Open Access Atrticle. Published on 24 May 2021. Downloaded on 3/10/2026 9:54:50 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

[{ec

Green Chemistry

7 ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online

View Journal | View Issue

’ '.) Check for updates ‘

Cite this: Green Chem., 2021, 23,
4567

Received 24th March 2021,
Accepted 15th May 2021

DOI: 10.1039/d1gc01033f

rsc.li/greenchem

Introduction

One-pot route to convert technical lignin into
versatile lignin esters for tailored bioplastics and
sustainable materialst

Li-Yang Liu, Siwei Chen, Lun Ji, Soo-Kyeong Jang and Scott Renneckar (2 *

The valorization of lignin resources requires a functionalization route that satisfies the "greenness” and
scale-up efficiency simultaneously. In this study, an efficient one-pot scalable method was created to
convert kraft lignin into esterified lignin derivatives of controlled size, structure, and T,. Specifically, the
two-step reaction performed using a “one-pot method” involved the hydroxyethyl derivatization of phe-
nolics and carboxylic acids on lignin with ethylene carbonate, followed by the direct esterification using
an organic acid. The resulting homogeneous mixtures were fractionated by downward precipitation with
water to obtain five different lignin fractions resulting in low process mass intensity. This one-pot route
improved upon past work that involved recovery of the lignin after the first modification step. The one-pot
result can esterify around 90% aliphatic hydroxyl groups in the hydroxyethyl derivatives. Analysis with
NMR, GPC using multiple detectors, and DSC provided a greater view towards the structure and pro-
perties of technical lignin. 50-60% of the obtained esterified lignin derivatives have a polymeric charac-
teristic with resulting T4 around 80 °C. The remaining 40%-50% of the technical lignin is oligomeric in
size with more end group units and a corresponding T4 near or below room temperature. In solution,
these fractions had conformation ranging from a rod-like structure to dense spheres, indicating a highly
compact structure for the lignin. As a result, this route provided a starting material with a near-complete
defined conformation and functionality to aid in-depth understanding of the structural features and pro-
perties of lignin-based materials. Integrating ethylene carbonate and organic acid as multi-functional
reagents in this route can satisfy many sustainable chemistry requirements, delivering a clear path towards
uniform esterified kraft lignin potentially available for various applications at the Mt level.

tionation and membrane fractionation) and the positive
impacts on technical lignin valorization.

Valorization of lignin alongside other biobased resources into
new bioproducts (e.g., fuels, chemicals, and materials) is
crucial to facilitate the economic conversion of biomass and
shift towards a fossil-free society."™ Currently available on the
market in North America and Europe is softwood lignin.>® As
a consequence of the severity of the isolation process, soft-
wood kraft lignin (SKL) has a heterogeneous chemical struc-
ture, various solubility, differing thermal stability, and broad
distribution of molar mass.’ Further, the structural features
and even the functional groups of lignin are dependent on
their molecular weight.” "> A way to obtain more homogeneous
lignin is through fractionation. Gigli et al.'®> and Sadeghifar
et al.'* have reviewed the existing approaches (e.g., solvent frac-
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However, the fractionation itself may not be enough to fully
valorize the lignin, especially in preparing advanced polymeric
materials. Additional structural changes have been observed
during processing when fractionated lignin was blended with
thermoplastics resulting in various responses when heated at
elevated temperatures in the melt. Consequently, additional
modification methods such as etherification or esterification
are essential to improve their thermal stability or add more
reactive functional groups, as highlighted in recent
reviews.">*™'® For example, researchers adopted a series of
low boiling point solvents (e.g., ethylacetate, ethanol, metha-
nol, acetone, and water) to refine kraft lignin as raw
materials.”” > Fractionated lignin was subsequently chemi-
cally modified to tailor properties of resulting lignin-based
materials, such as polyurethane foams,* polylactic acid
(PLA),> resin,* and star-copolymers.'® These works described
how the specific properties were affected by the molar mass
and functional groups of fractionated lignin; the high molar
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mass lignin fractions can improve the resin’s mechanical pro-
perties compared to original lignin.>® As a substrate for the
core of a star-like copolymers using fractionated lignin, fractio-
nated lignin created a spectrum of properties from a more
‘linear’-like compound to a densely grafted structure.'®

Yet, several issues are still unresolved mechanisms on how
fractionated lignin impact properties of lignin-based materials,
such as the density of PUF,* the tensile strength of PLA,>* and
the stiffness of copolymers.'® This aspect is especially true as
significant structural differences can arise during the derivati-
zation of lignin. These potential changes will weaken the
benefits of utilizing the fractionated lignin as starting
materials to investigate the structure-property relationships
for advancing lignin-based materials. The modification such
as etherification of phenolic groups in lignin using epochlori-
hydrin,*® alkyl oxide,® or organic carbonates® ' always is
accompanied by side reactions, causing unknown structural
changes and increased molar mass with a significant change
in the molecular weight distribution; in some cases, the molar
mass and polydispersity will rise to over 20-fold of its original
value.>>?°72832731 Algo, these derivatization processes, such as
esterification, utilized toxic and water-reactive reagent (e.g:,
halogenated compounds) with the harmful catalysts (e.g., pyri-
dine) and solvents (e.g., DMF, THF).>>” Beyond the “green-
ness” issues that cloud these chemicals, the multiple solvent
mixtures lead to a more complex solvent parameter and
additional difficulties to realize the separation of reagents
mixture (solvents, reaction reagents, and catalysts) and the iso-
lation of lignin from this mixture.

Actually, the “greenness” and efficiency for the above strat-
egy of lignin fractionation and modification can have notable
enhancements. Overcoming multiple challenges require inte-
grative system thinking to use greener reaction reagents in a
more efficient way.’® An emerging concept is the one-pot
process for organic synthesis.* In this process, the targeted
products requiring several steps were synthesized in a single
vessel. In so doing, isolating and purifying the intermediate
chemicals can be omitted to reduce the cost regarding the
amount of solvent, reagent, labor, waste, energy (heat), and
time. The  organic  catalytic reactions in  the
pharmacetutical®®*® and biomass conversion*""** are particu-
larly suitable for the one-pot system.

For the valorization of lignin, a promising lignin modifi-
cation route is the esterification of lignin resources. This route
is capable of modifying their hydrogen bonding network,
adding additional functional groups, and changing its physical
properties, including solubility, glass transition temperature,
and hydrophobicity.®”**™*> Consequently, it leads to a unique
path in advancing lignin-based materials for various
applications.>'3%32434% 1 comparison with aforementioned
process, researchers recently developed a series of novel and
greener esterification approaches such as modification in mul-
tiphase emulsions,”” acidic ionic liquid,*® and supercritical
conditions,”® and the one pot strategy. As highlighted above
with the one pot study, Zhu and his collaborators performed
this process during isolation®>*! enhancing the value of lignin
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while reducing processing steps. The approach can be done
at temperatures lower than 100 °C, resulting in the selective
esterification of the aliphatic hydroxyl groups (AIOH).>® Also,
our group developed a highly efficient direct esterification
(organic acid as solvent, reagent, and catalyst) to synthesize
esterified lignin derivatives from technical lignin (degree of
esterification = 90%)."® Due to the high selectivity toward
AlOH of this route, a real-time monitoring hydroxyethyl reac-
tion with ethylene carbonate was required as the first step to
monitor the amount of AIOH in technical lignin and
enhance their reactivity and uniformity.***> However, it is
recognized that there are trade-offs when compared with
other traditional approaches, such that using anhydrides
can achieve high degrees of substitution at lower reaction
temperatures and times, but also have lower atom economy
values and potential toxicity of some of the catalysts or
reagents.

Therefore, to further improve the greenness (e.g., lower
process mass intensity) and avoid problems of traditional
lignin fractionation and modification methods, we aimed at
performing this two-step reaction with subsequent fraction-
ation in a one-pot process in this study. The two-step reactions
have a similar temperature (120-150 °C) so that a one-pot
system can efficiently prevent waste heat requirements of
cooling and reheating reactions. Another benefit of this one
pot esterification process was the solvent mixture (organic
acid/ethylene carbonate) can readily dissolve the derivatized
lignin.*® The modification in advance enables us to obtain
more uniform esterified lignin derivatives that have minimized
lignin aggregates from hydrogen bonds,>* so that the resulting
mixture does not require slow dissolution of aggregated struc-
tures. The addition of antisolvent such as water or alcohol to
this solution can modulate the solvent parameters® and
realize the downward precipitation fractionation based on
molecular weight. This process may be more efficient than the
traditional fractionation process adopting unmodified lignin
as starting materials if they are followed by chemical modifi-
cation. The obtained lignin fractions with a specific degree of
polymerization (DP) can then be used as building blocks,
either as an “ideal” precursor for subsequent characterization
to analyze the salient structural features, including chemical
linkages, molecular weight, conformation, solubility, and glass
transition temperature (7) or as a polymeric material. We
anticipate these uniform esterified lignin fractions with well-
characterized structures can highlight the mechanism for how
the resulting properties of lignin polymeric materials arise and
open a new path in sustainable materials research based on
underutilized lignin resources.

Experimental section
Materials and chemicals

Softwood kraft lignin (West Fraser, Hinton, AB, Canada) was
washed with distilled water, lyophilized, and further dried in
the vacuum oven at 50 °C for 48 h before the modification and

This journal is © The Royal Society of Chemistry 2021
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characterization. The functional groups of the starting soft-
wood kraft lignin (aliphatic hydroxyl groups = 2.73 mmol g,
aromatic hydroxyl groups = 4.77 mmol g™, and carboxylic acid
groups = 0.68 mmol g~') were analyzed using quantitative *'P
NMR analysis. The analysis procedures were described in our
previous report.*>

Ethylene carbonate (99%, Alfa Aesar) was pre-dried in the
vacuum oven at 50 °C for 48 h to remove the moisture. The
propionic acid (99%, Arco Organics), sodium carbonate (anhy-
drous, Fischer Chemicals), dimethyl sulfoxide (DMSO, HPLC
grade, Fischer Chemicals), and lithium bromide (LiBr,
99.995%, Alfa Aesar) were all purchased from Fischer
Scientific and used without any treatment. Deuterium
dimethyl sulfoxide (99.9% atom D%), chromium(u) acetyl-
acetonate (99.99% trace metal basis) were obtained from
Sigma Aldrich. Pyridine (anhydrous, 99.8%, Fisher Chemicals)
was mixed with molecular sieves (3 A) in advance. Deuterium
chloroform was purchased from Cambridge Isotope
Laboratories, Inc.

Three ingredients, two steps, and one-pot process

Hydroxyethyl reaction. Dried lignin powders were mixed
with ethylene carbonate (8:1, solvent and reagent) and
Na,CO; (0.25:1, catalyst) in the molar ratios to the sum of
ArOH and COOH in a round-bottom flask. The mixture was
loaded in an oil bath at 120 °C with continuous stirring.
During the reaction, the produced CO, was collected and

HO; One-pot reactor

Lignin =~

Step 1
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measured by a self-designed real-time equipment to monitor
the extent of the reaction.>*

Esterification. Once the CO, reached around 110 ml g™,
54-180 ml propionic acid was added into the above mixture to
quench the hydroxyethyl reaction at 120 °C and continued the
esterification for another 48 h (Table S17).*® Note optimization
of time and temperature were not part of this study and further
research is being performed to reduce reaction conditions.

Fractionation. After cooling down, the modified lignin
mixture was centrifuged to ensure less solid residue in the sub-
sequent mixture (less than 4%, Table S1t). Its volume was
measured by a graduated cylinder and divided into two parts
(v). Under continuous stirring, distilled water (w) was used as
an antisolvent with a volume ratio (mixture/water = 2/1) added
to precipitate lignin followed by centrifugation at 4000 rpm for
10 min. The collected solid residue samples were treated as
fraction 1 (F1). For the supernatant, another 1/3 part water was
added (v/v = 3:2) to precipitate the lignin and centrifuge at
4000 rpm for 10 min. The collected solid residue was washed
and dried to obtain lignin powders as lignin fraction 2 (F2).
These procedures were repeated by adding 2/3 parts (v/v =
1:1), 1 part (v/v = 2:3), 3 part of water (v/v = 1:3) to obtain
lignin fraction 3 (F3), lignin fraction 4 (F4), and lignin fraction
5 (F5), respectively (Fig. 1). These fractions were thoroughly
washed with three x200 ml distilled water and lyophilized to
obtain lignin powders. After recovering F5, the supernatant
was collected to recover propionic acid and other side products

Lignin®" o~ Water (w)> F1 Water  F3 Water  F5
OH viw=2:1 viw =1:3
1 — — — = > —_— =
o
Step 2
0’[<O ¢ Modified Lignin
k/ Solution (v)? ; Centrifuge
2
F2 F4
(e}
Ay L e LJlL B L0
3 Water Water —
viw=3:2 viw =2:3
Solvent residue 1
| (| 1
o)
| 1 o
I HO j)\ OH /\f ; Aromatic OJ(
c o
I Lignin OLJO /\l(l/ Lignin - | comp1ound |\2/
| ﬁ’ |
1 Step 1, 120 °C, Step 2, 120 °C, 1 (o] o
. Real-time monitoring, 24 -48hrs, H,0
I Lignin 0~ Alkali Catalyst <0 o’ 2 s o~ | \)J\OH \)J\o/\/OH
1 OH Lignin S 1 3 4
| |
Lignin OH \L 0
1 o |
1 HELignin | \)J\o/\/o\n/\
1 (Containing aliphatic hydroxyl groups only) o 1 lo}

Unstable in the ethylene carbonate under the high temperature

Esterified HELignin 5

Fig. 1 Scheme of one-pot process to synthesize esterified lignin derivatives with subsequent downward precipitation fractionation; ®the modified
lignin solution were centrifuged first (solid yield after centrifugation is less than 1%), ® the amount of water were calculated based on the volume of

modified lignin solution mixtures, ©aromatic compounds were not defined
the solution.
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by a rotation evaporator. Note, room temperature was selected
during precipitation, and temperature impacts were not con-
sidered in this study. This process was repeated six times
(Table S1t). The corrected yield of each fraction was calculated
as below.

Correctedyield = Wr/[W) x (1 + 44 x M1/1000)
(1+ 56 x M2/1000)] x 100%

(1)

Wr is the weight of esterified lignin fraction (g), W is the weight
of original lignin (g), M1 is the change of ArOH groups and
COOH groups (mmol g'), M2 is the AIOH groups in the
HELignin (4.05 mmol g™") estimated using our previous data.***

Nuclear magnetic resonance analysis

The sample preparation process for 'H, *C, *'P, and HSQC
NMR and related parameters were described in our previous
studies. The "H and "*C NMR spectra were acquired by Bruker
Avance 300 MHz (Bruker Corp. Billerica, US) equipped with a
BBO probe at 25 °C. 2D HSQC NMR spectra were analyzed by a
600 MHz NMR equipped with CryoProbe (Bruker AVANCE III,
Bruker Corp. Billerica, US) at 25 °C. The obtained spectrum
was processed using TopSpin 3.6.2 software.>*

GPC-MALS-IV-dRI analysis

10 mg lignin samples or standard polystyrene sulfonate (PSS)
were dissolved into 1 ml degassed eluent (DMSO/LiBr, 0.5%)
and stabilized at room temperature 48 h. For PSS, the solvent
mixtures were heated up to 50 °C for two weeks in a closed
vessel to obtain dissolved samples in the DMSO/LiBr.

The lignin mixture and standard PSS samples were then
analyzed using an Agilent 1100 series (Agilent Technologies,
Santa Clara, US) system containing a pump, autosampler, two
gel permeation columns (PolarGel M and Polar Gel L) at 35 °C
with a flow rate 0.5 ml min~". Three types of detectors (Wyatt
Technology, Santa Barbara, CA, USA): Dawn HELEOS I Multi-
angle static light scattering (MALS) detectors, ViscoStar visc-
ometer (IV) detector, and Optilab T-rEX differential refractive
index (dRI) detector. The temperature of all these detectors
was set at 35 °C. Both the MALS detector and the dRI detector
had a laser operating at 785 nm. The MALS detector was pre-
installed with narrow bandpass filters (+10 nm) to minimize
overlap of the fluorescence from lignin. The obtained mole-
cular weight traces were recorded and analyzed using Astra 6.1
software.”*

With molar mass ranging from the highest 751.5 kDa to the
lowest 2.4 kDa, the PSS standard samples were analyzed and
exported as the standard curve for the conventional (dRI
traces) and universal (IV traces) calibration analysis by the
ASTRA 6.1 software (Table S2). The dRI traces were also
adopted for the refractive index increment (dn/dc) value calcu-
lation, assuming 100% mass recovery and high purity for
selected dRI peaks of each fraction in DMSO/LiBr (0.5% w/v).

In combination with dRI, the MALS detector traces
recorded the intensity of scattered light at different angles (17
angles). Based on the Zimm’s formalism (eqn (2)), the inten-
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sity of scattered light directly relates to the properties of lignin,
including absolute molar mass (Fig. S11).

(K % x¢)/R(0) = 1/MP(0) + 2A5¢ + ... (2)

K*: the optical constant related to the dn/dc; R(): excess
Rayleigh ratio measured by the MALS instrument; M: molar
mass in g mol™"; ¢: solute concentration; P(f): form factor
accounting for the angular dependence; A,: the second viral
coefficiency (this number is assumed as zero in the theta
solvent conditions in DMSO).

The specific viscosity obtained from the viscometer detector
(IV) can be converted into the intrinsic viscosity for the Mark-
Houwink-Sakurada model (eqn (3)) to describe the confor-
mation and hydrodynamic radius (Ryv) of each lignin fraction.>

log[n] = log K + a x log M (3)

[7]: intrinsic viscosity; K and a: the MHS plot constant;
M: molar mass in g mol™".

Differential scanning calorimetry

Differential scanning calorimetry (DSC) was performed using a
TA Q1000 (TA Corporation, US). 5 mg dried lignin powders
were sealed into the aluminum pan. The heating procedure
was a three-cycle process: ramp 20 °C min~" to 105 °C and iso-
thermal hold for 10 min as the first cycle, ramp 10 °C min™" to
—50 °C as the second cycle, and then ramp up to 220 °C as the
third cycle. The glass transition temperature (7,) of each lignin
fraction was analyzed based on heat flow as a function of
temperature in the third cycle.*®

Results and discussion
One-pot process and the “greenness” evaluation

The two-step reaction followed by the downward precipitation
fractionation was illustrated in Fig. 1. In this system (Fig. 1),
three ingredients, including lignin (compound 1), ethylene car-
bonate (EC, compound 2), and propionic acid (PA, compound
3), were reacted in the presence of a sodium carbonate catalyst
as two steps to form the final esterified HElignin compound.
In the first step, the hydroxyethyl reaction involved alkaline
catalyzed lignin modification with EC to form hydroxyethyl
derivatives, which has similar functionality with native lignin
(e.g., containing over 80% aliphatic hydroxyl groups, AIOH)
and enhanced thermal stability.’® The in situ monitoring
process of CO, was crucial to know the endpoint of this step
since the excess time will cause more condensation and
increase molar mass.*> Then, organic acid was added to neu-
tralize the alkali (carbonate salts), quench the side-reaction
between EC and hydroxyethyl lignin derivatives, and react with
the aliphatic hydroxyl groups (newly formed and original) to
form the esterified lignin derivatives. By using the in situ real-
time process, there was enhanced reproducibility as the solid
residue in the solvent mixture at the end of the reaction was
less than 4% (Table S17).

This journal is © The Royal Society of Chemistry 2021
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As a result of near-complete solubilization, this homo-
geneous system is ideal for downward precipitation fraction-
ation. Based on the Flory-Huggins equation, the interaction
parameters y of the solution under this stable state can be
treated as yeritical ¢ 1/DP.>® This parameter is proportional to the
solubility parameter differences between lignin and their
solvent (6“gnin—5solvem).2 Adding antisolvent in a specific ratio
with the solvent will gradually change the solvent parameter
(8sowvent) and inflect the stable state, leading to the precipitation
of polymer with a different average degree of polymerization
(DP).'7**%3 The selected antisolvent should have good miscibil-
ity with the selected organic acid and ethylene carbonate.'”'°
Hence, water was chosen in this case, while organic alcohol,
such as ethanol, would be a suitable antisolvent for other types
of organic acids considering their miscibility.*® As the EC and
PA serve as solvents, the ratio of these two types of reagents will
dominate the solvent solubility parameter and affect this
system’s reproducibility. Their ratio can affect the solubility
parameter from these two aspects; the excess EC served as
cosolvent can improve the lignin solubility in the organic acid
and prompt the subsequent esterification reaction. A lower
amount of EC would lead to a higher yield of solid residue
(Table S17). The reaction between EC and PA will also produce
derivatized compounds, such as hydroxyethyl propionate (com-
pound 3 and 4), based on the "H NMR spectrum. This cosolvent
will further change the solubility parameter (Fig. S21).

Theoretically, we can tune lignin fractions as needed by
changing the ratio of antisolvent/solvent. In this study, five
fractions were isolated (Fig. 1), with a range of apparent yields
from the lowest 11.3% (F4) to the highest 41.6% (F2). The sum
of the yields of the modified lignin approached 120.6% related
to the modified lignin to the unmodified starting material
(Table 1). Based on the lignin content and its hydroxyl groups,
each fraction’s corrected yield was recalculated with a yield
range from the lowest 7.6% (F4) to the highest 27.9% (F2).
Consequently, over 10% of lignin was lost during the washing
procedure, which can potentially be avoided by working on a
larger-scale process. At the end of fractionation, the last super-
natant was collected and concentrated via a rotation evapor-
ator. The GC-MS results indicated (Fig. S3T) that the residual
reddish solution was dominated by the solvent-related com-
pounds, including EC (compound 2) and PA (compound 3),
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and their derived compounds: hydroxyethyl propionate (com-
pound 4), and ethane-1,2-dilyl dipropionate (compound 5).
Lignin residues were below the detection limit, indicating the
lignin was thoroughly recovered in the precipitation process.

To evaluate the greenness of this one-pot process, we adopted
the process mass intensity (PMI = total mass in a process/mass
of product)®® to compare the conventional methods (esterifica-
tion of fractionated lignin) (Table S31) and our one-pot process
(Table S17). Without considering the efficacy of reagent recovery
and purification, the PMI for the typical multiple solvent frac-
tionation process®"** followed with the esterification using acyl
chloride reagents will range from 146-287 g g~ * (Table S37). This
number will further increase depending on how many fractions
require esterification. If all fractions were esterified, the total
PMI would rise to 951 g g~ '. In comparing with this traditional
route, our one-pot process with subsequent esterified lignin frac-
tions has much lower PMI as 67.1 g g~ (Table S17). Also, the
amount of the solvent PA and EC can be optimized to lower
their consumption. The previous study showed that the other
lignins have enhanced solubility with EC.**** This simple sol-
ventless system using less-toxic and stable reagent can minimize
the workload, cost, and energy consumption for the subsequent
isolation and purification, resulting in decreased PMI-water and
PMI-solvent. Isolating PA from water has been thoroughly
studied by previous biochemists, demonstrating good recovery
efficacy.”” Besides, the recovered ethylene glycol esters (Fig. S37)
as side products are useful to prepare polyester compounds via
transesterification or further degraded to produce ethylene
glycol.”® The collected high-purity CO, during the one-pot modi-
fication process can be recycled and used to acidify the black
liquor and coagulate the lignin, as demonstrated in our previous
study.*® Since the consumption of CO, occupied 50% cost of
lignin recovery plant,’ our one-pot process can improve the
overall economic efficiency of lignin functionalization. One of
the drawbacks for this one-pot process is the harsher reaction
conditions (e.g:, higher temperature) may consume more energy.
If renewable energy prices keep falling, these extra costs may not
be such a great issue in the future.”

The molar mass of esterified lignin

Besides the greener metrics, the efficacy of the downward pre-
cipitation fractionation process to obtain uniform building

Table 1 The apparent yield and corrected yield of each fraction and their absolute molar mass (M,, and M,,), polydispersity index (D), and degree of

esterification (DE)

Apparent yield/% Corrected yield/% dn/dc M,/kDa M, /kDa D DE“/% DE’/%

Lignin-SKL 0.1034 27.5 6.0 4.5

HELignin 0.1000 166.2 9.8 16.9

F1 32.5 21.8 0.0995 740.0 +103.3 162.3 + 38.9 4.6 87.6 89.1
F2 41.6 27.9 0.1100 82.4 +8.0 359+3.1 2.3 88.9 87.0
F3 24.7 16.5 0.1092 14.7 £1.9 11.2+1.9 1.3 91.3 88.7
F4 11.3 7.6 0.0854 6.0+ 1.1 3.3+£0.7 1.8 91.4 86.7
F5 12.3 8.2 0.0863 2.2+0.9 1.9+0.8 1.8 91.0 85.1

“ 13C NMR, degree of esterification = peak 7/(peak 8 + peak 7) based on Table S5.1 ” *'P NMR, degree of esterification = (total OH + COOH in SKL
— total OH + COOH in esterified lignin)/total OH + COOH in SKL; total OH = AIOH + ArOH (Table S5).}

This journal is © The Royal Society of Chemistry 2021
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blocks in this study was revealed in the molar mass analysis
using gel permeation chromatography (GPC) combined with
multi-angle light scattering (MALS), differential refractive
index (dRI), and intrinsic viscosity (IV) detection (Fig. 2). The
hydroxyethyl lignin (HELignin) and original lignin were also
analyzed as comparisons. Because of some crosslinking
during hydroxyalkylation, the modified sample had a broader
multimodal molecular weight distribution and a larger molar
mass than the parent sample® (Fig. 2).

After our one-pot process, a series of molar mass traces
with narrower distribution for lignin was obtained. With
increasing retention time, the molecular weight peak shifted
to the right in order F;, F,, F;, F,, and Fs, highlighting the
efficiency of the fractionation process (Fig. 2 and 3). In the
current study, the commercial PSS standard samples were pre-
run to obtain the standard curve for both conventional cali-
bration analysis (dRI) and universal calibration analysis (IV)
(Table S2t). As expected, the fractionated lignins had a nar-
rower molecular weight distribution noted by the polydisper-
sity (P), with a significant difference in their molar mass
between the fractions. Nonetheless, these calibration methods
assumed that the lignin fraction and PSS standards had close
molar mass, DP, and specific viscosity, when their retention
time is the same. However, PSS and lignin have an entirely
different structure (linear vs. branched) and the procedure
underestimated the molar mass of lignin, as discussed below
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Fig. 3 The molar mass distribution of different lignin fractions and
sample images of recovered fractions.

More advanced mean of molecular weight analysis uses
multi-angle light scattering (MALS) to obtain the absolute
molar mass of lignin. Based on the Zimm analysis, the inten-
sity of scattered light (R(6) scattered) has a direct correlation
with the molar mass (M), sample concentration (c), and the
specific refractive index increment (dn/dc) (Fig. S1f). This
approach allows the measurement of the absolute weight-
average molar mass of lignin without additional standard

dRI

when compared to the PSS standards. samples.”>®*"®> One limitation of this technique when applied
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Fig. 2 GPC traces of lignin, HELignin, and different esterified lignin fractions (F1, F2, F3, F4, and F5) using different detectors including refractive
index (dRI, a and d), light scattering (MALS, b and e), and viscometer (IV, c and f).
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to lignin samples analysis is that the self-association of lignin
from the hydrogen bonding and n-r interaction®*®* will lead
to the formation of multimodal peaks and more noise within
traces, causing overestimation of molecular weight analysis.
For example, the LS signals of lignin and HELignin have multi-
modal peaks indicating the formation of aggregated lignin,
though these lignin were acetylated in advance, and the LiBr
salt was added in the eluent to help shield these interaction
forces (Fig. 2).

Fig. 2 showed that the fractionation approach was a useful
way to obtain Gaussian - distribution curves with higher
signal/noise ratios and lower D for all detectors, even light scat-
tering detectors. In line with previous studies,""®> both the
esterification and the fractionation can efficiently minimize
the intermolecular aggregation arising from n-n stacking to
hydrogen bonding. Further, the concentration of the smaller
molecular weight lignin (less than 10 kDa) for GPC analysis
can be enhanced to obtain more accurate molar mass and
intrinsic viscosity for these fractions. The absolute molar mass
of different lignin fractions ranged from 740.0 kDa to 2.2 kDa,
which is higher than their relative molar mass (Table 1 and
Table S4f). The F1 fraction had the largest molar mass, over
90-fold of the smallest F5, suggesting the heterogeneous fea-
tures of lignin. Their color and state, from typical brownish-yel-
lowish powder to dark liquid state, further provides obvious
qualitative differences arising from their molar mass and
structural difference (Fig. 3). The molar mass distribution of
F1 and F2 have much larger molar masses and polydispersity
(P) than F3, F4, and F5, suggesting the downward precipitation
can be further optimized to narrow D. Both F3 and F4 fractions
contain significant hooks in the molecular weight profiles
(Fig. 3). This provides evidence of a branched structure within
lignin,®® which is fundamentally different in structure than
the PSS, commonly used for the relative molecular weight
values. The F5 profile was essentially flat across the retention
time, suggesting this low MW sample has a relatively uniform
size with unique conformational features such as branching
that cause a shift in retention time (Fig. 3).

The structural features of esterified lignin

The degree of esterification (DS) for each fraction was analyzed
based on the *'P and '>C NMR spectra, respectively.
Quantitative >'P NMR results indicated decreasing amount of
hydroxyl groups, including AIOH, ArOH, and COOH groups for
all esterified fractions (Table S5t). Previously, with the same
lignin used in this study and corresponding amount of CO,
detected at the end point of the reaction, the total hydroxyl
content of the first step was reported as 4.81 mmol g~ . In the
fractionated, esterified samples total hydroxyl content was
reduced to the range between 0.88 mmol g~ to 1.22 mmol g~*
dependent upon fraction (Table S51). The disappearance of
hydroxyethyl carbon (peak 8) and corresponding downfield
shift to the esterified derivative (peak 7) were also adopted to
calculate the degree of esterification (Fig. 4).**®” For all iso-
lated fractions, the DS was near 90%, indicating the high
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robustness of our developed one-pot direct esterification
process across all the various lignin fractions (Table 1).

The chemical structure of lignin is vital in understanding
the structure-property of lignin-based materials. For these
esterified lignin fractions, their functional groups, chemical
linkages, and fundamental units were analyzed with spectro-
scopic techniques. In association with the isolation and modi-
fication, lignin always has some structural changes.®® In the
plant cell wall (softwood), phenyl propane units (e.g., coniferyl
alcohol and p-coumaryl alcohol) were crosslinked, resulting in
aryl ether linkages (p-O-4) and carbon-carbon linkages (phe-
nylcoumaran B-5, and resionl p-p) (Fig. 4).°>”° During the sub-
sequent alkali pulping process, the ether linkages in the native
lignin were cleaved, accompanied by intermolecular conden-
sation. The dominant detected linkages in the softwood kraft
lignin were carbon-carbon linkages (e.g., 5-5, -1 stilbene, and
B-5 stilbene). The majority of hydroxyl groups in the kraft
lignin will be changed from AIOH to ArOH groups (Fig. 4).
These fundamental units also change slightly, partial cleavage
of the y carbon, intermolecular condensation, the oxidization
of hydroxyl groups, and propyl chain C-C cleavage to create
vanillin (V) or its derivatives: vanillic acid (VA) or aceto-vanil-
lone (AV) (Fig. 4).°®7"7 In contrast, the hydroxyethyl reaction
can enhance uniformity by modifying the ArOH group of tech-
nical lignin to AIOH.**** As side reactions, this process will
also generate carbonate linkages (C1 and C2) as discussed in
the previous studies®” (Fig. 5). The propionic acid will then
selectively esterify the AIOH groups*® (Fig. 1).

As mentioned earlier, the fractionated lignin with decreased
P can provide more accurate NMR quantification results.””
Interestingly, the spectra of *C (Fig. S41) and 2D HSQC NMR
(Fig. S57) of different lignin fractions were similar in light of
their functional groups, units, and linkages. Hence, the lignin
structure was relatively uniform from this perspective, but the
number of different linkages and end units were diverse and
heavily dependent on its molar mass (Fig. 5 and Table S57).
The native lignin units linkages (e.g., f-O-4, p—f, and p-5) were
depleted as molecular weight decreased for the fractionated
samples, in line with previous reports (Fig. 5a).”> Further, the
lower amount of aromatic hydrogen (ArH, Fig. 5b) can reflect
the number of condensed linkages (e.g., 5-5 and p-5). The
amount of G, signal was higher than the amounts of their
methoxy groups, which indicated the demethylation occurred
during the kraft pulping process.””> The harsh reaction con-
ditions (strong alkali and high temperature) would signifi-
cantly modify the lignin with low molar mass leading to more
demethylation (larger differences between G2 and methoxyl
groups, and a higher amount of ArH) (Fig. 5b), the formation
of stilbene linkages (Fig. 5c), and vanillin-related compounds
(Fig. 5d).”* The ethyl groups from the derivatization were corre-
lated with the ArOH and COOH groups due to the selectivity of
hydroxyethyl modification. Note that the number of total ester
groups was higher than the number of ethyl groups because
the original lignin contained AIOH groups, which were also
esterified (Fig. 5f). As chain scission of p-O-4 bonds created
phenolics during kraft pulping, the lower molar mass of lignin

Green Chem., 2021, 23, 4567-4579 | 4573
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functional groups of lignin during different stages.

had a higher amount of esterified chain end units pro-
portional to the total aromatic content on the polymer chain.
It is in line with previous studies that lower molar mass lignin
will contain more hydroxyl groups, especially phenolic
groups.'”'*'*7* Conversely, the large molar mass lignin has
more obvious condensation showing the decreased amount of
ArH and enhanced carbonate linkages (Fig. 5b and e) as illus-
trated with the GPC analysis.

Conformation and hydrodynamic radius of esterified lignin

Though the NMR technique can provide detailed chemical
insight on the kraft lignin, a considerable amount of unknown
linkages will limit the understanding of the technical lignin
structure and related physical character.”> A key in understand-
ing the physical characteristics of polymer chains, such as
their flexibility, entanglement, and multiplicity of interactions,
is their conformation. For lignin, there have been several ques-
tions around what makes it suitable for certain applications.

4574 | Green Chem., 2021, 23, 4567-4579

Hence a physical representation plays a central role for lignin-
based materials, such as block copolymer melts and polymer
blends.””°

The MALS signal provides for the detection of the radius of
gyration (R,) for the highest MW fraction and hydrodynamic
radius (Rn(Q)) of the polymers (Fig. S61).°° As tabulated in
Table S6,t the R, of F1 is almost 2.3 fold of its Ry(Q) value,
indicating F1 has a shape factor of at least a prolate spheroid
shape but most likely a rod-like structure.®' This conclusion is
the same by Chakraborty et al, who utilized small angle
neutron scattering (SANS) to study a fractionated kraft lignin
from an aqueous lignin purification with hot acids (ALPHA)
process, where the highest MW lignins were observed to be
elongated rigid rod structures; the SANS data indicated a cylin-
der type structure as molar mass scaled with cylinder length,
not diameter.®> This type of structure would also provide an
explanation towards orientation and alignment of lignin in
rapidly drawn fibers.%?

This journal is © The Royal Society of Chemistry 2021
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Fig. 5 Correlation analysis between the molar mass (GPC analysis) and
represented units in esterified lignin (**C NMR or 2D *C-'H HSQC
NMR) including native linkages (a); methoxy groups (MeO), guaiacyl
units (G2), aromatic hydrogen (ArH), (b); kraft linkages (stilbene-1 and
stilbene-5), (c); kraft units (vanillin, vanillic acid, and acetovanillone), (d);
carbonyl units (ester), (e); and different carbonate linkages (carbonate 1),
and oxygenated ethyl groups (f, peak 5 + 6 + 7), (f).

For the other fractions, the physical limitation of using
MALS detectors limits the ability to analyze the other four
lignin fractions with the R, of less than 10 nm. With knowl-
edge of the molar mass and chemical structure, the confor-
mation is also related to the intrinsic viscosity of lignin that
can be described based on GPC combined with intrinsic vis-
cosity detector (IV) and concentration detectors (dRI).>® After
the one-pot process and fractional precipitation, the peaks
with a high signal/noise level revealed more accurate intrinsic
viscosity. The slope of MHS plot « value had a different range
for the polymers signifying different conformation within solu-
tion (Fig. S71). The lower the a value indicated a dense struc-
ture in the solution, which may arise from significant branch-
ing. The F1 and F2 lignin (large MW fractions) had a-values
0.35 and 0.31, indicating that these fractions are closer to a
branched structure and not a random linear coil (Fig. 6a). The
a-values of F1 were slightly higher than the results obtained by
Glasser and co-workers,®" as we removed the bias impacts
from low molar mass lignin. Other unique samples such
single walled carbon nanotubes (SWNT) and graphene oxide
have been analyzed for their MHS a-value. For analysis of
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Fig. 6 The slope of Mark—Houwink—Sakurada (MHS) plot of lignin (a)
and the hydrodynamic radius (b) for both fractionated lignin and stan-
dard PSS samples with different molar mass.

single walled carbon nanotubes, an a-value ranged from a flex-
ible rod (1.14) to a branched structure (0.37) down to almost a
dense sphere of carbonaceous product was revealed (0.15)
dependent upon the dispersion method. The branched struc-
ture (0.37) was related to the free radical grafting reaction
bundling SWNTs or potentially strong entanglement.®' For gra-
phene oxide MHS a parameter of 0.33 was reported related to a
self-avoiding sheet with a moderate bending rigidity.*> In the
current study, F3, F4, and F5 (lower MW fractions) had an «
value approaching 0 and are essentially dense non-draining
“particles” in solution without excluded volume (Fig. 6a).
These significant differences in their conformation further
highlight the importance of fractionation as the lignin deriva-
tives would behave very differently in material applications.
Since the intrinsic viscosity and absolute molar mass could
be measured accurately, the Einstein-Simha relation was
applied to analyze the hydrodynamic volume of each fraction.
The hydrodynamic radius Ry,(V) was calculated based on the
assumption that lignin particles in the solvent are close to
Einstein spheres (which for lower MW fractions may be accu-
rate from the MHS parameter).”> With an increasing molar
mass, each fraction’s hydrodynamic radius increased from
1 nm to 10.2 nm (Fig. 6b). Zhao et al. obtained similar results,
using the small-angle neutron scattering to analyze lignin
aggregates in DMSO0.°*®* Hence, the lignin molecules under
theta solvent condition (the lignin aggregates were neglected
here) are less than 10 nm (quantum dot size). As a compari-
son, the R;(V) of PSS standard with a different molar mass was
also calculated.(Table S21) When the molar mass of esterified
lignin and PSS were close, the Ry, of PSS was much higher than
related lignin samples. This difference was more evident for

Green Chem., 2021, 23, 4567-4579 | 4575
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the large molar mass lignin when compare to the Ry, of PSS
(35 nm); the value was more than three-fold of the Ry,(V) of F1
(10.2 nm) (Fig. 6b). As mentioned above, this significant differ-
ence leads to low accuracy of conventional calibration methods
(dRI) and universal calibration methods (IV) to analyze the
relative molar mass of lignin using non-fractionated samples.

Thermal properties of esterified lignin

Like other polymers, the T, of lignin was noted to be affected
by their chemical structure (e.g., backbone side groups, inter-
action), molar mass, and composition.'®’® By esterification,
we can replace the intermolecular hydrogen bond with weaker
dipole-dipole interactions derived from side propionate ethyl
chains. Consequently, the different lignin fractions have a
lower T, with a range from 11 °C to 85 °C than unmodified
lignin (160 °C) and hydroxyethyl lignin.*> The T, of different
lignin fractions increased as a function of molar mass, in line
with other types of polymers (Fig. 7 and Fig. S8f). The
decreased molar mass leads to higher proportion of propio-
nate ethyl chains ends with a correlation that the concen-
tration of chain ends o 1/M,.%° These chain ends (e.g., ester
and oxygenated ethyl) can be viewed as colligative properties
resulting in a significant impact on the density and thermal
properties of lignin (Fig. 5f). For lignin fractions, a relation of
Ty = 80.1-1.36 10°/M,, was obtained to describe their corre-
lation and imply an independent T, from the molar mass
when the number exceeds 1.36 x 10° Da (Fig. 7). Within this
system, we can better control the thermal properties through
selection of the molar mass of lignin.

The potential application of esterified lignin building blocks

In the long term, one of the most significant misunderstand-
ings about the lignin resources is that “it can make every-
thing”,%” because this statement lacks an essential condition
that the application is highly dependent on the structure of
lignin. The lignin resource, especially industrial technical
lignin, has a well-known heterogeneous structure that limits
their characterization and engineering toward high-perform-
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Fig. 7 The glass transition temperature (Tg) of the different esterified
lignin fractions and their correlation with the molar mass (M,,).
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ance materials. Based on their characterization, it is clear they
do not behave like a random coil and should not be thought
as one. The data suggests that technical lignin are fragmented
particles that have potential to aggregate. Given their confor-
mation, molar mass, chemical structure, Ty, and solubility
(Table S7t), these different fractions should be targeted to
specific applications.

F1 and F2 with larger molar mass and rod-like structures
most likely should be considered for applications where their
asymmetric shape can be utilized in material properties like
fiber spinning. Removing low molar mass lignin, these frac-
tions showed an advance in making microfibres by electro-
spinning.®® After the esterification, the enhanced solubility of
these lignin fraction in a variety of solvents, including acetone,
THF, NMP, and ethyl acetate (Table S7t), can eliminate the
need for high boiling point or toxic solvent (e.g., DMF) for
solution processing®

It is hard to convert the F3, F4, and F5 themselves to high-
performance thermoplastic materials due to their low molar
mass and highly-branched structures (the conformation is
close to densified spheres). However, these fractions could be
valuable additives for preparing more sustainable materials as
additives. These fractions contain structures that were close to
the typical plasticizer (e.g.,, phthalates compounds) and
contain both polar (aromatic backbone and carbonyls) and
non-polar groups (propionate ethyl chain).”*?° The traditional
plasticizer as “everywhere chemicals” can cause adverse health
effects in children’s brain development;*® thus their appli-
cations are regulated in North America, Europe, and Japan.
Potentially, the esterified lignin fraction can be used as a plas-
ticizer to enhance the thermal processibilities of conventional
plastic materials. These lignin fractions can be used as UV
light blockers in the plastic materials because they contain
abundant UV chromophore functional groups (e.g., stilbene,
Fig. 5¢), as indicated by their darker color (Fig. 3).°* Besides,
these fractions had excellent solubility in acetone, and THF
(Table S77) can be used to prepare colloidal lignin particles as
their amphiphilic properties are critical for emulsions.’*?
These lower molar mass samples, especially F5 in liquid state
at room temperature, are closer to lignin oligomers and
soluble in solvents such as toluene (Table S71).°* One
approach to the utilization of these soluble materials is to
exploit the small amount of residual hydroxyl groups as critical
crosslinking sites in potential thermosetting adhesives when
mixed with other reactive compounds.’® Further, this lower
molecular weight sample would be an exciting starting
material for further transformation to make more advanced
chemicals.>*® Another large quantitative applications would
be the bitumen modifier. As natural cementitious material,
lignin can modify bitumen pavements with enhanced lifespan,
workability, compaction, fatigue and rutting resistance in
asphalt roads at warm temperatures.®”°°

On the other hand, we can better understand these lignin
structures within a known absolute molar mass. Balakshin
et al. revealed the conformation of spruce milled wood lignin.
The study provided a model structure on this type of native
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lignin by analyzing the branching points, such as the con-
densed linkages (e.g., 5-5 or 4-0-5).'% The application of these
developed characterization methods on these derivatized kraft
lignin fractions would enable us to obtain an in-depth under-
standing of kraft lignin’s structural features in the future.

Conclusions

This study developed a simple one-pot route to synthesize
lignin esters with the controlled molar mass in a single reactor
improving past research efforts in this direct esterification
research area. This process satisfies both high greenness
requirements (e.g., low PMI) and high efficacy (e.g., 90% degree
of esterification). Our results revealed that their conformation,
hydrodynamic radius (Ry), and glass transition temperature (7g)
are highly dependent on the absolute molar mass of lignin
measured with multi-angle light scattering. Over 50% of lignin
with polymeric characteristics have a more rod-like to extended
branched structure and higher T,; the other 50% of esterified
lignin derivatives as oligomers have T, around or below room
temperature. These fractions are densified spheres and contain
more derivatized functional groups because of the enhanced
number of chain ends per molecule. As a consequence of
understanding the structural differences, we can target the
different lignin fractions in designing or engineering high-per-
formance materials in different areas, from plastic materials to
carbon fibers to bitumen replacement and colloidal particles.
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