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Identifying thermal phase transitions of lignin–
solvent mixtures using electrochemical impedance
spectroscopy†

Adam S. Klett, Jordan A. Gamble, Mark C. Thies* and Mark E. Roberts*

Lignin is unique among renewable biopolymers in having significant aromatic character, making it poten-

tially attractive for a wide range of uses from coatings to carbon fibers. Recent research has shown that

hot acetic acid (AcOH)–water mixtures can be used to recover “ultraclean” lignins of controlled molecular

weight from Kraft lignins. A key feature of this discovery is the existence of a region of liquid–liquid equili-

brium (LLE), with one phase being rich in the purified lignin and the other rich in solvent. Although visual

methods can be used to determine the temperature at which solid lignin melts in the presence of AcOH–

water mixtures to form LLE, the phase transition can be seen only at lower AcOH concentrations due to

solvent opacity. Thus, an electrochemical impedance spectroscopy (EIS) technique was developed for

measuring the phase-transition temperature of a softwood Kraft lignin in AcOH–water mixtures. In

electrochemical cells, the resistance to double-layer charging (i.e., polarization resistance Rp) is related to

the concentration and mobility of free ions in the electrolyte, both of which are affected by the phases

present. When the lignin–AcOH–water mixture was heated through the phase transition, RP was found to

be a strong function of temperature, with the maximum in RP corresponding to the transition temperature

obtained from visual observation. As the system is heated, acetate ions associate with the solid lignin,

forming a liquefied, lignin-rich phase. This association increases the overall impedance of the system, as

mobile acetate ions are stripped from the solvent phase and thus are no longer available to adsorb on the

polarizing electrode surfaces. The maximum in RP occurs once the new lignin-rich phase has completely

formed, and no further association of the lignin polymer with AcOH is possible. Except at sub-ambient

temperatures, the phase-transition temperature was a strong function of solvent composition, increasing

linearly from 18 °C at 70/30 AcOH/water to 97 °C at 10/90 wt% AcOH/water.

1. Introduction

Lignin is one of the most abundant biopolymers, comprising
about 30% of woody biomass; only cellulose is more common-
place. Furthermore, lignin is unique among renewable biopoly-
mers in having significant aromatic content, as its molecular
structure consists of interconnected and substituted phenyl-
propane units.1 Thus, lignin is attractive for a wide range of
uses for which renewable aliphatic polyesters such as polygly-
colic acid (PGA) and polylactic acid (PLA) are less than suit-
able, including phenol–formaldehyde resins,2,3 polyurethane
foams,4,5 specialty composites,6,7 and carbon fibers.8

Because of the recalcitrant nature of lignin, many studies
have been carried out on the extraction and recovery of lignin
from biomass. For example, lignin recovery from wheat straw
has been extensively studied, as it is an abundant agricultural
waste,9 as well as from prairie cordgrass, switchgrass, and corn
stover.10 For the extraction of lignin from wood, so-called orga-
nosolv processes, in which the wood is pulped with an organic
solvent, have been extensively employed.11,12 However, these
processes have generally not been successful at producing
lignin in a cost-competitive manner.

An alternative source of lignin is black liquor, a key by-
product stream in the Kraft process, which is used to produce
95% of the wood pulp in the world today.13 Approximately
50 million tons per year of lignin are available worldwide from
black-liquor streams;14 however, only about 0.2% of this lignin
is recovered and sold commercially; the rest is burned in the
recovery boiler of the pulp mill for its fuel value.14 A significant
issue that arises from the proposed use of this lignin for
nonfuel applications is that black liquor contains ∼20 wt%
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metals on a dry basis,15 primarily sodium added through the
pulping chemicals sodium hydroxide and sodium sulfide.
Several processes now exist for recovering low-ash lignin (con-
taining 1–4% ash and <1% Na) from Kraft black liquor16–18

(henceforth referred to as Kraft lignin), but many higher-value
applications will require the recovered lignin to be “ultra-
clean”, that is, to contain less than 100 ppm metals.19–21

Recently, our team has discovered22,23 that when Kraft
lignin (a solid) is added to hot acetic acid–water mixtures, it
dissolves to form two distinct liquid phases: (1) a solvent-rich
liquid phase that preferentially extracts the metal salts along
with the lower molecular weight (mol wt) lignin and (2) a
lignin-rich liquid phase with a greatly reduced metals content
that contains the higher mol wt lignin. Subsequent tests with
our so-called ALPHA (Aqueous Lignin Purification with Hot
Acids) process indicate that the sodium content of the recov-
ered, higher mol wt lignin can be reduced to 25 ppm in two
simple extraction steps with no additional washing.22,23

An important finding in the above work is that the tempera-
ture of the phase transition from solid to liquid lignin is a
strong function of solvent composition. A visual method was
used to detect this phase transition; however, for acetic acid/
water ratios greater than 60/40 by mass, the solvent phase
becomes dark and difficult to see through as it dissolves
increasing amounts of lignin. Traditional methods for measur-
ing phase transitions were attempted, but proved to be un-
successful because of the unique nature of our system,
namely, the presence of significant amounts of solvent (up to
90 wt%). For example, solvents prevented the use of differen-
tial scanning calorimetry (DSC), as the energy of the solid–
liquid phase transition is negligible compared to the change
in sensible heat of the solvent. Other techniques, such as
thermal mechanical analysis (TMA) and dynamic mechanical
analysis (DMA), were also eliminated from consideration, as
property changes of the solvent phase (e.g., thermal expansion
or viscosity) render negligible any changes associated with the
solid-to-liquid phase transition.

One technique that has been applied to characterizing
phase transitions in polymer–solvent systems is electrochemi-
cal impedance spectroscopy (EIS). EIS is used to determine the
resistive, capacitive, and inductive behavior of a complex
system by measuring the current response to a small, oscillat-
ing AC potential applied to an electrochemical cell. Electro-
chemical processes, such as charge-transfer activation, double-
layer capacitance, ohmic resistance and ion diffusion, occur
over characteristic time scales and can be probed at different
AC frequencies. By examining the electrochemical behavior
over a wide range of frequencies (time scales), the impedance
or resistance associated with these specific processes can be
identified.

Previous work using EIS to characterize phase transitions in
polymer-solvent systems, however, has been fairly limited. For
example, we recently determined the effect of Li-ion con-
centration on the phase-transition temperature of a thermally
responsive polymer in an ionic liquid,24 and Alonso-García
et al.25 estimated the glass-transition temperature of poly-

electrolyte brushes at solid–liquid interfaces via EIS. Impe-
dance analysis has also been used to probe macroscopic
property changes in other materials, such as the thermal tran-
sitions in hydrated layer-by-layer assemblies,26 and to identify
the critical temperature of superconductors.27

In this work, we used EIS to measure the solid–liquid
phase-transition temperature of lignin over a wide range of
acetic acid–water compositions. The polarization resistance,
RP, of these mixtures in a two-electrode cell was determined by
fitting EIS data and was found to be a function of temperature.
When the system was initially heated, RP exhibited a
maximum that correlated with the phase-transition tempera-
ture. This approach was used to identify the phase-transition
temperature of various solvent compositions relevant to the
ALPHA process.

2. Materials and methods
2.1. Materials

Glacial acetic acid (cat. no. MKV193-45) was supplied by
Mallinckrodt. A softwood lignin was provided by Lignin Enter-
prises, LLC, which was produced via their sequential liquid–
lignin recovery and purification process (SLRP™) from a soft-
wood black liquor with a Kappa number of 25 and a solids
content of 42 wt%. Deionized water was obtained from an in-
house distillation apparatus followed by a water purification
unit (Millipore™ Milli-Q Academic).

2.2. Sample preparation

Lignin–AcOH–water samples were prepared with solvent com-
positions ranging from 6/94 to 89/11 wt% water/AcOH, respect-
ively. For mixtures with solvent compositions above 50%
water, samples were prepared by mixing glacial acetic acid, dis-
tilled and deionized water, and lignin (sifted to mesh size 60)
in 3-dram glass vials obtained from VWR (cat. no. 66011-100)
at a solvent-to-lignin ratio of 1.5 ± 0.1 by mass. Approximately
0.25 g of this mixture were added to a button cell (MTI Corpor-
ation cat. no. EQ CR2025-CASE), followed by a stainless steel
(SS) spacer and wave spring (MTI Corporation cat. no. EQ
CR20-WS); the cell was subsequently crimped at a pressure of
1000 psig. Stainless steel strips were attached to the positive
and negative terminals of the cell with an insulating rubber
clip to serve as a connection between the cell and the potentio-
stat clips (Gamry Instruments Reference 600 Potentiostat/
Galvanostat/ZRA). The SS strip on the positive side was con-
nected to the working and sensing electrodes, and the SS strip
on the negative side was connected to the counter and refer-
ence. The button cell assembly was then submerged into a
silicon oil bath at 25 °C, and impedance measurements were
taken as the oil was heated with a hotplate.

For mixtures with solvent compositions below 50% water,
pre-weighed amounts of lignin and solvent were refrigerated
separately at 4 °C for at least 12 hours before the experiments.
The lignin and solvent were transferred to a box that was main-
tained at a temperature of around 0 °C while preparing the
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cell. The lignin and solvent were combined, and the cell was
assembled as described above in the cold box. The cell was
then submerged into a silicone oil bath that had been pre-
cooled to a temperature of 4 °C, and impedance measure-
ments were taken as the oil was heated with a hotplate.

2.3. Electrochemical impedance spectroscopy analysis

Electrochemical impedance spectroscopy (EIS) measurements
were performed on the button cells prepared as described
above at a voltage of 0 V and an oscillating voltage amplitude
of 10 mV rms, and the frequency was scanned from 105 Hz to
102 Hz. For the higher-temperature measurements, EIS data
were taken every 2 °C from 25 to 110 °C. For the lower-tem-
perature measurements, EIS data were taken every 1 °C from
4 to 55 °C. In both cases, the heating rate of the cell was 1 ±
0.2 °C min−1. The temperature of the button cell was measured
with a type K thermocouple attached to the outside of the cell
and read with a Fluke 52 II Dual Input Digital Thermometer,
which has a stated accuracy of ±0.3 °C. This thermocouple
setup was checked against a calibrated secondary standard
RTD (Burns engineering, model no. 18072-A-6-30-0-A/LT60);
reported temperatures are accurate to within 0.5 °C.

3. Results and discussion
3.1. EIS measurements

EIS measurements were performed on lignin–AcOH–water mix-
tures over a range of temperatures and solvent compositions
(i.e., 6/94 to 89/11 wt% water/AcOH). The data was used to
generate Nyquist plots, which show the real and imaginary
components of the impedance. As an example, Fig. 1a presents
Nyquist plots from 50 to 100 °C for lignin in a solvent mixture
of 30/70 wt% AcOH/water. Data in the high-to-mid frequency
range (i.e., the semi-circles) were modeled as a simplified
Randles cell (see Fig. 1a inset). In this model, the series resist-
ance, RS, can be found at the high-frequency (ω) intercept on
the real axis. The value of the low-frequency intercept is the
sum of the polarization resistance, RP, and RS. Because there is
no charge transfer within the cell, the primary resistance at
the electrode is RP, which is represented by the intersection of
the Nyquist plot with the real impedance axis at low frequency,
where the imaginary part of the impedance is zero. As shown
in Fig. 1a, RS only slightly decreases with increasing tempera-
ture due to the increasing conductivity of the solvent.
However, as shown in Fig. 1a and b, RP exhibits a significant
temperature dependence, initially increasing from 100 Ω to
6500 Ω as the cell is heated to 65 °C, and then gradually
decreasing down to 900 Ω as the cell is further heated to
110 °C. Note in Fig. 1b that RP exhibits a maximum with
respect to temperature at 65 °C.

Interestingly, this maximum in RP correlates with the visual
solid–liquid phase transition observed in our previous work.22

At room temperature, the solid lignin powder does not dis-
solve, but forms a muddy suspension in the AcOH–water mix-
tures. As these systems are gradually heated, RP rapidly

increases (e.g., see Fig. 1b). This is probably due to the for-
mation of lignin–AcO− complexes in the newly formed lignin-
rich liquid phase, which depletes the acetate ion concentration
in the solvent. (Some water will also be present in these com-
plexes, but in lesser amounts). Under this scenario, at the
maximum in RP (65 °C), the lignin has become completely sol-
vated in the lignin-rich liquid, resulting in the formation of a
liquid–liquid biphasic system. However, once the new lignin-
rich phase has completely formed, further increases in tem-
perature result in a steady decrease in RP as the ionic conduc-
tivity of each liquid phase, the aqueous phase in particular,
increases. Looking at the data in Fig. 1a, we infer that the
decrease in conductivity is limited by the lower diffusivity of
the lignin–AcO− complexes in the lignin-rich liquid compared
to free acetate ions and protons that exist in the aqueous
phase at low temperature solution. In summary, because the
phase transition involves the formation of such complexes,

Fig. 1 (a) Nyquist plot series at different temperatures for the solvent
composition of 30/70 wt% AcOH/water at a lignin to solvent ratio of 1.5.
Inset illustrates how data in the mid-to-high frequency range were
modeled as a simplified Randles cell. (b) Polarization resistance, RP, vs.
temperature for 30/70 wt% AcOH/water, with the maximum in RP

occurring at the phase transition from solid to liquid lignin in the pres-
ence of a solvent phase. EIS data are in good agreement with visual
observation.
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which in turn affect the ionic content, EIS can be used to
quantitatively identify the temperature at which the phase
transition from solid lignin–liquid solvent to liquid lignin–
liquid solvent occurs.

In Fig. 2a, the polarization resistance RP is plotted as a
function of temperature for various measured solvent compo-
sitions. Looking first at the effect of solvent composition, we
see that at high water concentrations (87%) the maximum in
RP is relatively high (i.e., 32 500 Ω), but as the solvent becomes
more concentrated in acetic acid the maximum in RP
decreases. Increasing AcOH content leads to both higher solu-
tion conductivity and the availability of more acetate ions to
complex with the lignin in the lignin-rich phase, both of
which contribute to a lower RP at the phase transition. The
acetate ions in solution allow for electrode charging by assem-
bling on the electrode interface to form a double layer upon
polarization.28 As the concentration of AcOH increases from

zero, more ions are available in solution to move in response
to the oscillating electric field; therefore, the impedance
associated with electrode polarization decreases. However,
below about 40% water the maximum in RP monotonically
increases with increasing AcOH content. The most likely
explanation for this phenomenon is that below 40% water, the
available AcOH has already complexed with the lignin, and
any further increases in AcOH concentration come at the
expense of decreasing water (and thus proton) content in
solution, which decreases electrolyte conductivity.

The impedance characteristics of the lignin–AcOH–water
system shown above are consistent with the conductivity be-
havior of neat AcOH–water solutions,29 which also exhibit a
similar trend of decreasing impedance (and increasing solvent
conductivity) with increasing AcOH at higher water concen-
trations, followed by increasing impedance with increasing
AcOH at lower water concentrations (see Fig. S.1 in the ESI†).

3.2. Phase diagram for lignin–acetic acid–water system

By plotting the temperatures at which RP is a maximum in
Fig. 2a as a function of solvent composition, a phase diagram
for the lignin–AcOH–water system can be constructed. Such a
diagram is given in Fig. 2b; however, here all measurements
are shown – not just the more limited subset shown in Fig. 2a
to avoid overcrowding. Shown are two distinct regions of phase
behavior separated by the measured phase-transition bound-
ary. Below the phase-transition temperatures, solid lignin is in
equilibrium with a solvent-rich liquid phase (i.e., solid–liquid
equilibrium); above the phase-transition temperatures, a
lignin-rich liquid phase is in equilibrium with a solvent-rich
liquid phase (liquid–liquid equilibrium). Standard deviations
in the reported temperatures and compositions were ±2.5 °C
in temperature and ±0.5 wt% in composition (compositions
are not more accurately known because of the uncertainty in
the water content of the starting lignin). The effect of solvent-
to-lignin ratio on the measured temperatures was investigated,
and no effect between 0.7 and 1.9 was noted. At lower ratios,
not enough solvent was present to make up the desired
homogeneous mixture of toothpaste-like consistency; at higher
ratios free solvent “puddles” would form, creating a hetero-
geneous system.

At solvent compositions where comparison is possible,
phase-transition temperatures determined from EIS are in
good agreement with those previously determined by visual
observation. Visual measurements were performed by heating
mixtures of acetic acid, water, and solid lignin particles in
sealed glass vials placed in an oil bath, with the vial contents
being continuously mixed with a magnetic stir bar. While
increasing the temperature, the phase-transition temperature
(within ±1 °C) was defined as the instant that swollen lignin
particles coalesced to form a second liquid phase. Details are
given elsewhere.22 Recall that phase-transition temperatures
could not be accurately determined visually for solvents con-
taining less than 40% water because of the opacity of these
solutions; an example of this disagreement is given in Fig. 2b,

Fig. 2 (a) Polarization resistance, RP, vs. temperature for lignin in
selected AcOH/water solvent mixtures. For each profile, the maximum
in RP occurs at the phase-transition temperature. (b) Phase diagram for
the lignin–AcOH–water system, showing phase-transition measure-
ments at the phase boundary between the solid–liquid and liquid–liquid
regions. The dark circles (●) represent EIS data, and white triangles (Δ)
are from visual observation. The white square (□) is an example of the
error in visual measurements at solvent compositions below 40 wt%
water.
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where the visually determined transition temperature for 30%
water has been plotted as a square.

As shown in Fig. 2b, the phase-transition temperature
boundary exhibits a linear correlation with water mass fraction
down to 30% water. The plateau in the phase transition tem-
perature observed at lower water concentrations may be attribu-
table to the complete saturation of the lignin species with the
acetate ions. Although the phase-transition temperature does
not change in this low-water region, a significant increase in
the system impedance is observed due to poor conductivity of
the acetic acid solutions at these concentrations. Dimerization
of the free acetic acid in a low-water environment30 may be one
cause of this increase in impedance.

The effect of heating rate on the measured phase-transition
temperatures was investigated by varying the rate from 0.5 to
2 °C min−1; the results are presented in Fig. 3. Clearly, a
heating rate of 2 °C min−1 is too fast and introduces signifi-
cant error between the maximum in RP and the real phase-
transition temperature. Kinetic limitations occur, both in the
time required to heat the contents of the cell and in the time
required for the mixture to achieve equilibrium at the new
temperature. However, for heating rates of 0.5 and
1.0 °C min−1, the measured phase-transition temperatures
differed from each other by no more than a degree, indicating
that heating rates within this range are suitable for determin-
ing the equilibrium phase-transition temperatures in our given
setup.

Multiple sequential heating scans on lignin-solvent systems
were used to investigate the electrochemical behavior after
lignin had completely solvated in the AcOH–water mixture.
Recall that when two phases were first formed by combining
solid lignin and aqueous acetic acid with heating, the polari-
zation resistance RP reached a maximum at the phase-transition
temperature and then monotonically decreased as the tem-

perature was further increased. After cooling this two-phase
mixture back to room temperature, a 2nd heating was per-
formed. As shown in Fig. 4, RP started at a dramatically higher
value at ambient temperatures than when the two phases were
first formed – but then monotonically decreased with increas-
ing temperature down to values similar to those that were
obtained during the initial formation of the two liquid phases.
Third and subsequent heatings gave an RP curve similar to
that observed for the 2nd heating.

This behavior can be explained by considering the state of
the sample for each of the heating steps. For the first heating,
the system is a heterogeneous mixture of solid lignin and
aqueous acetic acid. The low impedance (as measured by RP)
can be attributed to the free solvent (acetate and proton) ions
present throughout the sample, as the lignin alone is not con-
ductive and exhibits a high impedance. As the mixture is
heated, RP increases because of the association/complexing of
the acetate ions with the lignin, which removes mobile ions
from the solution. With further increases in temperature,
the lignin polymer chains become even more mobile, and
diffusion of these acetate ions into the polymer matrix takes
place. This complexing of acetate ions with the lignin would
be expected to increase the overall impedance of the system, as
mobile ions are stripped from the solvent phase and thus are
no longer available to adsorb on the polarizing electrode sur-
faces. This hypothesis is supported by the appearance of
Nyquist semicircles (and thus RP) as the temperature is further
increased (see Fig. 1a). Once the mixture undergoes a phase
transition to a two-phase system in liquid–liquid equilibrium,
a decrease in RP is observed with increasing temperature, as
would be expected for two liquid phases.

But when this two-phase system is cooled back down to
ambient, the acetate ions remain associated with the lignin
polymer – even as the lignin once again solidifies. Clearly, the

Fig. 4 Multiple heating scans of the same electrochemical cell loaded
with solvent mixture (50/50 wt% AcOH/water) and lignin. For the first
heating, RP vs. temperature results show the solid–liquid phase tran-
sition. Re-heatings of the same cell show no such transition, as the
acetic acid has already complexed with the lignin.

Fig. 3 Polarization resistance, RP, vs. temperature for three different
heating rates at a solvent composition of 50/50 wt% AcOH/water. For
heating rates of 1 °C min−1 or less, the maximum in RP occurs at the
solid–liquid phase transition.
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acetate ions do not separate out to once again form an
aqueous, acetic-acid phase of the original concentration! Once
the two-phase system has cooled back down, the impedance
measured before beginning the second heating is significantly
higher. Then, as the sample is re-heated the measured RP
monotonically decreases, as no further complexation of the
acetate ions with the lignin is possible (see Fig. 4).

Applications using lignin fractionated via the ALPHA
process require accurate determination of polymer properties.
For those interested, the physical properties of the lignin in
each phase, such as molecular weight and salt content, are
reported elsewhere.22

4. Conclusions

Electrochemical impedance spectroscopy has been shown to
be a useful tool for determining the temperature at which a
lignin polymer melts in the presence of acetic acid–water solu-
tions. The polarization resistance, RP, of electrochemical cells
containing the above components was found to be a strong
function of temperature, with the maximum in RP corres-
ponding to the phase-transition temperature associated with
the “solid lignin–liquid solvent” to “liquid lignin–liquid
solvent” equilibrium. A reliable, nonvisual method for deter-
mining the temperature at which a solvated, liquefied lignin
polymer phase forms is important for the processing, fraction-
ation, and purification of lignin streams using a safe solvent
medium (i.e. AcOH–water).22 The EIS technique described
herein can potentially be extended to the characterization of
other polymer–solvent systems; the best candidates will be
those that contain solvent mixtures of components with
significantly different ionic mobilities. Finally, in this work
only the composition of the starting solvent mixture that was
added to the starting solid lignin is known. If the fundamental
chemistry that is at play in this complex, multicomponent
system is to be elucidated, the solvent compositions in each of
the two liquid phases that exist in equilibrium (i.e., liquid
lignin and liquid solvent) will need to be determined.
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