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Ethylene glycol (EG) starts to attract attention as a robust solvent for lignin processing. However its solution
structure has not been revealed. In this effort, small angle neutron scattering (SANS) and dynamic light

scattering are used to understand the dissolution of kraft lignin in EG and the impact of the resultant

solution structure on nanoparticle preparation. Lignin solutions with different concentrations (0.6 to
Received 15th June 2018 13.0 wt%) lored by SANS, allowi luation of the solvent quality, the conformation of ligni
Accepted 25th August 2018 .0 wt%) were explored by , allowing evaluation of the solvent quality, the conformation of lignin

subunits and their aggregation in EG. Molecular interactions between EG and lignin were discussed and

DOI: 10.1039/c8na00042e compared to those between DMSO and lignin. The process of nanoparticle preparation from EG
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Introduction

As the main renewable source of aromatic compounds, lignin
has lately attracted researchers’ interest to develop high-value
added products such as lignin-derived platform chemicals
and lignin-based nonmaterial for biomedical applications,
etc.*™ Lignin is synthesized in planta by cross-coupling reactions
of phenolic radicals produced from three monomers: coniferyl
alcohol (G unit), sinapyl alcohol (S unit) and p-coumaryl alcohol
(H unit). Lignin possesses complex structures which can only be
described by structural motifs and chemical linkages.>® Its
inherent structural heterogeneity is further compounded by
different extraction processes that often modify the native
structure.” Extracted lignins often contain structurally different
fractions. Several recent studies fractionated softwood kraft
lignin using acetone and reported different properties of
acetone soluble lignin (ASL) and acetone insoluble lignin
(AIL).” The initial lignin sample was found to contain about
65-70 wt% of ASL, and the AIL was about 35-30 wt%. It was
suggested that higher molecular weight AIL contains extensive
m-stacking.® The phenolic-OH content in ASL is higher than that
in AIL, and this correlates with its better anti-oxidant proper-
ties.” High value application of lignin is hampered by its
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solutions upon addition of anti-solvents was also discussed.

structural complexity and variability, which also present
a challenge for characterization.'** Computer simulation®"®
and neutron scattering'®** have been recently applied to
understand the structure and dynamics of lignin in solutions
and in the solid state. Knowledge derived from these studies
helps to understand the behaviors of lignin during biomass
pretreatments****'”*> and guide rationally improving lignin
processing.*>*?

Lignin nanoparticles are rapidly being realized as a means to
bestow value upon lignin.**** They are usually fabricated by
dissolution of lignin that is followed by changes in solvent
quality.” The process of nanoparticle synthesis can be described
in terms of nucleation and growth. The growth of nanoparticles
in solutions occurs by several mechanisms including: diffusion
controlled growth and coalescence, etc. In a mechanistic study
of lignin nanoparticle preparation, the mechanism of nano-
particle growth was compared with diffusion controlled
growth.®® Synthesis of lignin nanoparticles with well-defined
sizes via a scalable process is essential to promote its wide-
spread application.*® Concentrated lignin solutions are also
necessary for scaling up nanoparticle production,** which calls
for robust lignin solvents with a high solubility. This requires
a clear understanding of the nature of interactions between
solvent molecules and lignin, the resultant solution structure
and the factors that control nanoparticle formation.***

Recently, ethylene glycol (EG) is drawing attention as a lignin
solvent that can dissolve as much as 70 wt% alkali lignin.** EG
has been used to prepare nanoparticles from its lignin solutions
and these nanoparticles exhibit interesting antioxidant, anti-
microbial and anti-corrosive properties.**”**3° However, the
solution structure of lignin in EG has not been reported* and
nanoparticles with a well-defined size and shape are not always
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obtained from EG solutions.”® In a previous study, Indulin AT
lignin was dissolved in EG and nanoparticles were formed after
an induced pH drop.*® The solution structure of lignin in EG
prior to the pH drop was not investigated in that work. In
another study, Sigma-Aldrich kraft lignin was dissolved in EG
and EG was then replaced with water via dialysis.”> However, no
nanoparticles with a well-defined shape and size were observed
in aqueous media. This work tried to establish a connection
between the lignin solution structure and lignin nanoparticle
preparation. In this work, small angle neutron scattering (SANS)
and dynamic light scattering (DLS) are used to better under-
stand the interactions between EG and kraft lignin, the solution
structures of lignin in EG and the process of lignin nanoparticle
preparation.

Experimental section
Materials

Kraft lignin (product number 370959, batch number
MKBS2568V) was purchased from Sigma-Aldrich. EG and DMSO
were also purchased from Sigma-Aldrich. Deuterated DMSO was
purchased from Cambridge Isotope Laboratories, Inc. Deuter-
ated EG was purchased from Alfa Aesar.

SANS

The SANS measurements were performed at the National
Institute of Standards and Technology (NIST). The experiment
at the NIST was carried out on the NGB 30 m beamline of the
Cold Neutron Research Facility. Three SDDs (1.33, 4.0 and
13.17 m) with a detector offset of 25 cm at 1.33 m and a neutron
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wavelength of 2 = 6 A were used to cover scattering vectors
ranging from 0.004 to 0.45 A~*. The scattering intensity was put
on an absolute scale by calibration with a direct beam flux.
Samples for measurement at 25 °C were loaded into quartz cells
with a thickness of 2.0 mm. The NCNR software package for
SANS data analysis (https://www.ncnr.nist.gov/programs/sans/
data/red_anal.html) was used in this study.

DLS

The particle size of the lignin nanoparticles was measured with
a Malvern Zetasizer Nano-ZS90 Instrument. Measurements
were repeated three times for each sample to check the
reproducibility.

Results and discussion

Lignin may exist in two states in solutions: individual lignin
subunits and their aggregates.*® The kraft lignin studied here
has an M,, of 2300 of and an M,, of 4600 g mol ! measured from
acetylated lignin in THF using size exclusion chromatography
(Waters 1525, Milford, MA, USA) and polystyrene as a standard.
The composition and chemical structure of a similar lignin
(same batch number, different bottles) were studied by
a number of techniques including HSQC-NMR and 2D NMR
and the results were presented in our previous paper.** Fig. 1a
presents SANS data from EG solutions of lignin with different
concentrations: 0.6, 2.3, 4.6, 8.8 and 13.0 wt%. The solutions
were kept at room temperature for one week prior to SANS
measurement. SANS data exhibit an upturn in the low-g region
which indicates the presence of larger aggregates. In a SANS
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Fig.1 (a) SANS data of lignin in EG with different concentrations. The solid lines are a fit to eqn (1). (b) DLS data of 1 mg ml~ lignin in EG. (c) DLS
data of dissolved acetylated lignin in EG. (d) Schematic illustrations of the solution structures of lignin and acetylated lignin in EG and DMSO.
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experiment, the size of a structure, for example, the radius of
gyration of an object, is resolved reliably if Ry X gmin = 1. The
gmin represents the lowest g value reached in the experiment.**
Here, the aggregates are too large (>100 nm) to be fully resolved
by SANS conducted in this work and the low-q upturn corre-
sponds to only a portion of the whole structure.*

The scattering due to lignin subunits dominates the inter-
mediate to high g region. DLS data of 0.1 wt% EG solution
(Fig. 1b) confirms the co-existence of small and large particles.
It is observed that lignin's solution structure is dynamic,
a phenomenon that has been reported before.***” The solution
structure becomes stable after one week, and the DLS data show
that small particles have a hydrodynamic diameter of 9.5 nm
and large ones have an average diameter of 198 nm. The small
particles correspond to lignin subunits with a measured M,, of
4600 g mol 1.

The main interacting forces that hold lignin subunits
together have been identified as hydrogen bonding between
hydroxyl groups®® and m—7 interactions®® between phenyl rings.
To dissolve lignin, the interactions between solvent molecules
and lignin subunits need be strong enough to overcome the
inter-molecular hydrogen bonding and m-m interactions.
Hydrogen bonding has been proposed as the molecular inter-
action between EG and lignin.***° This is supported by the low
solubility of acetylated lignin in EG. Studies have shown that
lignin phenolic and aliphatic hydroxyl groups are acetylated
during lignin acetylation,** and therefore its ability to form
hydrogen bonds with EG should be greatly reduced. It is
observed that only a fraction of 40 mg of acetylated lignin is
soluble in 10 ml of EG after mixing them for one day. DLS data
of the soluble portion show only large aggregates with diame-
ters around 127 nm and they aggregate further with increasing
time (Fig. 1c). The remaining solubility is likely due to incom-
plete acetylation of lignin and the residual hydroxyl groups can
form hydrogen bonds with EG.

To have a deeper understanding of different molecular
interactions involved in lignin dissolution, acetylated lignin is
also mixed with DMSO. In contrast, acetylated lignin is readily
soluble in DMSO. SANS of acetylated lignin in DMSO shows no
large aggregates.>* This implies that hydrogen bonding is not
the main mechanism by which lignin and acetylated lignin
dissolve in DMSO. DMSO interacts with phenyl rings via dipole/
quadrupole moment interactions,** thereby breaking m-m
interactions between phenyl rings in lignin. However, there are
still aggregates in DMSO solutions as shown in our previous
work.”® The absence of aggregates from acetylated lignin in
DMSO is attributed to two additional aspects: (1) acetylated
lignin contains a number of carbonyl groups which interact
with DMSO via dipole/dipole interactions,*® which will increase
the interaction between DMSO and acetylated lignin; (2) acety-
lation of lignin removes most of the inter-molecular hydrogen
bonds in lignin, which will decrease the interaction between
lignin subunits. Based on the above analysis, it is concluded
that hydrogen bonding is not a necessary force for lignin to
become soluble in DMSO. Schematic illustrations of the solu-
tion structures of lignin and acetylated lignin in EG and DMSO
are presented in Fig. 1d.

This journal is © The Royal Society of Chemistry 2019
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The conformation of lignin subunits in solutions depends
on solvent quality, the degree of branching and molecular
weight. A range of structures are possible for lignin subunits
including random coil, compact particles, and soft microgel
particles."®*>** In a previous simulation study, 61 G units were
polymerized without imparting branching and a globular to
flexible coil transition was observed with increasing solvent
quality.”® It is not surprising to observe such a transition for
a linear polymer chain although it is relatively rigid due to the
presence of phenyl rings on the main chain. Flexible linear
polymers adopt an expanded coil conformation in a good
solvent while they collapse into compact globules in a bad
solvent.** Experimentally, this transition has not been reported
for lignin by SANS in part due to the influence of aggregates of
lignin subunits. A globular conformation corresponds to
collapsed polymer coils in a poor solvent which can also be
described as ellipsoids.** Lignin subunits in DMSO have been
characterized as rigid cylinders or ellipsoids in previous SANS
studies.””*?* This does not necessarily mean that the lignin
subunits are collapsed in DMSO since the degree of branching
is not known. Branched polymers can assume a cylindrical
shape in good solvents.*® Measuring the degree of branching of
lignin subunits is not trivial and it requires extensive NMR
studies.>*” A recent NMR study of milled wood lignin isolated
from spruce (Picea abies and Picea mariana) and beech (Fagus)
wood concluded that these lignin samples are linear oligomers
rather than network polymers.*” In a subsequent study, soft-
wood kraft lignin is found to consist of two fractions; the ASL is
described as a more branched and less polymeric material and
the AIL is characterized as a less branched polymeric material.
Both of them contain new chemical structures introduced
during the extraction process.®

The SANS data are quantitatively analyzed using an empirical
equation (eqn (1)) that considers contributions from both
aggregates and subunits:**

Iq) = §+BP<q> + bkg o)

where A/q" is due to scattering from aggregates; P(q) represents
the form factor of a lignin subunit.** A and B are coefficients.
The polydispersity of the radius (o) of the cylinders was fixed at
0.25. Although a unique value of the exponent n cannot be ob-
tained due to the limited g range measured, a value of 2.2 was
found to best fit the data. The exponent may not be physically
meaningful due to the limited g range. It is noted that it has
been explained as a reflection of compactness of the aggregates
in other studies.*® The subunits are modeled as rigid cylinders
here and the results are shown in Table 1. The form factor of
a rigid cylinder with a cross-section radius R and length L is
given as follows:*®

7T/2
P(q) = J |F(g,cos 0)|” sin 6d6 ()

0
. 1(gR sin 6)
where F(q7 0) = 2(pcyl - psolv)VCyIJO(qH cos 0) {W ’

L/2, jo(x) = sin x/x, and J; is the first-order cylindrical Bessel
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Table 1 Results of SANS data analysis

Lignin

concentration Cross-sectional Cylinder Cylinder Reduced

in EG (Wt%)  radius R (A) length L (A) volume (%) x2
0.6 8 83 17.7 x 10° 1.5
2.3 8 82 17.5 x 10° 3.1
4.2 8 83 17.7 x 10° 4.9
8.8 8 86 18.3 x 10° 7.2
13.0 8 87 18.5 x 10° 7.4

function, V., = mR’L, and 6 is the angle between the cylinder
axis and the scattering vector q.
Assuming a Schulz distribution of cross-sectional radius R:

o) o

The polydispersity ¢ is given as o> = 1/(z + 1).
The averaged form factor is then given as

J(R) =

Plg) = jP(g)f(R)dr (@)

The length of cylinders is ~80 A and this corresponds to
about 10 monolignol units assuming that the length of one
phenyl propane unit is ~8 A. This is roughly consistent with an
M, of 2300 g mol~* considering the average monomer molec-
ular weight (the C9 unit), 190-200 g mol™".*** Cylinders with
similar length scales have been reported in previous SANS
studies of lignin subunits.”>* The cross-sectional radius of the
cylinders is ~8 A. Therefore these cylinders are considered as
short cylinders and the overall shape of the lignin subunits is
elongated.””

It is noted that the value of reduced x?, an indication of the
quality of the fitting, increases with increasing solution
concentration from 1.5 to 7.4. A lower value indicates a better
fit. A closer look at the data shows that the model deviates from
the data in the higher g region from 0.3 to 0.4 A. This implies
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that the lignin subunits are not compact particles. In addition,
the SANS data do not level off in the high g region which indi-
cates the presence of smaller structures. Considering small
sizes of lignin subunits, more accurate determination of the
conformation of lignin subunits requires extension of the high
g limit to around 1 A~*.***" In addition, the knowledge of the
degree of branching of lignin subunits will also provide
complimentary information to interpret the SANS data.

The size of lignin subunits is weakly dependent on lignin
concentration. This suggests that the solvent quality of EG is in
the poor solvent region but close to the theta solvent and the
interactions between lignin subunits in EG are small.*® There-
fore, EG is not considered as a good solvent although it can
dissolve a significant amount of lignin. The aggregation in
dilute solutions of EG indicates that EG is also not a real theta
solvent for lignin and the EG-mediated interactions between
lignin subunits are small but attractive.

EG is particular attractive as a lignin solvent for the prepa-
ration of nanoparticles due to its high kraft lignin solubility. As
mentioned earlier, nanoparticles with a well-defined shape and
size were not produced from EG solutions in one study.? This is
in contrast with other studies where lignin nanoparticles were
obtained from EG solutions of Sigma-Aldrich kraft lignin,*®
Indulin AT lignin®® and steam-exploded rice straw lignin.*”
Lignin nanoparticles with well-defined sizes were obtained
from EG solutions by introducing 0.01 M HCI solution, as
shown in Fig. 2a. After addition of 1.5 ml of 0.01 M HCl solution
to 5 ml of 1 mg ml ™" lignin solution and being kept at room
temperature for one week, the solution contains only one pop-
ulation of particles with diameters around 152 nm and a much
smaller peak width, 30 nm. Nanoparticles are stabilized by
surface charges in solutions.*>*® In this work, they are stable in
1 mg ml™' EG solutions for more than one week because of
a lower chance of collision with each other. The lignin nano-
particles can be transferred to aqueous solutions via dialysis
where they are stable up to a few months because of ionization
of phenolic hydroxyl and carbonyl groups.>****

The process of nanoparticle formation is affected by many
factors such as lignin and the solvent type, the initial lignin
concentration, the amount and rate of anti-solvent addition,

b)

Addition of 1.5 ml of water
to 5ml of lignin solutions

\ one week

0.5h

1 10 100 1000 10000

Diameter(nm)

Fig.2 (a) DLS data of the 1 mg ml™2 lignin solution and the lignin solution after addition of 1.5 ml of HCL. Both of the samples were kept at room
temperature for one week before DLS measurement. (b) Addition of 1.5 ml of water to 5 ml of 1 mg m(™* lignin solutions which were kept at room
temperature for 0.5 h and one week, respectively. Both of the samples were kept at room temperature for 6 h after addition of anti-solvents

before DLS measurement.
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temperature, etc.>*****> DLS data here show that both the lignin
subunits and pre-existing aggregates are involved in the process
of nanoparticle formation. Whether the pre-existing aggregates
affect the size of the obtained nanoparticles will depend on the
relative amount of subunits and aggregates. SANS data suggest
that pre-existing aggregates are the minor component in the EG
solution due to small attractive interactions. Therefore their
influence on nanoparticle preparation seems to be small. If the
pre-existing aggregates dominate the lignin solution, the ob-
tained nanoparticles will certainly be affected by them. In
addition, the process of nanoparticle formation is also affected
by the dynamic nature of lignin solutions. Fig. 2b shows that
different solution structures are obtained upon addition of
water to the EG solutions which were kept at room temperature
for half an hour and one week after preparation. This will also
add variability to the obtained lignin nanoparticles. Therefore,
one needs take into account the dynamic nature of lignin
solutions.

Conclusions

In this work, we further discussed the mechanism of lignin
solubilization in EG and DMSO based on previous findings and
our current results. A comparison between the solubility of
acetylated lignin in EG and DMSO further supported the notion
that hydrogen bond formation between lignin and EG is the
main driving force for its dissolution. The results also
concluded that hydrogen bonding is not a necessary force for
lignin to become soluble in DMSO, a conclusion that could not
be reached in our previous paper. The solvent quality of EG for
kraft lignin is close to the theta solvent from the poor solvent
side. The overall shape of lignin subunits is described as rigid
cylinders according to SANS data; however lignin subunits are
not compact particles. Aggregation of lignin subunits in EG
occurs due to slightly attractive interactions between lignin
subunits.

Lignin nanoparticles are obtained by adding anti-solvents to
EG solutions and the dynamic solution structure affects the
obtained nanoparticles. The results present a clearer picture of
the solution structure of lignin in EG and will help to under-
stand the process of lignin nanoparticle preparation.
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