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ABSTRACT: The accurate and reproducible determination of lignin molar mass by using size exclusion chromatography (SEC)
is challenging. The lignin association effects, known to dominate underivatized lignins, have been thoroughly addressed by
reaction with acetyl bromide in an excess of glacial acetic acid. The combination of a concerted acetylation with the introduction
of bromine within the lignin alkyl side chains is thought to be responsible for the observed excellent solubilization characteristics
acetobromination imparts to a variety of lignin samples. The proposed methodology was compared and contrasted to traditional
lignin derivatization methods. In addition, side reactions that could possibly be induced under the acetobromination conditions
were explored with native softwood (milled wood lignin, MWL) and technical (kraft) lignin. These efforts lend support toward
the use of room temperature acetobromination being a facile, effective, and universal lignin derivatization medium proposed to be

employed prior to SEC measurements.
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B INTRODUCTION

The molar mass determination of lignin has been a challenge
because of its complex nature, variable polarity, and partial
solubility in a variety of common solvent systems. Size
exclusion chromatography (SEC) is a documented, versatile
tool used for the determination of the molar mass of lignins and
other biopolymers offering an estimation of the weight average
molar mass (M,,), the number average molar mass (M,), and
the polydispersity index of lignins.'~> Over the years, several
SEC procedural details have been examined with the aim to
provide guidance as to an optimal and universal system
selection that could be applied to most lignins irrespective of
type and botanical origin. For example, in a recent round robin
effort” aimed at delineating such variables, by using cross-linked
polyvinyl styrene columns, THF as the mobile phase, and
acetylation as the derivatization method of choice, it was
recommended that the acetylation should be conducted over a
period of 6 days (at room temperature) so as to ensure the
complete dissolution. Such precautions outline the inherent
experimental limitations imposed when solubility consider-
ations for lignins in THF are considered. One main issue of
concern related to the accurate and reliable determination of
the molar mass of lignins are the documented polar and
nonpolar associative interactions occurring in lignin in a variety
of solvent systems such as water—NaOH, DMF, DMSO, and
THE.'® In cases where associative interactions do not induce
distortion, direct analysis (without derivatization) can still
however be considered as a satisfactory solution, provided that
the optimal column material and analysis parameters are
applied.”

One common method to prevent and control the formation
of polar associative interactions within lignin in organic media is
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offered by acetylation using acetic anhydride in pyridine.> The
remaining challenge however that has not been thoroughly
addressed in the literature is the complete and universal
solubility of the derivatized lignins within the SEC solvent
system. Obviously, this is a very important consideration, since
incomplete solubility will result in erroneous and irreproducible
data. This is the case because the acetic anhydride pyridine,
despite being widely used, is known to offer questionable
solubility if not executed properly, that is, long reaction times.”
The use of acetyl bromide in wood and lignin chemistry is well-
known, since this is used as a reactive solvent in methods
offered to determine lignin content in biomass'' and in
determining lignin structural features via the derivatization
followed by a reductive cleavage (DFRC) methodology.lz_14
In this study, we critically examined and developed a
universal derivatization system for most lignins (irrespective of
their nature and botanical origin) that may be used in obtaining
reproducible molar mass and distribution information. Our
approach involves the use of acetyl bromide in glacial acetic
acid creating within a very short reaction period and at room
temperature lignin derivatives that are highly soluble in THF,
thus addressing the solubility and reactivity concerns
enumerated by the use of acetic anhydride in pyridine

. ,15-1
acetylation procedures.”'*~"”
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B MATERIALS AND METHODS

Chemicals. Softwood and hardwood kraft lignins were from
MeadWestvaco (Richmond, VA, USA), Indulin AT, and PC-1369.
Norway spruce milled wood lignin was softwood wood isolate by the
traditional Bjorkman process.'® All the other chemicals were
purchased from Sigma-Aldrich (St. Louis, MO, USA) and used as
received.

Lignin Acetobromination Procedure. A lignin sample (10 mg)
was weighed into a predried reaction vessel, where 2.3 mL of glacial
(anhydrous) acetic acid was added. The reaction mixture was stirred
for variable periods of time ranging from 15 min to 20 h, and then,
0.25 mL (3.38 mmol) of acetyl bromide was added. The reaction
mixture was finally stirred at room temperature for 20 h (or any
desired reaction time). Acetic acid and excess of acetyl bromide were
evaporated with an efficient rotary evaporator followed by high
vacuum drying at 25—30 °C for 30—45 min.

Lignin Acetylation with Acetyl Chloride Procedure. This
procedure was similar to the acetobromination, but acetyl chloride
(3.52 mmol) was used instead of acetyl bromide.

Partial Lignin Acetylation with Acetic Acid Catalyzed by
HBr. A lignin sample (10 mg) was weighed into a predried reaction
vessel, where 2.5 mL of 25% (v/v) HBr in acetic acid was added. The
reaction mixture was stirred at room temperature for 20 h. Acetic acid
and HBr were evaporated with an efficient rotary evaporator followed
by high vacuum drying at 25—30 °C for about 30—45 min.

Lignin Acetylation Using Acetic Anhydride/Pyridine. A lignin
sample (10 mg) was weighed into a predried reaction vessel, where 2—
3 mL of anhydrous pyridine was added. The reaction mixture was
stirred for about 15—20 min, and 0.25 mL (2.65 mmol) of acetic
anhydride was added. The reaction mixture was stirred at room
temperature for 20 h. Acetic acid and excess pyridine were evaporated
with an efficient rotary evaporator followed by high vacuum drying at
about 25—30 °C for about 30—45 min.

Solubility of the Acetylated Lignin in THF. The solubility of the
samples in THF was assessed by dissolution of 10 mg of an acetylated
sample to 10 mL of pure THF followed by filtration via a 0.45 pm
syringe filter. The filter was then rinsed with excess THF to ensure that
all of the soluble lignin was flushed out from the filter. Then, the THF
was evaporated carefully, and the solid was weighed.

Molar Mass Determination. Molar mass was determined by
using organic size exclusion chromatography (SEC). Samples were
dissolved in THF (HPLC grade, without stabilizer). Sample
concentration was 1 mg/mL. After dissolution, samples were filtered
using a syringe filter (PTFE, 0.4S um pore size). After filtration,
samples were injected into the SEC system. The SEC system (Agilent,
Santa Clara, CA, USA) used includes a degasser, pump, auto sampler,
column oven (Agilent 1100 series), diode array UV detector (Agilent
1050 series), and refractive index detector (Agilent 1200 series). The
mobile phase was THF (HPLC grade, without stabilizer) with a flow
rate of 0.5 mL/min. The columns used were 300 mm X 7.8 mm i.d.,
Styragel HR-SE and Styragel HR-1, connected in series with a 30 mm
X 4.6 mm id. guard column of the same material (Waters, Milford,
MA, USA). The system was calibrated with polystyrene standards
(500, 890, 1000, 4000, 9000, 42 300, 177 000, 434 000, 1 270 000 Da)
using UV detection at 280 nm. Molar masses of the samples were
calculated using wavelength at 280 nm. The Agilent Chemstation (rev.
A. 10.02) with Agilent SEC add on (rev. A 02.02.) were used to
calculate the molar mass distributions.

NMR Analyses. A typical quantitative *'P NMR analysis procedure
was obtained as previously reported.'”?*?* The 3'P NMR spectra were
recorded using inverse gated proton decoupling sequences on a Varian
Unity Inova 600 spectrometer (600 MHz proton frequency). The
probe used was a 5 mm direct detection broadband probe head. *'P
spectra were collected with 256 transients using 90° pulse flip angle,
85000 Hz spectral width, 1 s acquisition time, 6 s relaxation delay, and
at 27 °C.

The reported *C NMR spectra were recorded with a Varian
Mercury 300 MHz spectrometer (300 MHz proton frequency). The
probe was a S mm ASW PFG probe head. '*C spectra were collected
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using 10000 transients at 90° pulse flip angle, 20000 Hz spectral
width, 1 s acquisition time, 3 s relaxation delay, and at 27 °C

B RESULTS AND DISCUSSION

The facility of dissolution of solid biomass as well as a variety of
lignins in acetyl bromide is well-known. The extreme reactivity
however of acetyl bromide raises questions of unwanted lignin
reactions and molar mass integrity. Possible reactions, such as
condensation, acidolysis, and/or halogenations, need therefore
to be investigated for their possible occurrence within lignin
under the proposed reaction conditions.'”" " In our efforts to
elucidate and verify that such chemistries do not detrimentally
affect the molar mass measurements, we critically examined and
compared the proposed derivatization methods with conven-
tional acetylation using a variety of technical and native lignin
samples. More specifically, we used one softwood milled wood
lignin and two technical lignins from the kraft process from
both softwoods and hardwoods. All lignins were subjected to
conventional acetylation and the proposed acetobromination as
well as other treatments aimed to answer the posed questions.
Our selection of milled wood lignin was critical in the sense
that this is the most structurally intact, sensitive, and
representative lignin to that present in wood. Alternatively,
the two examined kraft lignins are anticipated to be less
reactive, since they have already been subjected to the rather
severe alkaline pulping conditions.

For the purposes of defining the reactivity profiles of the
enumerated lignins, we used four different treatments.
Acetylation with acetic anhydride in pyridine and room
temperature dissolution of the lignin in acetyl bromide/glacial
acetic acid represented the current standard procedure for
acetylation and the proposed protocol, respectively. In addition,
we examined the use of acetyl chloride in acetic acid and
treatment in 30% HBr in acetic acid as two conditions capable
of promoting accentuated side reaction on the lignin. More
specifically, our contention was that acetyl chloride, as an
alternative to acetyl bromide, needs to be examined since it
produces the HCI byproduct that is of lower reactivity than
HBr. Furthermore, HBr in acetic acid was also used in an effort
to exaggerate the effects of acidic hydrolysis and condensation
reactions on lignin.'”' "

During this effort, all reactions were carried out at room
temperature for 20 h. After each reaction, the solvent system
and the unreacted reagents were rapidly and completely
removed by using an efficient rotary evaporator followed by
high vacuum drying at 40 °C for about 20 min. For the NMR
experiments, the pyridinium acetate (from acetic anhydride/
pyridine acetylations) had to be removed by aid of toluene and
hexane azeotropes. The treated lignins were dissolved in
tetrahydrofuran, and the resulting solutions were filtered. An
aliquot of 30 L was then injected into the SEC column (highly
cross-linked styrene—divinylbenzene copolymer particles) that
employed a photo diode array (PDA) UV detector that stored
the complete absorption data from 190 to 800 nm, and 280 nm
wavelength was used to calculate the molar mass distributions.
Narrow distribution polystyrene standards, covering the weight
average molar mass range from 500 to 1270 000 Da were used
to calibrate the system and calculate the actual molar mass
averages reported.

In our hands, the Norway spruce milled wood lignin was only
partially soluble (54%) after 20 h, and even when acetylated
over a period of 6 days,” only about 60% was soluble in THF,
while its complete dissolution was evident when acetyl bromide
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in glacial acetic acid was used to acetobrominate the sample.
Figure 1A shows the actual SEC chromatograms of the milled
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Figure 1. Size-exclusion chromatograms of Norway spruce milled
wood lignin acetylated over with acetic anhydride/pyridine and
acetobrominated with acetyl bromide/glacial acetic acid, for 20 h at
room temperature (A). *'P NMR after phosphitylation (B and C).
Initial Indulin AT softwood kraft lignin (B) and its acetylated
counterpart using with the proposed acetobromination method over a
period of 30 min (C).

wood lignin derivatized with acetic anhydride and acetyl
bromide, respectively. As anticipated, due to the enumerated
solubility considerations, the observed molar mass distribution
curves show different intensities. Overall, the acetylated MWL
shows a lower response to the acetobrominated lignin at the

same elution volume due to the lower amount of dissolved
(and consequently eluted) material. Notably, the degree of
derivatization on the OH groups in both lignins was monitored
with quantitative P NMR'**° and was found to be complete
(Figure 1B,C). Irrespective of the mode of derivatization, the
molar mass distribution curves show two resolved peaks at the
higher and lower molar mass ranges. Interestingly, for a reason
still unknown, a small but discernible high molar mass tail was
found to be present in the gartially soluble acetylated milled
lignin sample. Cathala et al.*' suggests that there are distinct
structural differences between high and low molar mass regions
in lignin and these structural differences are shown in
differences in solubility and inherently they will show in the
observed chromatograms. Overall, it is not surprising that the
two derivatization methods offer different molar mass averages,
since their solubility in THF are so vastly different (Table 1).

In contrast to milled wood lignin, softwood and hardwood
kraft lignins showed similar solubility in THF, irrespective of
the mode of derivatization (Table 1 and Figure 2). Also the
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Figure 2. Size-exclusion chromatograms of softwood (A) and
hardwood (B) kraft lignin acetylated over with acetic anhydride/
pyridine and acetobrominated with acetyl bromide/glacial acetic acid,
for 20 h at room temperature.

size-exclusion chromatograms for them were nearly identical
resulting in nearly similar molar mass averages. This is most
likely due to the fact that technical lignins compared to milled
wood lignin are structurally degraded during the kraft process
and the molar mass is already so small that the solubility is
easily achieved.”

Beyond the above comparisons that showed the obvious
solubility differences operating in milled wood lignin for

Table 1. Molar Mass Values of Norway Spruce Milled Wood Lignin and Softwood and Hardwood Kraft Lignins Using Different
Acetylation Methods: Acetic Anhydride in Pyridine and Acetyl Bromide in Acetic Acid

milled wood lignin

softwood kraft lignin

hardwood kraft lignin

acetic anhydride acetyl bromide acetic anhydride acetyl bromide acetic anhydride acetyl bromide
in pyridine in acetic acid in pyridine in acetic acid in pyridine in acetic acid
M, (g/mol) 1500 3000 1600 1700 1000 1000
M,, (g/mol) 20000 10000 6500 8000 3300 3900
M, (g/mol) 17000 5000 3900 3500 1500 1600
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acetylated and acetobrominated samples, two more conditions
were examined in order to further understand any possible side
reactions under acetobromination conditions, affecting its
molar mass. One of them was acetyl chloride in glacial acetic
acid, since this is a reagent similar to acetyl bromide but of
considerably reduced reactivity.”> In addition, pure HBr was
used (catalyzed by the presence of glacial acetic acid) in order
to ensure that any HBr catalyzed and induced changes in lignin
were visualized and documented. As such, they become a point
of reference when looking for such changes that may be
occurring under the recommended acetobromination con-
ditions. Figure 3A shows the size-exclusion chromatograms
obtained when milled wood lignin was subjected to these
reagents with apparent remarkable differences among them.

Norway spruce milled wood lignin
1

Acetyl bromide in
acetic acid

A

P

Acetyl chloride in
acetic acid

HBr in Acetic acid

108

Softwood kraft lignin
|
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HBr in acetic acid
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Acetyl bromide in acetic
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Acetic acid catalyzed by
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Figure 3. Size-exclusion chromatograms of Norway spruce milled
wood lignin (A), softwood kraft lignin (B), and hardwood kraft lignin
(C) treated with acetyl bromide, acetyl chloride and HBr in glacial
acetic acid for 20 h at room temperature.

The difference observed in the chromatograms between the
acetobrominated milled wood lignin to that treated with acetyl
chloride can be explained by their different solubilities. This is
because treating milled wood lignin with acetyl chloride
produced a derivative that was only poorly soluble in THF
compared to its acetobrominated analogue. One way to
rationalize for these solubility differences is the documented
chemistry that actually operates on milled wood lignin when
subjected to acetyl bromide.'> More specifically, Lu et al.">~'*
have shown in detail, with the aid of model compounds, that
such conditions acetylate the lignin phenolic and aliphatic OH
groups but also selectively brominate the a-positions of the -
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ether bonded lignin substructures, substituting hydroxyl groups.
In our view, the polar bromine group induced the augmented
solubility characteristics obtained after acetobromination.

To further assess any possible side reactions caused by the
acetyl bromide acetylation compared to acetic anhydride/
pyridine acetylations detailed *C NMR were acquired from
MWL lignins acetylated with both methods (Figure 4). The
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Figure 4. 3C NMR spectra and signal assignments of Norway spruce
milled wood lignin acetylated with acetic anhydride in pyridine (A)
and acetyl bromide (B).

same solubility problem persisted in CDCl; as in THF. The
MWL acetylated with acetic anhydride pyridine was not
completely soluble in CDCIl;, which makes the direct
comparison of lignins challenging. According to literature
accounts,*®* 3 the area from 166 to 171 ppm is responsible for
the acetylated aliphatic hydroxyl groups. In this region, the
169.5—170.5 ppm range shows some changes; more specifi-
cally, the AcBr acetylated MWL is missing a signal that could be
due to the a-hydroxy, which has been exchanged with
bromine."*”'* The region from 141 to 160 ppm is
assigned*®* ™ to oxygenated aromatic carbons. As anticipated,
no differences between the two acetylation methods are
evident. This was also true for the aromatic carbon—carbon
region (125—141 ppm). The aliphatic carbons of the lignin side
chains, whose signals appear in the region from 60 to 80 ppm,
showed some changes between the two acetylation methods,
but overall, these differences were of the same nature as those
observed as described for the acetylated OH groups observed
between 169.5 and 170.5 ppm. In all, the *C NMR spectra
acquired for MWL samples derivatized with the two methods
that we examined here showed structural changes consistent
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with the anticipated derivatization chemistries. No other
apparent chemical effects that could have a serious impact on
the molar mass of the lignin derivatives were apparent.

The chemistry of acetyl chloride on the lignin should be
distinct from its acetyl bromide analogue, and as such, no
solubility advantages are apparent. Furthermore, Figure 3A
demonstrates that HBr as such causes significant depolymeriza-
tion of softwood milled wood lignin.

Similar experiments to those carried out with milled wood
lignin above were also carried out with softwood and hardwood
kraft lignins in order to elucidate any side reactions operating
on such lignins when acetyl bromide is used. Similar to milled
wood lignin, HBr as such induced some differences to the SEC
curves also in the case of kraft lignins, probably due to
structural changes under these severe conditions>* (Figure 3 B,
C). Acetyl chloride yielded chromatograms similar to those
from acetyl bromide. This indicates that the OH groups in kraft
lignin can be readily acetylated in acetyl bromide aiding
solubility under mild and rapid conditions.

As already discussed, a round robin effort aimed at defining
the optimum acquisition conditions for the complete lignin
derivatization and its accurate and reproducible molar mass
determination arrived at the conclusion that the acetylation step
using pyridine/acetic anhydride needs to be carried out over a
period of six days in order to ensure complete acetylation.” In
our hands, however, even after six days of acetylation with
acetic anhydride/pyridine, the solubility of softwood milled
wood lignin in tetrahydrofuran was still rather limited (60%).
Interestingly, this partial solubility was found to be in effect
even after 20 h of reaction time despite the fact that most of the
hydroxyl groups in lignin had already been acetylated as
observed by *'P NMR. This could be due to the possibility that
the milled wood lignin may contain carbohydrate linkages via
an a-ether type that need to be cleaved in order for complete
solubility to be attained in organic media.

Since the reactivity of acetyl bromide in glacial acetic acid is
significantly higher than that of acetic anhydride/pyridine, we
examined the possibility of carrying out the acetobromination
reaction at room temperature in a few hours instead of days.
Such a reaction protocol would have the added advantage of
reducing the probability of unwanted side reactions. Therefore,
we carried out a series of acetobromination reactions at several
time intervals. Short acetobromination reaction times (0.5, 1, 2,
3, 4, 6 h) were selected to be examined in order to determine
the optimum reaction time. Milled wood lignin was selected for
these experiments, since it has already been demonstrated as
representing the most delicate of the examined samples (Figure
S) and as such it is well-positioned to reveal any possible
structural alterations within it. In addition, milled wood lignin
was found to be the least soluble after acetylation, thus ensuring
that it would show any possible incomplete acetylation effects
and also outline the favorable effects of acetobromination.

The SEC curves in Figure S5 suggest that there are no
significant differences between short and longer reaction times.
As such, shorter acetobromination reaction times were selected.
Our work showed that, even after 30 min of acetobromination
at room temperature, the sample became completely soluble in
THEF and all of its hydroxyl groups were completely acetylated,
according to *'P NMR data after phosphitylation. Short
reaction times give similar molar mass distribution than acetic
anhydride pyridine acetylation, and in addition, possible acid
catalyzed side reactions are diminished (Figure S).
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Figure S. Series of size-exclusion chromatograms aimed to
demonstrate the effect of acetobromination time on softwood milled
wood lignin with acetyl bromide/glacial acetic acid compared to the
acetylation of the same sample with acetic anhydride/pyridine. Since
the chromatographic differences for the acetobrominated samples were
rather small between the range of times from 30 min to 6 h, the data
supports short reaction times.

During this work, it was noted (using *'P NMR) that the
acetylation of milled wood lignin was completed in acetic
anhydride/pyridine after about 20 h of reaction. Despite the
complete and documented derivatization chemistry observed,
the acetylated sample was still only partly soluble in THF.
Therefore, some other factor that is affecting its solubility
should be operational. Perhaps the degree of oxidation of the
lignin and the actual abundance of COOH groups within the
lignin may also be contributing to its solubility as already
discovered with such samples when treated under oxidative
conditions.”>”*” The documented extreme solubility of
acetobrominated lignins could be due to the presence of the
bromine group within the lignin as previously discussed.'”
Finally, since the acetobromination protocol proposed involves
no specific purification procedure other than the use of high
vacuum to remove the rather volatile low molar mass
compounds, the possible effect of acetic acid and/or acetyl
bromide impurities on the actual molar mass was examined.
More specifically, a series of experiments was carried out where
molar mass distribution was calculated in the presence of
variable small amounts of acetic acid in the samples. As
anticipated, the minor amounts of acetic acid residues would
have negligible effects on the determined molar mass (Table 2).

Table 2. Comparison of Molar Mass of Softwood Kraft
Lignin with Added Acetic Acid

pure sample acetic acid added to the sample (1%)

M, (g/mol) 1700 1500
M,, (g/mol) 8000 7000
M, (g/mol) 3500 3300

Finally, it should be noted that the stability of acetobrominated
samples was also evaluated by allowing samples to stand at
room temperature for about one week. Repeated chromato-
grams gave results similar to those of fresh samples. However,
after one month of aging at room temperature, some notable
effects of sample degradation became apparent.

Norway spruce milled wood lignin and softwood and
hardwood kraft lignins were reacted and derivatized with
various reagents in order to arrive at an improved protocol that
may serve as a universal derivatization step for lignin prior to its
molar mass determination using THF as the eluent. The
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association effects that in some cases are known to hamper
analysis of underivatized lignins could be effectively eliminated
using acetylation with acetic anhydride/pyridine, but the
solubility of the acetylated lignins remained limited in THF.
The use of acetyl bromide in glacial acetic acid gave completely
THE soluble samples with demonstrated minimal structural
alterations when a short reaction time (0.5 h) and room
temperature were used. Overall, acetobromination does not
seem to affect the hydrodynamic coils of the lignin polymers.
Consequently, the molar masses observed when the aceto-
bromination derivatization was used were practically identical
to those obtained when acetic anhydride/pyridine were used
with the advantage that the acetobromination reaction time
could be as low as 30 min compared to 6 days when acetic
anhydride/pyridine was used.
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