can be modified in its polar head moiety by 

means of phospholipase D (PLD, E.C.3.1.4.4), an enzyme able to hydrolyze PC into 

phosphatidic acid (PA). In particular, different bacterial PLDs from Streptomyces sp. 

were studied in our research group.57-59 Although they are extracellular hydrolytic 

enzymes with a broad substrate specificity, they are also able to catalyze a 

transphosphatidylation reaction in the presence of an alcohol (X-OH) allowing the 

formation of PX by the polar head modification even in the presence of water as a 

cosolvent.60-62 This property is quite unique among hydrolytic enzymes, and it is essential 

in practical applications for the preparation of non-natural PLs or less natural abundant 

ones, starting from crude or purified PC (see Figure 2). 

 

Figure 2: Phospholipase D-catalysed transformations of PC. 

 

These reactions are usually carried out in aqueous/organic solvents biphasic systems 

because, due to their amphiphilic features, PLs are only soluble in organic solvents with 

low polarity such as chloroform, diethylether, hexane, and toluene. However, in these 

reaction media, the formation of PA as a by-product is quite unavoidable, but the extent 

of the competing hydrolytic reaction depends on the nature of the nucleophile and on the 

reaction conditions (see Figure 2). Hence, the competitive production of PA lowers the 

transphosphatidylation yield, and the need of further purification procedures becomes 

mandatory. The purification of the final products PX is not straightforward, and it requires 

various chromatographic and selective precipitation steps. For this reason, the 

modification and the improvement of the reaction conditions in the synthesis of polar 

head-modified PLs have been the object of many studies exploiting new biocatalytic 

strategies.63 In particular, the screening of a great number of novel eco-friendly solvents 

such as γ-valerolactone, limonene, and p-cymene were used for the synthesis of 

phosphatidylserine (PS), a PL with a high commercial interest because of its nutritional 

and medical functions.64-67 On this topic, the authors investigated the possibility to 

perform the preparation of PS, exploiting a new solvent composed by the ionic liquid (IL) 

1-butyl-3-methylimidazolium hexafluorophosphate [BMIm][PF6] that allowed the 

preparation of the desired product with 91.4% yield with a quite complete suppression of 

unwanted hydrolytic side reaction.68  

The use of DESs as a solvent for the PLD-catalyzed transformations of PC was only 
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reported by Yang et al.69 for the preparation of PS using a commercial enzyme from 

Streptomyces chromofuscus. In this work, the authors reported the screening of different 

DESs and identified ChCl/Glycerol (Gly) and ChCl/ethylene glycol (EG) including 5% 

of water as the most suitable solvents for PS synthesis.  

In the present work, the use of RDES-based protocols for the biocatalytic conversion of 

PC in two different PLs, the natural phosphatidylglycerol (PG), and the non-natural 

phosphatidylethyleneglycol (P-EG) has been investigated. All conversions were 

catalyzed by PLD from Streptomyces netropsis. The glycerol and ethylene glycol needed 

for the transphosphatidylation reactions were supplied as the reactant part of RDESs. 

Tailored RDES/buffer mixtures have been developed in order to optimize the effects of 

the medium composition in a perspective of a more sustainable process definition. 

Reaction yields have been optimized both by the high reactant concentration due to the 

use of RDES and by tuning the solvation capability of the RDES/buffer medium in order 

to obtain the product separation by precipitation. Moreover, using RDES/buffer medium, 

unwanted PC hydrolysis appears nearly completely inhibited leading to a yield 

enhancement and a higher product purity.  

 

2. Results and Discussion 

2.1. Preliminary Method Development  

The first tests were carried out to screen the solubility of PC in order to select the potential 

DES candidates for the biocatalytic transformations aiming to produce PS, using PLD 

from Streptomyces netropsis. In particular, ChCl/Gly 1/2 (mol/mol), ChCl/acetic acid 1/2, 

choline p-toluensulphonate/acetic acid 1/2, ChCl/urea/acetic acid 1/1/1, and 

ChCl/levulinic acid 1/2 were tested. The starting PC was soluble in all these solvents, but 

only the first DES of the list was selected for the first enzymatic trials. The low pH 

(around 3) associated with all other DESs was in fact unsuitable for the enzymatic activity. 

However, using ChCl/Gly, besides the desired PS, the presence of PG (derived from the 

parasitic reaction with DES) was detected as well as a high quantity of unreacted PC. This 

leads to the decision of developing a specific RDES reaction medium, where the reacting 

nucleophile was provided as part of the process medium. The nature of the HBA 

component of RDES and the water content of the reaction medium (needed to preserve 

the enzymatic activity) were studied in order to increase the solubility of PC and decrease 

those of the products. The limitation of the product concentration in the reaction medium 

by precipitation allowed the enhancement of the yields. The RDES design process yielded 

to the formulations of four RDESs (Section 2.2) and, of the final reaction medium, 

composed by a RDES/water buffer mixture (1:1, v/v).  

 

2.2. Preparation of RDES Media  

In this work, four different RDESs consisting of mixture of HBA/HBD in a 1:2 molar 

ratio have been prepared. The quaternary ammonium salts choline chloride (ChCl) and 

trimethylglycine (also called betaine glycine; BetG) have been used as HBAs, whereas 

glycerol (Gly) and ethylene glycol (EG) constituted HBDs and reactants (see Table 1).  
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Table 1: Structure, name, and symbols of the HBAs and HBDs used here as components in the 

preparation of RDESs. 

Hydrogen–Bond Acceptors (HBAs) Hydrogen–Bond Donors (HBDs) 

 

choline chloride 

(ChCl) 
 

Glycerol 

(Gly) 

 

trimethyl glycine 

(BetG)  
ethylene glycol 

(EG) 

 

The RDESs have been prepared by using a defined protocol which consisted of mixing 

the components in a defined molar ratio and heating them at 90 °C for 2–5 h, under 

constant stirring in a sealed vial until a stable homogeneous colorless one phase liquid 

was formed (see Supplementary Materials Figure S1). They have been dried at reduced 

pressure for 24 h, preserved under argon, and then characterized by 1H NMR spectra (see 

Supplementary Materials Figure S2). The selected HBAs, ChCl, and BetG possess an 

evident biocompatibility and an availability from natural products which constitute one 

of their major advantages. In addition, the HBDs Gly and EG are highly available as bulk 

commodity chemicals. Furthermore, Gly is produced as a by-product of different 

hydrolysis and transesterification processes of oils and fats most notably in the soap and 

biodiesel manufacturing industries.  

These RDES were suitable for PL modifications because their density was in the range 

of 1.06 to 1.16 g/cm3, which allowed a good mass transfer and interaction between the 

reaction components (see Table 2). For that reason, many other RDESs, showing higher 

density values, have been excluded from the screening. According to the literature, DES’s 

densities are usually higher than water’s value and are dependent on the working 

temperatures. As reported in Table 2, the densities of Gly-containing RDESs (RDES A1 

and B1) were higher than the densities of EG-containing ones (RDES A2 and B2).  

Table 2: List, composition, and density of RDESs (measured at 18 °C) and reaction mixtures 

(RDES/buffer 1/1) which have been prepared and used in this study. 

RDES  

Symbol 
HBA HBD 

Molar Ratio 

(HBA/HBD) 

Density 

of Pure RDES 

(g/cm3) 

Density of  

RDES/Buffer 

Solutions 

(g/cm3) 

RDES A1 choline chloride glycerol 1:2 1.16 1.09 

RDES A2 choline chloride ethylene glycol 1:2 1.06 1.03 

RDES B1 trimethyl glycine glycerol 1:2 1.16 1.08 

RDES B2 trimethyl glycine ethylene glycol 1:2 1.11 1.05 

 

2.3. Transphosphatidylation Reactions  

The substrate used for all experiments was a commercial PC from soya beans which was 

preliminarily purified by precipitation in cold acetone. The acyl chains pattern of PC was 

identified with the method by ESI/MS and GC/MS previously reported.70 The fatty acid 

chains composition is reported in Figure 3 and Table 3. 
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Figure 3: GC/MS analysis of acyl chains in starting PC with the indication of the chemical formula of 

each acid (Retention time reported in min). 

 
Table 3: Fatty acid composition of PC (results obtained by GC analysis reported in Figure 3). 

Acid Chain tR % in PC 

palmitic acid C16:0 15.7 11.2 

linoleic acid C18:2 21.3 69.3 

oleic acid C18:1 21.4 15.8 

stearic acid C18:0 22.0 3.6 

 

2.3.1. Preparation of Phosphatidylglycerol  

Phosphatidylglycerol (PG) constitutes one of the most abundant PLs at the basis of natural 

membranes. PG possesses an excellent liposome forming ability and unique 

surfactant/lubricant properties, especially when mixed with appropriate proteins, and, for 

these reasons, it has been studied for a long time,71 especially as an emulsifier for drug 

delivery systems.72-73 Moreover, in mammalian lungs, PG is highly present compared to 

other mammalian membranes and therefore the research has been focused on the 

development of new surfactant preparations based on PG derivatives for therapeutic 

treatment of diseases such as a neonatal respiratory distress syndrome.74 Moreover, it has 

been used for the preparation of plasmid-DNA lipid and polymeric nanovaccines showing 

that anionic PLs could increase antigen delivery, transport, and stability.75 Unfortunately, 

PG could be recovered only in small amounts from natural sources and, even if it has 

been prepared by different groups,76-78 the possibility to set-up new strategies of synthesis 

is mandatory especially for the biomedical investigations.  

Up to now, PG, when enzymatically synthesized, was usually prepared from natural PC 

by a PLD-mediated process in an organic solvent/buffer biphasic system containing 

glycerol as the nucleophile. In this work, a new protocol was investigated aiming to avoid 
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the presence of the organic solvent in the reaction medium by using a RDES (see Figure 

4). In the first attempts, PLD had been suspended in pure RDES, but the total absence of 

water completely inactivated the enzyme. As already shown for ILs, a minimal 

concentration of at least 5% of water was mandatory for the enzyme activity.29 The 

process medium composition was optimized by water addition setting the RDES/aqueous 

phase ratio to the value 1:1 (v/v), resulting also in a modulation of the solvating properties 

leading to the product precipitation. In particular, the aqueous phase was a 0.1 M NaOAc 

buffer solution at pH 5.6 containing 0.1 M CaCl2. PC was fully solubilized in RDES and 

then a buffer solution containing PLD was added. After 40 h at 45 °C, the products that 

precipitated in the reaction mixture were recovered and analyzed. Remarkably, the 

extraction of the remaining reaction mixture demonstrated that most of the products were 

effectively in the precipitate and just a minor amount (≈ 5%) remained dissolved in the 

RDES/buffer medium. This proved the effectiveness of the RDES/buffer medium design 

in order to minimize the product concentration in the liquid phase and thus pushing the 

equilibrium towards the reaction completeness. 

 

Figure 4: Transphosphatidylation of PC to PG. 

 

When the reaction was performed with RDES A1 (ChCl/Gly 1:2) unreacted PC (≈ 14 %, 

value obtained by HPLC analysis) was revealed, whereas, in RDES B1 (BetG/Gly 1:2), 

PC was completely converted in PG. In the first case, the presence of choline as HBA 

probably prevented the reaction to be completely shifted versus products because of its 

mass effect opposed to the HBD component (pushing the equilibrium point to-wards the 

substrate). In fact, as it resulted in the 1H NMR spectrum (see Figure 5, green spectrum), 

PGA1 showed a residual peak around 3.2 ppm, which demonstrated the presence of 

residual unreacted PC. This peak disappeared completely in PGB1, because of the total 

conversion of PC to the final desired product. 
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Figure 5: 1H NMR spectra of starting PC (red line), PGA1 (green line) and PGB1 (blue line) in 

CDCl3/CD3OD. 

 

Moreover, the presence of the RDES medium seems to inhibit nearly completely the 

hydrolysis side-reaction driving the conversion toward transphosphatidylation in 

comparison to what happened when the reaction was conducted in organic solvent/water 

as ESI/MS analysis confirmed (see Supplementary Materials).  

 

2.3.2. Preparation of Phosphatidylethyleneglycol (P-EG)  

Polyethyleneglycol (PEG)-grafted PLs are widely studied in the medical field, as they are 

one of the main components of liposomes used as carriers for mRNA, siRNA,79 and for 

anticancer active compounds such as paclixatel.80 The relationship between PEG chain 

length and concentration in PEG-grafted PLs based vesicles has been deeply 

investigated,81 aiming to obtain optimized properties, in terms of water permeability and 

membrane strength, which resulted in a higher liposome lifetime in the blood circulation, 

and a better drug delivery. In this context, the authors decided to synthesize a non-natural 

phosphatidylethyleneglycol (P-EG), which could be an interesting building block for the 

production of new P-EG containing PLs. The free OH on the polar head could be then 

available to undergo esterification reactions, allowing the production of novel tailor-made 

products. In order to obtain a reference P-EG, the product has been firstly prepared with 

the conventional method in toluene/buffer solution. Subsequently, PC was fully 

solubilized in RDESs A2 (ChCl/EG 1:2) and B2 (BetG/EG 1:2) containing both ethylene 

glycol which constituted HBD as well as the nucleophile in the PLD catalyzed 

transphosphatidylation (see Figure 6). A buffer solution containing PLD was added to the 

solution to start the reaction. After 40 h at 45 °C, the products, precipitated in the reaction 

medium, were recovered and analyzed. 
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Figure 6: Scheme of transphosphatidylation reaction of PC to P-EG. 

 

Also in this case, as described in Section 2.3.1, most of the products precipitated and just 

a minor part (≈ 10%) was recovered by solvent extraction from the RDES/buffer medium. 

This confirmed again the efficacy of the process medium optimization in the modulation 

of the reagent and products solubility. 1H NMR spectra of the final products are reported 

in Figure 7 (P-EGA2, green line, and P-EGB2 blue line). As already observed in the PGs 

preparation in 2.2.1, when the reaction was performed in RDES containing ChCl, namely 

RDES A2, a small quantity of PC (≈ 8%, value obtained by HPLC analysis) remained 

unreacted, whereas, in RDES B2 (BetG/EG 1:2), PC was completely converted to P-EG. 

 

Figure 7: 1H NMR spectra of starting PC (red line), P-EGA2 (green line) and P-EGB2 (blue line) in D2O. 

 

 

3. Materials and Methods 

All chemicals were purchased from Merck (Merck Life Science S.r.l., Milan, Italy) and 

used without further purification. The employed solvents were of analytical or HPLC 

grade when necessary. Phosphatidylcholine was supplied from Lucas Meyer (Epikuron 

200, soya lecithin, Hamburg, Germany) and used after precipitation in cold acetone (10 

g Ep200 dissolved in 15 mL of CH2Cl2, added to 300 mL of cold acetone). 1H NMR and 
31P NMR spectra were recorded on a 400 MHz Bruker Avance spectrometer (Milano, 
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Italy). Acquisition and data treatment were performed with Bruker TopSpin 3.2 software. 

Chemical shifts were reported in δ units (ppm), relative to tetramethylsilane (TMS) as the 

internal standard and all spectra were recorded in D2O or CDCl3/CD3OD. Deuterated 

solvents were purchased from Eurisotop (Saint-Aubin, France).  

 

3.1 31P NMR Sample Preparation  

In addition, 50 mg of the sample was dissolved with 5 mg of triphenyl phosphate in 0.6 

mL of a CDCl3/CH3OH 2:1 solution mixed with 0.4 mL of a CsEDTA solution (prepared. 

by titration of 0.2 M EDTA in D2O with CsCO3 until pH 7.6 and then diluted 1:4 (v/v) 

with methanol). Low-soluble samples were vigorously stirring to allow the dissolution. 

After the complete solubilization, 0.2 mL of water was added to the mixture and, after 

stirring, the solution was transferred into an NMR tube and left to rest in order to achieve 

the correct separation of the two liquid phases. The 31P uncoupled experiments were 

performed with the following parameters: D1= 10 s, SW= 40 ppm, O1=: 10 ppm, FID 

size= 32768, ns= 32, T= 320 K.  

 

3.2. Thin Layer Chromatography (TLC)  

TLC plates Silica gel 60 SIL G-25 UV254 glass 250 µm (Macherey Nagel, Düren, 

Germany) were used for analytical TLC. The employed eluents were constituted by or 

CHCl3/CH3OH/CH3COCH3/CH3COOH/H2O: 50/10/20/10/5 and CHCl3/CH3OH/NH3 

(33% aq.): 65/30/2.5 (ratios reported in volume). Detection was performed by staining 

with a cerium molibdate reagent.  

 

3.3. Gas Chromatography  

To determine the fatty acid composition in PC from soya, fatty acid methyl esters 

(FAMEs) were obtained by hydrolysis of PC with methanol/ 2 M NaOH under reflux for 

4 h. The reaction mixture was then cooled, evaporated to remove methanol, acidified, and 

extracted carefully three times with ethylacetate. The organic solutions were collected, 

anhydrified on sodium sulphate and evaporated at p.r.. The residue has been dissolved in 

diethyl ether and treated with an ethereal solution of diazomethane 30 min at r.t. After 

evaporation, the residue was dissolved in CH2Cl2 and analyzed using a gas 

chromatograph system HP-6890 equipped with a HP-5973 mass detector and a HP-5MS 

column (30 m length x 250 µm internal diameter, 0.25 µm film thickness, Hewlett 

Packard, Palo Alto, CA, USA). Helium was the carrier gas with a flux of 1 mL min−1; the 

splitting ratio was 1:30. The injector and detector temperatures were set at 250 °C. The 

used temperature program is reported here: 120 °C (3 min)-12 °C/min-195 °C (10 min)-

12 °C/min-300 °C (10 min). The FAMEs were identified by comparison with known 

standards and by means of NIST 2008 mass spectral library search.   

 

3.4. High Performance Liquid Chromatography (HPLC)  

HPLC analyses were performed on a Merck Hitachi L4000 apparatus (Japan) fit-ted with 

a Sepachrom Adamas®Silica (Rho, Milano, Italy) 5µ-2 column, length/ internal diameter 

250/4.6, and a UV detector set to λ= 206 nm. The column temperature was maintained at 

r.t. PL mixtures were analyzed using an isocratic mobile phase consisting of 

CH3CN/CH3OH/H3PO4 952/36/10.9 at a flow rate of 0.5 mL/min. The samples were 

dissolved in a mixture of hexane/isopropanol (1:1, v/v) with a final concentration of 1 
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mg/mL and filtered through a 0.45 µm filter before injection.  

 

3.5. Electrospray Ionization Mass Spectrometry  

Mass spectra were recorded on a ESI/MS Bruker Esquire 3000 PLUS (ESI Ion Trap 

LC/MSn System, Bruker, Milano, Italy), by direct infusion of a dichloromethane solution 

of compounds with an infusion rate of 4 µL/min. Samples were analyzed using both 

positive and negative ionization modes to allow the detection of all relevant compounds.  

 

3.6. PLD Preparation 

3.6.1. Microorganism Fermentation  

PLD was obtained from the fermentation broth of Streptomyces netropsis (DSM 40093). 

The medium for strain growth and maintenance was composed by glucose 4 g/L; yeast 

extract 5 g/L; malt extract 10 g/L.  

Medium for PLD preparation: glucose 5 g/L; yeast extract 5 g/L; malt extract 10 g/L; 

peptone from soyabean 3 g/L; peptone from casein 1 g/L; MgSO4 0.2 g/L; NaCl 0.2 g/L. 

A single colony of active Streptomyces netropsis culture was picked up from a Petri dish, 

was suspended in 1 mL of sterile water, and was then inoculated in a 500 mL conical 

Pyrex flask containing 150 mL of the growth medium. The flask was shaken for 5 days 

at 30 °C and 140 rpm. After this period, the cells were centrifuged for 15 min (4 °C, 4000 

g) and collected, removing the medium. The cells were suspended in 10 mL of fresh 

medium and were added to a sterilized fermenter vessel of a 5 L bioreactor (Bio-stat A 

BB-8822000, Sartorius Stedim, Göttingen, Germany) containing 4 L of medium for PLD 

preparation. The temperature, the stirring speed, and the pH were set to 30 °C, 250 rpm 

and 7.0, respectively. The value of pH was controlled by addition of sterilized aqueous 

solutions (10% w/w in water) of either acetic acid or ammonia. The fermentation was 

performed aerobically, setting a minimum air flow of 2 L/min (0.5 v/v/min). After 48 h, 

the fermentation broth was filtered through a celite pad, and the clear liquid was stored at 

4 °C in dark bottles.  

 

3.6.2. Precipitation and Dialysis  

To 1 L of the filtered broth, 430 g of ammonium sulfate was added over 1 h at 4 °C under 

stirring. Once the ammonium sulfate was completely dissolved, the broth was left 

overnight at 4 °C to allow the precipitation. After 24 h, the precipitated pellet was 

separated from the broth by centrifugation at 8000 rpm for 15 min at 4 °C. The solid was 

then dissolved in a small amount of supernatant broth and dialyzed with a seam-less 

cellulose tube (D0655 Sigma-Aldrich, Milano, Italy) against 10 mM sodium acetate 

buffer at pH 5. The dialyzed broth (80 mL), which had an activity of 0.525 U/mL, was 

finally lyophilized (240 mg, 0.175 U/mg) and used as solid powder for bioconversions. 

 

3.7. Protein Determination  

Protein concentration was determined in the dialyzed broth by the Bradford method using 

bovine serum albumin (BSA) as standard82 and was 0.94 mg/mL (analysis performed in 

triplicate). 
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3.8. PLD Activity Determination  

In addition, 360 mg of phosphatidyl-p-nitrophenol (PpNP), prepared as described in our 

previous work,83 was dissolved in diethylether (1 mL) and added with 15 mL of 0.1 M 

Tris buffer and 15 mL of a solution of 10% Triton X-100 in the same buffer, giving a 

final concentration of 16 mM. The mixture was heated gently to 60 °C until it became 

clear, the organic solvent was removed under reduced pressure, and the solution was 

stored in dark vials at -18 °C. PLD activity was determined spectrophotometrically using 

a UV-Vis Double Beam spectrophotometer V-730 Jasco (Jasco Europe, Cremella, Italy) 

in 0.05 M Tris Buffer, pH 8, by monitoring the hydrolysis of PpNP to phosphatidic acid 

and p-nitrophenol at 405 nm using a molar extinction coefficient of 18.450 mmol−1 L 

cm−1. One unit (U) is defined as the amount of enzyme able to hydrolyze one µmol of 

PpNP in 1 min.  

 

3.9. RDES Preparation  

HBA (choline chloride or glycine betaine) and HBD (glycerol or ethylene glycol) were 

previously dried for 10 h under vacuum. They were then mixed in a 1:2 molar ratio (see 

Table 2 for detailed composition) and heated under magnetic stirring for 2-4 h at 70-90 

°C until a homogeneous and clear liquid phase was obtained. The synthesized RDESs 

were left to cool slowly to r.t., and they were stored in a sealed vial under argon until 

used. They were analyzed by 1H NMR (spectra are reported in Supplementary Materials 

Figure S2).  

 

3.10. RDES Density Measurement  

The density of the RDESs prepared in 3.9 has been measured at atmospheric pressure and 

at 18 °C with the following procedure. In addition, 2 mL volumetric flasks have been 

weighed on an analytical balance with a resolution of 0.1 mg. Then, they have been filled 

with the opportune RDES and thermostated at 18 °C for 1 h. Then, the volume was 

adjusted to the right value and the flasks were weighted. Each measure had been 

performed in duplicate. The density has been calculated for each RDES as the ratio 

between the mass of RDES (mass of filled flask–mass of empty flask) and the volume of 

the flask. The final value reported in Table 2 is the average of the two measurements. 

 

3.11. RDES Preparation of Phosphatidylglycerols PGA1 and PGB1 in RDES A1 and B1 

Furthermore, 150 mg of PC was dissolved at 45 °C in 10 mL of RDES (A1 or B1). Once 

full solubilization of the substrate in RDES was achieved, 10 mL of buffer solution 

containing 0.1 M of sodium acetate, 0.1 M of calcium chloride, and 15 mg (2.6 U) of 

solid PLD adjusted to pH 5.6 were added to the solution. This mixture was left stirring at 

45 °C for 40 h. The product precipitated in the reaction mixture and was isolated by 

filtration on a Buchner under vacuum. The liquid solution was extracted with toluene, in 

order to check the presence of residual PLs. The precipitated products for RDES B1 

accounted for 60% (w/w, 90 mg) of the reaction yield, while the products recovered from 

the medium extraction were instead 3% (w/w, 5 mg) of the reaction yield. The product 

was then purified from residual RDES: it was dissolved in 1 mL of toluene, and the 

solution was left stirring with 5 mL of water for 30 min at r.t. The organic phase was then 

separated and evaporated under reduced pressure. The PLs mixture recoveries were 130 

mg (86% w/w) for PGA1 preparation and 95 mg (63% w/w) for PGB1. The final mixtures 
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were analyzed by ESI/MS and NMR.  

PGA1 ESI/MS negative ion spectrum m/z values: 16:0/18:2-PG [745.6]−, 18:2/18:2-PG 

[769.5]−. Residual PC was seen in the positive ion spectrum with m/z: 16:0/18.2-PC 

[780.7 + Na]+, 18:2/18:2-PC [804.6 + Na]+. 1H NMR: δH 0.84−0.85 (m, 6H, CH3), 

1.23−1.27 (m, 34 H, CH2 acyl chains), 1.50−1.60 (m, 4H, CH2CH2CO), 1.99−2.04 (m, 7 

H, CH2−CHCH), 2.23−2.30 (m, 4H, CH2CO), 2.72−2.77 (m, 3H, CHCH−CH−CHCH), 

3.58−3.64 (m, 3H, CHOH-CH2-OH), 3.93−4.12 (m, 5H, O−CH2−CHOH−CH2O and 

CH2−OPO3), 4.34−4.37 (m, 1H, CH2−OPO3), 5.18 (m, 1H, CH−OH), 5.29−5.35 (m, 6H, 

CHCH). 31P NMR δ: 0.59 ppm.  

PGB1 ESI/MS negative ion spectrum: the desired product was identified with the 

following m/z values: 16:0/18:2-PG [745.5]−, 18:2/18:2-PG [769.5]−. No residual PC was 

observed in the positive ion spectra. 1H NMR: δH 0.82−0.86 (m, 6H, CH3), 1.21−1.27 

(m, 34 H, CH2 acyl chains), 1.50−1.60 (m, 4H, CH2CH2CO), 1.98−2.03 (m, 7 H, 

CH2−CHCH), 2.22-2.29 (m, 4H, CH2CO), 2.71-2.76 (m, 3H, CHCH−CH−CHCH), 

3.59−3.64 (m, 3H, CHOH-CH2-OH), 3.85−4.13 (m, 5H, O−CH2−CHOH−CH2O and 

CH2−OPO3), 4.33−4.36 (m, 1H, CH2−OPO3), 5.17 (m, 1H, CH−OH), 5.27−5.35 (m, 6H, 

CHCH). 31P NMR δ: 0.59 ppm.  

 

3.12. RDES Preparation of Phosphatidylethyleneglycols P-EGA2 and P-EGB2 in RDES 

A2 and B2  

In addition, 150 mg of PC was dissolved at 45 °C in 10 mL of RDES (A2 or B2). Once 

full solubilization of the substrate in RDES was achieved, 10 mL of buffer solution 

containing 0.1 M of sodium acetate, 0.1 M of calcium chloride, and 15 mg (2.6 U) of PLD 

powder adjusted to pH 5.6 were added to the solution. This mixture was left stirring at 45 

°C for 40 h. The liquid solution was then separated by filtration from the solid product. 

The solution was extracted with toluene, whereas the solid was dissolved in toluene. The 

precipitated products for RDES B2 accounted for 63.3% (w/w, 95 mg) of the reaction 

yield, while the products recovered from the medium extraction were instead 6.6% (w/w, 

10 mg) of the reaction yield. All the organic phases were collected and evaporated under 

reduced pressure. The product containing RDES residues was dissolved in 1 mL of 

toluene, and the solution was left stirring with 5 mL of water for 30 min at r.t. The organic 

phase was separated and evaporated under reduced pressure. The PL mixture recoveries 

were 140 mg (93% w/w) for P-EGA2 and 105 mg (70% w/w) for P-EGB2. The final 

mixtures were analyzed by ESI/MS and NMR.  

P-EGA2: ESI/MS negative ion spectrum: the desired product was identified with the 

following m/z values: 16:0/18:2-P-EG [715.6]−, 18:2/18:2-P-EG [739.6]−. Some PC was 

recorded in the positive ion spectrum with m/z: 16:0/18.2-PC [780+Na]+, 18:2/18:2-PC 

[804.7+Na]+. 1H NMR: δH 0.84−0.88 (m, 6H, CH3), 1.23−1.27 (m, 34 H, CH2 acyl 

chains), 1.56 (m, 4H, CH2CH2CO), 2.00−2.05 (m, 7 H, CH2−CHCH), 2.24−2.29 (m, 4H, 

CH2CO), 2.72−2.76 (m, 3H, CHCH−CH−CHCH), 3.38 (m, 1H, CH2-CH2-OH), 

3.64−4.24 (m, 6H, O−CH2−CHO−CH2O and CH2−OPO3), 4.35−4.38 (m, 1H, 

CH2−OPO3), 5.19 (m, 1H, CH−OH), 5.31−5.37 (m, 6H, CHCH). 31P NMR δ: 0.35 ppm.  

P-EGB2: ESI/MS negative ion spectrum: the desired product P-EG was identified with the 

following m/z values: 16:0/18:2-P-EG [715.8]−, 18:2/18:2-P-EG [739.6]−. No PC was 

recorded in the positive ion spectrum. 1H NMR: δH 0.86−0.89 (m, 6H, CH3), 1.25−1.29 

(m, 34 H, CH2 acyl chains), 1.58 (m, 4H, CH2CH2CO), 2.01−2.06 (m, 7 H, CH2−CHCH), 

2.24−2.30 (m, 4H, CH2CO), 2.74−2.77 (m, 3H, CHCH−CH−CHCH), 3.30 (m, 1H, 

CH2CH2OH), 3.71−4.25 (m, 6H, O−CH2−CHO−CH2O and CH2−OPO3), 4.36−4.40 (m, 
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1H, CH2−OPO3), 5.20 (m, 1H, CH−OH), 5.30−5.38 (m, 6H, CHCH). 31P NMR δ: 0.35 

ppm. 

 

4. Conclusions 

The present work constitutes an innovative approach for the biocatalytic preparation of 

polar head-modified PLs based on the use of RDESs/buffer mixtures, which allows the 

conversion of natural PC in high yields. RDESs act both as solvents and reactants because 

they contain the alcoholic nucleophiles that will substitute the choline moiety in the 

transphosphatidylation reaction. The best results have been obtained using two RDESs 

constituted by glycine betaine as HBA and glycerol or ethylene glycol as HBD with a 

total conversion of starting PC due to the absence of choline in the composition of RDES. 

The implementation of specifically designed reaction media based on RDESs and buffer 

resulted in several distinctive advantages, including the yield enhancement by the 

synergic combination of a substantial mass effect (due to the high concentration of 

nucleophile reactant in the RDES) and the product precipitation (which maintains at a 

low value its concentration in the medium). Moreover, the implementation of 

RDES/buffer reaction medium demonstrates the inhibition of the parasitic competitive 

hydrolysis of PC to PA, improving the reaction yields and easing the product recovery 

and purification. Detailed studies about the interaction of RDESs with PLD catalysis are 

under way. In fact, the effect of RDESs (and DESs) on the phospholipase’s active site as 

well as on PLs aggregates is hardly predictable, and further studies are needed to fully 

exploit this promising approach to biocatalysis.  

 

Supplementary Materials  

The following are available online at https://www.mdpi.com/article/10.3390/ 

catal11060655/s1, Figure S1: RDES preparation example (left image: initial mixture of 

ChCl (HBD) and ethylene glycol (HBA), right image: RDES A2). Figure S2: 1H NMR 

spectra of the four RDES A1, A2, B1 and B2 in D2O. Figure S3: 1H NMR Spectrum of 

PC. Figure S4: Mass spectra of PGA1 obtained in RDES A1. Figure S5: Mass spectra of 

PGB1 obtained in RDES B1. Figure S6: Mass spectra of P-EGA2 obtained in RDES A2. 

Figure S7: Mass spectra of P-EGB2 obtained in RDES B2.  
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Abstract 

In the present work, brewers’ spent grain (BSG), which represents the major by-product 

of the brewing industry, was recovered from a regional brewery and fractionated in order 

to obtain a complete valorization. In particular, the whole process was divided in two 

main parts. A first pretreatment with hot water in an autoclave allowed the separation of 

a solution containing the soluble proteins and sugars, which accounted for 25% of the 

total starting biomass. This first step allowed the preparation of a medium that was 

successfully employed as a valuable growing medium for different microbial 

fermentations, leading to valuable fungal biomass as well as triglycerides with a high 

content of linear or branched fatty acids, depending on the microorganism used. The solid 

water-insoluble residue was then submitted to a lignocellulose deep eutectic solvent-

mediated fractionation, which allowed the recovery of two important main fractions: BSG 

cellulose and BSG lignin. The latter product was tested as potential precursor for the 

development of cement water reducers with encouraging results. This combination of 

treatments of the waste biomass appeared to be a promising sustainable strategy for the 

development of the full exploitation of BSG from a circular economy perspective.  

 

1. Introduction 

The European Commission has recently presented, under the Green Deal strategy and 

from the view of a change of paradigm of the industrial production, the so-called Circular 

Economy Action Plan.1 This pivotal document includes proposals for sustainable product 

design, consumer and public purchaser empowerment, and circularity in production 

processes. The latter concept includes the creation of a well-functioning market for 

secondary raw materials: low-value by-products of traditional production chains, usually 

disposed of as waste, that can be fed back into the economy as new raw materials. This 

serves the dual purpose of decreasing waste production, with its many environmental 

problems, and finding alternatives for supplying production chains.  

From this perspective, increasing attention has been paid to brewers’ spent grain (BSG), 

as documented by the explosion of references in the recent literature (see Figure 1). 
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Figure 1: Number of references relative to brewers’ spent grain as retrieved by Sci-Findern (CAS, 

American Chemical Society) on 8 March 2022. 

 

Spent grain constitutes by far the major by-product of the brewing industry, constituting 

about 85% of the total by-products generated in the process. It was calculated that the 

production of 100 L of beer results in the generation of around 20 kg of BSG, or 14 kg if 

we consider the dry weight.2 According to Eurostat, 30-40 billion liters of beer are 

produced in Europe every year, translating into the production of 6-8 million tons of BSG. 

This huge amount of by-products, however, has to be quickly disposed of, since the high 

amount of humidity, around 75%, promotes the growth of spoilage microorganisms and 

its simple presence attracts rodents in the brewery. Most frequently, BSG is immediately 

delivered to neighboring farms, where it is employed for feeding cattle or as a fertilizer 

in agriculture.3-4 Of course, problems arise when breweries are located in heavily 

urbanized areas or in remote non-agricultural areas (for example, in the mountains): in 

these cases BSG cannot be rapidly delivered and has to be disposed of, constituting a 

waste of resource and a significant cost for the brewery. The valorization of BSG from a 

circular economy perspective would thus contribute not only to saving resources, 

reducing land use, and decreasing the carbon footprint of the brewing process, but would 

also help the establishment of novel waste processing streams, thus introducing little but 

significant societal changes. A necessary condition to promote recovery and treatment of 

BSG is the obtainment of high added-value products which would justify a general 

interest that would cover the processing costs.  

Since BSG is a complex matrix composed of approximately 15-25% proteins, 50-70% 

fiber (hemicellulose, cellulose, and lignin), 5-10% fats, and 2-5% ashes,2, 5-8 a careful 

fractionation is necessary to obtain homogeneous precursors of the target compounds, 

ensuring the maximum exploitation of the whole material. In this context, a number of 

studies have described the use of BSG as a source of specific precursors to be employed 

for the preparation of products of commercial relevance such as alimentary proteins and 

fiber,9 enzymes, biopolymers,10 saccharides, and lignin.11  

Despite the growing industrial and scientific interest in BSG disposal, very few 

researchers have investigated the complete valorization of this waste material.12-13 

According to the concept of the circular economy, an industrial process exploiting BSG 
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should rely on the exploitation of all its chemical components with the production of 

different products of commercial interest. The aim of such a conceived process is the 

complete recycling of the starting waste material with the concomitant production of 

added-value compounds, so as to warrant the economic sustainability of the whole cycle. 

Following this approach, an innovative process for complete BSG exploitation has been 

here investigated. Accordingly, a scalable procedure for the separation of the 

abovementioned material in three different fractions is summarized in Figure 2. 

 

 

Figure 2: Integrated process for complete BSG waste valorization, subdivided into a sugar process and a 

lignocellulose process. In the first one, BSG waste is autoclaved and then separated into a sugar-rich 

medium and a solid residue. Different bioderivatives can be obtained from the former by fermentation. 

The solid lignocellulosic residue (BSGT) is instead fractionated with DES to obtain purified lignin and 

cellulose. The DES is then recovered and recycled in a closed-loop process. 

 

Starting from wet BSG waste recovered from a local brewery, the process has been 

divided into two main parts consisting of the sequential application of different chemical-

physical treatments. A first BSG extraction using water at high temperature allowed the 

separation of the soluble proteins and polysaccharides (about 25% of the starting BSG) 

that constitute the basis for a fermentation substrate (BSG medium) and are subsequently 

transformed into bioderivatives (the sugar process). The solid residue of the first 

extraction undergoes instead a fractionation by means of a deep eutectic solvent-mediated 

process leading to the biomass separation in two defined components, namely BSGT 

Lignin and BSGT Cellulose (the lignocellulose process). Therefore, the integrated process 

leads to the separation of the three main components of BSG (fermentable soluble 

fraction, cellulose, and lignin). Of the latter, the soluble fraction and lignin were 

specifically analyzed in this work.  

In particular the first fraction was used as a specific medium for microbial fermentation 

and BSGT Lignin was investigated as a potential renewable source for the development 

of enhanced water reducer for concrete production. The BSG extract turned out to be very 
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rich in soluble starch and contained only a minor amount of other nutrients such as 

proteins and oligosaccharides. Therefore, in order to ensure a nitrogen content suitable 

for microbial growth, ammonium sulphate was added to the aqueous extract. The obtained 

BSG medium can furnish the proper nutrients for different microbial strains; more 

specifically, fungal and bacterial strains that are able to grow on polysaccharides or have 

been already employed in the transformation of polysaccharide-containing waste 

materials were here selected.14-15 Among the plethora of described microorganisms, the 

basidiomycetous yeast Phaffia rhodozyma, the oleaginous yeast Yarrowia lipolytica and 

selected bacterial strains from the genus Rhodococcus and Streptomyces were singled out. 

The results of the present study pointed to the potential employment of the obtained 

microbial biomass in aquaculture, human alimentation, and biodiesel production.  

In the second part of the process (the so-called lignocellulose process, as indicated in 

Figure 2), the treated BSG (BSGT) underwent a deep eutectic solvent (DES)-based 

treatment aiming to deconstruct the lignocellulosic skeleton in order to obtain the 

separation of the two mains components of the biomass, cellulose and lignin. Lignin is 

the most abundant aromatic biopolymer in nature, and despite its chemical recalcitrance, 

its possible exploitation is widely studied for several application fields,16-18 including 

materials science,19-22 materials engineering,23-24 agriculture,25 and energy.26-28 An 

industrially attractive lignin application is the formulation of cement water reducers, an 

important component for the production of concrete.29 In recent years, a renewed interest 

for lignin in this specific field was spurred by several research efforts aimed at the 

development of renewable, high-performance lignin-based concrete water reducers 

capable of competing with modern synthetic products.30-32 This was carried out by using 

non-sulfonated lignins as a starting point, such as those deriving either from the soda 

process33 or from formic acid extraction.34 Any sustainable process delivering lignin as a 

by-product is thus a potential resource for the development of renewable cement water 

reducers in a circular economy approach. In the present study, a first evaluation of the 

suitability of the BSGT Lignin for this specific application was carried out implementing 

a laboratory rheological test on cement pastes that demonstrated a water reduction 

performance equivalent to those of Protobind 1000, a well-known commercial soda 

lignin. 

 

2. Materials and Methods 

2.1. Materials  

All air- and moisture-sensitive reactions were carried out using dry solvents and under a 

static atmosphere of nitrogen. Choline chloride (C0329), betaine glycine (B0455) and L-

lactic acid (L0165) were provided by TCI (Milano, Italy). BSG was provided by the 

Brewery “L’Orso Verde” (Busto Arsizio, Italy). Protobind 1000, a mixed wheat 

straw/sarkanda grass lignin from soda pulping of non-woody biomass) was provided by 

Tanovis (Alpnach, Switzerland). Riboflavin was purchased from Health Leads UK Ltd., 

(Horeb, UK). The other reagents and the employed solvents were purchased from Merck 

(Merck Life Science S.R.L., Milan, Italy) and used without further purification.  

Reference standard samples of C12-C19 branched-chain fatty acids (BCFAs) were 

prepared as described in a work in preparation.  

 



PhD Tesis | Letizia Anna Maria Rossato 

 

76 

 

2.2. Microorganisms and Growth Media  

Yarrowia lipolytica (DSM 8218), Yarrowia lipolytica (DSM 70562), Phaffia rhodozyma 

= Xanthophyllomyces dendrorhous (DMS 5626), and Rhodococcus opacus (DSM 43205) 

were purchased from DSMZ GmbH collection (Braunschweig, Germany).  

Streptomyces cavourensis subsp. cavourensis (DSM 112466) and Streptomyces 

albidoflavus (DSM 112467) were isolated as axenic cultures in our laboratory, then 

identified through the 16S rRNA gene sequencing and finally deposited in the DSMZ 

GmbH collection (Braunschweig, Germany) under the collection number given in 

brackets. 

The growth media used in this work were YUM (Yeasts Universal Medium) implemented 

with 20 mg/L of riboflavin, TSB (tryptic soy broth), GYM medium, and BSG medium.  

YUM medium composition: yeast extract (3 g/L), malt extract (3 g/L), peptone from 

soybeans (5 g/L), glucose (10 g/L).  

TSB medium composition: casein peptone (17 g/L), glucose (2.5 g/L), soya peptone (3 

g/L), NaCl (5 g/L), K2HPO4 (2.5 g/L).  

GYM medium composition: glucose (4 g/L), yeast extract (4 g/L), malt extract (10 g/L).  

BSG medium: BSG aqueous extract, (NH4)2SO4 (3 g/L), yeast extract (1 g/L), and trace 

elements solution (10 mL/L). For bacteria fermentation, a further 1 g/L of NaCl was 

added. The preparation of the BSG aqueous extract is described in the context of the BSG 

treatment procedure (Section 2.3).  

YUM was used for the pre-growth of Yarrowia lipolytica and Xanthophyllomyces 

dendrorhous, TSB was used for the pre-growth of Rhodococcus opacus, and GYM was 

used for the pre-growth of Streptomyces cavourensis subsp. cavourensis and 

Streptomyces albidoflavus.  

Trace elements solution: FeCl3 (50 mM), CaCl2 (20 mM), MnCl2 (10 mM), ZnSO4 (10 

mM), CoCl2 (2 mM), CuCl2 (2 mM), NiCl2 (2 mM), Na2MoO4 (2 mM), Na2SeO3 (2 mM), 

H3BO3 (2 mM).  

 

2.3. BSG Aqueous Extraction  

BSG waste was obtained as wet residue directly from the brewery within 12 h after a 

batch of beer production. This material was brought to dryness in a ventilated oven (60 

°C, 24 h) and was finely ground with the help of an electric mixer. The obtained BSG, 

designated as BSGU (untreated BSG) contained 4.3% residual humidity and was stored 

sealed and refrigerated (4 °C).  

BSGU (40 g) was suspended in deionized water (700 mL) and was heated in an autoclave 

(121 °C, 15 min). The solid was filtrated, washed three times with deionized water (3 × 

250 mL) and was dried in a ventilated oven (60 °C, 24 h) leading to 29.8 g of treated 

BSG, named BSGT, (4.1% of residual humidity). BSGT was then processed further to 

separate cellulose and lignin (see Section 2.5) whereas the combined liquid phases were 

used for the preparation of the BSG microbial growth medium. Accordingly, ammonium 

sulfate (4.5 g), yeast extract (1.5 g), and trace elements solution (15 mL) were added to 

the extract. Hence, the final volume of the liquid was adjusted to 1.5 L by addition of 

further deionized water and the obtained medium was sterilized by autoclaving (121 °C, 

15 min).  

 

2.4. Evaluation of Fermentation with BSG Microbial Growth Medium  

The BSG medium prepared as described above was used for the growth of five different 
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strains, namely Yarrowia lipolytica (DSM 8218), Yarrowia lipolytica (DSM 70562), 

Xanthophyllomyces dendrorhous (DMS 5626), Rhodococcus opacus (DSM 43205), 

Streptomyces cavourensis subsp. cavourensis (DSM 112466), and Streptomyces 

albidoflavus (DSM 112467). The experiments were carried out in triplicate and the 

presented results are the media of three experimental data.  

Each fermentation trial was performed using a 5 L bioreactor (Biostat A BB-8822000, 

Sartorius-Stedim (Göttingen, Germany) loaded with 1.5 L of BSG medium. Stirring and 

aeration were set at 200 rpm and 0.6 L/L/min, respectively whereas the temperature, the 

pH, and the fermentation duration were set depending on the strain used (Table 1). As 

soon as the fermentation was stopped, the biomass was collected by centrifugation and 

was freeze-dried in high vacuum (0.05 mmHg) until the sample reached constant weight. 

The obtained dry biomass was treated, under a static atmosphere of nitrogen, with 

aqueous NaOH (10% w/v, 16 mL per gram of biomass) and methanol (4 mL per gram of 

biomass). The mixture was vigorously stirred and was heated at reflux for 6 h. Hence, the 

reaction was cooled (0 °C), was acidified by dropwise addition of concentrated HCl 

aqueous (37% w/v) and was extracted twice with ethyl acetate. The combined organic 

phases were washed in turn with water and with brine, then were dried (NaSO4), and were 

concentrated under reduced pressure. The residue consisted of a mixture of free fatty 

acids. The presence of other metabolites was negligible, as indicated by the 

chromatographic purification affording the fatty acids mixture with a weight loss of only 

10%. A sample of this mixture was treated at 0 °C with an excess of an ethereal solution 

of freshly-prepared diazomethane. The obtained methyl esters mixture was submitted to 

GC/MS analysis.  

 

2.5. Preparation of DESs  

The DESs were prepared by mixing anhydrous hydrogen bond acceptor (HBA) with 

hydrogen bond donor (HBD) in the determined molar ratio (see Section 3.2.1) and stirred 

in a closed flask, at 120 °C for 4 h until the liquid phase appeared completely 

homogeneous and clear. The product was then dried under vacuum and stored at room 

temperature in a desiccator in the presence of anhydrous calcium chloride until further 

use. The 1H NMR spectrum of the selected DES (choline chloride/L-lactic acid 1/5) for 

the full fractionation is reported in Supplementary Materials Figure S1. The recycling of 

this DES has been performed for three cycles without any modifications as confirmed by 
1H NMR spectrum reported in Supplementary Materials Figure S2.  

 

2.6. BSG Treatment with DES  

BSGU (25 g) was suspended in DES choline chloride/L-lactic acid 1/5 (250 mL) at 130 

°C in a round-bottom flask under magnetic stirring for 24 h. After cooling, ethanol (500 

mL) was then added gradually over 2 h in order to precipitate the cellulose fraction. The 

pellet was separated by centrifugation and filtration, washed many times with ethanol and 

dried to give a final solid BSGU Cellulose (4–6 g) with a yield of 17–25% (w/w initial 

biomass). The filtrate was then concentrated by rotary evaporation under vacuum to 

eliminate ethanol. Water (500 mL) was then added and the suspension was stirred for 24 

h at 4 °C. The obtained precipitate was then centrifuged, filtered, and washed three times 

for 1 h with a solution of water/ethanol 9/1. After centrifugation, filtration, and solvent 

evaporation, the final fraction (BSGU Lignin, 2.4 g) was recovered with a final yield of 

10% (w/w initial biomass).  
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Thirty grams of BSGT, obtained as the effluent of the sugar process performed on 40 g of 

starting BSG was then treated with 150 mL of DES in the same conditions and procedure 

as described just above. The final products were: the BSGT Cellulose fraction (12 g, 40% 

yield, global yield 30% (w/w initial biomass)), and the lignin fraction BSGT Lignin (4 g, 

13.3% yield, global yield 10% (w/w initial biomass)).  

 

2.7. Lignin Solubility in Organic Solvents  

Lignin solubility in the different solvents was determined by treating 1 g of the analyzed 

lignin with 10 mL of the solvent under stirring at 400 rpm. Each test was carried out 

overnight at room temperature. The suspension was then filtered and the solvent was 

evaporated at reduced pressure, and the final residue was dried until a constant weight 

was achieved prior to quantification.  

 

2.8. Instruments and Analytic Condition 

2.8.1. Thin Layer Chromatography  

Thin layer chromatography (TLC) Merck silica gel 60 F254 plates (Merck Millipore, 

Milan, Italy) were used for analytical TLC. Preparative column chromatography was 

performed with silica gel.  

 

2.8.2. 1H NMR  
1H NMR spectra were obtained using a Bruker-AC-400 spectrometer (Billerica, MA, 

USA) at 400 MHz and 348 K; the samples were externally locked using D2O in a coaxial 

insert tube and the chemical shifts were recorded in ppm.  

 

2.8.3. Gas Chromatography/Mass Spectrometry  

The gas chromatography/mass spectrometry (GC/MS) apparatus was a HP-6890 gas 

chromatograph equipped with a 5973 mass detector and a HP-5MS column (30 m × 0.25 

mm, 0.25 μm film thickness; Hewlett Packard, Palo Alto, CA, USA). The separation of 

the fatty acid methyl esters was performed with the following temperature program: 120 

°C (3 min)-12 °C/min-195 °C (10 min)-12 °C/min-300 °C (10 min); carrier gas: He; 

constant flow 1 mL/min; split ratio: 1/30.  

 

2.8.4. Gel Permeation Chromatography  

A Waters 510 HPLC system equipped with a refractive index detector was used for gel 

permeation chromatography (GPC) analyses. Tetrahydrofuran (THF) was used as eluent. 

The analyzed lignin sample (volume 200 μL, concentration 1 mg/mL in THF) was 

injected into a system of three columns connected in series (Ultrastyragel models HR2, 

HR3 and HR4, dimensions 7.8 mm (inner diameter) × 300 mm (length), provided by 

Waters) packed with 5 μm spherical particles and covering a broad range of molecular 

weights (102-105 g/mol). The analysis was performed at 30 °C at a flow rate of 0.5 

mL/min. The GPC system was calibrated against polystyrene standards in the 102–104 

g/mol molecular weight range. To allow complete solubility in the THF eluent, before the 

analysis, the parent lignin and the fractions were acetylated following a standard literature 

procedure.35 Briefly the estimation of the number-average and weight-average molecular 

weights (Mn and Mw respectively) of the obtained lignin fractions was performed 
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excluding the signals related to the solvent (THF) and the solvent stabilizer (butylated 

hydroxytoluene), visible at long elution times (>29.5 min).  

 

2.8.5. Total Sugars Quantification  

Two stock solutions were prepared fresh every time with a protocol previously described 

with some modifications.36 Solution A was prepared by dissolution of 19 mg of disodium 

2,2-bicinchoninate, 0.543 g of Na2CO3 and 0.242 g of NaHCO3 in 10 mL of distilled 

water. Solution B was obtained by dissolution of 12.4 mg of CuSO4·5H2O and 12.6 mg 

of L-serine in 10 mL of distilled water. BCA working solution was freshly prepared just 

before use by mixing equal volumes of solution A and solution B. 

Method 1: This method was performed for aqueous soluble samples. In detail: 1 mL of 

BCA working solution was added to 1 mL of sample in a vial and incubated at 70 °C for 

30 min. The vials were cooled at room temperature, 1 mL of mixture was transferred to a 

cuvette, and the absorbance was determined at 560 nm. The total reducing sugar value in 

the samples was then read from the glucose calibration curve a (see Supplementary 

Materials Figure S3). The calibration curve was established by using a glucose solution 

as standard in the 0-72 µM concentration range. 

Method 2: This method was performed for aqueous-insoluble samples that showed 

dimethylsulfoxide (DMSO) solubility. The samples were prepared by dissolving lignin in 

DMSO with a final concentration of 2 mg/mL. For each determination, 5 µL of the 

solution were then mixed with 995 µL of water and 1 mL of BCA working solution in a 

vial and incubated at 70 °C for 30 min. The vials were cooled at room temperature, 1 mL 

of mixture was transferred to a cuvette, and the absorbance was determined at 560 nm. In 

all cases, the contribution of DMSO to color development was measured and subtracted 

from the final value. The calibration curve b (see Supplementary Materials Figure S4) 

was established by using a glucose solution as standard in the 0-280 µM concentration 

range. 

Method 3: In order to determine the abundance of polysaccharides in lignin samples, acid 

hydrolysis of the samples was performed by incubation of 100 mg of sample with 100 

mL water/HCl 37% 6/4 for 2.5 h at 80 °C. The mixture was then set to neutral pH and 

then filtered. The total reducing sugar concentration in the filtrate was then measured with 

method 2.  

 

2.8.6. Phenolic Hydroxyl Group Determination  

The total phenolic content of lignins was determined by a modified Folin–Ciocalteu (FC) 

protocol with some modifications to the sample preparation step previously described.37 

The samples were dissolved in DMSO with a final concentration of 2 mg/mL. DMSO 

was chosen because, being completely miscible in water, it allowed complete lignin 

solubilization and did not interfere with the FC assay. For each determination, 5 μL of the 

working solution (or the standard solution) were then mixed with 120 μL of deionized 

water, 125 μL of FC reagent (Sigma 47641), and kept for 6 min at room temperature after 

30 s of vortex stirring. Then, after the addition of 1.25 mL of 5% sodium carbonate and 

mixing, the vial was incubated in a thermoshaker at 40 °C for 30 min. The reaction 

mixture absorbance was measured using a UV–Vis spectrophotometer (Jasco V-560) 

equipped with a temperature-controlled cuvette holder and a thermostatic water bath 
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(Haake K10, Karlsruhe, Germany). All spectrophotometric measurements were carried 

out at 760 nm, 25 °C, using a 1 cm optical path cuvette and deionized water as blank 

sample. Vanillin was chosen as the reference standard. The calibration curve was 

constructed with nine different vanillin solutions in DMSO with concentration in the 

range 0–500 μg/mL (see Supplementary Materials Figure S5). Each FC assay 

determination was carried out in triplicate.  

 

2.8.7. 31P NMR Analysis  
31P NMR spectroscopic analyses were recorded on a Bruker Instrument AVANCE400 

spectrometer (Milano, Italy). Acquisition and data treatment were performed with Bruker 

TopSpin 3.2 software (Milano, Italy). The spectra were collected at 29 °C with a 4 s 

acquisition time, 5 s relaxation delay, and 256 scans. Prior to analysis, samples were dried 

for 24 h under vacuum and then derivatized according to the following procedure.  

The sample (40 mg) was completely dissolved in 300 μL of N,N-dimethylformamide. To 

this solution, the following components were added: 200 μL of dry pyridine, 100 μL of 

solution of internal standard (10 mg of Endo-N-hydroxy-5-norbornene-2,3-

dicarboximide (Sigma 226378) dissolved in 0.5 mL of a mixture of pyridine and CDCl3 

1.6:1 v/v), 50 μL of a relaxation agent solution (5.7 mg of chromium (III) acetylacetonate 

(Sigma 574082) dissolved in 0.5 mL of a mixture of pyridine and CDCl3 1.6:1 v/v), 100 

μL of 2-chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphospholane (Sigma 447536), and at the 

end 200 μL CDCl3. The solution was centrifuged and/or filtered if necessary. All chemical 

shifts reported were related to the reaction product of the phosphorylating agent with 

water, which gave a signal at 132.2 ppm.  

 

2.8.8. Fourier transform Infrared Spectroscopy  

Fourier-transform infrared spectroscopy (FTIR) was performed by a Nicolet Netxus 760 

FTIR spectrophotometer. The samples were prepared by pressing the biomass powders 

with KBr powder to obtain thin discs. Spectra were obtained in transmission mode, at 

room temperature, in air, by recording 64 accumulated scans at a resolution of 4 cm-1 in 

the 4000-500 cm-1 wavenumber range.  

 

2.8.9. Differential Scanning Calorimetry  

Differential scanning calorimetry (DSC) was employed to investigate the thermal 

transitions of lignin samples. Measurements were carried out on 10–15 mg samples by 

means of a Mettler-Toledo DSC 823e instrument. Three runs (heating/cooling/heating) 

were performed: from 25 °C to 150 °C to remove water from samples, from 150 °C to 25 

°C, and from 25 °C to 200 °C, at a scan rate of 20 °C/min under nitrogen flux. The glass 

transition temperature (Tg) of the samples was evaluated as the inflection point in the 

second heating run.  

 

2.9. Water Reduction in Cement Pastes  

A preliminary estimation of the water reduction capability of recovered lignins was 

carried out evaluating the relative Bingham dynamic yield torque of cement pastes 

containing 0.2% of lignin (w/w relative to dry cement) at different water/cement (w/c) 

ratio.38 This allowed us to compare the water reduction attainable from each lignin in 

order to obtain a cement paste with the same yield torque of a pure cement paste with 
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0.45 w/c ratio, taken as reference. The water reduction was evaluated for BSGU Lignin, 

for BSGT Lignin and for the commercial soda lignin Protobind 1000. For each rheological 

measurement an alkaline (NaOH) lignin solution (10% w/w lignin/water) was prepared 

taking care to obtain a final content of 0.4 g of lignin and 3.6 g of water. A cement paste 

was prepared mixing 200 g of ordinary Portland cement (CEM I 42.5 R according to EN 

197-1 standard) with water in the required amount minus 3.6 g that was added later to the 

lignin solution. The cement/water paste was then stirred manually for 2 minutes, after 

which the lignin solution was added. The paste was further stirred for 2 min and finally 

transferred into the rheometer cup.  

A rotational rheometer (RheolabQC, Anton Paar GmbH, Austria) provided with a 30 mm 

diameter four blade stirrer and a 42 mm diameter sandblasted stainless steel cup (ST30-

4V-40/133 and CC39/S respectively, Anton Paar) was used for all the tests, measuring 

the torque obtained in a series of decreasing rotational speed steps (from 80 to 1 rpm, 10 

s each) after a pre-shear interval (340 s) at 100 rpm. The resulting torque for each 

measuring step was calculated as mean of the last 5 s of sampled data.  

A linear regression for every torque/rotational speed dataset was calculated considering 

only the data points in the 80-20 rpm rotational speed interval (i.e., in the 14.2–16.3 min 

interval from the first water–cement contact). The linear regression represents the 

Bingham model for the given cement paste. This latter was extrapolated to zero rotational 

speed (i.e., to the ordinate intersect, Figure 3) in order to obtain the Bingham dynamic 

yield torque T0.38 

 

Figure 3: Bingham fitting of torque vs. rotational speed data. The Bingham dynamic yield torque T0 was 

obtained by extrapolating the Bingham model to zero rotational speed. 

 

lignin-containing cement paste with the following relation 

TR =
T0

T0, ref  
 

 where T0 is the obtained Bingham dynamic yield torque and T0,ref is the yield torque 

measured with the reference paste (0.45 w/c ratio cement paste without lignin). 

The water/cement ratio WL at the unit value of TR (i.e., at the reference Bingham dynamic 

yield torque) was calculated for each cement paste with the inverse linear regression of 

the yield torque/water cement ratio dataset (Figure 4). 
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Figure 4: Relative dynamic Bingham yield torque vs. water/cement ratio data set for the BSGT Lignin 

cement paste sample and determination of computed w/c ratio WL. The Bingham yield torque measured at 

each w/c ratio (red squares) was relative to the yield torque of the reference cement paste (without lignin) 

at 0.45 w/c ratio. The WL value obtained with the lignin containing cement paste was calculated 

intersecting the reference yield torque value (black dotted line) with the sample points data fitting line 

(red solid line). 

 

The actual water reduction for a given lignin is given by the following relation 

WR =100 ·  1-
WL

Wref

æ

è
ç

ö

ø
÷  

where WR is the obtained water reduction (%), WL is the computed w/c ratio at the 

reference yield torque for the given lignin, and Wref is the reference w/c ratio (0.45).  

This procedure measured the effective water reduction capability of each lignin in the 

preparation of a cement paste in the given conditions.  

 

3. Results and Discussion 

3.1. BSG Waste Pretreatment and Sugar Process  

As mentioned before, BSG waste contains a number of components, of which 

polysaccharides, proteins, fibers (hemicellulose, cellulose, and lignin), fats and inorganic 

salts are the most representative ones.  

Using water as a solvent, preliminary experiments were performed in order to establish 

how much starch/polysaccharides could be extracted from untreated BSG (BSGU). The 

results were encouraging because repeated extractions with hot water allowed a 

considerable reduction of the initial BSG weight (up to 20%). Therefore, a new protocol 

based on a strong thermic treatment followed by three aqueous extractions was set up, 

allowing the separation of a relevant amount of soluble materials. Accordingly, dried BSG 

was ground, suspended in water, and heated in an autoclave (121 °C, 15 min). The solid 

was filtrated, washed with water, and dried again. Overall, more than 25% of the initial 

BSG weight was dissolved in water. The obtained solution, enriched in soluble starch, 

proteins, and other minor nutrients, could be regarded as a valuable growing medium for 

microbial fermentation. Therefore, a new medium made up of BSG extract (6.8 g/L), 

yeast extract (1 g/L), and ammonium sulfate (3 g/L) was defined (reported as BSG 

medium in Figure 1). The addition of yeast extract, even in low amount, is crucial because 

it provides vitamins and microelements essential to microbial fermentation. In addition, 

although BSG contains proteins, the nitrogen content of the aqueous extract is not 
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sufficient to ensure good biomass production. Consequently, ammonium sulfate as a 

suitable nitrogen source was selected. The latter compound is a very cheap chemical, 

largely employed in industry and in microbiology where it is used to replace peptone or 

other protein sources. Hence, the new medium was tested for the fermentation of some 

selected microorganisms. Attention was focused on the evaluation of the strains only 

belonging to the BL-1, with high preference of those generally recognized as safe for 

human health (GRAS). In addition, they must be able to metabolize starch/ 

polysaccharides and to produce compounds of commercial interest. More specifically, a 

preliminary screening allowed us to single out six different microorganisms (Table 1), 

three fungal and three bacterial strains.  

The growth of the strains was tested taking into account the possible scalability to 

industrial production. Hence, fermentation experiments were performed in a 5 L 

bioreactor, using at least 1.5 L of BSG medium, with accurate control of the temperature, 

stirring, and aeration parameters. 

Table 1: Production of biomass and fatty acids using the BSG medium and some selected microbial 

strains. 

Entry Microbial Strain Growth Conditions 1 Biomass Productivity 2 
Fatty Acid 

Productivity 3 

1 
Phaffia rhodozyma  

(DMS 5626) 
6 days at 22 °C, pH 6.5 3.6 g/L (135 g/Kg BSG) - 

2 
Yarrowia lipolytica  

(DSM 8218) 
4 days at 25 °C, pH 6.5 1.5 g/L (55 g/Kg BSG) 

200 mg/L (7.5 g/Kg 

BSG) 

3 
Yarrowia lipolytica  

(DSM 70562) 
4 days at 25 °C, pH 6.5 1.6 g/L (61 g/Kg BSG) 

220 mg/L (8.2 g/Kg 

BSG) 

4 
Rhodococcus opacus 

(DSM 43205) 
4 days at 28 °C, pH 7.0 2.4 g/L (89 g/Kg BSG) 

547 mg/L (20.5 g/Kg 

BSG) 

5 

Streptomyces 

cavourensis (DSM 

112466) 

4 days at 28 °C, pH 7.0 2.1 g/L (80 g/Kg BSG) 
220 mg/L (8.2 g/Kg 

BSG) 

6 

Streptomyces 

albidoflavus (DSM 

112467) 

4 days at 28 °C, pH 7.0 1.7 g/L (64 g/Kg BSG) 
180 mg/L (6.7 g/Kg 

BSG) 

1 Each microbial growth was performed in a 5 L bioreactor, using 1.5 L of BSG medium. Stirring and 

aeration were set at 200 rpm and 0.6 L/L/min, respectively. 2 The biomass was collected by centrifugation 

as soon as the fermentation was stopped and then was freeze-dried. The biomass productivity is indicated 

as both grams of dried biomass produced starting from one liter of BSG medium and grams of dried biomass 

produced starting from one kilogram of dried BSGU (value in brackets). 3 The fatty acid productivity is 

indicated as both milligrams of the fatty acid mixture produced starting from one liter of BSG medium and 

grams of the fatty acid mixture produced starting from one kilogram of dried BSGU (value in brackets). 

 

The first investigated strain, Phaffia rhodozyma,39 is a basidiomycetous yeast that was 

found in slime fluxes of certain broad-leafed trees. This microorganism takes advantage 

of its fermentative abilities to use the carbohydrates there present for its growth, thus 

indicating potential employment in the transformation of other polysaccharide-rich 

substrates. The most remarkable features of P. rhodozyma is its pink-orange color due the 

production of carotenoid pigments and especially of astaxanthin. This compound has 

great economical relevance because it is a widely used feed ingredient, utilized for the 

pigmentation of fish and crustaceans, and is one of the most expensive feed ingredients 

in the aquaculture industry.40-41 In addition, the European Commission has authorized the 

direct use of the whole yeast biomass in foodstuffs for salmon and trout,16 including the 
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use of astaxanthin overproducing strains.42 Therefore, we tested the biomass productivity 

of a wild-type strain of Phaffia rhodozyma (DSM 5626) using our BSG medium (Table 

1, entry 1). As soon as the microorganism reached the stationary phase of growth, the 

biomass was separated by centrifugation and then was freeze-dried, until complete 

removal of the water content. Three-point-six grams of dry biomass per liter of BSG 

medium were obtained, corresponding to a productivity of 135 g of dry yeast per kilogram 

of dry BSG. These very good results clearly indicated the potential of BSG medium in 

biomass production and its specific use for the above-described industrial application.  

The other five strains reported in Table 1 were selected taking into account their capacity 

of lipids accumulation. Indeed, the yeast Yarrowia lipolytica and the bacterium 

Rhodococcus opacus are well known oleaginous microorganisms, able to produce 

triglycerides starting from a number of different waste materials as substrates.43-44 In 

particular, Yarrowia lipolytica is a GRAS microorganism and the European Commission 

has authorized the commercialization of the dried and heat-killed biomass of all Y. 

lipolytica strains as a novel food ingredient.45 Moreover, in specific culture condition, this 

microorganism can produce lipids having a composition resembling that of cocoa butter46 

and has been selected to integrate by fermentation the limited production of this natural 

fat. In contrast, Rhodococcus opacus has not been used for food applications yet. Since 

this microorganism has the capacity to grow on different kind of substrates, accumulating 

high level of triglycerides, R. opacus has been used for the production of biodiesel from 

organic wastes.47 Similarly, strains belonging to the genus Streptomyces have been 

studied for their ability in the degradation of lignocellulose wastes leading to the 

production of branched chain fatty acid (BCFA) derivatives.48 These compounds possess 

a number of physical, chemical, and biological properties. Due to their low melting points, 

BCFAs esters have been selected as preferred biofuels for use in cold environments, 

whereas BCFAs show protective activity against neonatal necrotizing enterocolitis 

(NEC), a potentially lethal disease representing the major cause of morbidity in premature 

infants.49 For the latter reason, these compounds have been proposed for inclusion in 

infant food formulas as human milk fat substitutes.50  

In the context of bacteria degrading lignocellulose wastes, two Streptomyces strains were 

isolated from a soil sample, polluted with cereal and fodder residues. The strains were 

identified as Streptomyces cavourensis and Streptomyces albidoflavus and were deposed 

in DMSZ collection under the numbers DSM 112466 and DSM 112467, respectively. 

Both the biomass productivity and the fatty acids productivity of all the above-described 

fungal and bacterial species, grown on BSG medium, were investigated (Table 1, entry 

2–6). As described for P. rhodozyma, the biomass was separated by centrifugation as soon 

as the microorganism reached the stationary phase of growth, freeze-dried, completely 

hydrolyzed, and analyzed by GC/MS after acidification and extraction as reported in 

Section 2.4 (Table 2).  

The two Yarrowia lipolytica strains, DSM 8218 and DSM 70562, were isolated from very 

different environments, namely from a diesel fuel tank and from marzipan, respectively. 

Despite this fact, they showed similar characteristics both in term of biomass and fatty 

acid productivity (Table 1, entry 2 and 3). The dry yeast was obtained in yield of about 

1.5 g and 1.6 g per liter of BSG medium respectively, whereas the oil production ranged 

from 200 mg to 220 mg of isolated fatty acid per liter of BSG, respectively. 

Otherwise, Rhodococcus opacus DSM 43205 showed better performances. The 

fermentation afforded 2.4 g of dry biomass per liter of BSG medium, yielding 547 g/L of 

isolated fatty acids (Table 1, entry 3). Finally, the two Streptomyces strains showed results 
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comparable to those obtained with Y. lipolytica strains, with S. cavourensis showing 

slightly higher productivity (2.1 g/L biomass and 220 mg/L of FAs) than S. albidoflavus 

(1.7 g/L biomass and 180 mg/L of FAs).  

The most relevant differences among the investigated fungal and bacterial species were 

highlighted by the GC/MS analysis of the fatty acids mixtures isolated from the 

corresponding biomasses (Table 2). In more detail, Y. lipolytica contained only linear 

FAs, of which 72% corresponded to polyunsaturated fatty acids (PUFAs), mainly made 

up of linoleic acid. In contrast, the bacterium R. opacus produced predominantly saturated 

fatty acids (SFAs), although monounsaturated fatty acids (MUFAs), PUFAs, and some 

specific BCFAs, such as cyclopropane containing FAs and 10-methyl-octadecanoic acid, 

were present.  

The two Streptomyces species showed very similar fatty acid composition. Both 

microorganisms accumulated prevalently BCFAs and the majority of the fatty acid 

mixture was made up of iso- and anteiso-fatty acids.  

Overall, the present study outlines four possible applications of the BSGT medium. 

Fermentation of P. rhodozyma and Y. lipolytica could afford biomass materials to be 

employed in aquaculture and human alimentation, respectively. Moreover, R. opacus and 

S. cavourensis could provide the FA derivatives useful for the preparation of different 

kinds of biodiesel and for the formulations of the BCFA-containing human milk fat 

substitutes, respectively. 

Table 2: Fatty acid composition of the glycerides produced by the selected microbial strains grown in 

BSG medium. 

Microbial Strain 
Branched chain FAs (%) 1 Linear FAs (%) 1 

Undetermined FAs 

(%) 1,2 

iso anteiso Others SFAs 3 MUFAs 4 PUFAs 5  

Yarrowia lipolytica  

(DSM 70562) 
- - - 16.5 9.0 72.0 2.5 

Rhodococcus opacus  

(DSM 43205) 
- - 4.0 6; 15.1 7 44.6 21.7 9.1 5.5 

Streptomyces 

cavourensis  

(DSM 112466) 

28.4 37.7 6.8 6 15.0 3.7 7.5 0.9 

Streptomyces 

albidoflavus 

 (DSM 112467) 

18.6 39.1 8.1 6 15.2 7.0 5.8 6.2 

1 The percentages are determined by GC/MS analysis of the crude fatty acids mixture derivatized as methyl 

ester derivatives. 2 The percentage indicates the sum of the fatty acids whose chemical structure was not 

determined. 3 Saturated fatty acids. 4 Monounsaturated fatty acids. 5 Polyunsaturated fatty acids. 6 The 

percentage indicates the sum of the fatty acids possessing a cyclopropyl ring in their chemical framework. 
7 Percentage of 10-methyl-octadecanoic acid (tubercolostearic acid).  

 

3.2. Lignocellulose Process 

3.2.1. DES-Mediated Fractionation  

Recently, some innovative biomass DES-based treatments have been reported in the 

literature in the context of exploiting agricultural waste in biorefineries.51-53 However, the 

described treatments were mainly focused on the obtainment of a high quantity of 

fermentable sugars as in the majority of the research concerning biomass exploitation.54 

In this work, a new protocol of biomass DES-based treatment coupled with the previous 

sugar process step (described in Section 3.1) has been set up with the special aim of lignin 
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recovery and exploitation.  

Different DESs were prepared by heating and stirring the two components, a hydrogen 

bond acceptor (HBA) and a hydrogen bond donor (HBD), in a defined molar ratio. The 

quaternary ammonium salts choline chloride (ChCl) and betaine glycine (BetG) were 

used as HBAs whereas formic acid, acetic acid, and L-lactic acid constituted HBDs, as 

reported in Table 3. 

Table 3: List, composition, density (measured at 18 °C) of prepared DESs and data of mass recovery of 

BSGU Cellulose and BSGU Lignin (ns represents no separation). 

Composition DES 

HBA/HBD 
Molar Ratio 

(HBA/HBD) 

Density of Pure 

DES 

(g/cm3) 

BSGU Cellulose 

Recovery 

(% w/w Biomass) 

BSGU Lignin 

Recovery  

(% w/w Biomass) 

Choline chloride/Formic acid 1/2 1.147 ns ns 

Choline chloride/Acetic acid 1/2 1.103 39 7 

Choline chloride/L-Lactic acid 1/5 1.184 25 10 

Betaine Glycine/Formic acid 1/2 1.161 55 9 

Betaine Glycine/Acetic acid 1/2 1.107 32 8 

Betaine Glycine/L-Lactic acid 1/5 1.203 53 7 

 

DESs were prepared using a defined protocol, which consisted of mixing the components 

in a defined ratio (reported in Table 3) and heating them, under constant stirring, at 90 °C 

for 2-5 h until a stable, homogeneous, colorless single-phase liquid was formed. The 

obtained mixtures were dried at reduced pressure for 24 h, preserved under argon, and 

characterized by 1H NMR spectra. The final mixtures were then conserved in a desiccator 

in presence of calcium chloride until a constant weight was observed. The densities of 

DESs were also measured because these data provided important information about the 

intermolecular forces that occur during DES formation. Typically, DESs show higher 

density than water and the value depends strongly on the type of the HBD and its molar 

ratio on HBA.  

When the BSG was received from the brewery, it was promptly dried for 24 h, finely 

milled and labeled as BSGU (untreated BSG). BSGU was suspended in DES at 130 °C 

under magnetic stirring for 24 h. Then ethanol was gradually added in order to precipitate 

the BSGU Cellulose fraction, which was separated with yields reported in Table 3 (as w/w 

initial biomass). The filtrate was then concentrated and treated with water as anti-solvent 

to induce lignin precipitation. After centrifugation, filtration, and solvent evaporation the 

final solid fraction (BSGU Lignin) was recovered with a final yield reported in Table 3. 

The choline chloride/L-lactic acid 1/5 appeared to be the best DES for the treatment of 

BSG biomass in terms of solubilization of the starting biomass as well as for the handling 

of the solutions during the DES treatment, and due to the yields of BSGU Cellulose and 

BSGU Lignin. For that reason, the present study has focused only on the use of the DES 

choline chloride/L-lactic acid 1/5 for the lignocellulose fractionation.  

From the lignocellulose process point of view, the sugar process (Section 3.1) can be 

considered as a pretreatment of the waste BSG biomass. The sugar process had the effect 

of improving the successive lignocellulosic fractionation, enhancing the yields of the two 

fractions, probably because of better interaction between the solvent and the biomass. 

Moreover, the reduction of the biomass weight derived from the sugar process allowed, 

if compared to BSGU fractionation, a substantial saving accounting for around 25%, in 

terms of DES quantity and solvent volumes. This enables a great improvement of the 

overall process both in economic and environmental terms. In that case, the yield of BSGT 
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Cellulose recovery accounted for 40% (instead of 25%) and up to 15% for BSGT Lignin 

instead of 9%.  

The ability to recycle DES in a cyclic process would add value to the previous 

considerations, allowing further potential optimization of the entire process. In this study, 

a preliminary assessment of the recyclability of DES was conducted by performing a 

series of three successive treatments recycling the DES after precipitation of the BSGT 

Lignin without further purification apart from water evaporation. This study 

demonstrated a quite good preservation of the DES (by NMR analysis, Supplementary 

Materials Figure S2) and a substantial conservation of yields indicating a great potential 

to configure the lignocellulosic process as a closed loop with respect to DES.  

 

3.2.2. BSGT Lignin Characterization  

A deep characterization was carried out on the recovered BSGT Lignin using as reference 

a well known commercial soda lignin (Protobind 1000, indicated from now on as 

Protobind). 

 

Solvent Solubilization Determination  

Solubilization studies are a key step in lignin characterization and valorization. In fact, 

one of the main drawbacks currently hampering effective lignin exploitation is generally 

its poor solubility in aqueous systems and in the most commonly used organic solvents. 

In order to determine the solubility characteristics of the present recovered BSGT and 

BSGU Lignins, a solubilization study was performed with water and six organic solvents: 

n-butyl acetate (BuOAc), ethyl acetate (EtOAc), 2-butanone (MEK), methanol (MeOH), 

tert-butyl methyl ether (MTBE), and tetrahydrofuran (THF). The resulting extraction 

yields (as w/w percentage of solubilized fraction vs. total fraction) are reported in Figure 

5 (with water solubility as the comparison). For a better evaluation, the data for the 

commercial lignin Protobind have been also recorded and inserted in Figure 5. 

 

Figure 5: Extraction yield of a commercial technical lignin (Protobind) and the two lignins extracted 

from BSG (BSGU and BSGT Lignins). The data are reported as the percentage (w/w) of solubilized 

fraction vs. total fraction in 6 different organic solvents and water. 
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Like Protobind, the two BSG lignins (BSGU and BSGT Lignins) were quite insoluble in 

water, but on the other hand were soluble in the selected organic solvents; showing, 

however, a general lower solubility when compared to Protobind in all tested organic 

solvents. MEK, methanol, and THF appeared to be the best choices for the solubilization 

of these lignins with a range of solubility from 32-35% for BSGU Lignin and 40-56% for 

BSGT Lignin. Moreover, it is clear from the Figure 5 that BSGT Lignin always presented 

a higher solubility than BSGU Lignin in the examined solvents: in THF the solubility was 

25% higher, in MEK 45%, and in MeOH 61%. This characteristic constitutes a great 

advantage in further potential lignin exploitation.  

 

GPC Results  

The molecular weight and the molecular weight distribution of the lignin samples were 

determined by means of GPC. In Table 4, the number average molecular weight (Mn), 

the weight average molecular weight (Mw), and the polydispersity index (Ð) of BSG 

lignins and Protobind, used as benchmark, are reported. As can be seen, the lignocellulose 

process led to BSG lignin fractions characterized by a lower molecular weight and lower 

Ð compared to Protobind. In particular, a slightly lower Mn was observed in BSGT 

Lignin, likely resulting from the isolation method (aqueous extraction), which may lead 

to an enrichment of low-molecular-weight fractions. This also leads to a slightly higher 

Ð. In contrast, no significant differences between BSGT and BSGU Lignins were observed 

in terms of Mw. 

Table 4: Number average molecular weight (Mn), weight average molecular weight (Mw), and 

polydispersity index (Ð) of all examined lignins (samples were eluted after acetylation; reported values 

are relative to polystyrene standards). 

Sample Mn (g/mol) Mw (g/mol) Ð 

BSGU Lignin 820 1580 1.93 

BSGT Lignin 670 1630 2.43 

Protobind 1000 830 2800 3.37 

 

Sugars Quantification  

The total reducing sugar quantification in the final BSGU and BSGT Lignins was 

performed using the bincinconic assay method with some modifications (see Section 2.8). 

It was necessary to set two different calibration curves, a and b (respectively reported in 

Supplementary Materials Figures S3 and S4), established by using glucose solutions in 

the 0-80 µM concentration range as standards. In particular, the calibration curve a was 

used to evaluate the sugar content of samples soluble in water, and the calibration curve 

b for samples insoluble in water, but soluble in dimethylsulfoxide (DMSO). Curve a was 

used to analyze aqueous sugar solutions after step 2 (BSGT medium filtrate) whereas 

curve b, recorded for DMSO soluble samples, was used to analyze lignins and lignin 

samples subjected to acid hydrolysis. This procedure was conducted to evaluate the 

presence of complex saccharides in lignins. The results for BSGU and BSGT Lignins are 

reported in Table 5, as well as the data for Protobind. The reducing sugars in the BSG 

lignins appeared to be around 0.20% (w/w), lower than the value in Protobind (≈ 0.34%), 

with a reduction for BSGT Lignin that demonstrated that the sugar process is quite 

effective for the recovery of a higher-quality lignin. Furthermore, after hydrolysis, 
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Protobind showed also the presence of a higher quantity (13%) of complex sugars, 

whereas in these conditions, for the two BSG lignins this amount was much lower. This 

result is fundamental in view of the applications of these lignins in the development of 

cement water reducers. 

Table 5: Results of the total reducing sugar quantification. 

Sample 
Reducing Sugars/Biomass 

(w/w) 

Reducing Sugars/Biomass after Hydrolysis 

(w/w) 

BSGU Lignin 0.25% 2.9% 

BSGT Lignin 0.18% 3.3% 

Protobind 1000 0.34% 13% 

 

Phenolic Hydroxyl Group Determination  

The total phenolic content in the recovered BSGU and BSGT Lignins was determined 

using the Folin–Ciocalteu (FC) assay. The test is based on the reaction of phenolic 

hydroxyl groups with a specific redox reagent (FC reagent), which leads to the formation 

of a blue chromophore, which is, however, sensitive and unstable in strong bases. 

Therefore, based on an analytical protocol previously demonstrated by our group,55 

DMSO was used as solvent for the samples in order to obtain their complete solubilization 

in neutral conditions. The phenolic content results are reported in Table 6 as vanillin 

equivalents (mmol/g of dry lignin) with the data for Protobind as a reference. 

Table 6: Results of the determination of phenolic hydroxyl groups expressed as vanillin equivalents/g of 

lignin sample. Estimated standard errors ±0.2 mmol/g vanillin equivalent (1 σ, from calibration data). 

Sample Vanillin Equivalent Content (mmol/g) 

BSGU Lignin 1.1 

BSGT Lignin 1.2 

Protobind 1000 3.1 

 

BSGU and BSGT Lignins show a quite similar content of vanillin equivalents (around 1.15 

± 0.05), which is nearly half the amount value if compared to Protobind. The trend seemed 

to be confirmed by 31P NMR analysis as will be illustrated later in the text. The quite 

similar values of the two BSG lignins demonstrated that the pretreatment carried out in 

the sugar process has no influence on phenolic functionalities.  

 

Total Hydroxyl Groups Quantification by 31P NMR  

The different hydroxyl groups present in the recovered BSG lignins were deeply 

investigated by 31P NMR. The spectra are shown in Figure 6, where Protobind has been 

also recorded for a comparison. 
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Figure 6: 31P NMR spectra of Protobind 1000 (spectrum 1 in gray), BSGU Lignin (spectrum 2 pale 

orange), BSGT Lignin (spectrum 3 dark orange). 

 

In detail, three sections of the spectra were analyzed and integrated to perform the 

attribution of the different hydroxyl groups: the signals from 150-147 ppm are associated 

to the aliphatic hydroxyl groups, the signals from 145-138 ppm represent the signals 

associated with aromatic hydroxyl groups, whereas the signals centered on 136 ppm 

account for the carboxylic acid residues. The peak integration in these three parts of the 

spectra led to the quantification of the total hydroxyl groups expressed in mmol of 

functional group per g of dry lignin, as reported in Table 7 below. 

Table 7: Detailed hydroxyl/carboxyl quantification by 31P NMR (as mmol of functional group per g of 

dry lignin). 

Sample 
-OH Aliphatic 

(mmol/g) 

-OH Aromatic 

(mmol/g) 

-COOH 

(mmol/g) 

BSGU Lignin 2.27 2.77 2.30 

BSGT Lignin 1.78 3.21 3.99 

Protobind 1000 3 4.67 1.42 

 

Lignins from BSG seemed to show a higher concentration of carboxylic residues but a 

lower quantity of aliphatic and aromatic hydroxyl functionalities if compared with 

Protobind. In particular, it appears very interesting that BSGT Lignin presented a higher 

quantity of aromatic OH and carboxylic functionalities when compared to the other 

samples, which could be a very important tool for the investigation of its use in the 

preparation of lignin-based macromolecular materials where the presence of such 

functionalities are mandatory. More specifically, target applications for this lignin 

fraction may include the field of phenolic resins and adhesives and the field of epoxy-
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based systems for fiber-reinforced composite materials.  

 

Fourier Transform Infrared Spectroscopy  

FTIR spectroscopy was carried out with the aim of studying the chemical composition of 

the extracted BSG lignins. The spectrum of Protobind is also presented for comparison 

purposes. The results obtained are reported in Figure 7, where a zoom of the fingerprint 

region is also presented. All three lignins showed a broad absorption band in the region 

3400-3200 cm-1, attributed to the stretching vibrations of the aliphatic and phenolic O-H 

groups, and three distinct signals in the region 3050-2800 cm-1 related to C-H bond 

stretching in methyl and methylene groups. The region from 1740 to 1710 cm-1 is 

attributable to the stretching vibration of C=O in unconjugated ketones, carbonyl, and 

ester groups.38, 55 Within this region, the signal located at 1710 cm-1 is visible in all lignin 

spectra, whereas the signal located at 1740 cm-1 is found only in the cases of BSG lignins 

(blue arrows). This additional signal can be associated with the higher concentration of 

C=O moieties from carbohydrate origin contained in the two extracted lignins, which is 

an indication of the slightly lower purity of the BSG lignins compared to Protobind. In 

the case of BSGU Lignin, a signal is clearly detectable at 1660 cm-1, likely attributable to 

conjugated carbonyl/carboxyl stretching. This signal confirms the presence of the highest 

concentration of C=O moieties (viz., of carbohydrates species) in the lignin recovered 

from the untreated biomass.56 The bands ascribable to the aromatic skeletal vibrations in 

lignin are located at 1600 cm-1, 1515 cm-1, 1463 cm-1, and 1430 cm-1 (the last one barely 

visible in BSG lignins) in all the three lignin samples. Among these, the two signals at 

1463 cm-1 and 1430 cm-1 derive from the combination of aromatic ring vibration and C-

H deformation.56-57 Below 1430 cm-1, the interpretation of bands becomes more difficult, 

since the signals are given by complex contributions from different vibrational modes. In 

more detail, aliphatic O-H group vibrations combined with stretching vibrations of 

aliphatic C-H in methyl groups were found at around 1370 cm-1 in all lignins. Only in the 

case of Protobind was a further signal at 1330 cm-1 attributable to the syringyl ring 

breathing found. At 1270 cm-1 and 1217 cm-1, two peaks associated with C-O vibration 

in aromatic rings of G-units combined with C=O stretching and C-C, C-O and C=O 

stretching, respectively, were detected. It is noteworthy that the broadening of these two 

peaks in both BSG lignins together with the absence of the syringyl ring breathing signal 

is consistent with the predominant content of guaiacyl units expected in BSG lignins, as 

reported in the literature.56, 58 At 1120 cm-1 a band associated with CH in-plane 

deformation in S-units was observable in all cases (more evidently in Protobind), while 

only in Protobind was the absorption signal at 1153 cm-1 related to C=O deformations in 

conjugated ester groups of G/S/H units visible. In addition to these, signals associated 

with aromatic C-H in-plane deformation (typical for S-units), secondary alcohols, and 

C=O stretching were observed in all spectra collected in the region from 1130 cm-1 to 

1120 cm-1. The shoulder at around 1090 cm-1 appearing in all three lignins can be 

associated with C-O deformations in secondary alcohols and aliphatic ethers.56  

In general, FTIR results indicated a good match between the chemical structure of the 

BSG lignins and that of Protobind. The minor differences found between the recovered 

lignins and the reference system are likely attributable to the lower level of purity of the 

BSGU Lignin (higher carbohydrates content) and the large number of G-units in both BSG 

lignins. 
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Figure 7: (a) FTIR spectra of BSGU Lignin, BSGT Lignin, and Protobind; (b) zoomed view of the 

fingerprint region. 

 

Differential Scanning Calorimetry  

The thermal transitions of the recovered lignins were assessed by DSC analysis. As shown 

in the DSC scans reported in Figure 8, the glass transition temperature (Tg) for both BSG 

lignins was found to be higher compared to the Tg of the reference Protobind. In line with 

the outcomes of 31P NMR analysis, this trend may be associated with the higher content 

of carboxylic groups found in BSG lignins vs. Protobind, which are likely to yield 
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increased hydrogen bonding interactions between the macromolecular chains, ultimately 

leading to reduced macromolecular mobility and thus increased Tg. In more detail, Tg of 

BSGT Lignin is found at a slightly higher temperature than that of BSGU Lignin. In this 

case, this evidence also appears in line with the higher content of -OH aromatic 

functionalities and carboxyl groups in this treated lignin fraction vs. the untreated 

counterpart. The value of Tg is of fundamental importance in lignin valorization, 

especially in the field of material science and engineering, where high temperature 

processing is often encountered. In this context, a higher Tg value can be an advantage in 

those applications that require a good thermal stability of the material, such as in the case 

of thermosets and composites. 

 

Figure 8: DSC curves of BSGU Lignin, BSGT Lignin, and Protobind 1000. 

 

3.2.3. Water Reduction in Cement Pastes  

Albeit several lignosulfonates are used directly as low-performance cement plasticizers, 

natural lignins are very interesting as a basis for the development of sustainable 

superplasticizers through different types of derivatization. These include, among others, 

oxidation,33 sulfomethylation,42 and grafting with various polymers such as PEG,59 

acrylates,60 and sulphanilic acid-phenol-formaldehyde condensates.61 Although 

lignosulfonates typically demonstrate better water reduction properties than natural 

lignins, the latter have been successfully adopted in several studies as a starting point in 

the development of experimental high-performance plasticizers for cement, both with a 

specific sulfonation step34 and without sulfonation at all.33 The use of DES fractionation 

methods results in the production of an underivatized lignin that is comparable to lignins 

obtained with mild lignocellulosic fractionation methods such as the organosolv or soda 

processes. The obtained water reduction capabilities of BSGT Lignin, BSGU Lignin, and 

Protobind (Section 2.9) are reported in Figure 9. 
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Figure 9: Measured water reduction capability for cement pastes containing 0.2% BSGU Lignin, BSGT 

Lignin, and Protobind. Error bars show confidence interval (95%) of the inverse linear regression. 

 

The measurements were carried out using cement pastes (blends of water and cement 

powder) that are a quite simpler system in comparison with concrete (blends of water, 

cement powder, sand, and aggregates) or even mortars (blends of water, cement powder, 

and sand). This allowed performing the required tests with very low sample volume 

(about 100 mL) and thus with very little quantity of lignin. The applied procedure allows 

direct measurement of the water reduction capability of each lignin, keeping constant a 

specific rheological parameter (the Bingham dynamic yield torque, which estimates the 

minimum torque needed to maintain an established flow in the given experimental 

conditions), and it was thus considered a good indication of the potential performance of 

the lignins in the final system (concrete). The measurements demonstrate a fairly 

comparable water reduction capability for the BSGT and the BSGU Lignins. Moreover, 

both lignins demonstrate a water reduction capability substantially equivalent to the 

commercial soda lignin Protobind. This is a good indication that the proposed process, 

and more generally the DES based fractionation process, is capable of producing a lignin 

with water reduction capability comparable to a typical industrial soda lignin. Moreover, 

BSGT Lignin demonstrated a quite high content of carboxylic and aromatic hydroxylic 

residues that are exploitable in several derivatization methods. These results suggest that 

the lignin obtained in the described process is suitable to constitute the basis for the 

development of a high-performance, sustainable lignin-based water reducer for the 

production of concrete.  

 

4. Conclusions 

In this work, we described in detail a process (reported in Figure 2), which started from 

wet BSG recovered from a regional brewery and ended with the production of different 

compounds of industrial interest. Overall, the presented research reports on the almost 

complete transformation and exploitation of the starting BSG waste. A comprehensive 

approach combining biomass hot water treatment with successive deep eutectic solvent-
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mediated fractionation was developed in order to maximize the process versatility. The 

upstream phase, which provided an aqueous solution called BSG medium, allowed us to 

exploit the soluble moiety (which accounted ≈ 35%, w/w) composed of proteins and 

soluble sugars, as a fermentation medium with high yields of different microorganisms 

leading to the production of linear and branched chains fatty acids. The solid outcome of 

the upstream phase underwent fractionation mediated by deep eutectic solvents. A 

subsequent precipitation firstly with ethanol and then with water provided two main 

products, BSGT Cellulose and a BSGT Lignin, with a final yield of 30% and 10%, 

respectively. This lignin has been fully characterized in terms of its chemical, physical, 

thermal, and structural properties. Moreover, BSGT Lignin has then been tested as water 

reducer in cement paste with comparable results to technical commercial soda lignin, 

indicating that it can constitute a good basis for the development of sustainable water 

reducers for concrete. Overall, our study proposed an integrated multistep fractionation 

process that could enhance the perspectives of recyclability of BSG. Accordingly, around 

75-80% of the mass of the latter important agrifood waste is transformed into high-value-

added products of industrial relevance. These results, even in their preliminary form, 

fulfill the principles of circular economy and give new insights in the field of the 

biotransformation of agrifood wastes.  

 

Supplementary Materials  

The following supporting information can be downloaded at:  

https://www.mdpi.com/article/10.3390/fermentation8040151/s1, Figure S1. 1H NMR 

spectrum of DES choline chloride/L-lactic acid (1:5 mol/mol); Figure S2. 1H NMR 

spectrum of DES choline chloride/L-lactic acid (1:5 mol/mol) after recycling; Figure S3. 

Calibration curve a for glucose quantification registered in H2O; Figure S4. Calibration 

curve b for glucose quantification registered in DMSO; Figure S5. Calibration curve of 

Folin–Ciocalteu phenol titration with vanillin.  
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Abstract 

In the present work, rice husks (RHs), which, worldwide, represent one of the most 

abundant agricultural wastes in terms of their quantity, have been treated and fractionated 

in order to allow for their complete valorization. RHs coming from the raw and parboiled 

rice production have been submitted at first to a hydrothermal pretreatment followed by 

a deep eutectic solvent fractionation, allowing for the separation of the different 

components by means of an environmentally friendly process. The lignins obtained from 

raw and parboiled RHs have been thoroughly characterized and showed similar physico-

chemical characteristics, indicating that the parboiling process does not introduce obvious 

lignin alterations. In addition, a preliminary evaluation of the potentiality of such lignin 

fractions as precursors of cement water reducers has provided encouraging results. A 

fermentation-based optional preprocess has also been investigated. However, both raw 

and parboiled RHs demonstrated a poor performance as a microbiological growth 

substrate, even in submerged fermentation using cellulose-degrading fungi. The 

described methodology ap-pears to be a promising strategy for the valorization of these 

important waste biomasses coming from the rice industry towards a circular economy 

perspective. 

 

1. Introduction 

Rice (Oriza sativa) is one of the most important food crops, with about 755 million tons 

of rough rice (also known as paddy rice) produced worldwide in 20191 and a >25% 

production increase in the 2000-2020 timeframe.2 Its importance is undoubtedly 

established when it is taken into account that it feeds around three billion people all over 

the world.  

Raw rice is composed by an external hull and the brown rice grain, which are separated 

during the dehusking process. Rice husks (or hull, RH), deriving from paddy rice 

dehusking, represent a very important source of waste biomass and are one of the most 

abundant by-products in the rice production line. Considering that ca. 20-25% of paddy 

rice mass is constituted by the outer husk,3 it is possible to estimate a global annual rice 

husk production of >150 million tons, currently used mainly for power generation.4   

Parboiled (partially boiled) rice is obtained from rough rice by a hydrothermal process 

constituted by a hydration stage followed by gelatinization and drying. Because of its 

several nutritional and physical benefits, parboiled rice possesses between two and three 

times the economic value of white rice and its importance on the global market is 

currently increasing (about 20% of the produced rice is treated by the parboiling process 

at the present time).5 The parboiling process is carried out mainly on rough rice that then 

must undergo the hulling process, thus leading to the parboiled rice husk as a by-product. 

As a consequence, this latter constitutes a significant part of the global rice husk 

production with solid forecasts of a high growth in the coming years.6  

For these reasons, the exploitation of both a raw rice husk (rRH) and parboiled rice husk 

(pRH) as lignocellulosic renewable feedstock constitutes a very important objective in a 

circular economy perspective, where the valorization of bio-agricultural wastes as a 

secondary raw material is largely preferable to their incineration for heat generation. 

Globally, this is particularly important in Asian countries where a rice cultivation is the 

primary food source and, regionally, in local realities where rice is a traditional source 

(e.g., in Lombardy in Italy). Up to now, RHs are instead mainly exploited as an energy 
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source in rice processing plants and as bedding for farm animals. Therefore, the 

availability of this huge quantity of wastes and their low cost have pushed the current 

research towards the investigation and development of new sustainable possible 

applications for such materials.  

Deep eutectic solvents (DESs) are a promising class of new solvents in the context of 

sustainable process development that can be prepared from a broad range of components, 

which are often from biobased sources.7 DESs are characterized by a low toxicity and the 

typically high renewability and recyclability of the constituents.8 Their wide solvating 

power modulation capabilities make them a first-choice medium for setting up separation 

processes, with particular reference to the fractionation of agro-industrial lignocellulosic 

wastes.9-11 Moreover, it is even more interesting that the potential use of reactive DESs 

(RDESs)12-13 could allow for the exploitation of the same DES formulation as a separation 

medium (for lignocellulosic fractionation) and reaction medium (for lignin 

derivatization), even possibly in one-pot processes, enhancing the sustainability of the 

process.14  

Thus, we have focused on the set-up of a cascade multistep process, reported in Figure 1, 

composed of a preprocess in hot water and in an autoclave, followed by a DES-mediated 

treatment of the rRH and pRH biomasses, in order to deconstruct the natural 

lignocellulosic skeleton that usually hampers the further exploitation of the different 

components of RHs. The fractionation of these waste materials in two main fractions, i.e., 

a cellulose-enriched fraction and lignin constitutes the key-point for the successive 

development of valuable applications. The methodology based on the DES treatment was 

previously successfully applied by the authors to another common agri-food biomass, i.e., 

Brewer’s Spent Grain (BSG).15 The main aim of the present work is to study the DES-

mediated fractionation process focusing on RHs, and to compare and characterize in detail 

both the composition and properties of the lignin fractions recovered from rRH and pRH. 

The latter is particularly interesting because of its aforementioned increase in commercial 

interest. Indeed, such a detailed characterization should represent a strategic milestone 

for the successful incorporation of lignin, as a macromolecular precursor, into bio-based 

polymers of a high added value,16-18 which have found an application in a variety of 

industrial19-22 and technological23-28 fields. 

 

Figure 1: Complete fractionation process of raw and parboiled rice husks constituted by a hydro-thermal 

preprocess and a DES-mediated lignocellulose process. 
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Moreover, in this work, the potentialities of these materials were also demonstrated in the 

field of cement water reducers, the latter being an important component of all modern 

concrete formulations. Lignin is a well-known component of traditional water reducers 

and has been widely used for this purpose for a long time.29 In recent years, several 

research efforts aimed at the study of renewable high-performance water reducers 

inspired a renewed interest in advanced formulations based on lignin derivatives.30-32 Any 

process resulting in lignin as a by-product is thus a potential resource for the development 

of sustainable concrete water reducers. For such reasons, the obtained lignins were here 

assessed for this specific application by rheological measurements on cement pastes. The 

results clearly indicate a water reducing performance equivalent to that of a commercial 

soda lignin (Protobind 1000), thus demonstrating the potential of the approach proposed 

herein.  

A fermentation-based pretreatment was also studied, aiming to pretreat the biomass 

before the fractionation steps. The rationale behind this approach was to verify whether 

the soluble saccharides components of RHs could be exploitable as substrates in industrial 

fermentation processes. The expected effect of the pretreatment was the partial 

deconstruction of the lignocellulose matrix with the reduction in the saccharides’ content. 

However, the limited results obtained indicated that both raw and parboiled RHs are poor 

performers as a microbiological growth media, possibly due to their relatively low 

oligosaccharide and high silica contents.  

 

2. Results and Discussion 

In this work, two rice husk waste biomasses were selected from raw and parboiled rice 

production, respectively (see Section 3.1 for details). The present work aims to fractionate 

and compare them in terms of the composition and properties with the special aim of 

providing fundamental information for the exploitation of the different fractions, focusing 

in particular on the isolated lignins. Moreover, a deep comparison between rRH and pRH 

has not been presented until now.  

The two samples of the starting biomasses employed in the present work are illustrated 

in Figure 2. As it is evident from the picture, pRH (on the right) appeared to be slightly 

darker than rRH (on the left). As soon as they were received, these biomasses, even if 

they have been provided in a quite dried form, were put in a ventilated oven (60 °C for 

24 h) and finely ground with an electric mixer.  
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Figure 2: Picture of raw rice husk (Panel A) and parboiled rice husk (Panel B). 

 

 

2.1. Rice Husks Composition  

As most lignocellulosic biomasses, RHs are an intricate material where all the 

components are closely related to each other. For that reason, in order to separate and 

quantify the four main constituents of rRH and pRH of this study (hemicellulose, 

cellulose, silica, and lignin), a multistep process based on a classical method of 

fractionation by successive water and acid treatments was performed (see Section 3.3 for 

details).33 The composition of the presently studied biomasses is reported in Table 1 and 

appears to be in agreement with those reported in the literature.34-35 

Table 1: Composition of the studied RHs biomasses. 

Sample 
Hemicellulose 

(% w/w) 

Cellulose 

(% w/w) 

Silica 

(% w/w) 

Lignin 

(% w/w) 

Soluble Fraction 

(% w/w) 

rRH 19.5 43.2 12.9 19.2 5.20 

pRH 27.3 36.7 12.4 18.5 5.10 

 

Moreover, the detailed composition, as monosaccharides components, of the isolated 

hemicellulose fraction (reported in Table 2) has been determined by GC/MS analysis after 

the total hydrolysis, reduction, and acetylation of the samples following a well-known 

procedure (see Section 3.3.1 for experimental details).36 The two main components of 

RHs hemicellulose were arabinose and xylose, with a low amount of galactose and traces 

of rhamnose and fucose. The detected glucose residues were probably due to a 

contamination of the cellulose fraction that appeared to be nearly completely eliminated 

after the pretreatment of the biomass performed in the fractionation process (the resulting 

residual glucose was 0.2-0.4%). 

Table 2: Relative abundance of the monosaccharides deriving from RHs hemicellulose hydrolysis. 

RH Rhamnose Fucose Arabinose Xylose Mannose Glucose Galactose 

rRH 0.4 0.5 49.0 44.9 - 1.2 4.0 

pRH 0.2 0.5 22.6 69.2 - 4.9 2.6 
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2.2. Rice Husks Preprocess  

In our previous work, we described an efficient procedure for the water-mediated 

extraction of Brewer’s Spent Grain (BSG).15 Accordingly, the treatment of BSG with 

water at a high temperature allowed for the removal of a considerable (25-30% w/w) 

fraction of this waste material. Hence, we checked the effectiveness of the same procedure 

when applied to RHs.  

 

2.2.1. Hydro-Thermal Preprocess  

We performed a hydro-thermal treatment of rRH and pRH by autoclaving the aqueous 

suspensions of the latter materials at 121 °C for 20 min. The two suspensions were then 

filtered, leading to solid residues which were indicated as rRHT (raw rice husk-treated) 

and pRHT (parboiled rice husk-treated), whereas the obtained aqueous extracts were 

concentrated at a reduced pressure and the weights of the resulting residues were 

compared to those of the parent RHs samples. We observed that the de-scribed procedure 

allowed for the extraction of only 2 and 2.8% (w/w) of rRH and of pRH, respectively. 

This water-mediated extraction gave results comparable with those described in Table 1, 

proving that rRH and pRH contained a very low amount of soluble sugars. In order to 

further characterize these soluble fractions, the extracts were further treated with ethyl 

acetate. The organic solvent soluble fractions were made up of a mixture of fatty acids (≈ 

0.05% w/w total biomass) and phenylpropanoid metabolites such as cinnamic acid (≈ 

0.74% w/w total biomass) and ferulic acid (0.13% w/w total biomass).  

 

2.2.2. Microbiological Preprocess  

As discussed above, the results of the hydro-thermal preprocess have confirmed that both 

rRH and pRH are waste materials of a very difficult valorization, as they are devoid of 

water-soluble components such as sugars, starch, or proteins. In addition, the biomass of 

the RHs was almost unaffected by our thermal treatment. As a consequence, we evaluated 

whether a biological pretreatment could break up the lignocellulosic structure of the RHs. 

To this end, we evaluated the potential of some selected fungal strains in the submerged 

fermentation of the RHs samples. More specifically, we singled out the filamentous fungi 

Myceliophthora thermophila, Rhizomucor pusillus, and Trichoderma viride. The latter 

microorganisms have been widely employed in the industry for the production of 

hydrolytic enzymes such as cellulases, amylases, pectinases, and chitinases.37-40 In 

addition, the first two species are thermophiles with two different optimal growth 

temperatures. Therefore, the fermentation of the three identical samples of pRH with M. 

thermophila, R. pusillus, and T. viride were performed at 45, 35, and 24 °C, respectively. 

The pRH biomasses recovered after the fermentation indicated a weight loss of the 18, 

19, and 14%, respectively. These results clearly demonstrate that all the tested strains 

utilized pRH as a carbon source for their growth, regardless of the temperature 

fermentation. Despite this fact, none of the experiments displayed a weight loss superior 

to 19%, thus confirming the difficult degradability of RHs, even when using cellulose-

degrading fungi. Interestingly, for all the trials, we observed an initial luxuriant growth 

followed by the transformation of the formed filamentous biomass into a slurry. The 

microscopic view of the biomasses showed the presence of a very short hypha, most likely 

deriving by the grinding of the fungal filaments. We supposed that RH, with its high silica 

content, was not a suitable substrate for a submerged fermentation. The shaking, 

necessary for oxygenation, damaged the fungal hypha, thus reducing their activity. As a 
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consequence of the described results, the microbiological preprocessing of this specific 

waste was considered to be unsuitable and thus excluded from the complete fractionation 

process depicted in Figure 1.  

 

2.3. DES-Mediated Lignocellulose Process  

The subsequent step of the biomass treatment after the previously described pre-process 

was constituted of a DES-mediated fractionation process. Different DESs have been 

prepared and tested in this work. They have been obtained by mixing and heating a 

mixture of the two components: a hydrogen bond acceptor (HBA) such as choline 

chloride (ChCl) and betaine glycine (BetG), and a hydrogen bond donor (HBD) com-

posed by acetic acid and L-lactic acid. These two HBDs have been selected since it is 

known that the presence of the carboxylic group in an HBD enhances the lignin yields 

during the lignocellulosic destructuration.41-42 The composition and density of the DESs 

are reported in Table 3. Typically, DESs had a higher density than water and those 

containing L-lactic acid (DESs 2 and 4) resulted in being denser than those with acetic 

acid (DESs 1 and 3), likely because of the presence of the hydroxyl group in the HBD 

molecules, which should allow for the formation of stronger hydrogen bonds. 

Table 3: List, composition, and density (measured at 18 °C) of prepared DESs. 

DES Number 
Composition DES  

HBA/HBD 

Molar Ratio 

(HBA/HBD) 

Density of Pure DES 

(g/cm3) 

1 Choline chloride/Acetic acid 1/2 1.10 

2 Choline chloride/L-Lactic acid 1/5 1.18 

3 Betaine Glycine/Acetic acid 1/2 1.11 

4 Betaine Glycine/L-Lactic acid 1/5 1.20 

 

Following the scheme of the process reported in Figure 1, dried and finely milled treated 

biomasses (rRHT and pRHT) were submitted to a fractionation. For comparison, the native 

biomasses (rRH and pRH) were also treated in the same way. The biomasses were then 

suspended in the different DESs at 120 °C under magnetic stirring for 24 h. After cooling, 

ethanol was gradually added, leading to the precipitation of the first fractions, the 

cellulose-enriched fractions, which were then further separated in order to quantify the 

silica content. To this end, we slightly modified the Yoshida procedure,43 consisting in 

the oxidative degradation of all the organic fractions (see Section 3.5.3 for details). The 

cellulose-enriched fractions were heated at a reflux with a mixture of concentrated nitric 

acid, sulfuric acid, and perchloric acid, and the resulting silica suspensions allowed for 

the isolation of the silica samples. Their weights were employed to calculate the silica 

content of the cellulose-enriched fractions (given as a w/w biomass percentage and 

reported in Figure 3). The silica content was quantified at around 13%, almost identical 

in all the samples, confirming that the treatments performed on the RHs did not affect 

their SiO2 content. 
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Figure 3: Data of mass recovery of cellulose-enriched fraction (in green), lignin (in yellow), and silica (in 

blue) during the DES 2-mediated fractionation process of raw rice husk (rRH), raw treated rice husk, 

parboiled rice husk (pRH), and parboiled treated rice husk. 

 

The filtrates were then concentrated to eliminate ethanol and were treated with water 

acting as an anti-solvent, to induce the precipitation of the lignins. After the 

centrifugation, filtration, and solvent evaporation, the final solid fractions (rRH-Lignin, 

rRHT-Lignin, pRH-Lignin, and pRHT-Lignin) were recovered and quantified.  

After the examination of the results obtained with the four DESs in terms of the handling 

of the reaction mixtures and the final mass recovery, DES 2 (choline chloride/L-lactic 

acid, 1/5) was selected for this work, since it gave the higher yields in terms of the 

fractions recovery and lignin recovery. The data of the quantitative recovery of the 

different fractions are reported in the Supplementary Materials (Table S1) for all the 

tested DESs, whereas the mass recovery results obtained on the DES 2-mediated fractions 

for the four RHs biomasses have been illustrated more precisely in Figure 3.  

As it appears clearly from Figure 3, the weight percentages of the three fractions were 

almost identical for the four fractionated RHs. The cellulose-enriched fraction accounted 

for 47% of the total biomass in the three cases, lignin for 15.8 to 11% (for rRH and rRHT) 

and to 14.5 to 15.5% (for pRH and pRHT), and silica at around 13% in all cases. The 

results clearly prove that both the parboiling process and the autoclave treatment do not 

influence so much the percentages of the three main fractions and do not induce 

substantial differences in the natural biomass fractionation.  

 

2.4. Lignin Characterization  

Lignins derived from the complete fractionation process (using DES 2) of both raw and 

parboiled rice husks (rRH-Lignin and pRH-Lignin, respectively) were subjected to an 

extensive characterization to evaluate their properties and potential differences. A well-

known commercial soda lignin (Protobind 1000, indicated from now on as Protobind) 

was used as the reference.44  
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2.4.1. Solvent Solubilization  

One of the key features in the lignin’s characterization and valorization is represented by 

the solubilization studies, which can afford the starting point in the set-up of the best 

conditions for lignin processing. In fact, it should be stressed that one of the main issues 

concerning lignin exploitation is its low solubility in the most frequently used organic 

solvents. In this work, the solubilization screening has been performed in six organic 

solvents and in water. The selected solvents have been: tert-butyl methyl ether (MTBE), 

n-butyl acetate (BuOAc), ethyl acetate (EtOAc), 2-butanone (MEK), methanol (MeOH), 

and tetrahydrofuran (THF). Figure 4 shows the obtained extraction yields for rRH- (in 

pale yellow), rRHT- (in dark yellow), pRH- (in orange), pRHT-Lignins (in brown), and 

Protobind (in grey) for comparison, as a w/w percentage of the solubilized lignin vs. total 

lignin. 

 

Figure 4: Extraction yield of the commercial technical lignin Protobind (in grey), and the lignins 

extracted from raw (in pale yellow), raw treated (dark yellow), parboiled (in orange), and parboiled 

treated (in brown) rice husks. The data are reported as the percentage (w/w) of solubilized fraction vs. 

total fraction in 6 different organic solvents and water. 

 

As expected, the four RH-lignins are quite insoluble in water, similar to what was 

observed in the reference material (Protobind). When considering the solubility response 

to organic solvents, RH-lignins show a substantial similarity in their solubility: a very 

poor solubility (less than 10% w/w) in MTBE and BuOAc, and a slightly higher solubility 

in EtOAc and MeOH in a range between 10 and 30% w/w. The best solvents appear to 

be MEK and THF, as for the reference material (Protobind), where the value of the 

solubility ranges from 50 up to 99% w/w. It should be noted that the lignins from rRHs 

seemed to be slightly more soluble in all the solvents, except THF, if compared with the 

pRHs. Moreover, the solubility of the RHT-lignins appeared to be higher than the RH-

lignins in all the organic solvents (except THF), indicating that the biomass pretreatment 

could generally positively affect the solubility characteristic of the recovered lignins. This 
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aspect appears as an interesting outcome and suggests a potential straightforward 

exploitation of such RH-recovered lignins in line with the similar exploitation routes 

typical of commercial lignin materials.  

 

2.4.2. Molar Mass Distribution  

The evaluation of the molar mass distribution in the lignin recovered fractions is a 

fundamental tool in order to successfully exploit these biomasses. To that end, GPC 

analyses were performed to determine the molecular weight and the molecular weight 

distribution of the extracted lignins. In Table 4, the number average molecular weight 

(Mn), the weight average molecular weight (Mw), and the polydispersity index (Ð) of all 

the RH-lignin samples and of the reference lignin Protobind 1000 are reported. 

Table 4: Number average molecular weight (Mn), weight average molecular weight (Mw), and 

polydispersity index (Ð) of all examined lignins (samples were eluted after acetylation; reported values 

are relative to polystyrene standards). 

Sample Mn (g/mol) Mw (g/mol) Ð 

rRH-Lignin 1380 5330 3.86 

rRHT-Lignin 1360 5195 3.82 

pRH-Lignin 1320 3930 2.98 

pRHT-Lignin 1310 3860 2.95 

Protobind 1000 830 2800 3.37 

 

The RH-Lignins showed a higher Mn and Mw and a similar Ð, with respect to the 

Protobind lignin. Especially, in all RH-Lignins, a comparable Mn was observed. In 

contrast to this, the Mw of both rRH-Lignins was found to be higher compared to both 

pRH-Lignins, resulting in a higher Ð. No differences were observed between the treated 

and untreated lignins, indicating that the pretreatment did not affect the molecular weight 

and the molecular weight distribution of these lignins.  

These results are in accordance with what was previously discussed in terms of solubility. 

Indeed, on average, due to their higher Mn and Mw, RHs-lignins resulted in being slightly 

less soluble in organic solvents compared to the Protobind lignin.  

 

2.4.3. Sugar Content  

The precipitated lignin fractions were washed three times after the water-mediated 

precipitation from the DES solutions in order to eliminate potential DES residues, which 

could contaminate the lignins and provide a sticky response of the final products. The 

sugar quantification, reported in Table 5, was performed with an already established 

procedure using the bicinchoninic assay method with some modifications.45-46 Although 

they were not further purified after the precipitation, all the lignins possessed a very low 

carbohydrate content similar to the Protobind value; it accounted for less than 0.4% (w/w) 

of the free reducing sugars. Furthermore, after the hydrolysis, the rRH- and pRH-Lignins 

showed the presence of a certain quantity of complex sugars (from 5.7 to 9.1%), which 

was also in this case substantially lower than the Protobind value (13%). However, pRHT-

Lignin exhibited quite the same value as Protobind. This aspect has to be considered in 
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view of the further applications of these RH-Lignins in the preparation of cement water 

reducers. 

Table 5: Results of the total reducing sugar quantification. 

Sample 
Reducing Sugars/Biomass 

(w/w%) 

Reducing Sugars/Biomass after Hydrolysis 

(w/w%) 

rRH-Lignin 0.19 5.7 

rRHT-Lignin 0.51 9.2 

pRH-Lignin 0.31 9.1 

pRHT-Lignin 0.38 14 

Protobind 1000 0.34 13 

 

2.4.4. 13C CP-MAS NMR  

The solid-state 13C cross-polarization magic angle spinning (CP-MAS) NMR 

spectroscopy was used to define the fingerprint of each lignin and to highlight the 

structural differences among the examined samples. Figure 5 shows the superposition of 

the 13C CP-MAS NMR spectra of the commercial Protobind lignin with the extracted 

lignin samples. At first, the RHs samples had an almost overlapping profile but clearly 

differed from the Protobind reference sample (see Figure 5 Panel A). The region between 

210 and 190 ppm corresponded to the non-conjugated carbonyl groups C=O of aldehydes. 

In this range of chemical shifts, there were no substantial differences among the spectra, 

whereas in the aromatic region (160-100 ppm), Protobind showed a lower signal intensity 

at 175.7 ppm compared to the other spectra. This indicated a lower presence of both  

–CO2H carboxylic and –CO2R ester groups. In addition, the Protobind spectrum showed 

another signal which was less intense than the other samples around 115 ppm, which very 

likely could be attributed to a lower content of the guaiacyl units. 
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Figure 5: Solid state 13C CP-MAS NMR spectra of Protobind lignin (in grey), rRH-Lignin (in yellow), 

pRH-Lignin (in orange), pRHT-Lignin (in brown). (Panel A) the whole spectrum; (Panel B) zoom of 0–

100 ppm region. 

 

However, the main spectral differences were between 100 and 0 ppm (Figure 5 in Panel 

B). Between 65 and 75, Protobind presented two more peaks at 74.5 and 63.7 ppm: peaks 

in such a region are typical of the β-O-4 structural moiety with the –OH group at the  

α-position. On the other hand, the extracted lignin samples showed at 67.4 ppm a signal 

which was not present in the Protobind lignin. This region (62-75 ppm) is diagnostic of 

β-O-4 structures. In the alkyl part of the spectra, the intensity of the O-CH3 peak at 55.9 

ppm was comparable in all the samples. Lastly, the most significant differences were at 

around 30 ppm (corresponding to the alkyl CH2) and around 20 ppm (typical of the methyl 

groups). This analysis could be a very important tool in order to compare the lignins 

extracted from different biomasses.  
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2.4.5. Total Phenolic Content  

The total phenolic content was determined in the recovered lignins from RHs using a 

modified Folin–Ciocalteu (FC) assay (see Section 3.6.5 for details). In this protocol, the 

samples were initially fully solubilized in DMSO before being incubated with the specific 

redox reagent (FC reagent). The phenolic content results are summarized in Table 6 as 

the vanillin equivalents (mmol/g of dry lignin), using the data from Protobind as the 

reference. 

Table 6: Results of the determination of phenolic hydroxyl groups expressed as vanillin equivalents/g of 

lignin sample. Estimated standard errors ± 0.1 mmol/g vanillin equivalent (1σ, from calibration data). 

Sample Vanillin Equivalent Content (mmol/g) 

rRH-Lignin 1.6  

rRHT-Lignin 1.3 

pRH-Lignin 1.6 

pRHT-Lignin 1.7 

Protobind 1000 3.1 

 

All four lignins from RHs show quite the same content of vanillin equivalents (around 

1.3-1.6 mmol/g), which is half the value found in Protobind. In addition, also in this case 

it appears that the parboiled treatment does not affect the majority of the functionalities 

of the phenolic lignin.  

 

2.4.6. Hydroxyl Groups Quantification by 31P NMR  

The different hydroxyl groups present in the recovered lignins were assessed and 

identified through high resolution 31P NMR spectroscopy. This technique allows for the 

quantification of the different hydroxyl groups present in the lignin backbone after 

derivatization with 2-chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphospholane. The high 

natural abundance of the 31P nucleus allows us to obtain well-resolved NMR signals.47-48 

Their attribution to the different OH groups in the sample could be performed because 

the chemical shifts are largely dependent on the surrounding chemical environment of the 

derivatized hydroxyls. The spectra are reported in Figure 6. 
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Figure 6: 31P NMR Spectra of isolated Lignins and Protobind as reference. 

The signals of the RH-Lignins and Protobind spectra were integrated to differentiate the 

hydroxyl groups: the signals from 150 to 147 ppm were associated with the aliphatic 

hydroxyl groups, the signals from 145 to 138 ppm were related to the aromatic hydroxyl 

groups, and, lastly, the signals centered at 136 ppm were attributed to the carboxylic acid 

residues. The peak integration of these three chemical shift regions led to the 

quantification of the total hydroxyl groups expressed in mmol of the functional group per 

g of dry lignin, as reported in Table 7 below. 

Table 7: Detailed hydroxyl/carboxyl quantification by 31P NMR (as mmol of functional group per g of 

dry lignin). 

Sample 
–OH Aliphatic 

(mmol/g) 

–OH Aromatic 

(mmol/g) 

–COOH  

(mmol/g) 

rRH-Lignin 2.42 7.12 1.43 

rRHT-Lignin 2.48 7.10 1.02 

pRH-Lignin 3.01 7.77 1.42 

pRHT-Lignin 3.08 7.49 1.36 

Protobind 1000 3.00 4.67 1.42 

 

Additionally, in this case, the 31P NMR results showed that the three RH-Lignins had 

quite the same amount of hydroxyl and carboxyl groups in their composition. In 

particular, when compared with Protobind, the lignins extracted from RHs appeared to 

have quite the same quantity of aliphatic OH and carboxylic groups, whereas the main 

differences were showed in the aromatic hydroxyl groups, which appeared to be one and 
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a half times higher than in Protobind.  

 

2.4.7. Fourier Transform Infrared Spectroscopy  

Fourier transform infrared (FTIR) spectroscopy was carried out to further study the 

chemical composition of the RH-Lignins. The absorption spectra obtained are shown in 

Figure 7, where the FTIR spectrum of Protobind is also presented for comparison 

purposes. In general, no noticeable differences among the recovered lignins could be 

observed. All the lignin fractions showed a broad absorption band in the region of 3400-

3200 cm−1, related to the stretching vibrations of the aliphatic and phenolic OH groups, 

and the signals in the region of 3050-2800 cm−1 were associated with the CH bond 

stretching in the methyl and methylene groups. The major differences between the RH-

Lignins and Protobind lignin were found in the fingerprint region. In particular, while 

Protobind showed a single signal located at 1710 cm−1 attributable to the stretching 

vibration of C=O in unconjugated ketones, carbonyl, and ester groups, all four RH-

Lignins were characterized by an additional peak at 1740 cm−1. This signal was associated 

with C=O stretching vibrations likely resulting from the presence of different 

carbohydrate species entrapped in the recovered RH-Lignin fractions, as also evident 

from Table 5. This result was also confirmed by the signal detectable at 1650 cm−1 for 

such materials, related to conjugated carbonyl/carboxyl stretching in C=O moieties.49  

 

Figure 7: FTIR spectra of rRH-Lignin (in pale yellow), rRHT-Lignin (in dark yellow), pRH-Lignin (in 

orange), pRHT-Lignin (in brown), and Protobind (in grey). 

 
2.4.8. Thermal Behavior  

The glass transition temperatures (Tg) of all the lignin samples were assessed by means 

of differential scanning calorimetry (DSC). The thermograms reported in Figure 8 

showed that the Tg of the recovered RH-Lignins were slightly higher compared to that of 

the reference lignin material (Protobind). In particular, rRH- and pRH-Lignins were 

characterized by the same Tg, close to 160 °C. This value was higher compared to the Tg 
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of the rRHT- and pRHT-Lignin, which instead were detected at around 157 and 149 °C, 

respectively, meaning that the treatment has slightly affected the molecular structure and 

thus the macromolecular mobility of such a lignin fraction. The behaviour is perfectly in 

accordance with the results of both GPC analyses and 31P NMR. Especially, the GPC 

analyses showed a higher Mw and Mn of the RH-Lignins. Along the same lines, 31P NMR 

allowed us to detect a higher abundance of OH aromatic functionalities, which can induce 

the higher intra/intermolecular hydrogen bonding capability, ultimately resulting in a 

reduced molecular motion (viz., reduced free volume and higher Tg). 

 

Figure 8: DSC scans (second heating ramp) of rRH-Lignin (in pale yellow), rRHT-Lignin (in dark 

yellow), pRH-Lignin (in orange), pRHT-Lignin (in brown), and Protobind (in grey). 

 

To study the thermal stability behaviour of the lignin samples, thermogravimetric analysis 

(TGA) was performed as well. The mass loss traces as a function of the temperature of 

the RH-Lignins and of Protobind are reported in Figure 9, where the mass derivative 

(DTG) is also shown. 
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Figure 9: (A) TGA and (B) DTG traces of rRH-Lignin (in pale yellow), rRHT-Lignin (in dark yellow), 

pRH-Lignin (in orange), pRHT-Lignin (in brown), and Protobind (in grey). Analyses were conducted in 

air. 

 

As it can be observed, all RH-Lignin fractions exhibited a slightly improved thermal 

response as compared with the reference material (Protobind) over the entire temperature 

range which was investigated. This can be associated with the slightly higher molecular 

weights (and characteristic thermal transitions) found in RH-Lignins, which result in a 

higher stability towards thermo-oxidative degradation. In particular, a relatively 

monotonic mass loss response is observed, where a single broad degradation event can 

be detected. This behaviour is reflected in the temperatures at which 10% and 50% mass 

losses are registered, which appear in line with Protobind (Table 8). 

Table 8: Characteristic mass loss temperatures (10% mass loss, 50% mass loss, and maximum 

degradation rate) for the analyzed lignins. The reference Protobind system is also reported. 

Sample T10% (°C) T50% (°C) TDTGmax (°C) 

rRH-Lignin 247 480 532 

rRHT-Lignin 256 482 531 

pRH-Lignin 245 477 538 

pRHT-Lignin 243 486 538 

Protobind 1000 227 444 472 

 

2.5. Water Reduction in Cement Pastes  

Natural lignins are a very interesting resource for the development of sustainable 

traditional cement water reducers. Moreover, high-performance lignin-based cement 

water reducers can also be developed through different types of lignin derivatization.50-53 

Typically, lignosulfonates show better water-reducing capabilities than natural lignins, 

but even the latter have been successfully adopted as a starting point in the development 

of high-performance experimental cement plasticizers. This was obtained both in the 

presence54 and in the absence of sulfonation steps.55 The DES-mediated fractionation of 

the lignocellulosic biomass is a mild process that results in the production of non-
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derivatized lignins comparable to those obtained by organosolv or soda processes. The 

lignins (rRH- and pRH-Lignins) obtained in the present study were thus evaluated using 

a commercial soda lignin (Protobind) as a reference. The measured water reduction 

capabilities, made by cement pastes (a blend of water and cement powder), are reported 

in Figure 10. 

 

Figure 10: Measured water reduction capability for cement pastes containing 0.2% wt. of lignin. Error 

bars are the confidence interval (1σ) of the inverse linear regression. 

 

The results indicated a comparable water reduction activity for the lignins derived from 

the rRH and pRH samples. Both lignins demonstrated an equivalent performance in 

comparison to the commercial soda lignin Protobind. The reported data are in a good 

agreement with a previous study based on BSG as a lignocellulosic starting material.56 

Indeed, the obtained results indicate that the lignin derived from the proposed process is 

comparable to a typical industrial soda lignin and that it constitutes a suitable basis for 

the development of sustainable, high performance concrete water reducers. Moreover, 

these results indicate that the lignin derived from the pRH is comparable to that of rRH. 

 

3. Materials and Methods 

3.1. Materials  

The rice husk samples (from Oriza sativa) were kindly provided by Riso Scotti S.p.A. 

(Pavia, Italy) as raw rice husk derived from the processing of japonica (90%) and indica 

(10%) rice varieties and parboiled rice husk derived from indica (75%) and japonica 

(25%) varieties. Protobind 1000 (a mixed wheat straw/sarkanda grass lignin from the soda 

pulping of non-woody biomass) was provided by Tanovis (Alpnach, Switzerland).  

All air- and moisture-sensitive reactions were carried out using dry solvents and under a 

static atmosphere of nitrogen. Choline chloride (C0329), betaine glycine (B0455) and L-

lactic acid (L0165), D-(+)-Galactose, and L-(-)-fucose were purchased from TCI (Milano, 

Italy), whereas (L)-(+)-rhamnose, L-(+)-arabinose, D-(+)-xylose, D-(+)-mannose, D-(+)-

glucose, and the other reagents and the employed solvents, used without a further 

purification, were obtained from Merck (Merck Life Science S.R.L., Milan, Italy).  

Thin layer chromatography (TLC) Merck silica gel 60 F254 plates (Merck Millipore, 

Milan, Italy) were used for analytical TLC.  

The identification and the quantification of the low molecular weight aromatic 

compounds obtained in the pretreatment step were carried out using gas chromatography 
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coupled with mass spectrometry (GC/MS). The GC/MS apparatus used is an Agilent GC 

System 7890A, with an inert MSD with a Triple-Axis Detector 7975C. The gas carrier 

was helium at a flux of 1.18 mL/min. The separation was performed on a DB-5MS 

column (30 m × 250 μm × 0.25 μm, Phenomenex, Bologna, Italy) with a temperature 

program of 50 °C (1 min) to 280 °C at 10 °C/min, 280 °C at 15 min (total run time 39 

min). A solvent delay of 4 min was selected. The samples were dissolved in methanol or 

acetone in a concentration of around 0.5-1 mg/mL.  

 

3.2. Microorganisms and Growth Media  

Myceliophthora thermophila (CBS 866.85) and Rhizomucor pusillus (CBS 354.68) were 

purchased from the CBS-KNAW collection (Utrecht, The Netherlands). Trichoderma 

viride (DSM 63065) was purchased from the DSMZ GmbH collection (Braun-schweig, 

Germany).  

The microbial inoculum for the RH pretreatment consisted of the suspension of the 

suitable fungal spores in distilled water. The latter suspensions were prepared adding 

sterile water to the suitable fungal culture, grown on an agar slant, followed by the 

scrubbing of the sporulated surface.  

Trace elements solution: FeCl3 (50 mM), CaCl2 (20 mM), MnCl2 (10 mM), ZnSO4 (10 

mM), CoCl2 (2 mM), CuCl2 (2 mM), NiCl2 (2 mM), Na2MoO4 (2 mM), Na2SeO3 (2 mM), 

and H3BO3 (2 mM). All inorganic salts were purchased from Carlo Erba (Milano, Italy). 

 

3.3. Determination of Rice Husks Composition  

The rRH and pRH compositions have been determined with a known multistep procedure 

with minor modifications.33 The RH (1 g, value a) was suspended and stirred in deionized 

water (150 mL) at 100 °C for 1 h. Then, after filtration, the solid was washed by deionized 

water (300 mL), dried in an oven at 80 °C, and weighted (value b). The solid was treated 

with 1 N of H2SO4 (150 mL) at 100 °C for 1 h. Then, the suspension was filtered again, 

washed with water, and the solid was dried and weighted (value c). The solid was mixed 

with 72% H2SO4 (10 mL) for 4 h at r.t. and treated with 1 N of H2SO4 (150 mL) under a 

reflux for 1 h. After cooling, the solid was isolated by filtration, dried, and weighted 

(value d). The final residue was then calcinated in an oven at 600 °C for 6 h and the 

residue has been quantified (value e). The fractions of the different components were 

quantified with the following equations: 

hemicellulose (%) = 100 × [(b − c)/a];  

cellulose (%) = 100 × [(c − d)/a];  

lignin (%) = 100 × [(d − e)/a].  

 

3.3.1. Determination and Quantification of Hemicellulose Components  

The procedure was performed according to Foster et al., with minor modifications.36 The 

monosaccharides fraction obtained from the hemicellulose hydrolysis (obtained in 3.3.) 

was dissolved in deionized water (30 mL) and was treated with NaBH4 (1 g, 26.4 mmol) 

stirring at r.t. for 2 h. Then, the reaction was quenched by the careful addition of glacial 

acetic acid (10 mL), keeping the temperature under 30 °C by external cooling. The solvent 
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(water) and the excess of acetic acid were removed by evaporation under a reduced 

pressure and the obtained powder was treated with pyridine (30 mL) and acetic anhydride 

(30 mL) stirring at a reflux for 1 h. Hence, the reaction was concentrated to the dryness 

under a reduced pressure and the residue was partitioned between ethyl acetate (70 mL) 

and water (100 mL). The aqueous phase was extracted again with ethyl acetate (50 mL) 

and the combined organic phases were washed in turn with saturated NaHCO3 aq. (100 

mL) and with brine (100 mL). The resulting solution was dried (Na2SO4) and 

concentrated in vacuo. The residue contained the alditol acetates of the hemicellulose 

monosaccharides, whose relative composition was determined by GC/MS analysis. 

GC/MS analyses for the determination of sugar composition in hemicellulose were 

performed on an HP-6890 gas chromatograph equipped with a 5973 mass detector and 

using an HP-5MS column (30 m × 0.25 mm, 0.25 µm film thickness; Hewlett Packard, 

Palo Alto, CA, USA). The temperature program was the following: 120 °C (3 min)-12 

°C/min-195 °C (10 min)-12 °C/min-300 °C (10 min); carrier gas: He; constant flow 1 

mL/min; and split ratio: 1/30. The reference standards of the alditole acetates were 

prepared starting from the corresponding monosaccharides, following the 

reduction/acetylation protocol described above. The retention times of the alditole 

acetates are given below for each monosaccharide derivative: rhamnose 14.03 min; 

fucose 14.30 min; arabinose 14.46 min; xylose 14.88 min; mannose 21.55 min; glucose 

21.65 min; and galactose 21.96 min.  

 

3.4. Rice Husks Preprocess 

3.4.1. Hydro-Thermal Preprocess  

A sample of rice husk (30 g) was suspended in distilled water (1 L) and was heated in an 

autoclave at 121 °C for 20 min. After cooling, the solid residue was removed by filtration 

and the aqueous phase was concentrated under a reduced pressure until it reached 

complete dryness. The crude extracts of rRH and pRH were 2.1% and 2.8% w/w of the 

starting biomass, respectively. They were further fractionated by extraction with ethyl 

acetate and filtrated on a short silica gel column. The so-obtained solvent soluble fractions 

were derivatized as previously described and then analyzed by GC/MS.54 Briefly, a 

mixture of 25 μL of pyridine, 250 μL of dioxane, and 75 μL of silylation mixture 

composed of N,O-bis(trimethylsilyl)trifluoroacetamide (BSTFA, Sigma T6381) with 

trimethylchlorosilane (TMC, Sigma T6381) was incubated with 1 mg of the sample 

heated in a thermomixer (1.5 mL vial Eppendorf Thermomixer Comfort) at 70 °C and 

600 rpm for 30 min. At the end, 100 μL of the mixture were withdrawn, added to 100 μL 

of dioxane, and analysed by GC/MS with the same apparatus and analytical method 

reported in Section 3.1. The identification of the compounds was performed by means of 

an NIST 2008 mass spectral library search and then the selected peaks were confirmed 

with the known standards (comparing both the mass spectrum and chromatographic 

coordinate). 

 

3.4.2. Microbiological Preprocess  

A sample of ground pRH (25 g) was added to a 1 L flask which contained distilled water 

(250 mL), yeast extract (0.3 g), NH4Cl (0.8 g), and the microelement solution (4 mL). 

The flask was sealed with a cellulose plug and was sterilized at 121 °C for 15 min. Then, 
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the obtained mixture was inoculated with the selected strain and the microbial growth 

was performed according to the experimental conditions indicated below. 

Myceliophthora thermophila (CBS 866.85): 45 °C, 6 days, 130 rpm 

Rhizomucor pusillus (CBS 354.68): 35 °C, 8 days, 130 rpm 

Trichoderma viride (DSM 63065): 24 °C, 8 days, 130 rpm 

Hence, the microbial transformation was interrupted by filtration on a narrow mesh 

metallic filter. The recovered RH was washed with deionized water and was dried 

(ventilated oven, 60 °C, 24 h).  

According to this procedure, the difference between the weight of the recovered pRH and 

the weight of the untreated sample takes into account of the sum of the husk soluble 

fractions and of the husk organic fraction depleted by the fungal strain during its growth 

process. Overall, the fraction between this weight difference over the corresponding RH 

initial weight (given as w/w percentages) indicates the degradative capability of the strain. 

The obtained results are listed below:  

Myceliophthora thermophila: 18%; Rhizomucor pusillus: 19%; and Trichoderma viride: 

14%. 

 

3.5. Rice Husks Lignocellulose Process 

3.5.1. Preparation of DESs  

The DESs were prepared in a closed flask by mixing the anhydrous hydrogen bond 

acceptor (HBA) with the hydrogen bond donor (HBD) in the determined molar ratio (see 

Section 2.3) and was stirred at 120 °C for 4 h until the liquid phase appeared to be 

completely homogeneous and clear. The products were then dried under a vacuum and 

stored at room temperature in a desiccator in the presence of anhydrous calcium chloride 

until further use. The 1H NMR spectrum of the selected DES 2 (choline chloride/L-lactic 

acid 1/5) for the full fractionation is reported in the Supplementary Materials (Figure S1). 

 

3.5.2. DES-Mediated Lignocellulose Process  

The rice husk (25 g) was suspended in a DES of choline chloride/L-lactic acid 1/5 (250 

mL) at 130 °C in a round-bottom flask under magnetic stirring for 24 h. After cooling, 

ethanol (500 mL) was then added gradually over 2 h in order to precipitate the cellulose-

enriched fraction. The solid particulate was separated by centrifugation and filtration, 

washed many times with ethanol, and dried to give a final solid RH-Cellulose-enriched 

fraction (≈ 15 g) with a yield of 59-61% (w/w initial biomass). This fraction was further 

fractionated in order to quantify the silica content (see Section 3.5.3). The silica content 

accounted for 12.8% (w/w biomass).  

The filtrate after the ethanol treatment was then concentrated by the rotary evaporation 

under the vacuum to eliminate the solvent. Water (500 mL) was added, and the suspension 

was stirred for 24 h at 4 °C. The obtained precipitate was then centrifuged, filtered, and 

washed three times for 1 h with a solution of water/ethanol 9/1. After the centrifugation, 

filtration, and solvent evaporation, the final fraction (RH-Lignin, ≈3 g) was recovered 

with a final yield of 10% (w/w initial biomass).  
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3.5.3. Determination of Silica Content in Cellulose-Enriched Fractions  

The cellulose-enriched fractions, derived from DES-mediated fractionation, were 

analyzed in order to determine their silica contents, using the Yoshida procedure based 

on the complete oxidation of the organic materials by heating with a mixture of strong 

acids with some modifications. We employed an acid mixture with the following 

composition: HNO3 aq. (65% w/v) 75 mL, H2SO4 aq. (96% w/v) 15 mL, and HClO4 aq. 

(70% w/v) 30 mL.  

Each sample of the cellulose-enriched fractions (about 2 g, dry weight) was placed in a 

round bottomed flask containing a stirring bar and equipped with a condenser. The 

fractions were treated with 20 mL of the acid mixture and were allowed to predigest under 

a fume hood for 3 h. Then, the obtained brown slurries were heated at reflux under stirring 

for six h. The resulting colourless silica suspensions were ice-cooled, diluted with 60 mL 

of distilled water, and centrifuged (9000 rpm, 4 °C). The collected silica samples were 

washed with distilled water (2 × 25 mL), with acetone (25 mL), and were then dried at a 

reduced pressure. The weights of the obtained silica samples were employed to calculate 

the silica content of the cellulose-enriched fractions and thus of the starting rice husk 

samples (both given as a w/w percentage).  

 

3.6. Lignin Characterization 

3.6.1. Solvent Solubilization Determination  

The lignin solvent’s solubility was determined by treating 1 g of the analyzed lignin with 

10 mL of the different solvents under stirring at 400 rpm. Each test was carried out 

overnight at room temperature. The suspension was then filtered and the solvent was 

evaporated at a reduced pressure, and the final residue was dried until a constant weight 

was achieved prior to the quantification.  

 

3.6.2. Molar Mass Determination  

A Waters 510 HPLC system equipped with a refractive index detector was used for the 

GPC analyses. Tetrahydrofuran (THF) was used as the eluent. The analyzed lignin sample 

(volume 200 μL, concentration 1 mg/mL in THF) was injected into a system of the three 

columns connected in series (Ultrastyragel HR, Waters − dimensions 7.8 mm × 300 mm) 

and the analysis was performed at 30 °C at a flow rate of 0.5 mL/min. The calibration 

was performed against polystyrene standards in the 102-104 g/mol molecular weight 

range. The samples have been acetylated to allow for a complete solubility in the THF 

eluent. The estimation of the number-average and weight-average molecular weights of 

the obtained lignin fractions was performed excluding the signals related to the solvent 

(THF) and the solvent stabilizer (butylated hydroxytoluene), visible at long elution times 

(> 29.5 min).  

 

3.6.3. Sugar Content Determination  

The total sugars quantification was performed with a previously described method based 

on a bicinchoninic assay.15, 44  

 

3.6.4. 13C CP-MAS NMR Analysis  

Solid state NMR experiments were carried out on a Bruker NEO 500 MHz spectrometer 
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(Bruker, Billerica, MA, U.S) equipped with an i-probe solid state probe. The samples 

(150 mg) were packed into 4 mm zirconia rotors and sealed with Kel-F caps. All the NMR 

spectra were recorded at 298 K. The 13C CP-MAS NMR spectra were performed at 125 

MHz. The spin-rate was kept at 8 KHz. The 90-pulse width was 3.2 μs, the relaxation 

delay was 4 s, the acquisition number was 17,000, and the contact time was 1.5 ms. The 

spectra were obtained using 1024 data points in the time domain, zero filled, and Fourier 

transformed. All the data were processed using the MestreNova 6.0.2 software (Mestrelab 

Research, Santiago de Compostela, Spain). An adamantane standard was used as the 

external referencing standard to calibrate the 13C chemical shifts.  

 

3.6.5. Folin–Ciocalteu Analysis  

The total phenolic content of the lignins was determined by a modified Folin–Ciocalteu 

(FC) protocol with some modifications to the sample preparation step, as previously 

described. 54-55 Briefly, the samples were dissolved in DMSO with a final concentration 

of 2 mg/mL. For each determination, 5 μL of the working solution (or the standard 

solution) were then mixed with 120 μL of deionized water, 125 μL of FC reagent (Sigma 

47641), and kept for 6 min at room temperature after 30 s of vortex stirring. Then, after 

the addition of 1.25 mL of 5% sodium carbonate and mixing, the vial was incubated in a 

thermoshaker at 40 °C for 30 min. The reaction mixture absorbance was measured using 

a UV–Vis spectrophotometer (Jasco V-560) equipped with a temperature-controlled 

cuvette holder and a thermostatic water bath (Haake K10, Karlsruhe, Germany). All the 

spectrophotometric measurements were carried out at 760 nm, 25 °C, using a 1 cm optical 

path cuvette and deionized water as the blank sample. Vanillin was chosen as the 

reference standard. The calibration curve was constructed with nine different vanillin 

solutions in DMSO with a concentration in the range 0-500 μg/mL (see Supplementary 

Materials Figure S2). Each FC assay determination was carried out in triplicate. 

 

3.6.6. 31P NMR Analysis  
31P NMR spectroscopic analyses were recorded on a Bruker Instrument AVANCE400 

spectrometer (Milano, Italy). The acquisition and data treatment were performed with 

Bruker TopSpin 3.2 software (Milano, Italy). The spectra were collected at 29 °C with a 

4 s acquisition time, 5 s relaxation delay, and 256 scans. Prior to the analysis, the samples 

were dried for 24 h under a vacuum and then derivatized according to the following 

procedure.  

The sample (40 mg) was completely dissolved in 300 μL of N,N-dimethylformamide. To 

this solution, the following components were added: 200 μL of dry pyridine, 100 μL of 

solution of an internal standard (10 mg of Endo-N-hydroxy-5-norbornene-2,3-

dicarboximide (Sigma 226378) dissolved in 0.5 mL of a mixture of pyridine and CDCl3 

1.6:1 v/v), 50 μL of a relaxation agent solution (5.7 mg of chromium (III) acetylacetonate 

(Sigma 574082) dissolved in 0.5 mL of a mixture of pyridine and CDCl3 1.6:1 v/v), 100 

μL of 2-chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphospholane (Sigma 447536), and, at the 

end, 200 μL of CDCl3. The solution was centrifuged and/or filtered if necessary. All the 

chemical shifts reported were related to the reaction product of the phosphorylating agent 

with water, which gave a signal at 132.2 ppm.  
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3.6.7. Fourier Transform Infrared Spectroscopy Analysis  

The FTIR spectra were collected with a Nicolet Nexus 760 FTIR spectrophotometer. The 

samples were prepared by pressing the lignin powders with KBr powder to obtain thin 

discs. The spectra were recorded at room temperature, in air, in transmission mode (64 

accumulated scans at a resolution of 4 cm−1) in the 4000-1000 cm−1 wavenumber range. 

 

3.6.8. Differential Scanning Calorimetry Analysis  

DSC analysis was employed to investigate the thermal transitions in the lignin samples. 

Measurements were carried out on 10-15 mg samples by means of a Mettler-Toledo DSC 

823e instrument. Three runs (heating/cooling/heating) were performed: from 25 °C to 

150 °C to remove the water from the samples, from 150 °C to 25 °C, and from 25 °C to 

200 °C, at a scan rate of 20 °C/min under a nitrogen flux. The glass transition temperature 

(Tg) of the samples was evaluated as the inflection point in the second heating run. 

 

3.6.9. Thermogravimetric Analysis   

TGA was performed on all the lignin samples (≈15 mg) by means of a Q500 TGA system 

(TA Instruments, Italy) from an ambient temperature to 800 °C, at a scan rate of 10 

°C/min in air.  

 

3.7. Determination of Water Reduction in Cement Pastes  

The complete description of the laboratory method for the preliminary estimation of the 

water reduction capabilities of the fractionated lignins was reported in detail in a previous 

work.15
  

Briefly, the analysis is based on the evaluation of the relative Bingham dynamic yield 

torque of cement pastes containing 0.2% of lignin (w/w relative to dry cement) at a 

different water/cement (w/c) ratio.56   

By measuring the dynamic yield torque of the cement pastes at various w/c ratios, it is 

possible to calculate by inverse regression the w/c ratio needed to obtain a predetermined 

reference torque value and thus to determine the water reduction capacity for each lignin 

under study. In this study, the reference Bingham dynamic yield torque was obtained with 

a pure cement paste with a 0.45 w/c ratio. The actual water reduction obtained for each 

lignin is given by the following equation 

W
R

=100 · (1-
W

L

W
ref

)

 

where WR is the water reduction (%), WL is the measured w/c ratio at the reference yield 

torque for the given lignin, and Wref is the reference w/c ratio (0.45). This procedure 

allows us to measure the effective water reduction capability of each lignin in the 

preparation of cement pastes in the given conditions. In the present work, the water 

reduction capability was measured for rRH-Lignin, for pRH-Lignin and, as a reference, 

for a well-known commercial soda lignin (Protobind).  

 

4. Conclusions 

Among the agri-food cultivations, rice has a huge social and economic importance. For 

this reason, the exploitation of waste residues coming from its production possesses an 
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important interest for the scientific community and for the society.  

In this work, we demonstrated a multistep lignocellulosic fractionation process of raw 

and parboiled rice husks by means of DESs based on non-toxic, renewable components. 

The fractionation allowed us to recover a cellulose/silica fraction, precipitated by the 

addition of ethanol, and a lignin-based fraction, precipitated by the addition of water.  

The lignin fractions obtained from both raw and parboiled rice husks were fully 

characterized and compared for the first time. The results show similar physico-chemical 

properties between the two recovered lignins, indicating that the parboiling process does 

not alter significantly the lignin characteristics. Moreover, because of the mild separation 

conditions allowed by the DES-mediated process, the resulting lignins were underivatized 

and demonstrated a limited degradation.  

Both lignins were studied as a potential base for the production of cement water reducers, 

the latter being an important application field for lignin derivatives. The obtained results 

confirmed the substantial equivalence of the two lignins for the target application and 

indicated that both are comparable to a commercial soda lignin taken as a reference 

benchmark.  

A preprocess step based on fermentation was also studied. However, the obtained results 

demonstrated the limited degradability of both raw and parboiled RHs, even using 

cellulose-degrading fungi. A possible cause for such behaviour was found in the relatively 

high silica content in both RHs (about 13%).  

These preliminary data show, at a 25 g lab-scale, the potentialities of DES-mediated 

fractionation processes in the lignocellulosic fractionation of RHs. This protocol is a 

promising base for a future implementation on a larger scale. Considering the very large 

volume of the worldwide rice production and the environmental friendliness of DES-

based processes, the reported results constitute an encouraging step towards the 

exploitation of RH wastes in line with the strategic objectives of the circular economy.  

 

Supplementary Materials  

The following supporting information can be downloaded at: 

https://www.mdpi.com/article/10.3390/molecules27248879/s1, Figure S1: 1H NMR 

spectrum of DES 2 choline chloride/L-lactic acid (1:5 mol/mol); Figure S2: Calibration 

curve of Folin–Ciocalteu phenol titration with vanillin.; Table S1: Yields of mass 

recovery in the different tested DESs.  
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Österberg, M.; Mattos, B. D.; Rojas, O. J., Lignin-based porous supraparticles for carbon capture. ACS 

nano 2021, 15 (4), 6774-6786. 
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Abstract 

Lignin nanoparticles (LNPs) are promising components for various materials, given their 

controllable particle size and spherical shape. However, their origin from supramolecular 

aggregation has limited the applicability of LNPs as recoverable templates for 

immobilization of enzymes. In this study, we show that stabilized LNPs are highly 

promising for the immobilization of phospholipase D (PLD), the enzyme involved in the 

biocatalytic production of high-value polar head-modified phospholipids of commercial 

interest, phosphatidylglycerol, phosphatidylserine and phosphatidyl-ethanolamine. 

Starting from hydroxymethylated lignin, LNPs were prepared and successively 

hydrothermally treated to obtain c-HLNPs with high resistance to organic solvents and a 

wide range of pH values, covering the conditions for enzymatic reactions and enzyme 

recovery. The immobilization of PLD on c-HLNPs (PLD-c-HLNPs) was achieved 

through direct adsorption. We then successfully exploited this new enzymatic preparation 

in the preparation of pure polar head-modified phospholipids with high yields (60-90%). 

Furthermore, the high PLD-c-HLNPs stability allows its recycling for a number of 

reactions with appreciable maintenance of its catalytic activity. Thus, PLD-c-HLNPs can 

be regarded as a new, chemically stable, recyclable and user-friendly biocatalyst, based 

on a biobased inexpensive scaffold, to be employed in sustainable chemical processes for 

synthesis of value-added phospholipids.  

 

1. Introduction 

Phospholipids, in addition to being the main components of all biological membranes, are 

the subject of many areas of biomedical research due to their involvement in critical 

cellular functions, such as cellular regeneration and differentiation, as well as to their 

ability to promote the biological activity of various membrane-linked proteins and 

receptors.1-6 Phospholipids have been successfully employed as therapeutic agents, drug-

delivery systems, and diagnostic markers for certain diseases.7 Furthermore, their role in 

some neurological pathologies such as stress-related disorders, schizophrenia, dementia 

and Parkinson’s disease has been established as well as the beneficial effects of their use 

in the diet to prevent a range of diseases including inflammation, cancer, and coronary 

heart issues.8-9 Phospholipids are also industrially exploited as natural emulsifiers, 

surfactants, nutraceuticals, food stabilizers and detergents.10 Additionally, in the last three 

years following the onset of the Covid-19 pandemic, phospholipids have been integrated 

into the design of modern vaccines as liposomal encapsulation systems.11-12 Moreover, 

these residues have also been inserted in biocompatible polymers for medical use.13   

From a structural point of view, natural phospholipids present a glycerol backbone, 

esterified at sn-1 and sn-2 positions with saturated and unsaturated long chain fatty acids, 

which constitute the lipophilic moieties, and in sn-3 with a phosphate diester as the polar 

head group (see Scheme 1 for abundant natural compounds). 
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Scheme 1: Structure of the main natural phospholipids. The acyl chains in orange are the most abundant 

in phospholipids extracted from soybeans. 

 

The possibility to prepare different polar head modified phospholipids constitutes a 

central point in the research on phospholipids because their biological activity is strictly 

dependent on the chemical identity of the polar head and the acyl chains, and their 

commercial values are highly related to the source and the purity of the products. 

However, the preparation of these products is challenging. In fact, even if 

phosphatidylcholine (PC), which is the most abundant natural phospholipid, is easily 

extracted from natural sources, the recovery of the other less abundant derivatives is not 

feasible on a large production scale: it would in fact be extremely expensive, requiring 

multiple steps of solvent partitioning and chromatography. Obviously, total chemical 

synthesis from appropriate homochiral precursors could be exploited but it requires 

multistep and expensive reagents and the use of complex sequences of protection and 

deprotection steps in order to introduce selectively the desired functional groups.14-16 For 

that reason, new strategies for the production of these high value compounds are highly 

investigated.17-19 In this mainframe, biocatalytic production starting from natural 

compounds is a suitable alternative especially when final products are required for food 

and pharmaceutical sectors with strict safety standards. In particular, PC can be 

enzymatically modified in its polar head moiety into high value phospholipids by means 

of phospholipase D (PLD, EC 3.1.4.4).20 This enzyme, in addition to its natural capacity 

to hydrolyze PC into phosphatidic acid (PA), catalyzes, under definite conditions, the 

transphosphatidylation reaction of PC in the presence of an alcohol (X-OH), leading to a 

polar head-modified phospholipid reported as PX in Scheme 2.21-23 
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Scheme 2: PLD-catalyzed transformation of PC in polar head modified phospholipids (PXs). 

 

The reaction parameters could be set in order to reduce the entity of the PA formation 

which constitutes the parasitic reaction in the preparation of PXs. Some improvements of 

this strategy were recently reported using novel eco-friendly solvents such as ionic liquids 

(ILs),24 deep eutectic solvents (DES),22 and bio-based solvents.25-27 PLD is very 

expensive and not commercially available on large scale as only few chemical companies 

produce this enzyme limiting its application to an internal use. For those reasons, the 

development of enzymatic synthesis strategies is highly suitable, particularly when the 

products are intended for biomedical investigations. In this mainframe, our research has 

focused on immobilization of PLD, aiming to find new sustainable methods to prepare 

polar head-modified phospholipids, with the final objective of reducing the operational 

costs by optimizing the process, recycling the enzyme, and enhancing its activity and 

stability over time.  

In the recent years, bio-based enzyme immobilization scaffolds have been highly required 

to make the industry more sustainable.28 For that reason, among the components of 

renewable biomass, a great research interest has grown on lignin, which is an amorphous 

aromatic polymer constituting the natural glue responsible for structural integrity of 

plants.29 Lignin is obtained as a by-product of the pulp and paper industry in which around 

70 million tons of lignin are extracted from wood every year based on the FAO data on 

pulp production. Recently, lignin has become the subject of a wide range of increasingly 

active research,30-33 and particularly spherical lignin nanoparticles (LNPs)34-35 with 

controllable size, desired shape, high and surface area have broadened the window of 

applications for lignin.36-39 LNPs can be prepared using several methods such as pH 

shifting precipitation,40-42 mechanical treatment,43 sonication40, 44 and solvent 

exchange.45-46 The solvent exchange method allows preparation of LNPs of controllable 

size by dissolving lignin in an organic solvent followed by decreasing the organic solvent 

concentration, commonly by either adding water, which initiates aggregation of lignin in 

a way that results in a colloidally stable dispersion. LNPs have been studied for a plethora 

of different materials chemistry applications, including drug carriers,47 UV protectants,48 

and hosts for enzyme immobilization,49 replacing often hazardous nanomaterials.50-52 Our 

interest in using LNPs for immobilization of PLD was inspired by some recent 

publications with redox enzymes.49, 53-56 For example, Capecchi et al. described LNPs for 

the immobilization of tyrosinase for the synthesis of catechol derivatives,49 and glucose 

oxidase and peroxidase immobilization to obtain biosensors for the detection of glucose.55 

In literature, PLD has been immobilized on different supports, such as resins,57 magnetic 

nanoparticles,58 and porous materials,59 LNPs appear novel in this domain. We decided 

to use this kind of scaffold because preparing LNPs is simple, cost-effective and allow 

the preparation of stable material starting from a waste which usually is disposed of, 

creating a high-value products starting from discards.   
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However, one of the obstacles limiting widespread use of LNPs in enzyme 

immobilization has been their instability (aggregation or dissolution) in aqueous and 

organic solvents. Maintaining the spherical shape and colloidal stability of LNPs is 

essential not only for the success of the biocatalytic reaction, but also for the extraction 

processes utilized in the separation of products and the catalyst for subsequent reuse.  

In this work, we present the successful immobilization of PLD on stabilized LNPs 

obtained from hydroxymethylated lignin by direct adsorption without use of any 

crosslinkers. The immobilized PLD was studied with particular attention paid to enzyme 

recycling in the biotransformation of PC in three natural high-value polar head-modified 

phospholipids (as illustrated in Scheme 2): phosphatidylglycerol (PG), 

phosphatidylserine (PS) and phosphatidylethanolamine (PE). These phospholipids were 

selected for their commercial value due to their peculiar properties. The first product, PG, 

present in mammalian membranes in a small percentage (1–2% of the total 

phospholipids),60 is highly prevalent in mammalian lungs and its concentration in 

amniotic fluid is used to evaluate the fetal lung maturity and assess the risk of respiratory 

distress syndrome in new-borns. Therefore, new surfactants preparations based on PG 

derivatives for therapeutic treatments of this disease are highly requested. The second 

compound, PS, localized especially in the brain, presents many nutritional and medical 

functions being involved in many neurological processes.61-62 The assumption of PS has 

been linked to positive benefits in terms of mind and memory enhancement: in particular 

it reduces age-related decline in mental function, it prevents Alzheimer’s and dementia, 

it is considered a stress reducer and a mood enhancer to cure depression, and it improves 

athletic performance. Finally the third product PE is interesting owing to its association 

with Alzheimer, Parkinson and non-alcoholic liver diseases, as well as with the virulence 

of certain pathogenic organisms.63-64 Moreover, PE could provide beneficial effects to 

human health because it presents good antioxidant activity against free radicals and has a 

significant influence on the heart to prevent cell damage.65   

The present results indicate that stabilized LNPs effectively adsorb PLD and allow 

efficient biocatalytic transformation of natural phosphatidylcholine into the 

aforementioned target products. Overall, HLNPs are a safe and biodegradable material 

readily prepared from lignin, which is an inexpensive commodity. Thus, PLD-c-HLNPs 

can be regarded as a new, chemically stable, recyclable and user-friendly biocatalyst to 

be employed in sustainable chemical processes for phospholipids preparation.  

 

2. Results and Discussion 

2.1. Lignin Hydroxymethylation  

Our work started with the preparation of stabilized lignin nanoparticles (LNPs) for 

enzyme immobilization. A commercially available and previously fully characterized 

wheat straw/Sarkanda grass lignin (Protobind 1000)66 was used as the starting raw 

material for the preparation of stabilized cured HLNPs (c-HLNPs) as depicted in Figure 

1.  
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Figure 1: Illustration of the process for the preparation of stabilized c-HLNPs. 

 

In the first step, formaldehyde reacted with lignin at the position 5 of the aromatic ring in 

an alkaline medium, but some side reaction such as Tollens and Cannizzaro reactions and 

condensation could take place (reported in Figure S1). For these reasons, several 

parameters had to be considered: lignin structure, time and temperature. First, it is known 

that the hydroxymethylation reaction is strongly dependent on the lignin skeleton, in 

particular on its monolignols composition. In fact, because of its heterogeneous and 

complex structure, lignin has a low reactivity, and the active site is not available in all 

aromatic rings.67-68 Also, the hydroxymethylation is strongly dependent on the 

temperature and time of reaction, since undesired condensation reactions could take place 

at higher temperature and longer time. In our study, the successful hydroxymethylation 

of lignin was confirmed by FTIR and 31P NMR analyses. FTIR spectra showed a broad 

band absorption in the region of 3400-3200 cm-1 which was related to the stretching 

vibrations of the aliphatic and phenolic O-H groups but the increase in the hydroxyl 

content was compatible with the increase of the absorbance at 3350 cm-1 in 

hydroxymethylated lignin (HL) spectrum (Figure 2a). The increase also of the signals in 

the region of 3050-2800 cm-1 associated with the C-H bonding stretching in the methyl 

and methylene groups was also diagnostic. Moreover, the lignin modification was notable 

by the decrease of the signal at 1112 cm-1 corresponding to the presence of guaiacyl-

syringyl units, the change at 1452 cm-1 typical of C-H deformations of asymmetric methyl 

and methylene, and the appearance of a shoulder at 1290 cm-1 corresponding to the 

increase in guaiacyl units.69-70 The hydroxymethylation was also confirmed by the 31P 

NMR results (all spectra reported in Figure S2), as shown in Figure 2b by the increase in 

the aliphatic hydroxyl content of the hydroxymethylated lignin, and the increase/decrease 

in the G units with substituted and vacant 5-positions, respectively. 
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Figure 2: Chemical characterization of LNPs and HLNPs. (a) FTIR spectra of lignin (in light brown) and 

hydroxymethylated lignin (HL, in brown). (b) Results of quantitative hydroxyl analysis by 31P NMR 

spectroscopy of lignin (in light brown) and hydroxymethylated lignin (HL, in brown); cond= condensed. 

 

2.2. Preparation of HLNPs from Hydroxymethylated Lignin  

After dissolution of hydroxymethylated lignin in a mixture of acetone/water 3/1, HLNPs 

were prepared by precipitation with the addition of deionized water. After filtration to 

remove possible aggregates, the recovered HLNPs displayed smaller particle size 

compared to the regular LNPs (Figure 3a). This observation is consistent with the 

previous literature based only on Kraft lignin.71-72 In particular, the size of the LNPs from 

this kind of lignin is known to decrease with the increasing aliphatic hydroxyl content, 

and it is also confirmed for LNPs from Protobind lignin, which is a lignin with different 

chemical and physical properties respect to Kraft.  

 
Figure 3: (a) Yields of nanoparticles formation at different lignin concentrations (3, 4 and 5 g/L) for the 

preparation of LNPs (in light brown) and HLNPs (in brown). (b) Particle size distribution (DLS) of LNPs 

(in light brown) and HLNPs (in brown) at 3 g/L. 

 

To increase resistance of HLNPs to organic solvents and to a wide range of pH values we 

carried out a curing step to stabilize the HLNPs via intraparticle curing (see Figure 1). So, 

the resistance of HLNPs and their cured counterparts (c-HLNPs) to withstand a shift from 

pH 5 to pH 10 (selected range further investigated in PLD activity assays) was tested with 

DLS analysis, by monitoring their dimensions and polydispersity (PDI) during a 24 h 

time period after the addition of an aqueous pH 10 buffer. As reported in Figure 4a, c-
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HLNPs showed a high stability over time in a pH range from 5 to 10, with stable size and 

PDI. In contrast, uncured HLNPs were rapidly disrupted at pH 10, leading to an irregular 

size distribution and a high PDI (Figure 4b). This was also visible in the images included 

in the two graphs: c-HLNPs at basic pH could be recovered by precipitation, while the 

uncured ones immediately disaggregated probably due to their quite total dissolution. 

Moreover, in addition to alkaline stability, c-HLNPs appeared stable in organic solvents, 

such as ethanol, acetone, hexane and toluene. This is a crucial factor for their application 

in biocatalysis, in particular in phospholipids enzymatic transformations since the 

reactions took place in a biphasic environment (organic solvent-buffer solution). The 

morphology of the c-HLNPs recovered after incubation at basic pH for 24 h was also 

analyzed by SEM, showing spherical and intact colloidal particles (see Figure 4c). 

 

Figure 4: Stability analysis of HLNPs and c-HLNPs. (a) Kinetic of stability for c-HLNPs at pH 10 over 

24h in comparison of the HLNPs at pH 5 (the picture inside the graph shows the appearance of c-HLNPs 

at pH 10 after centrifugation). (b) DLS analysis of HLNPs (not cured) at pH 5 and at pH 10 (the picture 

inside the graph shows the appearance of HLNPs at pH 10 after centrifugation). (c) SEM image of c-

HLNPs at pH 10 (the scale bar in the picture down legend corresponds to 100 nm). (d) Photographs of 

HLNPs and c-HLNPs suspended in acetone after centrifugation. 

 

 

2.3. Phospholipase D Immobilization 

2.3.1. Phospholipase D Activity  

The PLD activity was measured from the fermentation broth (PLDB), the dialyzed broth 

(PLDD) and the freeze-dried preparation (PLDDL) and the results are reported in Table 1. 

The enzyme obtained post-dialysis (PLDD) showed a higher activity than the broth itself, 

due to the performed enzyme precipitation (0.3 vs 0.14 U/mL). However, if we compare 

the immobilized enzymes, PLDD-c-HLNPs showed an activity almost equal to the PLDB-

c-HLNPs, probably because a plateau in enzyme immobilization capacity on the c-

HLNPs was reached. A confirmation of the occurred immobilization was also given by 
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the measurement of the activity of the supernatants sampled after the enzyme had been 

immobilized on c-HLNPs. In fact, the PLDB activity of the supernatant was 0.08 U/mL 

and 0.04 U/mL for PLDD-c-HLNPs, i.e., only 25% and 13% of the corresponding total 

activities assayed in the supernatant and pellet fractions. It should be pointed out that the 

supernatants could contain smaller lignin nanoparticles which could be responsible of 

residual enzymatic activity into these fractions. Furthermore, the immobilized lyophilized 

PLD (PLDDL-c-HLNPs) showed an activity of 0.43 U/mL, much higher than the 

immobilized PLDB/PLDD, thanks to the enzyme concentration step. For PLDDL-c-

HLNPs the low residual activity of the recovered supernatant after immobilization (0.04 

U/mL) was consistent with the results obtained for PLDB and PLDD immobilization, and 

attested that PLD tended to adsorb on c-HLNPs. 

Table 1: Comparison of the PLD activity in free enzyme preparations and in their immobilized forms on 

c-HLNPs (fermentation broth (PLDB), immobilized fermentation broth (PLDB-c-HLNPs), broth post 

dialysis (PLDD) and immobilized broth post dialysis (PLDD-c-HLNPs), lyophilized PLD (PLDDL) and 

immobilized lyophilized PLD (PLDDL-c-HLNPs). 

 

The increase in PLD activity after immobilization has to refer to PLD conformation once 

it is adsorbed on LNPs surface. In fact, as reported in literature, the enzyme, once its 

immobilized, loses its flexibility and its 3D structure becomes rigid in the hyperactivated 

form.73 The immobilization was also confirmed by the FTIR analysis (Figure 5a), since 

the spectrum for free PLDDL (reported in light green) and PLDDL-c-HLNPs (dark green) 

both showed several diagnostic peaks. In particular, there are four main characteristic 

signals: (i) CONH peptide linkage at 1650 cm-1; (ii) the presence of COC groups at 1100 

cm-1; (iii) NH bending signal for amine I in the area between 1650 and 1580 cm-1; (iv) 

CN stretching typical for aliphatic amine between 1250 and 1020 cm-1. Moreover, the 

DLS size distribution showed that the immobilization increased the particle diameter 

compared to the original HLNPs (c-HLNPs: 120 nm; PLDDL-c-HLNPs: 200 nm). 

 

2.3.2. Concentration Effect   

The effect of the enzyme concentration was tested to determine the best condition in 

which almost all the enzyme could be immobilized without losing activity. We tested 

several different enzyme concentrations in lignin particle dispersions: 9%, 12%, 17%, 

20% and 23% v/v (PLD/HLNPs suspension). The results showed that, when the 17% v/v 

of PLD (equivalent to 48 μg PLDDL/g c-HLNPs and to 1.18% PLDDL/lignin w/w) was 

immobilized, a plateau was reached and the addition of more enzyme provoked a decrease 

in the recovered activity (Figure 5b). Most likely, after the level of 17% v/v, all the 

surfaces of c-HLNPs were covered, and the enzyme started to form multilayers, covering 

the active site of the enzyme underneath, and causing a decrease in the activity. By 

Free enzyme 
Immobilized enzyme on 

c-HLNPs (PLDX-c-HLNPs) 

Composition Acronym Activity Acronym Activity 
Supernatant 

activity 

Retained 

activity 

Fermentation 

broth 
PLDB 

0.14 

U/mL 

PLDB-c-

HLNPs 

0.26 

U/mL 
0.08 U/mL 75% 

Dialyzed broth PLDD 
0.30 

U/mL 

PLDD-c-

HLNPs 

0.23 

U/mL 
0.04 U/mL 87% 

Lyophilized 

enzyme 
PLDDL 

0.026 

U/mg 

PLDDL-c-

HLNPs 

0.43 

U/mL 
0.04 U/mL 91% 
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increasing the concentration of PLD, also the activity of the supernatant decreased 

proving that the enzyme was almost completely immobilized (Figure 5b). 

 

Figure 5: (a) FTIR spectra of PLDDL (in light green), c-HLNPs (in brown) and PLDDL-c-HLNPs (in dark 

green); (b) Activity (U/mL) of PLD-c-HLNPs (in dark green) and supernatant (in blue) obtained after 

enzyme immobilization. 

 

2.3.3. Temperature and pH Effect   

Temperature and pH were tested to select the best parameters for the biocatalytic 

transformations. The temperature dependence of the enzymatic activity on PC was 

assayed in the 10-70 °C range at pH 8. As reported in Figure 6a, PLD-c-HLNPs showed 

the highest activity at 40 °C. Though the temperature optimum was similar to that of the 

free PLD, the immobilized enzyme was markedly more active, with almost two-fold 

activity in comparison to the value obtained for the free enzyme. Concerning the influence 

of pH on enzymatic activity, PLD-c-HLNPs tested in the 2-13 pH range appeared to be 

more active at pH 4 whereas the free enzyme was more active at pH 6 (Figure 6b). Also, 

in this case, the PLD-c-HLNPs were markedly more active than the free enzyme across 

the pH range. The increase in PLD activity after immobilization even when it is submitted 

to not-optimal conditions of temperature and pH are due to the fact that the enzyme 

conformation, once it is immobilized, remains stable, lose the flexibility, overcome its 

fragile nature, and even tolerate extreme reaction environments such as extreme pH and 

temperatures. 

These results are particularly interesting since the transphosphatidylation reactions 

reported in this paper are performed at 40 °C and at pH 5.6 (phosphatidylglycerol and 

phosphatidylethanolamine) and 4.5 (phosphatidylserine). As shown by Figure 6, PLD-c-

HLNPs activity is particularly higher at these conditions, and even higher than the free 

enzyme, making phosphatidylcholine transphosphatidylation particularly advantageous. 
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Figure 6: (a) Activity (U/mL) of PLD and PLD-c-HLNPs in a range of temperatures between 10 to  

70 °C; (b) Activity (U/mL) of PLD and PLD-c-HLNPs in a pH range from 2 to 13 at 40 °C. 

 

2.4. Enzymatic Synthesis of Polar Head-Modified Phospholipids  

Our ultimate objective in the present work, as discussed in the Introduction, was to study 

the possibility to exploit the immobilized PLD on c-HLNPs in the enzymatic 

transformation of natural PC investigating a new protocol for the production of three 

important polar head-modified phospholipids (PXs), namely phosphatidylglycerol (PG), 

phosphatidylserine (PS) and phosphatidylethanolamine (PE). In these compounds the 

choline residue of PC is substituted by a glycerol, a L-serine and an ethanolamine moiety 

respectively (see Scheme 1). For that purpose, purified PC from soya beans was used as 

substrate. Because of its natural source, the major acyl chain pattern of PC resulted in a 

mixture of palmitic (C16:0) and linoleic (C18:2) acid chains as previously reported (see 

Figure S3).22 PC and the corresponding alcohols (glycerol, L-serine and ethanolamine) 

were converted into PXs by PLDDL-c-HLNPs in a biphasic system at 40 °C. At the end of 

each synthetic cycle, after centrifugation of the reaction mixtures, the final products PXs 

were easily recovered with high yields that in the case of PG and PS exceeded 90%, while 

for PE it reached 60% (Figure 7). The final products were analyzed by ESI/MS in order 

to check their high purity and the complete transformation of the starting substrate PC.  
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Figure 7: Structure, characterization (TLC and ESI/MS spectra) and yield of production (over 4 cycles) 

of phosphatidylglycerol (PG), phosphatidylserine (PS) and phosphatidylethanolamine (PE). 

 

The spectra of all the products obtained after four recycling steps are reported in Figure 

8 (with PC spectrum for comparison). The supported enzyme preparations were, inside 

each PX preparation, successfully completely recycled with high activity retention over 

four synthetic cycles (complete ESI/MS spectra are reported in Figures S4, S5, S6 for PG, 

PS and PE respectively). It is important to underline that this method of enzyme 

immobilization allowed, compared to the previously cited literature, to recover the 

desired products in high yields (consistently with our previous works),74 constantly over 

the cycles, and that the enzyme activity remained quite unchanged without losing 

efficiency. Moreover, the immobilized enzyme showed a higher activity respect to the 

free one, allowing to reduce the reaction times. These factors make the system suitable 

for the immobilization and recyclability of the enzyme, paving the way for further 

investigations for different biocatalytic processes. 
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Figure 8: ESI/MS of starting PC and of final PG, PS and PE products obtained with PLD-HLNPs in the 

fourth step (indicated as PX_IV) of recycling. On the left side the positive ions spectra are reported, on 

the right side the negative ones. 

 

2.5. Comparison of PLD Immobilization on c-HLNPss and Other Supports  

In literature, PLD has been immobilized on different supports, such as magnetic 

nanoparticles and porous materials. In particular, Li et al.75 immobilized PLD on silicon 

dioxide nanoparticles using solvent precipitation and glutaraldehyde as cross-linker; Han 

et al.59 reported the PLD immobilization on silica-coated magnetic nanoparticles only by 

direct adsorption; finally Li et al.76 synthetized PS by PLD immobilized on an inorganic 

hierarchical porous material prepared via a template-free approach. All these 

aforementioned methods resulted in an increased enzyme activity, enhancing its stability 

over a wide range of temperatures and pH and allowed recycling of the enzyme. In 

comparison to these works, our technique allows to immobilize PLD on a low-cost, 

renewable scaffold without the addition of cross-linker, while still increasing the enzyme 

performance. In fact, the enzyme recovery rate after immobilization was high (>75%), 

and PLD increased its activity of almost two times at the optimal pH and temperature. 

These are positive results when compared to the literature. In fact, in Li et al. work, thanks 

to the immobilization on silicon dioxide nanoparticles, PLD activity increased of 1.15 

times; while in Han et al. one, PLD activity remained constant at the reaction conditions 

(40 °C, pH 6.2), and the enzyme recovery late was less than 60%. In addition, in Li et 
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Han works, it is notable a shifting of optimal temperature and pH which no longer 

correspond to the conditions at which the transphosphatidylation reactions are performed. 

Instead, in this study PLD preserved its optimal reaction conditions, without shifting of 

temperature, allowing to perform the transphosphatidylation reactions at 40 °C, as 

previously reported in literature.74  

 

2.6. Green Metric Parameters  

This study perfectly reflects the Green Chemistry principles firstly introduced by P.T. 

Anastas and J.C. Warner in 1998.77 In this scenario, we calculated some of these 

parameters to prove the greenness of this technique. In particular, E- factor (g of waste/g 

product), Atom Economy (Mw product/Mw reagents), productivity (g product/g 

enzyme/h) and PMI (kg of raw material/kg of products) have been evaluated for all the 

three products, and they are reported here below. In general, these results show that the 

reported method produces a low amount of waste and the reaction efficiency is good.  

 

Table 2: Measurements of E-Factor (=mass wastes/mass product) for phosphatidylglycerol (PG), 

phosphatidylserine (PS) and phosphatidylethanolamine (PE). 

Waste Quantity 

Glycerol 2.62 g 

Serine 2.52 g 

Ethanolamine 0.074 g 

Phospholipase D 0.03 g 

Toluene 3.46 g 

Products  

Phosphatidylglycerol 0.038 g 

Phosphatidylserine 0.032 g 

Phosphatidylethanolamine 0.030 g 

E-Factor PG 93.9 

E-Factor PS 110.92 

E-Factor PE 116.37 

 

Table 3: Measurements of Atom Economy (=Mw product/Mw reagents) for phosphatidylglycerol (PG), 

phosphatidylserine (PS) and phosphatidylethanolamine (PE). 

Reagents Mw (g/mol) 

Phosphatidylcholine 776 

Choline 104.17 

Glycerol 92.10 

Serine 105.09 

Ethanolamine 61.08 

Products  

Phosphatidylglycerol 762.9 

Phosphatidylserine 775.91 

Phosphatidylethanolamine 731.9 

Atom Economy PG 88% 

Atom Economy PS 88% 

Atom Economy PE 87% 
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Table 4: Measurements of productivity (=g product/g enzyme/h) for phosphatidylglycerol (PG), 

phosphatidylserine (PS) and phosphatidylethanolamine (PE). 

Products Quantity  

Phosphatidylglycerol 0.038 g 

Phosphatidylserine 0.032 g 

Phosphatidylethanolamine 0.030 g 

Enzyme  

Phospholipase D 0.030 g 

Time 24 h x 4 = 96 h 

Productivity PG 0.013 

Productivity PS 0.011 

Productivity PE 0.010 

 

Table 5: Measurements of PMI (=g raw materials/g product) for phosphatidylglycerol (PG), 

phosphatidylserine (PS) and phosphatidylethanolamine (PE). 

Raw materials Quantity 

Phosphatidylcholine 0.04 g  

Glycerol 2.62 g 

Serine 2.52 g 

Ethanolamine 0.074 g 

Toluene 3.46 g 

Water 5.00 g 

Phospholipase D 0.03 g 

Products  

Phosphatidylglycerol 0.038 g 

Phosphatidylserine 0.032 g 

Phosphatidylethanolamine 0.030 g 

PMI PG 0.80 

PMI PS 0.94 

PMI PE 1.01 

 

3. Conclusion 

In this work, we performed the immobilization of an expensive enzyme on a sustainable 

scaffold which has been exploited in the production of high value polar head-modified 

phospholipids. In particular biobased stabilized nanoparticles were obtained by the 

precipitation of an hydroxymethylated technical lignin followed by a successive 

hydrothermal curing step. These c-HLNPs appeared to be stable in organic solvents and 

at different pH values and were exploited for the immobilization of the expensive enzyme 

PLD by a facile adsorption process, without the use of covalent crosslinking reactions. 

The PLD-c-HLNPs system was exploited for the production of phospholipids of high 

commercial interest such as phosphatidylglycerol, phosphatidylserine, and 

phosphatidylethanolamine showing even higher catalytic efficiency than free PLD. The 

method allowed the efficient recycling of PLD and high reaction yields (60-90%), without 

losing its activity for four cycles. The present work thus constitutes a new sustainable 

approach for the biocatalytic preparation of polar head-modified phospholipids exploiting 

lignin nanoparticles as a valuable biobased and inexpensive tool for PLD immobilization, 

paving the way to the exploitation of this procedure in other biocatalytic processes, in 

particular when expensive enzymes are required.  
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4. Experimental section 

All chemicals, solvents and enzymes (choline oxidase and peroxidase) were purchased 

from Merck (Merck Life Science S.r.l., Milan, Italy) and used as received without further 

purification. Phosphatidylcholine (PC) was supplied from Lucas Meyer (Epikuron 200, 

soy lecithin) and used after purification by precipitation in cold acetone (10 g of Epikuron 

200 dissolved in 15 mL of hexane, added to 300 mL of cold acetone). 1H NMR and 31P 

NMR spectra were recorded on a 400 MHz Bruker Avance spectrometer (Milano, Italy). 

Acquisition and data treatment were performed with Bruker TopSpin 3.2 software. 

Chemical shifts were reported in δ units (ppm), all spectra were recorded in 

CDCl3/CD3OD. Deuterated solvents were purchased from Eurisotop (Saint-Aubin, 

France). Protobind 1000 (a mixed wheat straw/sarkanda grass lignin from soda pulping 

of non-woody biomass) was purchased from Tanovis (Alpnach, Switzerland) and will be 

indicated as lignin.  

 

4.1. PLD Preparation 

4.1.1. Microrganism Fermentation  

PLD from Streptomyces was obtained from the fermentation broth of Streptomyces 

netropsis (DSM 40093) as reported in our previous works (see Figure 3).74 The medium 

for strain growth and maintenance was composed of glucose 4 g/L; yeast extract 5 g/L; 

malt extract 10 g/L whereas the medium for PLD preparation contained glucose 5 g/L, 

yeast extract 5 g/L, malt extract 10 g/L, peptone from soybean 3 g/L, peptone from casein 

1 g/L, MgSO4 0.2 g/L, NaCl 0.2 g/L. The fermentation was performed aerobically, setting 

a minimum air flow of 2 L/min (0.5 v/v/min), in a sterilized fermenter vessel of a 5 L 

bioreactor (Biostat A BB-8822000, Sartorius Stedim, Göttingen, Germany) containing 4 

L of medium. Temperature, stirring speed, and pH were set to 30 °C, 250 rpm and 7.0, 

respectively. pH value was controlled by addition of sterilized aqueous solutions (10% 

w/w in water) of either acetic acid or ammonia. After 48 h, the fermentation broth was 

filtered through a celite pad, and the clear liquid was stored at 4 °C in dark bottles. 

 

4.1.2. Precipitation and Dialysis  

To 1 L of the filtered broth, 430 g of ammonium sulfate were added over 1 h at 4 °C under 

stirring. After its dissolution, the broth was left precipitating overnight at 4 °C. After 24 

h, the pellet was recovered by centrifugation at 8000 rpm for 15 min at 4 °C. The solid 

was then dissolved in a small amount of supernatant broth and dialyzed with a seamless 

cellulose tube (D0655 Sigma-Aldrich, Milano, Italy) against 10 mM sodium acetate 

buffer at pH 5. The dialyzed broth (100 mL), which had an activity of 0.30 U/mL, was 

finally lyophilized (0.026 U/mg, see Figure S1 for the scheme of PLD preparation). 

 

4.2. Thin Layer Chromatography (TLC)  

TLC plates Silica gel 60 SIL G-25 UV254 glass 250 µm (Macherey Nagel) were used for 

analytical TLC. The eluent was constituted by CHCl3/CH3OH/CH3COCH3/ 

CH3COOH/H2O: 50/10/20/10/5 (ratios reported in volume). Detection was performed by 

staining with cerium molybdate reagent and 0.2% ethanolic ninhydrin solution (TLC 

reported in Figure S8).  
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4.3. Electrospray Ionization Mass Spectrometry (ESI/MS)  

Mass spectra were recorded on an ESI/MS Bruker Esquire 3000 PLUS (ESI Ion Trap 

LC/MSn System, Bruker, Milano, Italy), by direct infusion of a dichloromethane solution 

of compounds with an infusion rate of 4 µL/min. Samples were analyzed using both 

positive and negative ionization modes to allow the detection of all relevant compounds. 

 

4.4. Preparation of Hydroxymethylated Lignin   

Hydroxymethylated lignin (HL) was prepared using an existing method as reported in 

Morsali et al..71 Briefly, in a round bottom glass, 8.75 mL of deionized water and 11.25 

mL of aqueous sodium hydroxide (1 M, 11.25 mmol) were added to 5 g of dry lignin to 

dissolve lignin at pH 10.5 in room temperature. Then 5 mL of formaldehyde solution 

(37% formaldehyde, 66 mmol) was added dropwise to the lignin solution and temperature 

was increased to 85 °C. The reaction was allowed to take place for 4 h. Subsequently, 

deionized water was used to quench the reaction and the pH was adjusted to 3 with 

addition of 0.1 M hydrochloric acid drop by drop. The product was centrifuged and 

washed 3 times with deionized water to remove extra acid and formed salts. The purified 

products were freeze-dried to collect dry HL.  

 

4.5. Preparation of Nanoparticles from Hydroxymethylated Lignin (HLNPs)  

HL (430 mg) was dissolved in acetone/water mixture 3/1 (9.37 g/3.12 g) and let stirring 

2 h. Then the sample was filtered to remove the impurities, and the LNPs were produced 

by quickly pouring deionized water (37 mL) to the lignin solution while stirring. 

Subsequently acetone was removed by evaporation, and the final aqueous dispersion of 

HLNPs was obtained by filtration to remove possible aggregates. HLNPs (yield 80%) 

were diluted to the final concentration of 5 g/L on a total volume of 40 mL. The colloidal 

dispersion of HLNPs (5 g/L) was hydrothermally cured in a Teflon-sealed reactor at 150 

°C overnight to give cured HLNPs (reported as c-HLNPs).  

 

4.6. Dynamic Light Scattering (DLS)  

The particle size and zeta potential of HLNPs and PLD-HLNPs were measured using a 

Zetasizer Nano ZS90 instrument (Malvern Instruments Ltd., UK). Zeta potential was 

determined using a dip cell probe. Measurements were carried out with three replicates 

of the particle diameter (Z-average, intensity mean) and zeta potential, and the mean 

values were used for the study.  

 

4.7. Fourier Transform Infrared Spectroscopy (FTIR)  

FTIR data were collected using a Varian 610-IR FTIR spectrometer. The IR absorbance 

of samples was measured using an attenuated total reflection–Fourier transform infrared 

spectrophotometer (ATR-FTIR) in the 450-4000 cm–1 wavenumber range.  

 

4.8. Scanning Electron Microscopy (SEM)   

SEM imaging was conducted using a JEOL JSM-7401F (JEOL Ltd., Japan) using a 

secondary electron detector. Samples for imaging were diluted 50 times using deionized 

water and drop-casted on a silicon wafer.  
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4.9. 31P Nuclear Magnetic Resonance Spectroscopy (31P NMR)  

Quantitative analysis of hydroxyl groups of lignin and HL was conducted using 31P NMR 

spectroscopy following the known procedure.78 Briefly, the samples (30 mg) were 

phosphitylated with 2-chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphospholane (0.9 mmol) in 

the presence of N-hydroxy-5-norbornene-2,3-dicarboxylic acid imine (0.010 mmol) as an 

internal standard and chromium(III) acetylacetonate as a relaxation agent. The 31P NMR 

experiments (256 scans, 10 s relaxation delay) were performed with 90° pulse angle and 

inverse gated proton decoupling (reported in Figure S2).  

For phospholipids analysis, 50 mg of sample were dissolved by vigorous stirring with 5 

mg of triphenyl phosphate in 0.6 mL of a CDCl3/CH3OH 2/1 solution mixed with 0.4 mL 

of a CsEDTA solution (prepared by titration of 0.2 M EDTA in D2O with CsCO3 until pH 

7.6, then diluted 1:4 (v/v) with methanol). After complete solubilization, water (0.2 mL) 

was added and the solution was stirred again. The solution was transferred into an NMR 

tube and left to rest in order to achieve the correct separation of the two liquid phases. 

The 31P uncoupled experiments were performed with the following parameters: D1: 10 s, 

SW: 40 ppm, O1: -10 ppm, FID size: 32768, ns: 32, T: 320 K.  

 

4.10. Enzyme Immobilization 

4.10.1. Fermentation Broth Immobilization (PLDB-c-HLNPs)  

The fermentation broth (PLDB) was added dropwise to 5 mL of c-HLNPs (5 g/L) 

suspension under stirring at different concentrations. The mixture was let stirring for 2 h 

and then centrifuged 3 times at 8000 rpm for 10 min each. The collected supernatant was 

centrifuged once at 10000 rpm for 15 min to recover the smallest nanoparticles which 

were then added to the first precipitate and were labelled as PLDB-c-HLNPs.  

 

4.10.2. Dialysed Broth Immobilization (PLDD-c-HLNPs)  

The concentrated fermentation broth (PLDD), coming from the dialysis process, was 

added dropwise to 5 mL of c-HLNPs (5 g/L) suspension under stirring at different 

concentration. The mixture was stirred for 2 h and then centrifuged 3 times at 8000 rpm 

x 10 min. The collected supernatant was centrifuged once more at 10000 rpm x 15 min to 

recover the smallest nanoparticles which were then added to the first precipitate and were 

labelled as PLDD-c-HLNPs.  

 

4.10.3. Lyophilized Broth Immobilization (PLDDL-c-HLNPs).  

Lyophilized PLD (PLDDL) was immobilized on c-HLNPs by dissolving the enzyme 

powder at different concentrations in deionized water. Then 1 mL of the enzyme solution 

was added dropwise to 5 mL of c-HLNPs (5 g/L) suspension under stirring. The mixture 

was stirred for 2 h and then centrifuged 3 times at 8000 rpm x 10 min. The collected 

supernatant was centrifuged once at 10000 rpm x 15 min to recover the smallest 

nanoparticles which were then added to the previous precipitate and were labelled as 

PLDDL-c-HLNPs. 

 

4.11. PLD Activity Determination   

The activity was measured following a standard procedure.79 Briefly 50 mg of PC were 

dissolved in 2 mL of Triton-X 10% v/v and 2 mL of buffer TRIS 0.1 M pH 8 (indicated 



PhD Tesis | Letizia Anna Maria Rossato 

 

145 

 

as buffer T in the present section). 3 mg/mL of 4-aminoantipyrine and 2 mg/mL of phenol 

were dissolved in buffer T and then mixed together and diluted with buffer T until a final 

volume of 14.6 mL was reached (Solution A). Choline oxidase was dissolved in buffer T 

at final concentration of 50 U/mL, while peroxidase at final concentration of 100 U/mL. 

A solution of CaCl2 0.1 M in buffer T was also prepared. For each measurement 134 µL 

of PC were mixed to 34 µL of CaCl2 solution and 10 µL of enzyme. The sample was left 

stirring 10 min at 40 °C. Then 700 µL of Solution A, 67 µL of peroxidase and 67 µL of 

choline oxidase were added. If the enzyme was immobilized on the nanoparticles, the 

suspension was centrifuged before UV analysis. The analyses were performed at λ of 550 

nm for 20 min with a UV-Vis Double Beam Spectrophotometer V-730 Jasco (Jasco 

Europe, Cremella, Italy). The enzymatic activity was calculated with the expression here 

below: 

U/mL= [(ΔAbs/min + Vf) / (ε x Ve)] x D 

where Vf = cuvette total volume (mL); ε = 6 (M-1cm-1); Ve = enzyme volume (mL); D 

= dilution factor. 

For each experiment, when immobilized PLD and the free enzyme are compared, they 

have been used in the same amount.  

 

4.12. Concentration-Activity Relationship for PLD-c-HLNPs  

The PLD-c-HLNPs system activity was measured by immobilizing different 

concentrations of enzyme on the c-HLNPs, ranging from 9% to 23% v/v% (PLD/c-

HLNPs). The activities of the supernatants were also tested. However, it is important to 

precise that these last values could be overestimated by the presence of the smallest c-

HLNPs which may remain suspended in the supernatants despite the centrifugation steps. 

 

4.13. Temperature-Activity Relationship for PLD-c-HLNPs  

The temperature dependence of PLD-c-HLNPs activity was investigated towards PC 

performing the incubation of the reaction mixture thermostated at temperatures ranging 

from 10 to 70 °C. Then, after the centrifugation for enzyme recovery, the sample was 

analysed with the activity test described above.  

 

4.14. pH-Activity Relationship for PLD-c-HLNPs  

The pH dependence of the PLD-c-HLNPs activity towards PC was determined by 

incubating the reaction mixture using the appropriate 0.1 M buffer for 10 min at 40 °C in 

the 2-13 range adjusted to the appropriate pH with HCl or NaOH. Then, after the 

centrifugation for enzyme recovery, the sample was analysed with the activity test 

described above.  

 

4.15. Enzymatic Preparation of Phosphatidylglycerol (PG)  

30 mg of lyophilized PLD (0.026 U/mg) were dissolved in 1 mL of 0.1 M sodium acetate 

buffer pH 5.6 and 0.1 M of calcium chloride, and added dropwise to 5 mL of c-HLNPs 

(5 g/L). After 2 h, 8 M glycerol was added and the solution brought to pH 5.6 by addition 

of acetic acid. The solution was added to PC (10 mg) preliminary dissolved in 1 mL of 

toluene. The reaction was left under stirring at 40 °C for 24 h. Then the two phases were 
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separated by centrifugation at 8000 rpm 2 min, and the aqueous phase was extracted twice 

with toluene (2 x 5 mL). The organic phases were collected, dried with sodium sulfate 

and the solvent was evaporated under reduced pressure. The PLD-c-HLNPs system was 

collected and recycled for 4 cycles, adding for each of them fresh PC. No addition of 

glycerol was required. The 3rd and the 4th cycles were left under stirring at 40 °C for 30 h 

and 48 h respectively to obtain the major conversion of the substrate into PG. For each 

cycle, the product was recovered in a mass yield of 85-90%. 1H NMR (spectrum reported 

in Figure S9): 0.75-0.85 (m, 6H, CH3), 1.15-1.36 (m, 30 H, CH2 acyl chains), 1.48-1.60 

(m, 4H, CH2-CH2-COO), 1.92-2.04 (m, 5 H, CH2-CH=CH), 2.18-2.29 (m, 4H, CH2-

COO), 2.67-2.77 (m, 3H, CH=CH-CH2-CH=CH), 3.50-3.66 (m, 2H, CHOH-CH2OH), 

3.74-4.00 (m, 5H, OCH2-CH-CH2-OPO3 and CHOH-CH2OH), 4.05-4.15  (m, 1H, OPO3-

CH2), 4.28-4.38 (m, 1H, OPO3-CH2), 5.10-5.21(m, 1H, OCH2-CH-CH2-OPO3), 5.23-5.38 

(m, 6H, CH=CH). ESI/MS negative ion spectrum (reported in Figure S4): m/z 16:0/18:2-

PG [745.5]-, 18:2/18:2-PG [769.5]-. 31P NMR δ: 0.51 ppm.  

 

4.16. Enzymatic Preparation of Phosphatidylserine (PS)  

30 mg of lyophilized PLD (0.026 U/mg) were dissolved in 1 mL of 0.1 M sodium acetate 

buffer pH 4.5 and 0.1 M of calcium chloride, and added dropwise to 5 mL of c-HLNPs 

(5 g/L). After 2 h, 3 M L-serine was added and the solution brought to pH 4.5 by addition 

of acetic acid. The solution was added to PC (10 mg) preliminary dissolved in 1 mL of 

toluene. The reaction was left at 40 °C under stirring for 24 h. Then the two phases were 

separated by centrifugation at 8000 rpm for 2 min, and the aqueous phase was extracted 

with toluene (2 x 5 mL). The organic phases were collected, dried with sodium sulfate 

and the solvent was evaporated under reduced pressure. The PLD-c-HLNPs system was 

collected and recycled for 4 cycles, by addition every time of a fresh solution of PC. No 

further addition of L-serine was required. The 3rd and the 4th cycles were left under 

stirring at 40 °C for 30 h and 48 h respectively to obtain the major conversion of the 

substrate into PS. For each cycle, the final product was recovered in a mass yield of 85%. 
1H NMR (spectrum reported in Figure S10): 0.75-0.86 (m, 6H, CH3), 1.17-1.37 (m, 28 H, 

CH2 acyl chains), 1.49-1.63 (m, 4H, CH2-CH2-COO), 1.89-2.04 (m, 6 H, CH2-CH=CH), 

2.18-2.28 (m, 4H, CH2-COO), 2.63-2.77 (m, 3H, CH=CH-CH2-CH=CH), 3.14-3.19 

(CH3-N-CH2 residual PC), 3.51-3.62 (m, 1H, CH2-CH-NH2), 3.77-3.97 (m, 4H, OCH2-

CH-CH2-OPO3), 4.05-4.14 (m, 1H, OPO3-CH2), 4.30-4.40 (m, 1H, OPO3-CH2),5.12-5.22 

(m, 1H, OCH2-CHO-CH2-OPO3), 5.23-5.40 (m, 6H, CH=CH). ESI/MS negative ion 

spectrum (reported in Figure S5): m/z 16:0/18:2-PS [758.4]-, 18:2/18:2-PS [782.4]-. 31P 

NMR δ: -0.05 ppm.  

 

4.17. Enzymatic Preparation of Phosphatidylethanolamine (PE)  

30 mg of lyophilized PLD (0.026 U/mg) were dissolved in 1 mL of 0.1 M sodium acetate 

buffer pH 5.6 and 0.1 M of calcium chloride, and added dropwise to 5 mL of c-HLNPs 

(5 g/L). After 2 h, 2 M ethanolamine was added and the solution brought to pH 5.6 by 

addition of acetic acid. The solution was added to PC (10 mg) preliminary dissolved in 1 

mL of toluene. The reaction was left under stirring at 40 °C for 24 h. Then the two phases 

were separated by centrifugation at 8000 rpm 2 min, and the aqueous phase was extracted 

with toluene (2 x 5 mL). The organic phases were collected, dried with sodium sulfate 

and the solvent was evaporated under reduced pressure. The PLD-c-HLNPs system was 

collected and recycled for 4 cycles, adding for each of them fresh PC. No addition of 
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ethanolamine was required. The 3rd and the 4th cycles were left under stirring at 40 °C 

for 30 h and 48 h respectively to obtain the major conversion of the substrate into PE. For 

each cycle, the product was recovered in a mass yield of 50-60%. 1H NMR (spectrum 

reported in Figure S11):  0.79-0.90 (m, 6H, CH3), 1.15-1.37 (m, 30 H, CH2 acyl chains), 

1.49-1.63 (m, 4H, CH2-CH2-COO), 1.97-2.06 (m, 5 H, CH2-CH=CH), 2.20-2.34 (m, 4H, 

CH2-COO), 2.68-2.82 (m, 2H, CH=CH-CH2-CH=CH), 3.70-4.09 (m, 6H, OCH2-CH-

CH2-OPO3 and O-CH2-CH2- NH2), 4.09-4.17  (m, 1H, OPO3-CH2), 4.30-4.40 (m, 1H, 

OPO3-CH2), 5.15-5.24 (m, 1H, OCH2-CH-CH2-OPO3), 5.24-5.41 (m, 5H, CH=CH). 

ESI/MS spectra (reported in Figure S6): m/z 16:0/18:2-PE [716.6]+, 18:2/18:2-PE 

[740.7]+, 16:0/18:2- PE [714.6]-, 18:2/18:2-PE [738.6]-. 31P NMR δ: 0.02 ppm.  
 

Supporting Information  

Figure S1: Reaction of lignin hydroxymethylation and its side reactions; Figure S2: 31P 

NMR of lignin and HL; Figure S3: ESI/MS of PC; Figure S4-S6: ESI/MS of the four 

recycling steps in PG, PS and PE synthesis; Figure S7: Scheme of preparation of PLDB, 

PLDD and PLDDL; Figure S8: TLC of the main products; Figure S9-S11: 1H NMR of PG, 

PS and PE.  
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Conclusion 
 

In this work, the exploitation of different types of DESs has been investigated for the 

valorization of waste biomasses into high added value compounds, in accordance with 

the Green Chemistry and Circular Economy principles. 

In fact, we presented a deep study about DESs nature and exploitation, showing their 

versatility as new green solvents. Initially, we exploited the measurement of 1H NMR 

relaxation time to assess how HBA/HBD ratio and water content could influence the 

eutecticity of the DES mixture. The presented new methodology compares well in terms 

of simplicity and machine time with other analytical methods, such as differential 

scanning calorimetry (DSC).  

Furthermore, we demonstrated how, by preparing various combinations of HBA and 

HBD, DESs can be used for several applications, from biocatalysis to biomass 

fractionation. For what concern biocatalysis, we presented an innovative approach for the 

biocatalytic preparation of polar head-modified PLs. In fact, DESs were here used both 

as solvent and as reactant, enabling the enzymatic preparation of high-value 

phospholipids of commercial interest easily recovered by precipitation, avoiding the use 

of organic solvent both in the reaction medium and in the extraction steps.  

Regarding biomass fractionation, we set-up a new multistep process for the efficient 

fractionation of two waste agrifood biomasses, BSG and RH, which allowed the recovery 

of their main fractions. We have focused particularly on lignin fractions, which were 

deeply analyzed, tested as precursors of superplasticizers and exploited as starting 

material for nanoparticles preparation. Thus, we performed the immobilization of an 

expensive enzyme on a commercial lignin-based scaffold which has been employed in 

the production of high value polar head-modified PLs.  

In the next future, different items will be faced. Firstly, we plan to use our recovered 

lignins from waste biomasses for the preparation of nanoparticles for PLD 

immobilization. These new immobilized catalysts will be tested for PLs 

biotransformation also in DESs media. Moreover, the possibility to immobilize other 

classes of enzymes on these biobased scaffolds will be tested. Finally, the exploitation of 

the recovered sugars–enriched fractions derived from the biomass fractionation will be 

investigated, aiming for a comprehensive valorization of the entire biomass material. 
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APPENDIX: Executive Summary 

 

The present Executive Summary is part of the final PhD Report presented to the Faculty 

Board of the PhD programme on 11/09/2023 together with a summary of the work of 

the third year, the CV and a list of publications.  

 

 
1. Abstract 

This PhD thesis has focused on the study and the exploitation of deep eutectic solvents (DESs), 

which represent a promising class of new solvents in the context of sustainable processes 

development. DESs were here deeply studied in their formulation and, thanks to their versatility 

and specific properties, exploited for two main different applications, biocatalysis and biomass 

fractionation. In this mainframe we investigated a new method to understand the optimal 

eutectic composition and the influence of water on DESs properties. In details, 1H NMR relaxation 

time measurements were exploited to determine the eutectic point of different DESs and the 

correlation between eutecticity and the amount of water. The first DESs application has been 

their utilization in the biocatalytic synthesis of polar head modified phospholipids. In particular 

alcohol-based DESs were exploited both as solvents and as reactants to perform the enzymatic 

transphosphatidylation of phosphatidylcholine, which constitutes the most abundant natural 

phospholipid, for the preparation of high value phospholipids. The second application has been 

the set-up of a multistep DES-mediated process to fractionate two abundant regional agrifood 

wastes, brewers’ spent grain and rice husk, in order to recover and exploit their main fractions, 

with a particular attention focused on lignin. The recovered lignin fractions have been deeply 

characterized, and a preliminary evaluation of their potentiality as precursors of cement water 

reducers gave encouraging results. Finally, lignins were also exploited as starting material for 

nanoparticles preparation with the final aim of building a sustainable scaffold for enzyme 

immobilization that could be employed in phospholipids biotransformations.   

 

2. State of the art 
2.1. DESs. Deep eutectic solvents (DESs) are described as a binary or ternary mixture 

between a hydrogen bond donor (HBD) and a hydrogen bond acceptor (HBA) which form a 

[HBD…HBA] supramolecule. The term “deep eutectic solvent” was first reported by Abbott in 

2003,1 to describe a liquid eutectic mixture with a lower melting temperature than its 

components, a property derived from the charge delocalization caused by the formation of ion-

dipole interactions and hydrogen bonds. The preparation of DESs is straightforward, as it only 

requires mixing the main components (solid and liquid, or solid and solid) at high temperatures 

(50-100 °C) for a few hours, until a clear and homogeneous mixture is obtained. DESs are 

particularly attractive not only for the many possible components combinations and their easy 

preparation, but also due to their peculiar physicochemical properties, such as low volatility, 

non-flammability low vapour pressure, chemical and thermal stability, and low toxicity.2 Despite 

DESs are studied in many different fields, scientific community is still highly debating about what 

can be considered a DES and what just a simple mixture of compounds, which are the main 

parameters to consider in defining a DES, and how the presence of water influences DES 

formation.  

2.2. Phospholipids. One of the biomasses investigated in this research work was the 

edible residue from the vegetable oil industry, which is particularly rich in phospholipids (PLs), 
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the main components of natural membranes. From a structural point of view, PLs are amphiphilic 

compounds that present a glycerol backbone, esterified at sn-1 and sn-2 positions with saturated 

and unsaturated long chain fatty acids, which constitute the lipophilic moieties, and in sn-3 with 

a phosphate diester as the polar head group. The composition of acyl chains and polar head 

group varies depending on the source of PLs and is crucial for their physical and biological 

properties (see Figure 1).  

 

Figure 1: Structure and nomenclature of the main natural phospholipids (RCOOH and R’COOH: long 

chain fatty acids). 

PLs are highly investigated in the biomedical field since they are involved in many cellular 

processes, and they are also used as nutraceuticals, emulsifiers3 and food stabilizers. All these 

applications lead to a strong demand for even new PLs preparation methodologies, and the 

possibility to prepare different polar head-modified PLs from phosphatidylcholine (PC), which is 

the most abundant natural PL, constitutes a central point in the research on PLs. Consequently, 

there is a constant need for novel green strategies to produce these valuable compounds. One 

such strategy is the use of phospholipase D (PLD, EC 3.1.4.4)4 which performs the enzymatic 

transformation of PC in the presence of an alcohol (X-OH), to produce a polar head-modified PL.  

2.3. Lignocellulose waste biomasses. Brewer’s spent grain (BSG) and rice husk (RH) 

biomasses are two lignocellulosic materials mainly composed of polysaccharides (cellulose (40-

60%) and hemicellulose (20-40%)) and lignin (10-24%) linked together to form a recalcitrant 

structure, and their percentages vary according to their origin.  

BSG is the most abundant by–product of the brewing industry, accounting for 85% w/w of the 

total solid residues generated,5 and consists of 15-25% proteins, 50-70% fibers (hemicellulose, 

cellulose, and lignin), 5-10% fats, and 2-5% ashes. Most frequently, BSG, which is highly 

degradable, is immediately delivered to neighbouring farms as cattle feed or as a fertilizer in 

agriculture, but problems arise when breweries are located in heavily urbanized areas or in 

remote non-agricultural areas. In these cases, BSG cannot be rapidly delivered and has to be 

disposed of, constituting a waste of resource and a significant cost for the brewery. For these 

reasons it is necessary to promote the recovery and the treatment of BSG for the obtainment of 

high added-value products. In fact, its full fractionation could provide precursors for the synthesis 

of high-value compounds, allowing the maximum exploitation of the whole material.  

RH is the external hull covering the brown rice grain, and it is the second most abundant by–

product in the rice production line, generated during the paddy rice dehusking process. Rice is 

the second most consumed cereal crop globally, and the annual production of paddy rice is 

around 755 million tons, 20% of which is treated with parboiling process (a hydrothermal process 

carried out on the rice grain, which then undergoes the dehusking process) and is called 

parboiled rice.6 RH composition depends on many factors, but it is mainly composed by cellulose 

(29-42%), hemicellulose (14-29%), lignin (13-24%). However, RH differs from other lignocellulosic 

biomass by its inherently high silica and ash content (10-15%), which makes it suitable for the 
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production of building materials, as well as for the production of bio–based adsorbents for 

pollutants removal from wastewater.   

 

3. Aim and Objectives 
The final aim of this research work was to explore the use of DESs for treating and valorizing 

biomasses that are particularly abundant in our region and typically disposed of as wastes. This 

work fits into the green chemistry and circular economy concepts, which comprehend 

respectively the utilization of less hazardous solvents and renewable feedstocks, and the 

creation of a market for secondary raw materials, that can be fed back into the economy as new 

high value-added compounds. In particular, we chose to focus on the study of DESs, which have 

gained significant attention within the scientific community thanks to their interesting properties 

and the natural origin of their main components. Specifically, the present research work has 

been focused on three main topics:   

1- Preparation of DESs and investigation, through NMR experiments, of their nature with a 

particular focus on the effect of HBD molar ratio and the water influence on DESs structure. 

2- Exploitation of DESs in the biocatalytic conversion of a natural phosphatidylcholine into two 

polar head-modified phospholipids, using phospholipase D as enzyme. In this work these 

solvents were considered reactive DESs (RDESs) because they were not only the reaction 

solvents, but also the donors of the alcoholic moiety reacting with the substrate, allowing the 

preparation of high value-added compounds recovered easily only by filtration, avoiding the 

use of hazardous organic solvents.  

3- Lignocellulosic waste biomass DES-mediated fractionation. Different fractions were 

recovered (cellulose, hemicellulose and lignin) and in particular lignin was deeply analyzed and 

tested as water reducers for concrete preparations and as starting material for nanoparticles 

preparation to be used as bio-based scaffolds for further enzyme immobilization.  

  

4. Programme and Methodology 
4.1.  DES preparation 

DESs were prepared by mixing a HBA (choline chloride, trimethylglycine betaine which from now 

on will be mentioned as betaine) with a HBD (ethylene glycol, triethylene glycol, 1,3-propandiol, 

glycerol, L-lactic acid) at different molar ratios, heating under magnetic stirring until a 

homogeneous and clear liquid phase was obtained. The synthesized DESs were analyzed by 1H 

NMR. 

4.2.  1H NMR spin-lattice relaxation time (T1) 
DESs composed by mixtures of betaine and ethylene glycol, triethylene glycol and 1,3-propandiol 

were submitted to NMR analysis on an Avance 400 Bruker instrument at 75 °C or at 29 °C, using 

an automation routine (IconNMR software). 1H-NMR T1 relaxation times were measured using 

the Bruker library inversion recovery pulse program (Topspin software, version 2.5). D2O was 

used as external lock in coaxial tube (5 mm), and the chemical shift calibration was done on the 

HDO residual signal. Acquisition and processing parameters: number of scans= 1; relaxation 

delay d1= 20 s; dummy scans ds= 2; variable delay list (s): 0.1,0.2, 0.3, 0.5, 0.7, 1.0, 1.4, 1.8, 2.3, 

2.8, 3.4, 4.1, 5.0, 7.0, 9.0, 12.0, 16.0, 20.0; line broadening lb= 2 Hz. T1 fittings were obtained 

using Dynamic Center software, version 2.7.4.  
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4.3.  Enzymatic synthesis of polar head-modified phospholipids   
PC was firstly dissolved in RDES (HBA: choline chloride/betaine-HBD: glycerol/ethylene glycol; 

HBA/HBD in molar ratio 1:2), then buffer 0.1 M of sodium acetate pH 5.6, 0.1 M of calcium 

chloride, and lyophilized PLD were added to the solution. The mixture was left stirring at 45 °C 

for 40 h. The product (phosphatidylglycerol or phosphatidylethyleneglycol) precipitated in the 

reaction mixture and was isolated by filtration, then purified from residual RDES and analyzed 

by ESI/MS and NMR. 

4.4.  Lignocellulosic biomasses DES-mediated fractionation 
4.4.1. Pretreatments and fractionation 

BSG was provided by the Brewery “Orso Verde” from Busto Arsizio (VA, Italy) and, as received, it 

was brought to dryness in a ventilated oven, ground, suspended in deionized water and heated 

in an autoclave (121 °C, 15 min). After filtration, the soluble fraction was successfully employed 

in the preparation of valuable growing media for different microbial fermentations, while the 

solid residue was dried, leading to BSGT (treated BSG).  

Raw and parboiled RHs, provided by “Riso Scotti” S.p.A., were suspended in distilled water and 

heated in autoclave. The solid residues, designated respectively as r- and pRHT (treated RH), were 

recovered by filtration, while phenyl-propanoid acids were extracted from the aqueous solution. 

DES choline chloride/L–lactic acid 1/5 was prepared and biomass was suspended in DES (1/10 

w/v) in a round–bottom flask under magnetic stirring at 130 °C for 24 h. After cooling, ethanol 

was added to precipitate and recover a final cellulose-enriched fraction, and the filtrate was 

concentrated under vacuum to eliminate the solvent. Water was then added and the suspension 

was stirred at 4 °C, for 24 h. The obtained precipitate was centrifuged, filtered, and washed three 

times for 1 h with a solution of water/ethanol 9/1. After centrifugation, filtration, and solvent 

evaporation, a final solid lignin-enriched fraction was recovered. 

4.4.2. Lignins characterization 
Lignins extracted from BSG and RHs were characterized by assessing their solubility in different 

organic solvents, molar mass (GPC), composition (FT-IR), chemical structure (31P NMR, Folin-

Ciocalteu assay, bicinchoninic test), thermal behavior (DSC, TGA), and potentiality as precursors 

of cement water reducers.  

4.5.  Lignin nanoparticles and enzyme immobilization for phospholipids 
biotransformation 

4.5.1. LNPs preparation and enzyme immobilization 
Hydroxymethylated lignin (HL) was prepared by the reaction of lignin and formaldehyde at basic 
pH for 4 h. Subsequently, HL was used for the preparation of nanoparticles (HLNPs) by its 
dissolution in acetone/water mixture 3/1, and then by addition of deionized water under stirring 
to the mixture. Acetone was then removed by evaporation. The obtained colloidal dispersion of 
HLNPs was hydrothermally cured in a Teflon-sealed reactor at 150 °C overnight to give cured 
HLNPs (c-HLNPs). All the LNPs were analyzed by Dynamic Light Scattering (DLS) and Scanning 
Electronic Microscopy (SEM). Successively the enzyme PLD was immobilized by direct adsorption 
on c-HLNPs and the system (PLD-c-HLNPs) was collected by centrifugation. Its activity was tested 
and compared to the free enzyme.  

4.5.2. Preparation of phosphatidylglycerol, phosphatidylserine and 
phosphatidylethanolamine 



 

157 

 

PC was preliminary dissolved in toluene, then the immobilized enzyme, suspended in sodium 

acetate buffer, was added together with the opportune reagent (glycerol/L-serine 

/ethanolamine) at the desired pH. The reaction was left under stirring at 40 °C for 24 h. After 

twice extraction with toluene, the organic phases were collected and evaporated under reduced 

pressure. PLD-c-HLNPs were collected and recycled for 4 cycles. The final products were analyzed 

by 1H NMR, 31P NMR and ESI/MS.  

 

5. Results and Discussion 
5.1. 1H NMR spin-lattice relaxation time (T1) studies 

DESs based on betaine and ethylene glycol (D1), triethylene glycol (D2) and 1,3-propandiol (D3) 

were prepared and the correlation between OH T1 and the diol molar fraction (X) was tested 

starting from the betaine/ethylene glycol mixtures. The diagram T1 versus XD1 exhibited a 

minimum in correspondence of the molar composition betaine/ethylene glycol = 1:3. Besides, in 

the supra eutectic region, the relaxation time increased linearly as the XD1 increased, while, on 

the other hand, in the infra eutectic region of the diagram, the relaxation time became longer as 

XD1 decreased. Finally, the 1:3 eutectic stoichiometry found by OH T1 measurements was 

confirmed by differential scanning calorimetry (DSC) analysis, and a eutectic temperature (Te) of 

-100 °C was determined. The relaxation time measurements of the betaine/ethylene glycol 

mixtures were repeated on samples containing three and then six equivalents of water with 

respect to the HBA. As reported in Figure 2, by adding H2O the T1 value at the eutectic point 

became longer, and the slopes of both regions of the diagram decreased remarkably. 

  
Figure 2: a) Plot of OH T1 (measured with external lock) vs XD1 at 75 °C for the betaine/ethylene glycol 

system. Green solid line: mixtures without addition of water; light blue solid line: addition of 3 eq. of H2O 

with respect to betaine; blue-navy solid line: addition of 6 eq. of H2O with respect to betaine. The 

dashed lines correspond to the linear regression fitting.  

b) DSC analysis: plot of melting point T (°C) vs XD1, without addition of water. 

These observations suggested that the addition of water reduced the viscosity, while the 

eutecticity of the system was partially conserved; however, higher concentrations of water 

promoted the complete dissociation of the eutectic supramolecule in the individual hydrated 

components. Lastly, we repeated the T1 measurements for the betaine/triethylene glycol and 

betaine/1,3-propandiol mixture, and analogously to that observed for the betaine/ethylene 

glycol system, the OH mobility of each diol decreased linearly to a minimum value in the 

correspondence of the eutectic point. With this work, we aimed to propose to the scientific 

community a new tool for the study of optimal DESs composition which we demonstrated to be 
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comparable in term of time request and simplicity with other standard analytical methods, such 

as DSC.  

5.2. RDES preparation and exploitation for phospholipids transformations 
Four different RDESs consisting of mixtures of HBA (choline chloride or betaine)/HBD (glycerol 

or ethylene glycol) in a 1:2 molar ratio have been prepared with the final aim of transforming 

natural PC in polar head-modified PLs phosphatidylglycerol (PG) and phosphatidylethyleneglycol 

(P-EG) (see Figure 3). These PLs were usually prepared from PC in presence of the opportune 

alcohol by a PLD-mediated process in an organic solvent/buffer biphasic system. In this work, a 

new protocol was investigated to substitute the organic solvent with a DES/aqueous phase (ratio 

1:1 v/v). Moreover, we decided to set the composition of the DES in order to exploit the HBD 

component as the X-OH necessary for the PC transphosphatidylation. In detail, PC was fully 

solubilized in the suitable so-called “reactive DES (RDES)” and then a buffer solution containing 

PLD was added. After 40 h at 45 °C, the products precipitated in the reaction mixture and were 

recovered by simple filtration and analyzed. Remarkably, the extraction of the residual reaction 

mixture demonstrated that most of the products were effectively in the precipitate and just a 

minor amount (≈5%) remained dissolved in the RDES/buffer medium. 

 

 

Figure 3: Scheme of the reaction of transphosphatidylation. 

For what concerned the preparation of both products, they were obtained by the complete 

transformation of PC only when RDES betaine/HBD was used, since the presence of choline 

chloride as HBA probably prevented the reaction to be completely shifted versus products 

because of its opposite mass effect. 

5.3. Lignocellulose DES-mediated fractionation 
The lignocellulosic biomasses studied in this section were BSG, raw RH (rRH) and parboiled RH 

(pRH). They were submitted to a two-step integrated process reported in Figure 4. 

 

Figure 4: Integrated process for BSG/RHs fractionation.  
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In detail, the process was based on an initial biomass pretreatment in hot water in autoclave 
that led to the formation of a soluble fraction and of an insoluble one. For BSG, the soluble 
fraction (accounting for 25% of the initial biomass) consisted in sugars subsequently used for the 
preparation of growing media for microbial fermentation, instead in RHs cases we recovered, by 
extraction, phenyl-propanoid acids (2-3%). For all biomasses, after filtration, the insoluble 
fraction was successively submitted to the so-called lignocellulose process. The biomass was 
dissolved in DES for 24 h at 140 °C. Ethanol was then added to selectively precipitate the 
cellulose-enriched fraction. Successively, ethanol was evaporated and lignin precipitated by 
addition of water. The final DES was then recycled. In the present work, the focus has been set 
in particular on the recovered lignin fractions (almost 15-20% of the initial biomass). They were 
deeply analyzed and compared to an industrial technical lignin (Protobind). The main data are 
reported in Table 1 here below. 
 

Lignin 
Mw 

(g/mol) 
Mn 

(g/mol) 
PDI 

(Mw/Mn) 

VAE 
(mmol/g) 

-OH aliphatic 
(mmol/g) 

-OH aromatic 
(mmol/g) 

-COOH 
(mmol/g) 

Reducing 
sugars/Biomass 

(w/w) 

BSGT-Lignin 670 1630 2.43 1.2 1.78 3.21 3.99 3.3% 

rRHT-Lignin 1360 5195 3.82 1.3 2.48 7.10 1.02 9.2% 

pRHT-Lignin 1310 3860 2.95 1.7 3.08 7.49 1.36 14% 

Protobind 830 2800 3.37 3.1 3.00 4.67 1.42 13% 

Table 1: Summary of characterization results for BSG, RHs compared to Protobind lignin. (Mw (weight 
average molecular weight), Mn (number average molecular weight) and PDI (polydispersity) were 

measured by GPC. VAE= vanillin equivalents measured through Folin-Ciocalteu assay. Content of -OH 
aliphatic/aromatic and -COOH measured by 31P NMR. The reducing sugars were measured by 

Bicinchoninic assay). 
 

According to these results, all these lignins were tested for their water reduction capacity in 

concrete formulations, in collaboration with Dr. Alberto Strini (ITC-CNR, San Giuliano Milanese, 

Italy). In particular, BSG- and RHs-Lignins showed a comparable water reduction capability, 

equivalent to that of Protobind (see Figure 5), and these results suggested that lignins extracted 

through DES–mediated fractionation could be suitable as starting materials to develop new 

sustainable water reducers for production of concrete, paving the way for further investigations. 

 

Figure 5: Measured water reduction capability for cement pastes containing 0.2% wt. of lignin.   

5.4. Lignin nanoparticles and enzyme immobilization for phospholipids 
biotransformation 

Our studies on lignin recovery from waste biomasses led us recently to exploit this material for 
nanoparticles (NPs) preparation. Initially, we started the set-up of the NPs synthesis protocol 
using the technical lignin Protobind thanks to its quite low cost  and large availability in our 
laboratory. The process for the preparation of stabilized LNPs is reported in Figure 6.  
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Figure 6: Illustration of the process for the preparation of stabilized c-HLNPs. 

 

So, firstly, lignin was hydroxymethylated (HL), and this was confirmed by FT-IR and 31P NMR 
analyses, that showed an increase in the hydroxyl content. Subsequently HL was employed to 
prepare hydroxymethylated nanoparticles (HLNPs), which displayed smaller particle size 
compared to the regular LNPs, since the size of the LNPs is known to decrease with the increasing 
aliphatic hydroxyl content. Then, to increase resistance of HLNPs to organic solvents and to a 
wide range of pH values, we carried out a curing step to stabilize the HLNPs via intraparticle 
curing, leading to cured HLNPs (c-HLNPs).  
After c-HLNPs were completely analyzed, due to our interest in PLs synthesis, we decided to 
exploit LNPs as a scaffold for PLD immobilization, since PLD is a very expensive enzyme which is 
not commercially available on large scale as only few chemical companies produce this enzyme, 
limiting its application to an internal use. PLD was immobilized on c-HLNPs by direct adsorption 
without the necessity of any crosslinker. A demonstration of the occurred immobilization was 
given by the measurement of the almost absent activity of the supernatants samples after the 
enzyme had been immobilized. It was also confirmed by the FT-IR analysis, and by the size 
distribution, since the immobilization increased the particles diameter compared to the original 
HLNPs. Many parameters of the immobilized enzyme were tested, such as concentration, 
temperature and pH effect, in order to determine the best conditions in which almost all the 
enzyme could be immobilized without losing activity. The immobilized PLD was studied with 
particular attention paid to enzyme recycling in the biotransformation of PC in three natural high 
value polar head-modified PLs (PXs): phosphatidylglycerol (PG), phosphatidylserine (PS) and 
phosphatidylethanolamine (PE) (see Figure 1 for structures). These PLs were selected for their 
commercial value due to their peculiar properties. PC and the corresponding alcohols (glycerol, 
L-serine and ethanolamine respectively) were converted into PXs by PLD-c-HLNPs in a biphasic 
system toluene/buffer at 40 °C. At the end of each synthetic cycle, the final products PXs were 

easily recovered with high yields (for PG and PS  90%, for PE ~ 60%). The supported enzyme 
preparations were successfully completely recycled with high activity retention over four 
synthetic cycles. Finally, PLD-c-HLNPs can be regarded as a new, chemically stable, recyclable 
and user-friendly biocatalyst to be employed in sustainable chemical processes for 
phospholipids preparation.  
 
6. Conclusions and research impact 
In this work, a deep study about DESs nature and exploitation was presented, showing the 

versatility of these new green solvents. Firstly, we proposed a smart new tool to assess how 

HBA/HBD ratio and water content could influence the eutecticity of the DES mixture exploiting 

the measurement of 1H NMR relaxation time. This methodology compared well in terms of 

simplicity and time request with other analytical methods. 
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Also, we reported how, preparing different combinations of HBA and HBD, it is possible to use 

DESs for several applications, from biocatalysis to biomass fractionation. For what concern 

biocatalysis, DESs were used both as solvent and as reactant, allowing the enzymatic preparation 

of high-value phospholipids of commercial interest easily recovered by precipitation, avoiding 

the use of organic solvent both in the reaction medium and in the extraction steps. Regarding 

biomass fractionation, we set-up a new multistep process for the efficient fractionation of two 

waste agrifood biomasses, BSG and RH, which allowed the recovery of their main fractions. We 

have focused particularly on lignin fractions, which were deeply analyzed, tested as precursors 

of superplasticizers and exploited as starting material for nanoparticles preparation. Thus, we 

performed the immobilization of an expensive enzyme on a commercial lignin-based scaffold 

which has been exploited in the production of high value polar head-modified PLs.  

In the next future, different items will be faced. Firstly our recovered lignins from waste 

biomasses will be employed for the preparation of nanoparticles to be exploited for PLD 

immobilization. These new immobilized catalysts will be tested for PLs biotransformation also in 

DESs media. Moreover, the possibility to immobilize other categories of enzymes on these 

biobased scaffolds will be tested. Finally, the exploitation of the recovered sugars–enriched 

fractions derived from the biomass fractionation will be investigated, aiming to a complete a 

valorization of the whole biomasses material.  
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