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ABSTRACT: Kraft lignin was fractionated by molecular weight (MW), using CO2-expanded solutions of acetic acid/water in a
90/10 wt/wt ratio. In particular, as CO2 pressures were increased from 7 bar to 48 bar, expanding the liquid-solvent phase and
reducing its dielectric strength, lignin fractions decreasing in MW from 15 000 to 1250, with polydispersity index (PDI) values
decreasing from 3.7 to 1.6, were obtained. The recovered lignin fractions were similar, in terms of chemical functionality. With
the use of gas-expanded liquids (GXL), only one solvent composition is required, and recovery and reuse of the biorenewable
CO2 + acetic acid−water solution is facilitated through pressure release and recompression. The process was demonstrated for
the recovery of seven lignin fractions to demonstrate its versatility and effectiveness, but simpler operation with recovery of just a
low MW lignin fraction and a high MW lignin fraction is more consistent with anticipated applications.

1. INTRODUCTION

Lignin, which comprises 20%−30% of woody biomass on a dry
basis, is the only abundant natural polymer with aromaticity,
making it both a potential substitute for petroleum-derived
aromatics and a unique material in its own right. Today, one of
the most accessible sources of lignin is black liquor, which is the
highly alkaline byproduct stream obtained from the Kraft
process for making paper. Typically, black liquor is simply
burned for its fuel value;1 however, the situation is starting to
change, with commercial processes for recovering “Kraft” lignin
as a renewable, low-ash (1−4 wt %) biomaterial under
development and coming online.2−4

As with any polymer, the separation of lignin into fractions
having different molecular weights (MWs) will be necessary to
tailor lignins for specific applications. Thus, low-MW lignin
fractions are being investigated for vinyl ester resins, coatings,
and adhesives.5,6 On the other hand, high-MW fractions have
recently been used to make carbon fibers with promising
properties.7 Clearly, then, the fractionation of lignin will be an
important facet of the valorization of these abundant materials.
The conventional laboratory method for lignin fractionation is
mixed-solvent extraction, using either a series of multiple
solvents or various ratios of two solvents.8,9 Although lignins of

various molecular weights can be isolated, recovery of the
mixed solvents for reuse can be complex and energy-intensive.
Gas-expanded liquids (GXLs) have been proposed as

solvents for performing specialty reactions and separations.10,11

In brief, a GXL is formed by dissolving a compressible gas
(e.g., CO2) in an organic solvent; by increasing/decreasing the
pressure to dissolve more/less CO2 in the solvent, significant
changes in the solubility of solutes in the solvent can be
effected. Thus, multicomponent separations can be performed.
Recovery of the organic solvent is effected simply by decreasing
the pressure until the solubility of the CO2 is minimal. Unlike
supercritical fluids that typically require 100+ bar, only tens of
bars are required for GXL processing.
Concentrated aqueous acetic acid (AcOH) has been used to

fractionate lignins. For example, Kubo et al.12 used concen-
trated AcOH/H2O mixtures ranging from 70/30 to 56/44 to
generate insoluble lignin fractions for carbon fibers; recently,
Klett et al.13 used similar AcOH/H2O concentrations at
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elevated temperatures to simultaneously purify, fractionate, and
solvate lignins. Biomass-derived acetic acid can potentially be
generated renewably at a paper mill from wood-pulping liquors,
as hardwoods are 3%−7% acetate.
If CO2 could be incorporated into such AcOH/H2O systems

to create an effective GXL, only one AcOH−H2O concen-
tration might be required, simplifying the overall process and
potentially reducing energy costs. Thus, this study was
undertaken to determine what range of pressures would be
required to dissolve sufficient amounts of CO2 into AcOH−
H2O solutions, such that an effective fractionation of the lignin
would be obtained. In particular, a concern was that the
presence of water in the AcOH would require significantly
higher pressures to dissolve significant amounts of CO2 into the
solvent system, compared to typical, organic-only GXLs.
To our knowledge, only the group of Eckert et al.10 has

previously investigated GXLs for lignin recovery. In particular,
they studied CO2-expanded solutions of methanol for
recovering monomers (e.g., vanillin) from lignin; however,
the solubility of lignin in methanol is low at 25 °C (∼10 wt %),
and no information on the precipitated lignin was reported,
because the focus of the work was on monomer recovery.

2. METHODS
2.1. Materials. Glacial acetic acid was obtained from VWR

Scientific. Compressed carbon dioxide (Coleman grade, 99.99%
min) was obtained from Airgas USA. A softwood Kraft (alkali)
lignin produced via the SLRP process and containing 1.2% ash
(i.e., “SLRP” lignin) was provided by Lignin Enterprises, LLC.
The lignin was then vacuum-dried under ∼10 mmHg at
ambient temperatures down to a water content of 6%. For
lignin acetylation, 1H nuclear magnetic resonance (NMR), and
gel permeation chromatography (GPC) experiments, all
reagents were obtained from VWR Scientific. Poly(ethylene
glycol) (PEG) standards for GPC (Cat. No. PL2080-0101)
were obtained from Agilent Technologies. For 13C NMR,
deuterated dimethyl sulfoxide was obtained from Cambridge
Isotope Laboratories, and chromium(III) acetylacetonate was
obtained from Sigma−Aldrich.
2.2. Fractionation of Kraft Lignin. Initial GXL screening

experiments were carried out in a constant-volume, Jerguson-
gauge-type view cell14 with a volume of ∼14 mL. The cell was
charged with concentrated mixtures of AcOH + H2O (i.e.,
90%−95% AcOH) into which lignin had been dissolved at
ambient temperatures; then, CO2 was charged to the cell and
the pressure was varied from 10 bar to 55 bar. Significant
precipitation of the lignin from solution was observed with
increasing CO2 pressure, and the volume of the liquid phase
was observed to more than double over the course of the
experiments, thus motivating the quantitative experiments
described below. At no time was more than one liquid phase
observed in the view cell, which is consistent with the ternary
phase behavior proposed by Maurer and co-workers15 for
higher AcOH/H2O ratios in the AcOH−H2O−CO2 system.
The GXL apparatus used for lignin fractionation (Figure 1)

consisted of a 50 mL Parr reactor, modified to have a conical
bottom with a port. Initially, a homogeneous AcOH−H2O−
lignin solution was charged to the vessel. CO2 then was
charged, with a portion of the CO2 dissolving into and
expanding the solution to form a GXL, effecting precipitation of
a fraction of the dissolved lignin. After collection of the
precipitated solids, additional increments of CO2 were
subsequently added, further expanding the solution and

reducing its solvent power to precipitate out additional
fractions of the lignin. Experiments were conducted at ambient
temperatures (i.e., 21 ± 1 °C), near the critical temperature of
CO2 (Tc = 31 °C). Here, CO2 is highly compressible and thus
undergoes large changes in density (and as a result large
changes in solubility) in the AcOH−H2O solutions.
In preliminary experiments, AcOH−H2O solutions contain-

ing 65−95 wt % acetic acid were evaluated for their ability both
to dissolve lignin and to precipitate out the lignin when the
solution was contacted with CO2 to form a GXL. A CO2
pressure of ∼57 bar (i.e., liquid-like densities) was used to
estimate the maximum possible precipitation for that solvent
composition. Results (see Figure S1 in the Supporting
Information) indicated that 85−90 wt % AcOH would be a
desirable operating range, so all fractionation experiments in
this study were carried out using a solvent composition of 90/
10 wt/wt AcOH/H2O.
For a typical fractionation experiment, ∼40 g of acetic acid +

water were combined with ∼5 g of SLRP lignin (containing
∼6% water) to make a 90/10 wt/wt AcOH/H2O solution with
lignin (dry basis). This mixture was added to a 50 mL
centrifuge vial, mixed with a vortex mixer for 5 min, centrifuged
for 10 min at 6000 rpm, and decanted. Thirty milliliters (30
mL) of the decanted solution were then charged to the Parr
reactor. This vessel was pressurized to 100 psi (6.9 bar) via the
addition of CO2 through valve V2 (with valves V1 and V3
closed), so that the incoming CO2 would bubble through and
saturate the solution, forming a GXL. Valve V2 was then closed,
and the contents of the vessel were stirred for 30 min, to allow
any lignin precipitation to occur and the system to reach
equilibrium.
To collect any lignin that had precipitated from the GXL

solution, the vessel was drained of the AcOH−H2O−lignin
solution through valve V3 (with valve V2 closed), with an in-
line, 60-μm, sintered filter (Swagelok Part No. SS-2F-K4-60)
sealed within the vessel exit port being used to capture the
solid, precipitated lignin. During the draining process, the vessel
pressure was held constant (i.e., to within 5 psi (0.34 bar) of
the set point) by feeding in CO2 through valve V1. Once the
solution had been completely drained from the vessel, CO2
flow through V1 was discontinued, and the vessel was allowed
to reach ambient pressure and opened. The lignin solids that
had precipitated were collected from the vessel; note that these
solids had been dried because of the flow of dry CO2 thru valve

Figure 1. Schematic of fractionation apparatus consisting of a 50 mL
Parr reactor with inlet valves for CO2 at the top (V1) and bottom (V2)
of the reactor, an exit valve (V3) for the solution, and an in-line filter to
prevent the loss of precipitated lignin solids.
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V3 during pressure letdown. Finally, the filtered AcOH−H2O
solution containing the still-soluble lignin was recharged to the
reactor for the next fractionation step. The above process was
repeated at sequentially higher CO2 pressures in 100 psi (6.9-
bar) increments up to 55 bar; no precipitation was observed at
pressures above 48 bar.
2.3. Molecular Weight Analysis by Gel Permeation

Chromatography (GPC). Molecular weights of the starting
SLRP lignin, the precipitated fractions, and the portion of the
lignin that remained unprecipitated at 55 bar were determined
by GPC (Alliance GPCV 2000). In brief, a Waters Styragel
HT5 column was used, followed by an Agilent PolarGel-L
column with a mobile phase of 0.05 M lithium bromide in N,N-
dimethylformamide at a flow rate of 1 mL/min. Poly(ethylene
glycol) calibration standards were used for determination of the
number-average molecular weight (Mn). Samples were
dissolved in the mobile phase at a concentration of 1 mg/mL
and detected by UV−vis with a Waters 2487 detector at 280
nm.
2.4. 1H and 13C Nuclear Magnetic Resonance Spec-

troscopy. Lignin samples were first acetylated for 1H NMR
analysis, following procedures previously reported.16 1H NMR
was performed with a Bruker Avance 300 MHz NMR
spectrometer that was equipped with a 5 mm quadruple-
nucleus probe. Samples could then be dissolved at a
concentration of 50 mg/mL in deuterated chloroform. 13C
NMR spectra were acquired on a 500 MHz NMR spectrometer
(Varian, Inova) that was equipped with a double-resonance
broadband probe. The sample (100 mg) was dissolved in 0.6
mL of DMSO-d6. Additional NMR details are given in the
Supporting Information.

3. RESULTS AND DISCUSSION
A composition of 90/10 wt/wt AcOH/water was chosen as the
solvent system for this work, because it was found to be a
solvent mixture capable of both dissolving a significant portion
of the lignin, and then having most of that lignin precipitate out
in the form of a GXL. In this work, 58% of the starting SLRP
lignin dissolved in the starting AcOH−water solution.
Furthermore, the solubility of CO2 in binary AcOH−water
mixtures increases as the acetic acid concentration increases,17

so CO2 would be expected to be a more effective antisolvent in
concentrated AcOH solutions.
The cumulative percentage of dissolved lignin that

precipitated out after each increment of CO2 pressure is
given in Figure 2. Surprisingly, more than 25% of the dissolved
lignin precipitated at a CO2 pressure of only 7 bar (100 psig);
furthermore, at a CO2 pressure of only 14 bar, 50% of the
dissolved lignin had precipitated from solution. These are
encouraging numbers, because they show that the combination
of CO2 with concentrated AcOH−water solutions forms a
highly efficient gas-expanded liquid (GXL), with only modest
CO2 pressures (i.e., far below the critical pressure of CO2 of
72.8 bar) being required to fractionate a large percentage of the
lignin. As shown in Figure 2, little additional precipitation
occurs above CO2 pressures of 35 bar (∼500 psig), with the
maximum useful CO2 pressure being no more than ∼45 bar.
The MW distributions for each fraction, as well as for the

starting SLRP lignin and for the unprecipitated lignin that
remained in solution at 48 bar and above, are presented in
Figure 3a; the number-average molecular weight (Mn) and
polydispersity index (PDI) information for these fractions are
given in Figure 3b. Lignin fractions encompassing a wide range

of MWs were obtained, from a low of 1250 at 48 bar to a high
of almost 15 000 at 7 bar, with the PDIs being equal to or lower
than those obtained with mixed-solvent fractionation.8,9 (The
unprecipitated lignin had a MW of 625.) The fact that the
lignin species precipitate from solution, in terms of decreasing
molecular weight as the CO2 pressure is increased (and the
CO2 dissolved in solution increases), can be explained in terms
of the balance between dispersion and electrostatic forces in the
solution, as discussed by Norgren et al.18 In particular, addition
of the nonsolvent CO2 to the solution reduces the electrostatic

Figure 2. Cumulative percentage of dissolved lignin that precipitated
at each pressure.

Figure 3.Molecular weight (MW) analysis of lignin fractions: (a) MW
distributions via GPC and (b) number-average molecular weight (Mn),
as a function of CO2 pressure. Error bars for fractions 2−7 are smaller
than the data points. Polydispersity is represented by cross symbols
(×).
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attraction between the lignin and solution, making aggregation
(and thus precipitation) of the lignin more favorable, with the
more lipophilic, higher MW fractions, where dispersion forces
are more dominant, precipitating first. Alternatively, the
precipitation of the lignin in terms of MW can be explained
in terms of Flory−Huggins theory19 if the acetic acid−water
mixture is considered to be an ideal solvent for the lignin (with
an ideal entropy of mixing and zero enthalpy of mixing), and
with the CO2 being a nonsolvent for the lignin.
The chemical functionality of the lignin fractions was

determined via 1H NMR and 13C NMR (see Figure 4). Little

change in aromatic −OH content was observed between
fractions, but the aliphatic content did undergo a slight decrease
with decreasing molecular weight. The β-O-4 content
decreased with increasing CO2 pressure, which is consistent
with the fact that lower MW lignin species will have a lower
content of these common linkages between lignin monomer
units. Acid-catalyzed condensation reactions can occur in
AcOH/H2O solutions at elevated temperatures,20,21 but little
evidence of such was observed at the ambient temperatures of
this work.

A schematic of our envisioned GXL process for recovering a
low-MW lignin fraction and a high-MW lignin fraction (e.g., for
resins and for carbon fibers, respectively) is shown as Figure 5.
Note that only one solution composition of acetic acid, water,
and lignin is required, with compressed CO2 at increasing
pressures being added to expand the solvent phase (solution)
and precipitate out the two desired lignin fractions. Recovery of
the CO2 and of the AcOH−water solution is effected by
pressure release, recycle, and recompression. A purge stream22

is also required to prevent buildup of that portion of the lignin
that never precipitates out of the AcOH/H2O solution and thus
is inadvertently recycled along with the solvent for the next
lignin fractionation step. Compression costs dominate the
economics of GXL processes,23 so the fact that CO2 pressures
of no more than 35 bar would be required is an encouraging
indication of the economic feasibility of the proposed
application.

4. CONCLUSIONS

The fractionation of Kraft lignin by molecular weight (MW) is
an important step in the valorization of this abundant material
for applications ranging from coatings to carbon fibers. A CO2-
expanded solvent of 90/10 wt/wt acetic acid/water was used to
separate a softwood Kraft lignin into fractions of decreasing
MW, ranging from ∼15 000 to 1250, using CO2 pressures
increasing from 7 bar to 48 bar. Although seven fractions were
generated in this study, ongoing materials work indicates that
recovery of just a low- and high-MW lignin fraction would be
adequate for many applications, facilitating the economics of
scaleup.
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Plot of the amount of lignin dissolved in acetic acid/
water solutions at ambient temperatures and the amount
of lignin precipitated from GXLs at a maximum CO2

pressure of ∼57 bar (Figure S1); description of 1H and
13C nuclear magnetic resonance spectroscopy (PDF)

Figure 4. (□) Aromatic −OH, (■) aliphatic −OH, and (●) β-O-4
content of the fractions determined by 1H NMR, including the starting
material (left) and the unprecipitated lignin (right). β-O-4 content
determined by 13C NMR of specific fractions (denoted by open
triangle symbols (△)) also shown for comparison. Lines are provided
only to show trends.

Figure 5. Gas-expanded liquid (GXL) process for the recovery of low- and high-MW lignin fractions.
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