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Organic solvent-free production of colloidally stable
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A simple method was developed for the preparation of lignin
nanoparticles and nanogels using the common lignin grades
on the market. The approach avoids the use of organic
solvents and allows high-consistency processing of lignin,
thus significantly reducing water consumption and paving
the way for a scalable production of lignin nanoparticles, gels
and products thereof.
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Organic solvent-free production of colloidally
stable spherical lignin nanoparticles at high mass
concentrationst

levgen Pylypchuk ‘= and Mika H. Sipponen = *

Lignin nanoparticles have emerged during the past decade as well-defined and renewable nanomaterials
for fundamental and applied research. However, the presently known methods for the preparation of
lignin nanoparticles rely on the use of organic solvents and energy intensive water evaporation processes.
Here we present organic solvent-free production of spherical lignin nanoparticles by neutralization of
alkaline solution of poorly water-soluble lignins in the presence of sodium lignosulfonate. We show that
by combining these two predominant technical lignins it is possible to achieve colloidally stable lignin
nanoparticle dispersions at concentrations exceeding 30 wt%. We further demonstrate versatility of the
process by using ethanol organosolv lignin, soda lignin, and lignosulfonates from different sources. The
lignin nanoparticle dispersions exhibit shear-thinning behaviour and undergo gelation within well-defined
pH and concentration regions. Such flowable lignin dispersions mark a breaktrough towards scalable pro-
cessing of lignin towards sustainable bio-based chemicals and materials.

1. Introduction

There is a growing need for biobased materials and chemicals
to break free from our dependency on fossil resources.! Lignin
is one of the most promising renewable feedstock types owing
to its unique aromatic structure, low degree of polymerisation,
and availability in the million-ton scale from the pulp and
paper and biorefinery industries.” Nature has engineered
lignin to provide plants with barrier properties, mechanical
strength, and resistance against microbial and insect attacks.
Owing to its biodegradability lignin is also circular in nature
and provides a long-lasting carbon source to soils.?

Lignin is dissolved from plant biomass by cooking in
aqueous solvents, and is typically considered as a byproduct,
fuel, or waste in the pulping processes, depending on their
technological maturity and production scale. Modern pulping
processes have the ability isolate lignin without disturbing the
closed-cycle chemical recovery processes. Today, lignosulfo-
nates and kraft lignin dominate the lignin production with iso-
lated quantities exceeding 1 Mt and 0.2 Mt every year.
However, much more lignin could be isolated for the pro-
duction of biobased materials and chemicals provided that the
added value exceeds the investment and operation costs
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involved. This problem of limited market supply asks for devel-
opment of functional and high-value materials®® in parallel
with high-volume lignin formulations.® The commercial
success of lignosulfonates as dispersing agens and binders in
versatile end-uses originates from their water-solubility and
ability to act as macromolecular surfactants. In contrast,
poorly water-soluble kraft lignins are heterogeneous and struc-
turally complex macromolecules with low molecular weight
(about 5 kDa) and high dispersity. These attributes shared by
many other lignin types seriously hinder their processing and
formulation into biobased materials.”

Colloidal technology has emerged within the past ten years
to overcome solubility and heterogeneity problems of poorly
water-soluble lignins.®™*' There have been many pioneering
studies on the production of spherical lignin nanoparticles
(LNPs) from various different lignin grades including kraft
lignins, organosolv lignins, and soda lignins using “dry” and
“wet” processes as recently reviewed.'> Despite ongoing efforts
to scale up these production processes there are serious
obstacles that need to be overcome. For instance, so-called
solvent exchange methods generate LNPs by dissolving lignin
in water-miscible organic solvent and trigger aggregation of
lignin by increasing the volume fraction of water. However,
techno-economic assessments have shown that solvent recov-
ery is the economical hot spot that accounts for the majority of
the production cost."**® Moreover, the upper ceiling for the
concentration of LNPs that can be produced as colloidally
stable dispersions is about 1 wt% using the solvent exchange
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method. The dry processes generally employ aerosol techno-
logy to evaporate solvent from nebulized lignin droplets and
resulting in spherical nano-microparticles."®'” In summary,
the prevailing problems restrict large-scale production and
applications of lignin nano/microparticles, including the high
transportation costs of dilute aqueous suspensions, high oper-
ation costs from the energy-intensive solvent removal, and
risks involved in production, transportation, and handling of
dry nano- and microparticle powders.

It has become evident that unconservative approaches are
needed to solve the aforementioned challenges. In the manu-
facturing industry it is common to improve properties through
additives which often result in rather complex formulations, as
is clear by taking a look into the ingredient lists of personal
care products for instance. In contrast, it is quite astonishing
that despite the alternate properties offered by various
different lignins, many groups have insisted solving the
problem through purification of lignin. These approaches
include for instance fractionation of lignin to produce purified
grades better suited to specialty uses.'®? Such analytical pro-
cedures have without doubt enriched our understanding of the
lignin structure and reactivity at the molecular level.**?*
However, development of lignin admixtures as an attempt to
produce materials with new and improved properties is
lacking from the published literature.

In the present work, we show that water-soluble lignosulfo-
nates (SL) can be combined with poorly water-soluble lignins
to produce colloidally stable LNP dispersions. We show that
industrialy produced softwood kraft lignin (SKL), ethanol orga-
nosolv lignin (OSL) and soda lignin (SL) give rise to stable
LNPs when their alkaline solutions are neutralised in the pres-
ence of lignosulfonates. In contrast to the earlier methods
relying on organic solvents, our method is completely
aqueous. We show production of LNPs at markedly high con-
centrations above the gel point of the dispersion and feasi-
bility to work at high consistencies reaching 50 wt%. We also
provide electron microscopy evidence that the LNPs are essen-
tially mixed micellar particles consisting of loosely packed SKL
surrounded by amphiphilic LS molecules. This scalable
method presents a synergistic combination of the two most
common lignin grades to alleviate the problem of lignin stabi-
lity and processability in high-consistency water suspensions.

2. Experimental

2.1. Chemicals and materials

Softwood kraft lignin (SKL, BioPiva 100, UPM, Finland),
sodium lignosulfonate (DS10, Doms;jd, Sweden), sodium ligno-
sulfonate (LS Sigma, Sigma Aldrich, SKU 471038), hardwood
(beech) organosolv lignin (OSL), soda lignin (SL, Protobind
2400, Switzerland), sodium hydroxide (VWR, Sweden), sulfuric
acid (VWR, Sweden), hydrochloric acid (VWR, Sweden), and
dialysis membrane (MWCO 12-14 kDa, Spectra/Por, Sigma
Aldrich) were used as received. Lignin characterization data
provided in Table S1.t
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2.2. Preparation of colloidal lignin nanoparticle dispersions

LS/SKL and LS/OSL dispersions were prepared as follows. A
mixture of lignin was dissolved in 2 M NaOH and the pH was
adjusted by 2 M H,S0O,. For instance, to prepare solution with
LS/SKL ratio 5:1, 225 g of LS and 45 g of SKL (dry content)
were mixed with 405 g of aqueous 2 M sodium hydroxide solu-
tion and stirred overnight. To a 120 mL of obtained suspen-
sion (pH 13.3), 38.9 mL of 2 M sulfuric acid was added drop-
wise until pH 4.3 was reached. The formed gel was used as pre-
pared or transferred into a dialysis bag (MWCO 12-14 kDa)
and dialyzed against deionized water until reaching pH 6.

2.3 Potentiometric and conductometric titration

Titration of lignin was performed according to the protocol
reported in®® with slight modifications. Briefly, 1 g of lignin
mixed with 5 mL of 2 M aqueous sodium hydroxide solution
and then 500 mL of DI water was added. After 15 minutes the
solution was filtered using Ahlstrom-Munksjo filter paper.
Solution was titrated with 1 M hydrochloric acid using a pH
meter (FiveEasy F20, Metter-Toledo GmbH, Switzerland) and
conductivity meter (SevenExcellence, Mettler Toledo,
Switzerland).

2.4 Characterization of colloidal dispersions

2.4.1 Particle size and zeta potential. Zeta potential and
particle size of the particles were determined by electrophor-
etic mobility and dynamic light scattering (DLS) methods
using Zeta Sizer instrument (Malvern, UK). The measurements
were performed for water-diluted LS/SKL dispersions at 25 °C.

2.4.2 Dynamic viscosity. Dynamic viscositites of lignin
nanoparticle dispersions were measured using a rotational
viscometer (Viscotech Myr VR 3000) with R2-R5 spindles. The
shear rate was varied for extrapolation of zero-shear viscosity
and determination of dynamic viscosities as a function of total
lignin concentration and pH.

2.4.3 Electron microscopy. For Transmission Electron
Microscopy (TEM), 2 ul of dialyzed nanoparticles solution was
drop casted over TEM grid (200 mesh Cu grid with thin carbon
film) for 2 hours. Accelerating voltage was 120 kV and emis-
sion current 63 mA. For cryo-TEM, an aliquot of the dispersion
was diluted in deionized water, deposited over a TEM grid and
frozen in liquid ethane. The images were obtained under
cooling with liquid nitrogen at an accelerating voltage of
200 kv.

3. Results and discussion

The poor water solubility of kraft lignin has limited its large-
scale applications, which has given rise to different methods
to prepare colloidal lignin particles as homogeneous disper-
sions that can be more easily processed.***® However, scalabil-
ity of the existing methods is severely restricted due to energy-
intensive drying, evaporation, and organic solvent recovery pro-
cesses. To overcome these obstacles, we have developed an
organic solvent-free method to prepare colloidal lignin par-
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ticles at considerably higher consistencies than previously
achieved. Our approach starts by dissolving sodium lignosulfo-
nate (LS) together with a poorly water-soluble lignin such as
softwood kraft lignin (SKL) or beech ethanol organosolv lignin
(OSL) in aquoues alkali (Fig. 1). The sufficient alkalinity
required to dissolve the two lignins is about pH 10. A solution
of approximately 50-60 wt% of lignin (LS + SKL) can be pre-
pared this way. After complete dissolution, the mixed lignin
solution is adjusted to a slightly acidic pH in the range of pH
4-7, which depending on the lignin concentration gives rise to
a free-flowing colloidal dispersion or a homogeneous gel as
shown in Fig. 1. Regardless of its physical state (liquid or gel)
the colloidal system remains stable and can be refridgerated at
4 °C for several weeks without solid-liquid phase separation.
Intrigued by these initial observations we systematically
studied different weight ratios and lignin concentrations to
decipher their influence on the stability and properties of the
colloidal gel dispersion.

3.1 Formation of stable dispersions and different lignin ratios

The lignin market is expanding due to increased efforts on the
development of lignin-based materials and expected growth of
the lignocellulosic biorefineries sector. Today, lignosulfonates
and kraft lignin are the two major lignin grades in the market
with annual production exceeding 1 Mt and 0.2 Mt, respect-
ively. We therefore chose LS and SKL as representative lignins
to study possible mass ratios required to produce stable col-
loidal dispersions of the two lignins. Neutralization of a mixed
solution of lignin in aqueous sodium hydroxide solution was
studied in a broad range of mass ratios of LS to SKL from 1:1
to 12.5: 1, keeping the concentration of LS constant at 10 wt%
in the initial solution. DLS analysis showed that LS : SKL mass
ratios below 4 : 1 yielded unstable dispersions with aggregating
particles while higher ratios produced stable dispersions with
z-average particle sizes below 170 nm (Fig. 2a and d).
Dispersions were considered stable if no visible precipitation
was observed after 24 h at room temperature. The lowest par-
ticle size (81 nm) was obtained at the LS:SKL ratio of 5:1,
which corresponds to the current market availability of these
two technical lignins. We note that it is possible to replace SKL
by other poorly water-soluble lignins such as organosolv lignin
(Fig. 2b) or soda lignin (Fig. 2c) or lignins. In particular, when
OSL was mixed with LS, a weight ratio of 2.5:1 sufficed to a
give colloidally stable dispersion with partice size of 160 nm

Lignosulfonate (LS)

Sofwood kraft lignin (SKL)

Dissolution Neutralization
pH>10 pH 4-7
_ —_—
H,O, NaOH H,0, H,SO,
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(Fig. 2b and e). As observed with SKL, the mixed dispersion of
LS: OSL showed the lowest particle size of 100 nm at a lignin
ratio of 5: 1. There is thus a well-defined working window to
produce stable colloidal particle dispersions at LS : SKL ratios
4-7 while with OSL and SL the ratios range from 2 to 7. These
values mean that relative to the total lignin concentration at
least 20% SKL and 33% OSL or SL that are otherwise poorly
water-soluble at pH < 7 can be stabilized in homogeneous col-
loidal dispersions for further processing or formulation. As it
turns out, these values are associated with markedly high total
lignin concentrations of the dispersion mixture.

3.2 High-consistency colloidal dispersions

One of the major problems of previous aqueous-organic
solvent-based methods has been the inability to prepare LNPs
at industrially relevant concentrations above 2 wt% without
drastically increasing the particle size and eventually agglom-
erating the entire system. Interestingly, we found that higher
initial lignin concentrations lead to the formation of smaller
LNPs. This trend is in stark contrast to the trend observed with
colloidal particles prepared by solvent polarity shifting
methods, where particle size increases as the lignin concen-
tration increases."****° In our method, the hydrodynamic dia-
meter of the colloidal particles did not increase but decreased
as the total lignin concentration increased from 2 wt% to
14 wt% at a 5:1 mass ratio of LS to SKL (Fig. 2e) as did the
corresponding polydispersity indices (Fig. S11). Moreover, we
demonstrated that it is possible to purify the nanoparticle dis-
persion by dialysis against water while maintaining its col-
loidal stability (Fig. 2f). Our observations made it obvious that
this new method of producing colloidal lignin particles can be
operated at considerably high lignin concentrations above
20 wt%. The theoretical limit to the total lignin concentrations
appears to be only restricted by the mutual solubility of the
lignins in aqueous alkali. We were able to produce solutions
containing 50 wt% of lignin at an LS:SKL ratio of 5:1
(Fig. S27). At higher concentration of 63 wt% the mixture at a
similar LS:SKL ratio had a paste-like appearance (Fig. S2t),
which may necessitate extrusion processing to ensure homo-
geneous mixing with aqueous acid solution during the neutral-
ization step.

We also noticed that some dispersions are more stable than
others, and this trend was dependent on the lignin concen-
tration. At 10-15 wt% total concentrations of lignin, the

Colloidal lignin particle gel

Fig. 1 Preparation of colloidal mixed micellar particle gels from sodium lignosulfonate (LS) and poorly water-soluble lignin such as softwood kraft
lignin (SKL, pictured), beechwood ethanol organosolv lignin (OSL) or soda lignin (SL).

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 Effect of sodium lignosulfonate (LS) on particle size (hydrodynamic diameter, Z-average values based on DLS) and colloidal stability of lignin
dispersions. Particle size of the dispersion as a function of mass ratio of (a) LS to softwood kraft lignin (SKL), (b) LS to beechwood organosolv lignin
(OSL), and (c) LS to soda lignin. The initial concentration of LS was kept constant at 100 g L™ while the concentrations of SKL, OSL and SL were
varied and mixed in a 1:1 volume ratio with LS. (d) Particle size as a function of lignin concentration in the mixed colloidal dispersion at a constant
LS to SKL ratio of 5:1 (w/w). Digital photographs of the diluted dispersions at weight ratios that produce unstable dispersions (the arrow indicate
sedimentation) and colloidally stable dispersions at higher (e) LS/OSL and (f) LS/SKLdispersions. (g) Appearance of a dialyzed dispersion (LS:SKL5:1

w/w) at a consistency of 12.4 wt%.

threshold ratio of LS to SKL can likely be lower than 4:1 as
particle sizes below 100 nm were obtained in this region
(Fig. 2c¢). These particles are smaller than those produced
using organic solvent processes at considerably lower consist-
encies. For example, tetrahydrofuran : water (3:1 w/w) solvent
system gives particles with average diameters of 200 to 400 nm
at dispersion concentrations of about 0.5 wt% after evapor-
ation of the organic solvent.*’ Acetone:water (3:1 w/w)
solvent system is known to produce LNPs with smaller dia-
meter than obtained from aqueous tetrahydrofuran,*” but the
working window for lignin concentrations is also lower.
Moreover, despite its benefits and possible integration as a
solvent in biorefinery processes, aqueous ethanol (50-70% by
volume) limits the possible dispersion concentration of lignin
to values below 0.3 wt%.>*** Therefore, this new particle pro-
duction method not only avoids the use of volatile organic sol-
vents, but also reduces water and energy consumption by a
factor of 20-50 compared to the previously described methods.

As an attempt to understand this paradigm shift in lignin
colloids, we can analyse differences in the solvent systems and
their limiting lignin concentrations. According to the Stokes-
Einstein equation, the translational diffusion coefficient is
inversely proportional to the viscosity. Therefore, as viscosity
increases the random collisions of colloidal particles becomes
less frequent. In such a viscous system, lignin molecules have
restricted mobility already in the initial solution. This limits

8708 | Green Chem., 2022, 24, 8705-8715

the particle formation space to a tighter domain, causing the
formation of more dense-packed particles. This is confirmed
by the fluorescence of LS-SKL dispersions, where the higher
lignin concentrations resulted in a red-shift of fluorescence
maxima, probably due to stronger n-n stacking interactions
caused by denser molecular packing. This, in turn, results in
so-called aggregation-induced fluorescence quenching (AIFQ)
at higher concentrations (Fig. S3t). The AIFQ is a well-known
phenomenon in systems where strong n-7n interactions take
place.®® The blue shift of dialyzed LS-SKL nanoparticle disper-
sions (pH 6.3, Amax = 400-450 nm) as compared to LS:SKL
mixture in 2 M NaOH (pH 12, Apnax = 450-500 nm) confirms
that charged lignin groups participate in n—-n stacking, since
their deprotonation at alkaline pH causes a shift in the elec-
tron density from aromatic rings of lignin, thus shifting their
fluorescence maxima. Taking these theories together explains
why high lignin concentrations give rise to increased stabiliz-
ation of colloidal particles. In fact, such n-n stacking inter-
actions are responsible for the supramolecular organization of
sodium lignosulfonate in water solutions to form hollow
micelles.?®

3.3 Gelation and shear-thinning behavior

The ability to prepare colloidal lignin particles in markedly
high consistencies intrigued us to determine their rheological
properties that define their flowability and usability in many

This journal is © The Royal Society of Chemistry 2022
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practical applications. For simplicity, we maintained the
weight ratio of LS to SKL constant at 5:1 and altered the total
lignin concentration and pH as these are the two key para-
meters affecting the viscosity of the system. Based on the
increase in viscosity in the order of one magnitude when the
total lignin concentration was systematically increased, we can
identify that at pH 5.5 the dispersion system undergoes gela-
tion within a relatively narrow concentration region between
25 and 27 wt% (Fig. 3a). This kind of gelation behaviour
marks a typical transformation from freely dispersed polymer
particles to a solid-like state when crossing the percolation
threshold, which is the point at which discrete nanoparticles
form a continuous network that spans the entire gel volume.*”
Such interparticle bonds are non-covalent ones, and their for-
mation is dependent on the pH, allowing us to conclude that
they are hydrogen bonds, hydrophobic interaction forces, and
van der Waals forces. Moreover, the drop in zero-shear vis-
cosity occurred close to the apparent pK, of the carboxyl
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groups of the two kinds of lignins present (SKL, pK, (-COOH)
= 4.4; LS, pK, (-COOH) = 4.0).*®° We can thus postulate that
protonated carboxylic acid groups facilitate the formation of
hydrogen bonds between the LNPs, whereas at pH > 5 they
remain ionized and contribute to the excluded volume effect,
while also counteracting interparticle depletion forces due to
the electrostatic repulsion between the LNPs. Such a concen-
tration-dependent gelation and direct preparation of LS-SKL
nanoparticle gels is in contrast to our earlier observations with
compact lignin nanoparticles, which are troublesome to con-
centrate from their original dilute dispersions to concen-
trations exceeding 3 wt%.*°

As anticipated from the presence of acidic functional
groups in the two lignins, variations in pH had a defining
effect on the dynamic viscosity of their mixed colloidal disper-
sions (Fig. 3b). The lowest viscosities were measured from the
solution at pH 9.9 which responded to shear like a dilatant
fluid, i.e., with viscosity increasing with increasing shear rate.

a 10* - b 10 . . . e
pH 4.9
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Fig. 3 Rheological properties and appearance of colloidal lignin gels. Dependency of dynamic viscosity of LS-SKL (5: 1 w/w) dispersion on (a) total
lignin concentration, expressed as wt%, while maintaining a constant pH 4.8 + 0.5, and (b) dispersion pH 4.3-9.9 at a constant consistency of
32 wt%. (c) Mapping the rheological behaviour of the dispersion and estimation of the gel point from the slopes of linear fits to the data in (b) and (d)
zero-shear viscosities as a function of pH. (e) Appearance and time-dependent flow behaviour of LS-SKL gel at 32 wt% consistency. (f) Appearance
of the free-standing gel at 32 wt% concentration and demonstration of its (g) printability (the diameter of the Petri dish is 5.5 cm). LS + OS gel at
19 wt% consistency (h) and (i) after drying to ~90% dry content; and (j) after redispersing in water to a consistency of ~4 wt%.
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There was a turning point in the fluid at pH 8.7 whereafter all
the dispersions at lower pH values responded like pseudoplas-
tic fluids, with shear-thinning behaviour. As indicated by
major variations in dynamic viscosities, the pH region
between pH 4-6 turned out important to define the rheological
properties of the dispersion. When the linear fits to the logar-
ithms of dynamic viscosities were plotted as a function of pH
we can appreciate a gel point at approximately pH 5.6 (Fig. 3c).
Fitted viscosity-shear rate curves are presented in Fig. S4F and
were used for the extrapolation to estimate the corresponding
zero-shear viscosities. The zero-shear viscosity increased as the
pH was decreased, with a maximum at pH 4.9 (Fig. 3d). This
pH-dependent viscosity behavior follows that of SKL but
differs from that of LS present alone in solution.

Sodium lignosulfonate solution at 54 wt% concentration
has been shown to respond to shear as a pseudoplastic fluid,
with highest apparent viscosities at pH range 8.7-10.3 due to
ionization of phenolic hydroxyl groups, thus causing stronger
electrostatic repulsion both between the molecules and on the
intramolecular level.*! The latter causes the stretching of the
hydrophobic chains of LS and their exposure.*” Thus, in the
LS-SKL mixture at alkaline pH > 9, the stretching of hydro-
phobic moieties of LS makes them more exposed to the solu-
tion and facilitates the formation of non-covalent bonds with
SKL. This complexation stabilizes expanded LS molecule con-
formation, counteracting the coil-globule transition as the pH
decreases. Further protonation allows for an increase in the
level of non-covalent hydrogen bonding between the LS-SKL
complexes, which triggers the formation of NPs at pH < 7.5.
The intra- and intermolecular interactions of the two lignins
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also lend explanation to the fact that the viscosity drops from
pH 4.9 to 4.3. This is the pK, region of carboxylic acids that
when protonated no longer contribute to the repulsive forces,
which may cause shrinking of the particles due to increased
hydrogen bonding interactions. In agreement with the vis-
cosity results, we observed that the dispersion at pH 4.9
showed very slow flowability in contrast to that observed at pH
4.3 (Fig. 3e).

This uncomplicated way to prepare shear-thinning lignin
nanoparticle gels may open up new opportunities for example
in three-dimensional printing. Intrigued by this opportunity,
we observed time-dependent free-standing properties of the
gel (Fig. 3f) and demonstrated injection of the gel using a
6 mL piston syringe (Fig. 3g). Another central consideration
regarding applications is the ability to concentrate, dry and
redisperse the particle dispersions. We found by using an
LS-OSL dispersion as an example (Fig. 3h) that it is possible to
air-dry the dispersion up to a 90% dry content (Fig. 3i), which
ensures that the particles can be redispersed to a colloidal
state (Fig. 3j). Therefore, such a colloidal lignin dispersion
that can be transported in nearly dry form and free of dusting
offers obvious advantages compared to the existing lignin dis-
persions either in dilute form or dry powder states.

3.4 Morphology and soft nature of the particles

Importantly, the stability of the dispersions seems to be depen-
dent not only on the particle size but also on the shape of the
particles. As can be seen from the TEM micrograph in Fig. 4a,
a stable sample synthesized at an LS/SKL ratio of 5: 1 was rep-
resented by spherical nanoparticles (average diameter of 26 +

v
_
Compression F

V'S

Fig. 4 Transmission electron microscopy (TEM) images of LS + SKL colloidal dispersion (5:1 w/w). (a) Regular TEM image at low magnification.
Imaging at higher magnification, revealing beam-sensitivity of the particles after exposure of the same spot for (b) 30 seconds and (c) 180 seconds
at 120 kV and emission current 63 mA. (d and ) Cryo-TEM micrographs recorded at —183 °C at an acceleration voltage of 200 kV. (f) Schematic illus-
tration of the compression and deformation of the colloidal particle caused by water freezing under cryoscopic conditions (not drawn to scale). All

scale bars: 100 nm.
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9 nm according to image analysis, N = 100), while the precipi-
tating samples consisted of non-spherical lignin aggregates
(Fig. S5t). Moreover, unlike the particles prepared by solvent
exchange processes, the spherical nanoparticles presented
herein were found beam-sensitive, undergoing visible disinte-
gration under extended times of beam exposure, as shown in
Fig. 4b and c. Moreover, it was possible to observe the move-
ment of matter inside the LNPs under 120 kV beam exposure.
This makes us postulate that the particles are loosely packed
micellar polyelectrolyte complexes stabilized by hydrophobic
interactions in competition with repulsive electrostatic inter-
actions of the sulfonate groups of LS. Similar effect was
observed by Gorantla et al. when fullerene was moving along
carbon nanotube due to the presence of weak non-covalent
binding forces (n-n stacking).** We speculate that such kind of
non-covalent interaction takes place in our LNPs as well. In a
modeling study confirmed by TEM the formation of spherical
micelles from sodium lignosulfonate was only possible when
sodium benzene sulfonate (SBS) was added.** SBS seemed to
stay inside the micelles, while LS molecules remained in the
outer layer. A similar effect of stabilization due to inter-
molecular n-x stacking and hydrogen bonding was observed in
our work, when the presence of SKL stabilizes the LS NPs. This
makes us believe that the LS-SKL particles are stabilized by
physically entangled and microphase-separated LS molecules,
which prevents close packing of the two kinds of lignins in con-
trast to LNPs prepared by the solvent shifting method.*> The
low-energy intermolecular forces such as n-n stacking inter-
actions and hydrogen bonds are perturbed under electron beam
exposure, which leads to the observed changes in their nano-
scale morphology. To provide further support for this theory, we
also performed cryo-TEM imaging. As can be seen from Fig. 4d
and e, the formation of ice crystals deformed the nanoparticles
proving their softness. We anticipate that such a deformation
results from thermal expansion of freezing water that non-uni-
formly compresses the particles in the ice matrix (Fig. 4f). Such
a soft nature of these new all-lignin nanoparticles may prove
useful for the development of new products with properties
unavailable with the previously developed lignin colloids.

More precise description of particle formation as a function
of pH is necessary to fundamentally understand the particle
formation process and gain practical control over it. We deter-
mined particle size distributions (Fig. 5a) and plotted the
number-based average particle sizes (Fig. 5b) at various pH
values that correspond to viscous solutions and colloidal dis-
persions with nearly pH-independent appearance of black
nanodispersions (Fig. S61). Such optical properties of lignin
nanoparticles are associated with particle sizes below 100 nm
above which the dispersion becomes turbid. Such a change
from dark brown solution to a yellow-brown turbid suspension
is very well known to occur when alkaline kraft lignin solution
is adjusted from pH 10 to pH 5. However, in the presence of
lignosulfonate the particle size of lignin did not grow beyond
the aforementioned threshold.

DLS analysis of the mixed lignin solution at pH 9.9 showed
a peak centered at about 130 nm, indicating the presence of

This journal is © The Royal Society of Chemistry 2022
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Fig. 5 pH-Dependency of particle size of LS : SKL mixed dispersion at a
concentration of 32 wt% and at a ratio of LS to SKL of 5:1 (w/w). (a)
Particle size distributions (by number) in the colloidal size range. (b)
Change in the number-average particle size and zeta-potential as a
function of pH.

larger micellar particles that may originate from LS. On the
other hand, due to the prevailing high lignin concentration it
is possible that solubility of SKL became critical and contribu-
ted to the formation of these micrometer sized micelles
(Fig. 5b). To rule out a possible formation of aggregates during
the sample dilution to DLS analysis, we measured the same
samples by preparing dilutions in deionized water and in
water adjusted to the corresponding pH values. There were no
marked deviations in the particle size distribution curves, indi-
cating that the particles were present in the original solutions
and were unaffected by the dilution process. In fact, the ability
of LS to form micelles in aqueous solutions is documented in
the literature.”® Qiu and co-workers showed by electron
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microscopy of frozen samples that sodium lignosulfonate
forms hollow vesicular micelles in water solution. The dia-
meters of the micelles ranged from 500 nm to 1 pm, which
means they were smaller than the major peak in the DLS-
based size distribution present in our mixed lignin solutions.
This difference is likely caused by the considerable higher con-
centration of LS used in the present study (27 wt%) and differ-
ences in purity and molecular weight distributions compared
to those of Qiu et al. (membrane-fractionated sodium lignosul-
fonate at concentrations of 0.1 to 0.5 wt%).

Titration of lignin was made to understand which groups
are available in aqueous solution upon pH precipitation.
Potentiometric and conductometric titration curves are pre-
sented in Fig. S7-S9. The equivalence points corresponding to
the start of the protonation of the phenolate anion and when
the excess hydrochloric acid is present in the solution, were
defined as V1 and V2 correspondingly.

As determined by titration, SKL has 4.09 mmol g~ (defined
as Ph-OH + COOH), and LS possesses 3.45 mmol g~ " of groups
(defined as Ph-OH and SO;H), LS/SKL mixture (mass ratio
5:1) has 4.12 mmol g " of OH groups. Taking into account
the number of groups found by titration, the SO;H can be esti-
mated as 1.89 mmol g~ (total acidic groups minus phenolic
and carboxylic OH). It seems that SKL and LS/SKL in an
aqueous solution possesses more charged groups than LS
alone. These results can be compared to *'P NMR studies,
where the amount of Ph-OH for SKL was found to be
4.21 mmol g™, and 0.83 for LS (Table S17). The total available
hydroxyl content of the LS/SKL mixture is higher than the sum
of individual contributions from both components. This is
most probably due to aforementioned non-covalent LS-SKL
interactions, allowing the LS backbone, stabilized by SKL, to
be more expanded towards the solution and thus allowing
charged groups to interact with solvent at lower pH, which was
not possible in the absence of the LS-SKL complex.

pH 10

View Article Online

Green Chemistry

Putting together the results discussed above allowed us to
suggest a schematic mechanism for the formation of colloidal
lignin nanoparticles of mixed lignin types (Fig. 6). From a
process economy point of view it would be beneficial to mini-
mize the use of acid and base for pH adjustment. Owing to the
alkali-solubility of the majority of technical lignin grades, pH 10
seems like a reasonable starting point for making a solution
mixture of two or more lignins. In the system of LS-SKL the lig-
nosulfonate typically possesses a molecular weight of 50 kDa,
i.e., one magnitude higher than that of SKL (5 kDa).*” Upon neu-
tralization, SKL as well as other poorly water-soluble lignin
grades are likely to precipitate and form spherical nuclei that
begin to associate with LS chains. Compared to anionic poly-
meric flocculants with a typical molecular weight of 1-10 million
daltons®® LS have a relatively low molecular weight that in con-
trast to flocculation ensures formation of spherical micelles that
are stabilized by the sulfonate groups. Although present in min-
ority compared to the sulfonates and directly affected by the pre-
vailing pH, the deprotonated carboxylic acid groups likely con-
tribute to the anionic charge and lignin-lignin electrostatic repul-
sion that maintains the loosely packed micellar structure.

3.5 Water economy of the process

Regular laboratory procedures produce LNPs at mass concen-
trations of 0.2 to 1 wt%, and only a few examples exist of
higher concentrations reaching about 3 wt%. To assess poten-
tial energy saving features of the present colloidal lignin dis-
persions one can consider a case where in order to save trans-
portation costs the dispersion is concentrated to a consistency
of 90 wt% by evaporating water. The energy consumption
related to water evaporation is directly proportional to the con-
centration of dispersed solids. As can be seen from Table 1,
the organic-solvent free method herein presented ensures that
the amount of water to be removed is reduced by a factor
30-500, as compared to ordinary LNPs.

Lignosulfonate =

Sl

T
SO, Na

5.5 6.

Fig. 6 Schematic model of formation of mixed micellar particles of lignosulfonate in the presence of softwood kraft lignin or other lignin poorly

soluble below neutral pH.
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Table 1 Comparison of mass balances and energy factors for evaporation of colloidal lignin particle dispersions with different initial mass

concentrations

Composition of initial lignin dispersion

Evaporation to 90 wt% solids concentration

Conc. Water Mass of dispersion required for Water in initial Water in 90% Water to be Energy
LNPs content 100 kg dry substance dispersion LNPs dispersion evaporated factor®
wt% wt% kg kg kg kg kg

0.2 99.8 50 000 49900 100 11.1 49888.9 561.3

1 99 10 000 9900 100 111 9888.9 111.3

3 97 3333 3233 100 11.1 3222.2 36.3
20 80 500 400 100 11.1 388.9 4.4
50 50 200 100 100 11.1 88.9 1.0

“Ratio of the amount of water evaporated relative to the amount in the case of 50 wt% lignin dispersion (this work).

4. Conclusions

We have presented a new facile method to prepare colloidal
lignin dispersions at high consistencies exceeding 30 wt%. This
method builds on contrastive aqueous solubility properties of
two lignins in their mixtures. We used sodium lignosulfonate
as a water-soluble lignin grade that was dissolved with softwood
kraft lignin, beech wood ethanol organosolv lignin or soda
lignin in aqueous alkali. We showed that colloidally stable
nanoparticle dispersions can be produced by addusting the pH
to neutral or mildly acidic pH 5. We put forward two main argu-
ments in support of such an unorthodox mixing of different
lignin grades. Firstly, the mass ratios needed to produce colloid-
ally stable lignin dispersions satisfy the current market avail-
ability of lignosulfonates, softwood kraft lignin and other com-
mercially available lignins. Our perspective is that this new par-
ticle process may be integrated to lignin recovery processes in
existing sulphite and sulfate pulping units or combined with
emerging biorefineries. Secondly, the unexpected material pro-
perties of the produced colloidal gels and especially their shear-
thinning behaviour at high consistencies open new possibilities
for the development of bio-based material formulations such as
3D printing inks, filaments, and porous materials in which
lignin can play a major role in the future.
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