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This article reviews a variety of literature-reported lignin isolation procedures that bring partly minor but
important changes in the produced extracts. Five lignins were produced or acquired from various sources and
characterized based on their thermal properties, molecular weights, chemical structures, as well as elemental
compositions, which were all found to depend on their extraction methods. These extracts were then used to
produce 5 different nanolignins using 2 similar facile solvent shifting methods with the difference being an
alteration in pH. The nanolignins were characterized after the solvent shifting accounting for differences in
pH. Nanolignins generated via only solvent exchange exhibited diameters ranging from 58 nm to 95 nm, while
nanolignins precipitated using a solvent shifting method along with a shift in pH exhibited diameters ranging
from 10 nm to 34 nm and dissimilar morphology, size, and surface charge. Those differences highlight the
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control options for nanolignin preparetion on the colloidal length scale. Understanding how different lignins
can be used to generate nanolignins is mandatory for unlocking the possibilities of nanolignin for functional
material applications. These nanolignins can be applied in construction, medical, and/or agricultural industries

rsc.li/greenchem as renewable, biodegradable alternatives to existing polymer dispersions.
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1. Introduction

Wood is a polymer composite material made up of hemi-
cellulose, lignin, and cellulose microfibrils interconnected via
covalent and hydrogen bonding."* Lignin is the second most
abundant hydrocarbon biopolymer in nature, the second most
readily available biomass on our planet, and the most abun-
dant source of phenolic and aromatic compounds.*” It is used
by plants to provide plasticity to their cell wall structures and
to regulate water and solute transport through their vascula-
ture system.” Lignin functions in plants also include anti-bac-
terial and anti-phytopathogenic activities along with inhibition
of enzymatic degradation.® Because lignin makes up a large
percentage of lignocellulosic biomass (10-30%), a sizeable
amount of it is harvested via agricultural processes and the
practice of foresting, and it is even separated in the paper man-
ufacturing process.” It is estimated that annually, approxi-
mately 60-120 million tons of lignin is isolated worldwide.”
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The vast majority of it is treated as a low-value product and
burned for energy, while only about 2% of lignin is used for
high-value applications such as chemical precursors, fillers,
antioxidants, adsorbents, emulsifiers, adhesives, and
dispersants.®®*

Depending on the species of lignocellulose, lignin is a
complex 3D-branched phenolic polymer made up of p-hydroxy-
phenyl (H), guaiacyl (G), and syringyl (S) moieties linked
together via aromatic and aliphatic ether bonds as well as non-
aromatic C-C linkages.*"* Lignin contains a variety of func-
tional groups, including methoxyl, carboxyl, aliphatic hydroxyl,
and phenolic hydroxyl groups.® Partially owing to its vast array
of functional groups accessible for surface modification, lignin
has found use as an alternative to fossil-fuel-based chemicals,
as a composite dispersant, as a drug carrier, as a UV-blocker,
as an antibacterial coating, and so on.>’ Technical lignin is
classified based on the modification-extraction process and
has at least 5 major types: lignosulfonate, organosolv, Kraft,
soda, and enzymatic hydrolysis lignin.>'® Lignin can possess
molecular masses in the range from 1000 to 20 000 g mol ™,
and it is a highly branched heteropolymer with no clearly
defined chemical structure.” In lignin, chains composed of
phenyl propane units are cross-linked to form an amorphous
3D sub-phase glued to cellulose fibrils via hemicellulose. The
problem with lignin, which is also a chemical advantage, is its
diversity; lignin exhibits variations in its composition and pro-
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perties, greatly depending on the type of plant from which it
was attained, its age, conditions that the plant experienced
during growth, and the manner in which it was extracted from
the plant."> While these natural variations in lignin are more
difficult to control, the chemistry of the isolation process pro-
vides a tool for the modification of the properties of the iso-
lated polymer.

The large majority of commercially produced lignin is Kraft
lignin, generated through a cooking process of lignocellulosic
biomass at approximately 165-175 °C for 1-2 hours in the
presence of sodium sulphite and sodium hydroxide."** Due
to the relatively harsh nature of this procedure in terms of
temperature, pH alteration, and pressure, the involved changes
in the natural structure during extraction are substantial.’* It
is not the most attractive choice for a circular bio-economy
because it contains sulfur and tends to be insoluble in water
and most organic solvents, making it difficult to work with or
to combine with other materials."' On the other side of the
spectrum, the extraction of organosolv lignin only involves
solubilization in mixtures of organic solvents and water at
comparably mild temperatures (80 °C, and up to 190 °C), and
is thereby assumed to be close to its native structure, while it
does not contain sulfur or other unwanted reaction aids.>*! In
comparison to Kraft lignin, it exhibits a lower ash-content,
lower molecular weight, and higher purity.'* While Kraft lignin
has molecular weights of 1000-15 000 Da, a raised glass tran-
sition temperature, and low malleability and solubility, orga-
nosolv lignin is soluble in a wide range of organic solvents,
and typically yields lower molecular weights of 500-5000 Da.™*
Organosolv lignin is quite attractive for the production of bio-
materials due to favorable properties such as its purity, solubi-
lity, chemical functionality, and biodegradability.*** It con-
tains a relatively high content of reactive functional groups,
like hydroxyl and carboxyl groups, which are favorable for the
alteration and production of new biomaterials with specific
properties and functionalities.**® The addition of an acid cata-
lyst to this process would cleave more ether linkages but
produce lignin with a more complex structure due to some
intramolecular condensation reactions."

Lignin’s availability, biodegradability and biocompatibility
have made it a material of high interest in the realm of bioma-
terials, cosmetics, and nanomaterials.>'® The complicated
structure of lignin, poor processability, limited solubility, and
brittleness have all been issues when industrializing or hom-
ogenizing lignin.” The issue of limited solubility and, thereby,
the reactivity of lignin is addressed in a variety of fashions.
According to Osterberg et al. and Chen et al., there have been
attempts at fine-tuning lignin’s solubility and reactivity includ-
ing sulfonation, carboxymethylation, demethylation, phenola-
tion, and hydroxymethylation.’®*® Another method of over-
coming these technical barriers without changing solubility is
moving to two-phase systems or polymer dispersions by gener-
ating lignin nanoparticles, also called nano-lignin or LNPs.
LNPs have emerged as a simple way to apply lignin from an
aqueous dispersion onto a material matrix while using the
expanded surface-to-volume ratio to tune the properties and
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take advantage of the quantum size effect of nanomaterials.*'”
According to Raman et al, several methods have been
researched to produce lignin nanoparticles such as water-in-oil
micro-emulsion methods, sonication, CO, saturation, solvent
exchange, flash-precipitation, as well as non-solvent precipitation
methods.” LNPs tend to have a significant specific surface area,
high dispersibility, and negative surface charge. Since lignin
nanoparticles are readily dispersed in water, attractive blending
properties within a host matrix are opened, as well as structural
and morphological control of the lignin."* Lignin, lignin nano-
particles, and their nanocomposites have, therefore, gained
massive scientific and economic interest because they are a
model case for the change in polymer chemistry towards sustain-
ability and a circular economy, and could replace some synthetic
nanoparticles used in the polymer industry.'® Raman et al. stated
that LNPs have found use as adsorbents for the removal of heavy
metal ions and dyes, anticorrosive nanofillers, drug delivery
agents, and UV blocking agents.’

Nanolignin is, however, not to be misunderstood as a
specific compound; its properties vary greatly depending on
the lignin source, processing, and even the person producing
it. It is, therefore, the purpose of this article to discern some of
the “hidden parameters” involved in the isolation and gene-
ration of nanolignin, the control of which would allow repro-
ducible manufacturing. Understanding how the differences in
extracted lignins may be used to reproducibly generate nano-
lignin dispersion is one key to more advanced nanolignin
applications in functional materials.

The method of solvent shifting is simple and effective for
the production of nanolignin since the liquid intermediate
states drive the formation of spherical particles when intro-
duced into a non-solvent phase.’® This method takes advan-
tage of the hydrophobic and hydrophilic moieties of the
lignin, as well as the lignin’s reduced solubility in water or an
anti-solvent, to self-assemble the spheres.'® The aggregation
and dispersion behaviour of the LNPs should be considered
and tuned by the use of pH, additives, concentrations, and
solvents.'®

Several reactions may occur during lignin isolation that can
lead to modifications that produce functional groups such as
carbonyl groups, catechols, epoxides, acidic phenolic hydroxyl
groups, quinones, as well as carboxylic acid groups, giving the
extracted lignin higher reactivity as well as higher availability
to chemical modifications and reactions. Such reactions may
be oxidative cleavage, demethoxylation, hydrolysis, oxidative
degradation, and/or alkaline treatment. These functional
groups also make the pH an essential aspect of nanolignin
production. The effect of the pH of the non-solvent was tested
by Leskinen et al. and shown to have a profound effect on
nanolignin size, with the size of the particles having a nearly
linear relationship with pH, decreasing with increasing pH."®
Deprotonation of the carboxylic acid groups is likely respon-
sible for these phenomena, increasing the surface charge and
electrostatic stabilization between particles."® Zeta potential
and the dispersity of the particle population were also greatly
affected by the pH of the (aqueous) antisolvent being used."®

This journal is © The Royal Society of Chemistry 2024
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At low pH, the lignin’s functional groups, such as carboxylic
acids (although not a part of the literature structure), quinone
and hydroxyl groups are protonated, leading to less electro-
static repulsion and final colloidal stability. As the pH is
increased, deprotonation of the functional groups occurs,
changing the molecular conformations, weakening aggrega-
tion, and increasing solubility. Lignin, however, is likely to
undergo chemical modifications throughout its extraction
under either very acidic or alkaline conditions."®?° In hot alka-
line conditions, lignin may undergo alkaline degradation of
the chain, leading to the cleavage of chemical bonds, resulting
in changes in chemical structure and molecular weight.'?
Highly acidic conditions, on the other hand, can promote
ether hydrolysis as well as phenol dealkylation.**

Another aspect that must be considered when producing
nanolignin is the concentration of the solvent solution before
solvent shifting/precipitation in anti-solvent is performed. It has
been shown that if the concentration is too high, aggregation of
particles or interlinked particle networks may occur.'® Molecular
weight has been found to influence the formation of nanolignin
as well as the glass transition temperature of the lignin itself. It
has been proposed by Sipponen et al. that the molecules with the
larger molecular weight act as nuclei for the growing nano-
particles, while the smallest lignin molecules finish the precipi-
tation process, leaving the particle surfaces enriched with hydro-
philic moieties such as carboxylic acid groups.”’ Some small,
water-soluble components even stay dissolved in the water after
particle formation.'® There have been efforts to increase the mole-
cular weight of lignin by using grafting or cross-linking.*°

Despite some research being done on the influence of the
lignin solvent used and conditions of the solvent shift, the
preparation methods of nanolignin still lack full linkage
between the lignin chemistry and the possibility of controlling
the particle size, especially to achieve small-sized nano-
particles that offer homogeneity, morphology, and surface
functionalities that would make them viable for reproducible
industrial use as fillers, adhesives, or additives. In this work,
we investigate several types of lignin with tuned chemistry and
molecular weight, using different isolation methods, and
follow the influence of the molecular weight and functional
groups on the size and charge of the LNP and the possibility of
tuning the NP size by changing the ionization state of the
lignin functionality via pH adjustment.

2. Experimental section
2.1 Materials

The lignins acquired from outside sources, which were used in
the experiments, were BioPiva 100 Kraft lignin (UPM, Finland)
and Organosolv lignin (Fraunhofer Gmbh, Germany).
Beechwood sawdust was acquired from Goldspan GmbH
(Goldenstedt, Germany). Spruce sawdust was obtained in the
never-dried form (around 50% dry matter content) from
Keitele Forests Oy. All chemicals were bought from Sigma-
Aldrich and were used as received.

This journal is © The Royal Society of Chemistry 2024
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2.2 Lignin isolation procedures

2.2.1 Preparation of organosolv lignin (Lab-Org). Following
the procedure outlined by Margellou et al.,* organosolv lignin
was isolated from beechwood sawdust by hydrothermal pre-
treatment in an ethanol/water mixture. The procedure was per-
formed using a 1 L 4520 Series Bench Top Reactor (Parr, USA)
equipped with a Parr 4848 reactor controller. Here, 20 grams
of the wood were placed in the 1 L-capacity stirred autoclave
with approximately 300 mL of a 6:4 v/v ethanol and DI water
(Evoqua GmbH, Barsbuttel, Germany) mixture, respectively.
The autoclave was heated at a rate of 7 °C min™?, stirred at a
rate of 200 rpm at 190 °C for 1 hour, and then shut off and
cooled by quenching with room temperature water. The result-
ing mix of sawdust and solvent was vacuum filtered through a
paper filter and the solids were washed with 200 mL DI water.
A further 200 mL of DI water was added to the product, and
the mixture was allowed to precipitate in an ice bath for
1 hour. The resulting mix was centrifuged at 12298 G for
20 minutes using a Universal 320 centrifuge (Hettlich,
Tuttlingen, Germany). The resulting solid was dried overnight
in a vacuum oven [VTR 5036, Heraeus Instruments, Hanau,
Germany) until all solvent was removed. The resulting powder
was ground with mortar and pestle, resulting in a homogenous
dark brown powder. This sample is referred to as Lab-Org.

2.2.2 Preparation of acid-catalysed organosolv lignin (Acid-
Org). The procedure was adapted from Zijlstra et al.®® Here,
25 g beechwood sawdust was placed in a 500 mL round
bottom flask along with 200 ml of an 8:2 ethanol:water
mixture, 4 mL of 37% HCI solution along with a magnetic stir
bar. A reflux condenser was placed onto the flask and the
mixture was rapidly stirred in an oil bath at 90 °C for 5 hours.
The mixture was allowed to cool to room temperature and fil-
tered. The residue was washed 4 times with 25 mL ethanol.
The liquor was concentrated using rotary evaporation. The
solid was dissolved in acetone and an ultrasonic bath was used
to ensure solvation. The lignin was precipitated by the
addition of 600 mL water. The lignin was filtered, washed with
100 mL, and air-dried overnight.

2.2.3 Preparation of phenol-AH Lignin using an acid hydro-
lysis procedure. The procedure followed here was described by
Sirvi6 et al.*® First, 100 g of methanesulfuric acid (MSA) and
phenol (at a molar ratio of 1:10) were weighed into a 250 mL
beaker and placed in an oil bath at temperature 80 °C. When
clear liquid was formed, 10 g of never-dried sawdust was
added. The mixture was stirred for 60 min followed by the
addition of around 100 ml of ethanol to quench the reaction.
The ethanolic mixture was filtered and washed with 50 ml
ethanol. The resulting mixture was then dispersed in a beaker
in 200 ml ethanol for 15 min, followed by filtration and
washing with an additional 50 ml of ethanol. MSA in the etha-
nolic mixture was neutralized by adding 3.86 g of NaOH dis-
solved in 20 ml of water. Then, 1000 ml of water was added to
the ethanolic mixture to precipitate lignin. The resulting solid
was then filtered on the polyvinylidene fluoride (PVDF) mem-
brane (pore size 0.65 um) and washed with 500 ml of water.
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During the first filtration, some portion of lignin appeared as
a dark liquid due to the formation of a deep eutectic supramo-
lecular polymer with phenol. If some of the liquid was passed
through the membrane, it was collected after discarding the
washing liquid. After first washing with water, the lignin was
purified by dissolution and precipitation: lignin on the top of
the membrane was dissolved in ethanol and allowed to drop
into a large excess of water (1000 ml), followed by filtration
and washing with 500 ml of water. Dissolution and precipi-
tation were conducted three times. In the end, a pinkish lignin
powder was collected and dried under vacuum at room
temperature.

2.3 Preparation of lignin nanoparticles

Adapted from Henn et al’ In a closed flask, a mixture of
30.7 wt% ethanol, 34.6 wt% analytical-grade acetone, and
30.0 wt% deionized water was prepared, and 4.7 wt% lignin
was added. The pH of the starting solution was between 3 and
4. pH adjustment was done by adding the appropriate amount
of 0.01 M NaOH dropwise while stirring. The mixture was
swirled for three hours before being vacuum-filtered using
589/3-grade ashless filter papers. The precipitation of water-
dispersible nanoparticles was then started by quickly adding
the solution to 1.72 times its mass of rapidly stirred deionized
water by using a glass pipette. The acetone and ethanol were
extracted from the dispersion by rotary evaporation at 40 °C
and 30 mbar after 15 minutes of stirring. Centrifugation was
used to concentrate the solvent-free colloidal nanolignin dis-
persion. Then, 45-50 mL of the dispersion was centrifuged in
50 mL Eppendorf tubes for 30 min at 10500 rpm using a
Universal 320 tabletop centrifuge (Hettlich, Tuttlingen,
Germany) and the supernatant was removed. The particles
were redispersed by vortexing using a VWR digital vortex
mixer. The nanolignins produced in this manner were labelled
“NAME.pH”, where NAME is a sample code described above.
The preliminary procedure of solvent shifting is shown in
Fig. 1.

2.4 Characterizations

2.4.1 Imaging of nanolignin (TEM and SEM).
Transmission electron microscopy pictures were obtained on a
912 Omega TEM, Zeiss AG (Oberkochen, Germany) operating

® .

ligninjpowder

1 hr
stirring

solvent mixture
EtOH:H,0:Acetone

addition of NaOH

" spray into anti-solvent
to desired pH pray

Fig. 1 Production of nanolignin through solvent shifting.
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at 120 kV. Aqueous uranyl acetate solution was used to stain
the samples.

SEM images were recorded on the Gemini 1550, Zeiss AG,
(Oberkochen, Germany), at an accelerating voltage of 3.00 kV.
The samples were placed onto an aluminum stage covered by a
layer of carbon, and no additional alteration.

2.4.2 Particle size determination. Particle size determi-
nation was performed using Image] for image analysis from
SEM images.

2.4.3 (-Potential measurements. A Zetasizer Nano-ZS
(Malvern, UK) instrument was used to calculate the {-potential
values using electrophoretic light scattering mobility data with
the Smoluchowski model. The sample was diluted with water
until stable measurements could be achieved, approximately
1 wt%, placed in a disposable zeta dip cell and measured 3
times.

2.4.4 Molecular weight measurements. The molecular
weight distribution was measured using gel permeation
chromatography (GPC). A sample was dissolved in N-methyl-2-
pyrrolidone (NMP) with a concentration of approximately 1.5 g
L' and was filtered through a 0.45 pm filter before injection
into the GPC machine (Agilent, (PSS Polymer Standards
Service GmbH, Mainz, Germany)). GPC was carried out in
NMP/LiBr (0.05 mol L") + BSME (methyl benzoate) as the
internal standard on a GRAM-100/1000-7p (particle size)
column (PSS Polymer Standards Service GmbH, Mainz,
Germany) kept at 70 °C throughout the procedure. The sample
was detected with a refractive index detector (1260 Infinity II
RID, Agilent, Santa Clara, California, USA). The apparent mole-
cular weight distribution quantifications (M, M,, and D) were
evaluated against a sodium poly-(styrene sulfonate) standard
and interpreted using the PSS-Win GPC UniChrom software
from PSS-Polymer Standards Service (PSS GmbH, Mainz,
Germany).

2.4.5 Thermal analysis. A thermo-microbalance TG 209 F1
Libra TGA209F1D-0036-L (Netzch, Selb, Germany) was used to
perform measurements of thermal behavior, from which the
DTG data was extracted. Lignin and nanolignin samples
underwent the process under a nitrogen atmosphere. A con-
stant flow of 20 mL min~" nitrogen was used during heating
from 25 to 700 °C on approximately 10 + 1 mg of lignin
powder. Using a scanning rate of 10 K min™" in a platinum
crucible, the temperature of degradation was taken as the
onset point of weight loss in the TGA curve. To determine the
ash content of the lignins, the same procedure was performed
for TGA under a synthetic air atmosphere. The residual at the
end of the process represents the ash content of the lignin.
NETZSCH (GmbH, Selb, Germany) Proteus software was
employed to obtain the data.

2.4.6 Differential scanning calorimetry. DSC was per-
formed using a NETZSH DSC 204 (NETZSCH, GmbH, Selb,
Germany) with a flow rate of 50 mL min~" of nitrogen gas. The
sample was heated to 100 °C and then heated to the specified
temperature after which the sample was cooled back to 100 °C
and the process was repeated. A speed of 10 °C min~" was
used for the temperature ramp. Analysis of the samples was

This journal is © The Royal Society of Chemistry 2024
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performed in an aluminium analysis pan, with a small hole in
the top.

2.4.7 Fourier-transform infrared spectroscopy. FTIR
spectra were obtained on a Thermo Fischer spectrometer,
Nicolet iS5 (Thermo Fisher Scientific GmbH, Schwerte,
Germany). Measurements were recorded in the range of 4000
to 400 cm™' and processed using the OMNIC software
(Thermo Fisher Scientific GmbH, Schwerte, Germany).

2.4.8 Elemental analysis. Elemental analysis was per-
formed on a Vario MICRO cube C/H/N/O/S Elemental Analyser
(Elementar  Analysensysteme  GmbH, Langenselbold,
Germany). A thermal conductivity detector (TCD) was used for
C, H, and N while an infrared detector (IR) was used for S. The
formula 100-C%-H%-S% was used to find the percent of
oxygen within the samples.

2.4.9 Klason lignin determination. The Klason lignin
content of the lignin samples was evaluated from the gravi-
metric analysis of the residue after the acid hydrolysis of the
carbohydrate fraction, using an adapted version of the NREL
method.>® More precisely, 0.3 g of the lignin sample was
placed in a 50 mL vacuum-sealed glass bottle with 3 mL of 72
v/v% H,S0, aqueous solution and stirred at 30 °C for 1 h. The
reaction was quenched with the addition of 84 mL of water,
shaken vigorously, and filtered using a 0.05 pm filter (Carl
Roth GmbH, Karlsruhe, Germany). After drying, the solids
were quantified, and the Klason lignin was calculated using
the following formula:

% KL = ((Dried solid)/(Original Lignin weight)) x 100.

2.4.10 2D-HSQC. The procedure was adapted for measure-
ment as well as spectra interpretation from Zijlstra et al.*°
Approximately 60 mg of lignin was dissolved in deuterated
dimethyl sulfoxide. A 2DHSCQDEPT process was used, with 32
scans. Spectra were corrected and integrated using the
program Mestrenova.

2.411 *'P NMR. The procedure was acquired from Meng
et al.®* A 1:1.6 deuterated chloroform and pyridine mixture
was used to produce an internal standard solution using
2-chloro-4,4,5,5-tetramethyl-1,3-2-dioxaphospholane (TMDP) at
a concentration of 5 mg mL™" and N-hydroxy-5-norbornene-
2,3-dicarboximide (NHND) at a concentration of 18 mg mL ™.
TMDP was used for the phosphitylation of hydroxyl groups
and NHND was used as an internal standard for the evaluation
of the spectra. Here, 0.1 mL of the internal standard solution
was added to 30 mg lignin and 0.5 mL of the chloroform/pyri-
dine solution. This solution was stirred until the lignin was
dissolved completely, and then NMR spectra were obtained by
using a *'P decoupling pulse process with a spectral width of
100 ppm, acquisition time of 0.8 s, relaxation delay of 10 s, 120
scans, and the center of the spectrum, at 140 ppm.

3. Results and discussion

For the present comparative study, we selected 5 different
lignin extracts to precipitate nanolignin in an already opti-

This journal is © The Royal Society of Chemistry 2024
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mized solvent-shifting process, and the influence of lignin pro-
perties on particle nucleation, growth, and stability is ana-
lysed. Some lignins were freshly isolated from raw biomass in
our laboratory, while others were obtained from trusted exter-
nal sources (UPM and Fraunhofer). For simplicity, they will be
referred to as Lab-Org, Fraun-Org, UPM-Kraft, Acid-Org and
Phenol-AH. The method of converting these lignins into nano-
lignins using non-toxic, recyclable solvents was adapted from
Henn et al.”

For the experiments in this report, various lignins were picked
and produced to show an array of lignins that may be used for
the production of nanolignin. Organosolv lignin, one produced
by adapting the procedure of Margellou et al.,* and one obtained
from a technical batch provided by the Fraunhofer Society, were
used for the experiments. In the present context we, however, also
underline that the pH of the material is near neutral, it contains
metal counterions, and is negatively charged, which again limit
solubility in pure organic media.

Additionally, a flash-organosolv process was used to
produce lignins in which the natural buffer equilibria were
kept as stable as possible, while oxidative post-stresses were
minimized. Adding acids throughout the extraction process
gives the so-called Phenol-AH lignin. Here, most phenols are
in their acidic form, and the typical brownish color of phenol-
ates is missing, leaving the lignin with a light, whitish color. A
variation to stronger, oxidizing HCl-treatment results in the so-
called Acid-Org lignin, with a light pink color, which was
adapted from the procedure of Zijlstra et al.>® Acid-catalyzed
depolymerization is known to be relatively mild and spares the
natural ether linkages from cleavage, allowing for the extrac-
tion of more native lignin.? In this method, the monolignols
are prone to partially demethylating to the corresponding
biphenols, as discussed below in the results section.

UPM-Kraft lignin was used to represent the vast majority
(90%) of technical lignin isolated in industry and could give a
good idea of how lignin could realistically be employed for
industrial purposes.'®?*

3.1 Analysis of the structure and composition of lignin

3.1.1 2D HSQC NMR. One of the main methods used for
the semi-quantitative determination of relative monolignol
content as well as inter-unit linkages within lignin is two-
dimensional heteronuclear single quantum coherence nuclear
magnetic resonance (2D HSQC NMR). Although it can help
with understanding the various species present within lignin,
the intensity of the signals is not inherently quantitative.?®

The 2D HSQC NMR spectra were separated into two spectral
regions according to Mattsson et al.,”” namely the aromatic
region (6¢/6y 100.0-130/6.0-7.4 ppm), and the inter-unit ali-
phatic lignin region/oxygenated aliphatic region (6¢/6y
50-90.0/3-5.7 ppm). The resulting spectra for all lignins are
shown in Fig. 2.

The inter-unit aliphatic lignin/oxygenated aliphatic region
is where the carbohydrate sugars, as well as carbons in proxi-
mity to ether, alcohol, and aryl methoxy groups, resonate.>”
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Fig. 2 2D NMR spectra of the various lignins; inter-unit aliphatic lignin region/oxygenated aliphatic region (left) and aromatic region (right).
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For a more quantitative calculation, *'P NMR was also per-
formed to back up these findings. The NMR spectra nicely reflect
the structural changes lignin may experience depending on its
extraction process. The most abundant lignin bonds are ether-
type linkages (B-O-4), making up approximately 50% of all lin-
kages, while C-C (B-p, p-5) bonds appear much less.* Through
harsh processing, natural lignin will lose many of its ether-type
linkages due to a variety of degradation reactions.''*%>3

Fig. 3 shows the main linkages and components that were
identified using 2D NMR. Table 1 summarizes the calculated
integrated intensities of the major lignin components accord-
ing to Zijlstra et al.®>® Not surprisingly, the data reflect our
assumption that the UPM-Kraft lignin underwent an intense
extraction method, experienced partial cleavage of (-O-4
bonds, and therefore contains the fewest p-O-4 units.>*>® It
also appears to have a high G unit content, which could indi-
cate a lower reactivity than lignins with a high percentage of S
units, which contain more methoxy functionalities.'**® Acid
hydrolysis was performed in order to extract Phenol-AH lignin,
and it seems from the high purity content that the process
allowed for the efficient separation of lignin from cellulose
without extensive degradation of the lignin.>* The methanesul-
furic acid, or MSA, disrupts the aromatic unit network of
lignin and cleaves ether linkages, resulting in an altered lignin
structure. The exact chemical structure of Phenol-AH lignin is
not yet known and is currently under more thorough investi-
gation. Nevertheless, in nature, the softwood lignin has been
identified to contain mainly coniferyl (G) units, and as was
shown in HSQC and "®P analysis, Phenol-AH lignin contains a
large quantity of p-hydroxyphenyl (H) units. Therefore, it can
be assumed that phenolation takes place during the fraction-
ation process (in a similar manner to that reported for the phe-
nolation of isolated lignin described in the literature, as seen
in the work of Jiang et al.).>® Since Phenol-AH and Fraun-Org
have a relatively small amount of p-O-4 units, it may be postu-
lated that the Phenol-AH process, as well as the Fraunhofer
Organosolv process, were somewhat harsher or more degrad-
ing than expected.?®

f-p and B-5 linkages seen in Fig. 3 are also known to
decrease in number as the extraction method becomes

) o ()
OH OH CH, (|:H3 OH CHy
H G S
OH o/
/o o B o /0
b

’JJJ\O HO' &O

B-0-4 B'-0-4
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Table 1 2D NMR HSQC data extracted from spectra shown in Fig. 2,
using equations obtained from Zijlstra et al.?°

p-0-4 PP p-5
Lignin samples S (%) G (%) H(%) /100Ar /100 Ar /100 Ar
Lab-Org 76.1 23.2 0.7 34.0 6.8 3.0
Fraun-Org 75.9 24.1 0.1 11.3 1.7 0.2
UPM-Kraft 36.7 58.6 4.8 7.2 3.4 0.7
Acid-Org 69.2 29.8 1.0 57.0 15.3 3.1
Phenol-AH 7.4 39.3 53.3 12.0 0.2 0.2

harsher, which agrees well with the results, supporting that
Lab-Org and Acid-Org had the milder extractions, while
UPM-Kraft underwent the most notable degradation during its
extraction.?® The Scondensed signal also indicates in these
samples a significant decrease in p-O-4 linkages and degra-
dation of the native structure.”® The lignins that exhibited a
noticeable signal in this area were Fraun-Org and UPM-Kraft,
coinciding perfectly with the significant lack of p-O-4 linkages
in these lignins. Acid-Org was a relatively mild method of
lignin extraction, which can be seen by the retention of the
mentioned linkages. The Gcondensea Signal overlaps with Gs,
meaning that full condensation of G units will have likely
occurred if very little or no G, or Gs signals are present.*
Phenol-AH has a noticeably high amount of H units within its
structure, supported by further testing via *'P NMR, as shown
in Table 2.

These ratios may influence the types of application for each
lignin. The noticeable presence of G-type units within
UPM-Kraft lignin, as well as its high phenolic content, may
indicate that it would contain many reactive potential active
sites for further functionalization, cross-linking, or
polymerization."**° Lignins with a higher S-type unit content,
such as Lab-Org, Fraun-Org, and Acid-Org may exhibit better
reducing power, resulting in greater antioxidant properties.'?

The primary mechanism of lignin extraction, even a milder
extraction process such as the organosolv process, is the clea-
vage of C3—O bonds from p-O-4' structures and the cleavage of
Co~O bonds from o-O-4' structures.’® The aryl-aryl-ether
bonds of lignin are shown to be labile under the given extrac-

O Ar
Y
p
[+
Ar o
B-B
Ve

Fig. 3 Common linkages and structures in lignin as identified by 2D NMR. Adapted from Zijlstra.2°
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Table 2 Types and concentration of —OH groups obtained from the integration of 3'P NMR signals; calculations for the integrations are adapted

from Meng et al.?*

Aliphatic OH Cs substituted OH Syringyl (S) Guaiacyl OH (G) p-Hydroxyphenyl Carboxylic acid
(mmol g™") (mmol g™) (mmol g™) (mmol g™") OH (H) (mmol g™ ") OH (mmol g™")
Lab-Org 4.6 1.5 1.1 0.9 0.1 0.3
Fraun-Org 1.4 2.6 1.6 0.7 0.2 0.1
UPM-Kraft 2.1 1.1 0.5 2.4 0.4 0.6
Acid-Org 3.9 0.9 0.6 0.8 0.2 0.1
Phenol-AH 1.8 0.4 0.1 1.2 3.3 0.1

tion conditions, and hydrolysis creates two open phenols from
one C-O-C. Electron-rich phenols such as those from mono-
lignoles, are strong antioxidants and care should be taken in
the lignin isolation protocol to avoid the presence of dioxygen
and other oxidants. In the other case, the hydrolysate can
transfer one electron to form a semichinone, which then
forms a new linkage with a second semichinone radical.>® The
C-C formation of two phenolic carbon radicals is unwanted
because it does not occur in natural lignin formation and is
hardly reversible. This side reaction is also expected to
increase glass transition and limit the repeated recycling of
lignin products. The spectra reflect the dominance of the syr-
ingyl (S) units within the lignins extracted from beechwood, a
hardwood.? It is not exactly known to us from which bio-
masses Fraun-Org and UPM-Kraft are extracted, but the ratios
would suggest that Fraunhofer is also extracted from hard-
wood, while it is known whether UPM Kraft is obtained from
softwood, also confirmed by the fact that the HSQC spectra are
richer in signals of guaiacyl (G) units and p-hydroxyphenyl
(H).>" These particular units contain free C; and/or Cs posi-
tions, allowing for rapid conversion, cross-linking, and
functionalization.>® Lignins obtained from softwood have
often been the focus of lignin studies because these more reac-
tive sites for functionalization or synthesis are available.”® The
large amount of phenolic hydroxyl groups within lignin makes
it a possible replacement for phenol-formaldehyde resins, a
toxic compound often employed in construction and wood-
based materials.>***

Quantitative *'P NMR spectroscopy was performed for the
analysis of hydroxyl groups by using the procedure of Meng
et al®* This method is based on the interaction of the
2-chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphospholane with the
lignin as well as the internal standard (N-hydroxy-5-norbor-
nene-2,3-dicarboximide). The spectra are shown in Fig. 4, and
the calculated values of OH group contents are given in
Table 2.

It was found that the results aligned quite well with the
results of 2D-NMR, reflecting the high ratio of S units in Lab-
Org, S units in Fraun-Org, a high proportion of G units within
UPM-Kraft, a high amount of S and G units in Acid-Org, and a
high proportion of H units in Phenol-AH. This information
obtained through *'P NMR can also give a hint about the reac-
tivity of the lignins. p-Hydroxyphenyl, guaiacyl, and syringyl
phenolic -OH groups have 0, 1 and 2 adjacent methoxy
groups, respectively.>® Their reactivity follows in the same

2974 | Green Chem., 2024, 26, 2967-2984

order, with p-hydroxyphenyl -OH groups being the most reac-
tive, and syringyl -OH groups being the least, due to steric hin-
drance.? If only considering these S/G/H contributions, this
would indicate that Phenol-AH lignin should have the highest
reactivity, while Fraun-Org lignin should have the least;
however, the other OH-groups will greatly affect reactivity, as
well as pH. It is considered that the next most reactive OH
groups to reactions such as oxidation, condensation, and ester-
ification would be aliphatic, followed by carboxylic acid OH
groups.®® If considering the number of aliphatic OH groups,
Lab-Org and Acid-Org have the most notable amounts, and if
considering carboxylic OH groups, UPM-Kraft outnumbers the
rest. It is good to understand the contributions of various OH
groups, however, it is difficult to draw immediate conclusions
about their reactivity.

3.1.2 FTIR. FTIR analysis was performed on the 5 lignins
used to produce nanolignins, with the resulting spectra shown in
Fig. 5a. Although all spectra exhibit slight variations, all contain
the characteristic peaks of lignin, outlined in Table S3.1 "%

One of the main appeals of extracted lignin is its abun-
dance of alcoholic and phenolic hydroxyl groups, which allow
for functionalization, polymerization, as well as electrostatic
stabilization with the use of pH changes.">*° Lignin extraction
procedures may lead to oxidation through elevated tempera-
ture, oxygen exposure, metal ions, or acidic conditions.>® The
harsher the procedure, the more oxidation is expected to
occur, leading to oxidized functional groups such as alde-
hydes, carboxylic acids, and quinones. While the lignins differ
from one another in certain aspects, these functional groups
may be observed in all 5 lignins.'® One of the most significant
peaks exhibited by all lignins is at approximately 3450 cm™",
which is attributed to the stretching vibrations of the -OH in
phenolic and alcoholic hydroxyl groups.**® It can be seen that
the Kraft process led to the most intense peak at this wave-
number. The cleavage of lignin-carbohydrate bonds during
the harsh alkaline pulping process leads to lignin with a rela-
tively high hydroxyl group content.”> During the alkaline
pulping process, with the assistance of NaOH and Na,S at
high temperatures, cellulose, lignin and hemicellulose are
broken apart, and hydrosulfide and hydroxide anions cleave a-
and p-aryl ether linkages between phenylpropane units, break-
ing the lignin into smaller fragments.'>>* These saponification
and cleavage reactions result in the exposure of hidden
hydroxyl groups, as well as the formation of new ones. This
high -OH content may be reflected in a markedly high glass

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 3P NMR spectra with outlined regions; signal interpretation is adapted from Meng et al.?*

transition temperature, as described below.>> This high ~OH
content may make UPM-Kraft lignin more reactive and
applicable.">"* It can be seen from the FTIR spectra that both
Acid-Org as well as Phenol-AH exhibit a considerable amount
of characteristic peaks in the range of 3200-3600 cm™" (OH
stretching vibrations), which correspond to the OH-stretching
vibrations of alcohols, phenols, as well as other hydroxyl
groups in phenolic and aliphatic structures.>®*® Other lignin
samples are characterized by a lower signal of hydroxyl groups.

The small peak at 3670 cm™' experienced by Fraun-Org,
Acid-Org, and Phenol-AH is attributed to free hydroxyl groups
that are not involved in hydrogen bonding and are quite
common in lignin.*” These free hydroxyl groups could be a
side product from the cleavage of ether linkages during the
extraction process. Organosolv lignin, however, is extracted
through the dissolution of lignin under relatively milder con-
ditions in organic solvents, sometimes with the addition of a
base or an acid.'"*® This results in a lignin with a structure
closer to its native structure, and a lower free hydroxyl content,
also reflected in FTIR spectra.

The peaks around 2935 and 2845 cm™" are attributed to the
C-H asymmetric stretching vibrations in aromatic methoxyl
groups and methyl and methylene groups of side chains.*?®
These peaks are particularly pronounced for Fraun-Org, Acid-
Org, and Phenol-AH. The stretching vibrations of the C=0O
bonds of conjugated aldehydes, non-conjugated ketones and
carboxylic esters in the aromatic ring appear at around
1700 em™.*?° This peak is particularly intense for Lab-Org,

This journal is © The Royal Society of Chemistry 2024

Fraun-Org, and UPM-Kraft, and includes a shoulder at approxi-
mately 1670 cm™" from conjugated carbonyl-carbonyl stretch-
ing, indicating that the (presumably thermal) cleavage of
B-O-4' linkages led to the formation of carbonyl groups.*>°

Interpreting spectra below 1400 cm™" may be quite difficult
as peaks become more complex and begin to contribute to
each other’s intensity.*® A characteristic peak for hardwood
and non-wood lignins at 1326 cm™" is due to the C-O stretch-
ing in carboxylic esters, ethers, or alcohols related to syringyl
units,”*® while the aromatic C-H in-plane deformation at
1116 cm™" is also attributed to syringyl units.**° Both of these
peaks are particularly apparent for those lignins with high syr-
ingyl content: Lab-Org, Fraun-Org, and Acid-Org, as corrobo-
rated by 2D NMR spectra. The peak at approximately
1214 cm™ " is attributed to the C-C, C-O, and C=0O stretching,
and in general, carbohydrate vibrations can often be seen in
association with other vibrations in the range of
1000-1300 cm™".>>*® The aromatic C-H in-plane deformation
1, while the
C-H out of plane vibration in aromatic units is at 911 cm™,
and the peak at 831 cm™" shows the out-of-plane vibrations of
C-H on the syringyl aromatic units of lignin.*?° Kraft lignin,
which has a high proportion of G-type units, exhibits peaks at
854 cm™' and 817 ecm™, showing C-H out of plane vibrations
in positions 2, 5, and 6 of guaiacyl units, which agree well with
the NMR analysis.>®

FTIR spectra of organosolv lignin and nanolignin (ESI
Fig. S1f) showed that the chemical structure of the lignin

mainly from G aromatic units is seen at 1031 cm™

Green Chem., 2024, 26, 2967-2984 | 2975
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Fraun-Org 2,251 4,174 1.9 137 360 2.4 91
UPM-Kraft 2,470 6,154 2.5 151 385 4.9 89
Acid-Org 4,523 14,965 33 120 362 3.8 86
Phenol-AH 2,572 3,989 1.6 137 378 3.5 98

Fig. 5

(a) FTIR spectra, (b) FTIR fingerprint region, (c) GPC data, glass transition temperature, degradation temperature, residual mass at 700 °C (ash

content), Klason Lignin content, (d) UV-vis data, (e) DTG curves derived from TGA data.

remains mostly unchanged before and after the production of
nanolignin, indicating that the structure and functional
groups and chemical structure are unaltered during the pro-
cessing of nanolignin.

3.1.3 GPC and TGA. The molecular weight distribution of
lignin was determined by gel permeation chromatography
(GPCQ), and the corresponding chromatograms are displayed in
Fig. S2.1 The thermal stability and decomposition behaviors of
lignin were investigated by thermogravimetric analysis (TGA),
and the resulting DTG curves are illustrated in Fig. 5e. The
relevant parameters derived from GPC and TGA data are sum-
marized in Fig. 5c.

According to GPC analysis, Lab-Org has the smallest mole-
cular weight, indicating a milder reaction procedure, while
Acid-Org exhibits the largest molecular weight, while also
appearing to have conserved much of the original lignin struc-
ture as seen by FTIR and later by 2D-HSQC NMR."* This indi-
cates that this procedure can extract large molecules from the
wood without incurring too much oxidative degradation
during the procedure.?® Phenol-AH lignin has the lowest PDI,

2976 | Green Chem., 2024, 26, 2967-2984

whilst exhibiting a similar molecular weight to Fraun-Org and
UPM-Kraft lignins. The harsher the method of extraction, the
larger the molecular weight is expected to be, as cleavage of
f-O-4 and p-Pp linkages first break down the primary chains,
but rapid recondensation (cross-linking and repolymerization
reactions between molecules of lignin) then leads to a more
condensed lignin structure with an increased molecular
weight.'®*?> Another possible explanation for this increase
in molecular weight could be that harsher extraction methods
can remove larger molecules from the wood, while also break-
ing some of them apart, raising the PDI along the way.>° The
lignins used for these experiments mostly follow this trend,
with PDI going up along with the molecular weight.

In general, lignin with high molecular weight and low water
solubility produces smaller nanolignin particles, as these large
molecules act as the nuclei for the nanoparticles, while the
smaller molecules endowed with hydrophilic functions such
as carboxylic acids coat the outside of the LNPs.'° Faster, more
intense nucleation then gives more and smaller particles. The
lignins that we tested did not precisely follow this trend, and

This journal is © The Royal Society of Chemistry 2024
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although they did not have the lowest molecular weight,
UPM-Kraft lignin produced the nanolignin with the smallest
size, as well as the smallest size dispersity. Chemical factors
overlap with the molecular weight dependence of dissolution,
and the resulting behavior is more complex.

The harsher extraction procedures of lignin should not only
result in a larger molecular weight but a higher percentage of
carbon should also be found in elemental analysis.*>** To our
surprise, the relative carbon and oxygen content of the lignins
are rather constant throughout the samples, with only Phenol-
AH showing a somewhat higher carbon content. This is
because harsher methods remove more non-lignin materials
from the biomass, such as proteins and carbohydrates, chemi-
cal modifications lead to the formation of new carbon-oxygen
bonds and C-C bonds, and lastly, condensation reactions
occur during harsh extraction methods resulting in a more
condensed lignin structure.*®*®

The degradation of lignin must be considered for its poten-
tial applications in building and packaging materials.
Thermogravimetric analysis was performed on the various
lignins to understand the thermal stability of the corres-
ponding nanolignins. TGA was performed both under nitrogen
and synthetic air atmospheres to understand degradation
temperature and ash content. TG curves of lignin and most
woody biomasses typically undergo three regions of thermal
degradation, starting with the evaporation of low molecular
weight components and water around 50-200 °C."*'7 In the
second stage between 250-400 °C, due to the formation of
char, monomeric phenols would be liberated into the vapour
phase.*® The last stage of deep pyrolysis is associated with the
decomposition of carbohydrates as well as the condensation of
the earlier formed carbonaceous material after 400.%3%
Methoxy groups fragmented between 400 °C and 600 °C, while
C=0 and C-O-C bonds likely fragmented after 600 °C.*® The
TGA results indicate that the lignins had quite varying onset
temperatures, but quickly degraded and evaporated in the
temperature range of approximately 355 °C to 385 °C, after
which the lignols decomposed and carbonization occurred.
Thermogravimetric analysis data (table in Fig. 5¢) showed that
UPM-Kraft has the highest thermal stability, while Lab-Org
and Fraun-Org have the lowest. Some thermally stable char
was left after the TGA analysis up to 700 °C, likely due to the
formation of highly branched and condensed aromatic struc-
tures within the materials.?

The amount of ash should be typical for an isolation
pathway. Ash may represent extracted inorganic compounds
present within the lignin, such as silica or iron oxides, as well
as the alkaline and alkaline earth counter-ions of the car-
boxylic acids, extracted under neutral or alkaline conditions.>”
The ash value was the lowest for the lab-extracted Organosolv
lignin, at only 1.1% ash content, and was the highest for
UPM-Kraft lignin at nearly 5 wt%. The organosolv process typi-
cally leads to high-purity lignin with less than 5 wt% residual
content, which is seen for Lab-Org and Fraun-Org."'*® The
Kraft process is known to have a somewhat greater presence of
inorganics, particularly sodium content.”'! The values also go

This journal is © The Royal Society of Chemistry 2024
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quite nicely with the mineral content overall, indicating that
Kraft-lignin is a substantial counter ion carrier.>® These ash
content values align closely with the literature values of ash
content for Kraft and Organosolv lignins.>'* For simplicity,
assuming K,CO; (pot-ash) as a typical mineral combustion
leftover, calculations revealed 1 carboxylate unit per 10 mono-
lignol units, ie., the isolated lignin is unexpectedly highly
charged. This also explains the stability of nanolignin particles
without further added stabilizers.

DSC. The glass transition temperature (T3) is an important
factor for pre-evaluating the possible applications of lignin
and lignin nanoparticles as fillers or precursors in biocompo-
site materials. Ty is typically an indicator of how mobile macro-
molecular chains are, and this depends on several factors,
including the molecular weight of the polymer, its degree of
chemical and physical crosslinking, as well as the strength of
the intermolecular interactions, and the cohesion energy
density. Below the glass transition temperature, the polymer
chains cannot move and a glassy solid is obtained.*® At the
glass transition temperature, the glassy immobilization breaks
down, and the lignin becomes softer, allowing for a plastic
material deformation.

Differential scanning calorimetry was used to determine
the glass transition temperature (T,) of the 5 lignins, shown in
Fig. 5c, indicating the temperature at which the amorphous
polymers undergo a transition from glassy to the viscoelastic
state.’>*° The values range between approximately 126 °C and
154 °C. The T, values of technical lignin are typically found
between 90 °C and 180 °C, so the values agree nicely with pre-
vious reports.""*®* The higher the molecular weight of the
lignin, the fewer chain ends will be present, leading to lower
mobility and a higher glass transition temperature (7y).'**

From the T, data acquired, UPM-Kraft lignin appears to
have the highest glass transition temperature, with Phenol-AH/
Fraun-Org, Lab-Org and Acid-Org following in order. From
FTIR data, it was seen that UPM-Kraft lignin contains a rela-
tively large amount of the hydroxyl group within its structure,
indicating the presence of alcohols and phenols and thereby
potential hydrogen bridges and increased intermolecular
cohesion."™*® 2D HSQC data also indicate that UPM lignin
contains a larger amount of aliphatic entities, providing a
second reason for a lowered T,. Kraft lignin has been found to
generally have a higher T, than the organosolv lignins from lit-
erature.'> Although Acid-Org had the highest molecular
weight, it did not exhibit the highest glass transition
temperature.

Besides UPM-Kraft, the higher the molecular weight of the
lignin, the higher the glass transition temperature appears to
be, indicating the expected correlation.>**°

A proposed method for lowering the glass transition temp-
erature of lignin in order to expand applications, e.g., for melt
gluing, would be to add low molecular weight diluents, poten-
tially even water.”® It should be noted that as the moisture
content increases within the wood, the T, goes down in lignin
until it reaches its water-saturated point.*" This highly
depends on the number of hydroxyl groups available within
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lignin to bind water, and it is based on structure; therefore, it
can be assumed that UPM-Kraft lignin would be the most
likely to swell due to water adsorption.™*

The presence of certain functional groups also has an effect
on the T, Functional groups with high polarity such as
hydroxyl and carbonyl groups tend to increase the overall
polymer T, due to the promotion of intermolecular inter-
actions between the chains, increasing the energy barrier for
segmental motion, thereby raising the T,. This is likely the
reason why UPM-Kraft has such an increased Ty, detected in
the dry state. Lignins with many rigid phenolic side groups on
the main chain tend to have a higher T,, while those with
higher methoxy content tends to have a lower 7,.*' Bulky, non-
flexible side groups are also considered to be a barrier to the
free motion of polymer chains, increasing the T,. Any cross-
linking may also hinder the softening of a polymer because a
tough 3D network may be formed within the polymer, restrict-
ing mobility. More flexible groups such as alkyl chains, on the
other hand, lower T, Therefore, cross-linking, hydrogen
bonds, the isolation method, species, thermal prehistory,
degree of branching, and the presence of other functional
groups affect the glass transition temperature.*'

3.1.4 Lignin purity determination. Different extraction
methods lead to variations in lignin “purity”, and it remains
an open question whether the natural lignin is a “pure lignin”
at all (that is a textbook-like homopolymer), or a block glycosy-
lated hybrid polymer used to promote adhesion. The purity of
lignin can be determined using a Klason-type procedure,
where sulphuric acid is used to split the acid-insoluble lignin
(AIL) or Klason lignin from the other components by acid
hydrolysis. The results are shown in Fig. 5c. The values range
between 86 and 98 wt% Klason lignin. This indicates relatively
pure lignins, with Lab-Org and Acid-Org exhibiting the lowest
values, and therefore, the lowest purity. These differences in
results may be due to different lignocellulosic raw materials
used for the extractions, extraction method, and the presence
of contaminants such as tannins, proteins and carbo-
hydrates.”” The application of those lignins must therefore
consider the hybrid character of those extracts, and it is, in
any case, different from what you expect from a textbook
description of lignin.

It is important to consider the carbohydrate content of
lignins when manufacturing nanolignin because of glycosyla-
tion or other binding effects every step along the way.
Solubility and precipitation will be altered by the carbohydrate
content because they tend to be more soluble in polar solvents
that can form hydrogen bonds with the hydroxyl groups in
carbohydrates, such as water and ethanol.*® The solubility of
the lignin is altered by the carbohydrate content, leading to a
different size or shape of the LNPs. If carbohydrate-rich
regions of lignin exhibit hydrogen bonding with the water in
the solvent mixture, the interactions may influence aggrega-
tion and/or self-assembly behaviour. These regions may also
lead to a more heterogeneous set of particles due to incom-
plete lignin purification and/or extraction. Carbohydrates may
also modify the surface properties of the nanoparticles,
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affecting their interaction with other substances, dispersibility,
and/or reactivity.>>** If one considers the hydrophobic nature
of lignin, and the hydrophilic nature of carbohydrates, the
amphiphilic properties of a lignin with a substantial amount
of carbohydrates could be taken advantage of for the assembly
of a variety of structures.>”

3.1.5 UV-Vis. The main light absorbers contained within
lignin are aromatic rings, conjugated carbonyl groups, as well
as C-C double bonds.’ UV-Vis measurements gave the
expected absorption bands centered at approximately 340 nm,
corresponding to the n—n* transitions of the phenolic guaiacyl
and syringyl chromophores of lignin.>** The exact intensity
and location of this peak will depend on the degree of methox-
ylation, other functional groups and chromophores present
within the lignin, as well as the source and extraction method.
Lab-Org, Fraun-Org, and Acid-Org have markedly broader
peaks than UPM-Kraft and Phenol-AH, indicating possible
intermolecular charge transfer interactions between spatially
close chromophores. Phenol-AH exhibits a very narrow peak,
indicating decoupling between adjacent chromophores. We
could speculate that this is due to the high carbohydrate
content, sterically preventing inter-phenolic charge transfer.
The difference in spectral tailing in the visible range goes well
with the color of both lignin powders and dispersions.

Nanocomposites containing nanolignin have been shown
to have enhanced UV resistance due to these transitions
within lignin, which can convert photon energy into heat and
release it.® During the oxidative polymerization of monolignols
to generate lignin, the electronic conjugation of the double
bond in the propanoid-chain para to the phenolic OH will
vanish, resulting in the generation of UV chromophores at
coupling sites.® These chromophoric groups give lignin the
ability to absorb in the UV/Visible region, as well as its color.**
Due to the slightly skin-like color, nanolignin has found appli-
cation in UV-blocking fabrics, as well as in cosmetics and
sunscreen.®%**

Dispersion into nanolignin. All 5 nanolignins could be pre-
pared successfully from their respective starting material, with
and without a change in pH as seen in Fig. 6. They are dis-
played along with their original lignin powder counterparts in
Fig. 6 (lower left). Observation with the naked eye supports a
residue-free dispersion for all nanolignins.

We chose pH 7, at which the stabilization of lignin nano-
particles was observed. The neutral pH facilitates the appli-
cation of the resulting nanomaterials. Without pH changes,
the pH was approximately 3.5.

These experiments made it clear that a change in solvent
pH affects the size and appearance of the nanolignin disper-
sions. Visually, the nanolignin formed without pH modifi-
cation was much brighter in colour than their counterparts,
having a milky appearance, and settling much more quickly to
the bottom of the vial due to their lower zeta potential and
large size. The sizes were determined using SEM analysis and
will be further discussed. This difference in appearance can be
attributed to the Tyndall effect and the settling can be attribu-
ted to a lower surface charge, and therefore stability. The nano-
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Fig. 6 (Top left): From left to right: Lab-Org.NL, Fraun-Org.NL, UPM-Kraft, Acid-Org.NL and Phenol-AH.NL (middle left): Lab-Org.pH.NL, Fraun-
Org.pH.NL, UPM-Kraft.pH.NL, Acid-Org.pH.NL, and Phenol-AH.pH.NL. (Lower left): Corresponding lignins: Lab-Org, Fraun-Org, UPM-Kraft, Acid-

Org, and Phenol-AH. (Upper right) Particle sizes of nanolignins produced

lignin formed with a change in pH had a darker, much more
see-through appearance, as well as higher stability, not easily
settling to the bottom of the vial and forming aggregates. The
chromophores present in lignin, as well as the varying
phenolate content, could explain the wide range of
appearances.*?

To understand more clearly how the pH affects the nano-
lignin produced, Fraunhofer lignin (the least glycosylated) was
used to precipitate 6 different nanolignins, only altering the
pH of the solvent before precipitation into the anti-solvent.

after production

from the various lignins, with and without pH alterations.

The results in Fig. 7 show that the colour of the nanolignin
dispersion becomes darker as the pH is raised, and that the
size of the nanoparticles decreases as the pH increases. The
sizes and surface charges of the resulting nanolignins are
shown in Fig. 7. After one week of production, the nanolignins
with lower pH aggregated more readily on the bottom of the
vials, indicating and reflecting the lower zeta potential of the
colloidal suspension, and in turn, a lower stability. It seemed
that using pH 7 was, in fact, a good choice for the production
of nanolignins, showing a decently high colloidal stability.

Particle Size Zeta Potential

Lignin (nm) (mV)

Fraun-Org.NL.pH 4 44.7+10.1 -34

Fraun-Org.NL.pH 5 41.9+9.1 -36

Fraun-Org.NL.pH 6 38.6+9.5 -41

= _— - Fraun-Org.NL.pH 7 31.6+10 -47

A A ,© ) A 2 Fraun-Org.NL.pH 8 26.5+5.8 -72
&R & & & & Fraun-Org.NL.pH 9 233+4.2 - 62

1 week after production

Fig. 7 (Left) 3 wt% Fraun-Org.NL. pH 4-9 before (above) and after (be
Fraun.Org. pH 4-9.
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low) 1 week of undisturbed rest; (right) particle size and zeta potential for
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3.1.6 Zeta potential measurements. DLS measurements
using the Zetasizer were performed on all nanolignins pro-
duced from the 5 chosen lignins at pH 7, and the results are
displayed in Fig. 11. The results revealed that the LNPs that
had been produced without a pH adjustment displayed nega-
tive charges between —27 mV and —43 mV. The nanolignin
produced using a pH change displayed a similar charge
between —34 mV to —45 mV. Therefore, we can state that the
newly generated charges are invested in smaller particles
rather than a more negative surface charge; the charge and
structure seem to be similar all over the sample set. The size
and surface charge of the nanolignin directly influences how it
will interact with other materials, as well as what possible
applications it could be used for.

In general, a zeta potential more negative than —30 mV
indicates sufficient repulsion energy and therefore colloidal
stability.’® Large negative charges indicate a strong electro-
static repulsion between the particles and a high stability of
the dispersion. Nanolignins contain acidic phenolic groups, as
well as carboxylic acid functional groups, on their surfaces,
which give the nanolignin a negative surface charge and
enable the formation of an electric double layer stabilizing the
LNPs. In weakly acidic conditions, phenol groups remain in
their protonated state, which is less water-soluble. Under basic
conditions, phenols experience deprotonation, letting a proton
go from the hydroxyl group, producing negatively charged
phenolate ions. The darkening effect with increasing pH is
explained by the phenols of lignin. In its pure form, phenol is
a white solid, while phenolates are brownish.

3.1.7 SEM. SEM was used to study the morphology and
size of NL. Fig. 8-10 show the SEM images for the obtained
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NLs and the calculated particle sizes are shown in Fig. 6. SEM
imaging revealed the spherical and/or slightly deformed globu-
lar shape of the nanolignins and a first estimate of the size
with the use of image analysis.

The nanolignins were produced in the method acquired
directly from the work of Henn et al., as well as with a change in
solvent pH in order to discern the difference that the pH altera-
tion makes on the size and charge of the acquired nanolignin.”
From the results in Fig. 7, it can be seen that pH adjustment sig-
nificantly reduces the size of the nanolignin particles; on average
approximately 4.2 times smaller nanolignins were achieved by a
simple change in pH. The most significant changes in size were
achieved by UPM-Kraft.NL and Acid-Org.NL, with a size difference
of more than 5 times. It was observed in our case that the mole-
cular weight does not have a significant effect on the size of the
resulting nanolignin.

The extremely small diameter of UPM-Kraft LNPs is to be
discussed as it can be as small as 10 nm and deviates from the
behavior of all other samples. There are some possible expla-
nations for this extreme result, including some extra impuri-
ties and/or extractives left within the Kraft lignin during the
extraction procedure. For example, tall oil is a by-product of
the pulp and paper production process, especially in the Kraft
pulping process of softwood. It is composed of resins, resin
acids, fatty acid derivatives, as well as other organic com-
pounds and is certainly able to assist lignin in the formation
of very small LNPs by acting as an ultra-hydrophobe and sur-
factant.”” Another possible explanation for the small size of
UPM-Kraft nanolignin could be its high carboxylic acid
content, which quite effectively allows changes to be made
through the change in pH.

Fig. 9 SEM images of the LNPs. From left to right: Lab-Org.NL.pH, Fraun-Org.NL.pH, UPM-Kraft.NL.pH, Acid-Org.NL.pH, and Phenol-AH.NL.pH.
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Fig. 10 SEM images of nanolignins Fraun-Org.pH 4-9 after being air-dried on a carbon slide.

“no pH change” nanolignins after 1 week

; = “no pH change” “pH change” zeta
- Lignin type zeta potential (mV) potential (mV)
Lab-Org.NL 43 -45
Fraun-Org.NL -33 -47
i e UPM-Kraft.NL -37 -47
“pH change” nanolignins after 1 week  Acid-Org.NL 27 -34
Phenol-AH.NL -34 -41

= " N

Fig. 11

(upper left) 5 wt% nanolignins after 1 week of sitting at rest. From left to right: Lab-Org.NL, Fraun-Org.NL, UPM-Kraft.NL, Acid-Org.NL, and

Phenol-AH.NL. (lower left) 5 wt% nanolignins after 1 week of sitting at rest. From left to right: Lab-Org.NL.pH, Fraun-Org.NL.pH, UPM-Kraft.NL.pH,
Acid-Org.NL.pH, and Phenol-AH.NL.pH. (right) zeta potentials of nanolignins after production.

Fig. 8 and 9 depict the various nanolignins dried and self-
assembled into films with different surface textures. This is
likely due to differences in solubility within the original
solvent mixture (acetone, ethanol, water). Rao et al. reported
observable differences in organosolv lignin nanoparticles
through the variation of ethanol within the starting solvent
throughout drying.>® In conjunction with a homogenization
treatment, they found that the ideal ethanol ratio created
round spheres, while other ratios with lower or higher ethanol
content form globular clusters.?

When the lignin solvent mixture is briskly injected into the
water, the hydrophobic polymers form a densely packed core. The
formation of these droplets is kinetically controlled, rather than
being thermodynamically driven.'"® UPM-Kraft Lignin is quite
hydrophilic and water-swollen even throughout film formation,
thus creating near-homogeneous, structured films, the obser-
vation of which tells us little about the original dispersion. Fraun-
Org Lignin gives a tight packing of well-separated particles, ca.
20 nm in size. The particles are not roundish, but rather irregu-
larly packed onto each other; i.e., we can assume a certain particle
swelling with ethanol, notwithstanding the high capillary drying
pressures in the final phase of film formation.

For the other lignins, the specific solvent/non-solvent
system and procedure for the production of nanolignin gives

This journal is © The Royal Society of Chemistry 2024

clear spheres, however, with a discernible size dispersity
between 10 and 50 nm. The affinity of hydrophobic and hydro-
philic moieties in the solvent is likely to influence which
shape/size the nanolignin will end with.>® The carbohydrate
content of the lignins is thought to influence the formation of
nanolignin through the influence of solvent interactions.'**

Fig. 10 shows that the change in pH had a great effect on
the size of the resulting LNP. Below a pH of 4.5, lignin nano-
particles often experience aggregation and instability, clump-
ing together to form large aggregates.’® This again underlines
the role of included standard carboxylic acids as the active
stabilizer, which are effectively neutralized below their pK,
value.

If a strongly amphiphilic molecule like Kraft lignin is
unable to self-assemble into spheres due to inner polarity
“frustrations”, it may form irregular and non-spherical shapes.
The organization of hydrophobic and hydrophilic moieties is
quite important when minimizing the cohesion energy of the
overall system.>>** As mentioned above, the chemical and
molecular heterogeneity of lignin is important, i.e., high mole-
cular weights and/or more hydrophobic fractions precipitate
first and constitute the nucleus or the inner part of the par-
ticle, while a further decline of solvent quality also precipitated
the more polar compounds, which then also stabilized the par-
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ticles.>> More homogeneous size distributions in general rely
on controlled, fast nucleation and then extended growth
phases.*> Qur current protocol is not optimized for minimiz-
ing particle dispersity. Centrifugation techniques are, however,
useful for the narrowing of size within a nanolignin dis-
persion, or at least cutting the very large and fine particles of
the dispersion.*®

It should be noted that the sizes of the nanolignins pro-
duced differ quite notably from the current literature on nano-
lignins." This could be due to the measuring technique used
in this report, which varies from other common uses of
DLS.'>** The nanolignins were dropped on a carbon slide,
allowed to dry, and imaged using SEM. After drying, the nano-
lignins surely lost much of their weight and shrank, which
should be considered; however, as all samples were prepared
in the same way, the results should be consistent in relation to
one another.

For the reproducible production of nanolignin, it would be
important to know how extraction protocols change the chemi-
cal nature of the extracted fraction of lignocellulosic biomass.
The properties of the lignins extracted depend on the plant
species, the part of the plant it is extracted from, as well as the
extraction protocol.?® It was shown that the different lignins
analyzed were indeed chemically varied and consecutively led
to a variety of nanolignins.

4. Conclusions

We analyzed 5 different lignins produced via various extraction
protocols by employing a combination of analytical tech-
niques. It was observed in all cases that pH- and temperature-
induced degradation, depolymerization, and repolymerization
events had occurred, the extent of which depends on the extre-
mity of the processing conditions. We identified several partly
known, but usually neglected, “hidden parameters” in the real
materials, which can seriously change the properties of the
lignin. One of them is the natural conjugation/glycosylation of
lignin with sugars and glycans, which is more pronounced in
the isolated product the more gentle the extraction protocol is.
Another is the rather high carboxylate content of all lignins,
which also is responsible for the otherwise surfactant-free for-
mulation of the nanolignins. The carboxylates usually come
with alkaline and alkaline earth counter ions, which can make
up as high as 6 wt% of the isolated lignin in the gentler extrac-
tion protocols, in excellent correspondence with the ash
content of full wood. In this work, it remains an open question
whether these carboxylic groups are a part of the sugar grafts,
e.g. as glucuronic acid (as known from hemicelluloses), or if
they are due to the oxidation of the propionic fragments of
lignin.

A third potential source of complexity, especially for
softwood, is the contained tall oil, which would be co-extracted
but contains resins, abietic acids, and fatty acid derivatives.?’

The typical oversimplified textbook schemes of all-pheno-
lic lignin are misleading because they give a wrong
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impression of the polymer structure involved and they
suggest overly complicated processes to transfer them into
an applicable form.

The characterized five different lignins were used for the
facile production of nanolignin. A general method for gener-
ating nanolignin dispersions using non-toxic and recyclable
solvents was fine-tuned in order to produce nanolignins of
smaller sizes and size distributions. All five lignins reprodu-
cibly generated stable and sediment-free nanodispersions
with a diameter of about 80-100 nm using solvent shifting
methods, while additional pH adjustment (considering the
phenolic residues and the usually non-listed carboxyl acid
content) enabled us to go down to a diameter 10-34 nm.
This is about four times smaller than usual, or a seventy
times higher particle number. Although the lignins used
were of different sources and compositions, the nanolignins
produced were quite consistent in size and colloidal stabi-
lity. Zeta potential measurements showed highly negative
surface changes, which can be related to carboxylic acids,
while phenolic groups act as co-surfactants. When the pH
of the lignins was raised, the resulting nanolignin also
exhibited a higher zeta potential, and in turn, higher
stability.

For materials applications of such nanolignins, e.g., for
gluing or in hot molds, polymer properties are important. The
lignin that exhibited the lowest glass transition temperature,
as well as the lowest molecular weight, was Lab-Org, the lignin
freshly extracted in a relatively mild manner in our lab. The
nanolignin that is likely to show the most industrial potential
is the UPM-Kraft.NL, as the vast majority of produced lignin is
Kraft lignin, and through the facile production process, a very
small nanolignin was achieved. This small nanolignin, along
with its small size dispersibility could make it viable for
materials in which small defects must be avoided. The glass
transition temperature of Kraft lignin is -without water- the
highest of the ones tested. It also had the highest degradation
temperature and high thermal stability, which could make it a
practical filler for composite materials. Its small and consist-
ent size makes its excellent in terms of dispersibility as well as
consistency, and as we speculated above that the differences
from all other lignins could be potentially due to tall-oil-based
surfactants that theoretically can assist UPM-Kraft in the stabi-
lization, size control, solubilization and phase transfer of the
nanolignins.?”

Such nanolignin particles have high potential in the world
of green polymers and materials as they can be made using a
facile and green production method and come from renewable
and abundant sources. In our work, we currently focus on the
combination or incorporation of LNPs with other biomaterials
and utilize them for their UV-blocking, antibacterial, and/or
adhesive properties.
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