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Lignocellulosic biomass can potentially be transformed into a wide variety of products ranging from
biofuels and bulk chemicals to high value products. Through enzymatic hydrolysis, cellulose and
hemicellulose can be utilized. However, lignin remains difficult to degrade which is partially due to its
Ionic liquids (IL) such [EMIM][EtSO,] and [EMIM][Ac] increase

lignin solubility and thereby, enzymatic access to lignin. Therefore, the reaction kinetics of the laccase —

insolubility in aqueous solutions.

mediator system for the oxidation of lignin model compounds in IL solutions was investigated. Laccase
in buffer solution had a higher activity compared to laccase in 5, 15, and 30% (v/v) [EMIM][EtSO,] and
[EMIM][Ac]. However, the presence of 15 % (v/v) IL helped to stabilize laccase activity over time.
Cyclic voltammetry was used to investigate the reaction kinetics between the mediator ABTS and the
lignin model compound veratryl alcohol in different ILs and IL concentrations. The increased
conductivity at low IL concentrations expectedly lead to a rising reaction rate of mediator with substrate,
whereas further increasing IL concentrations lead to higher viscosities and correspondingly, lower
reaction rates. As a result, the investigation of the laccase — mediator system’s reaction kinetics in buffer

and ionic liquids provides a basis for evaluating and optimizing the lignocellulosic biomass degradation
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process.

Introduction

Diminishing fossil fuel resources and global warming have made
the production of biofuels from renewable lignocellulosic
biomass an appealing and sustainable alternative. Lignocellulosic
biomass, composed of cellulose, hemicellulose, and lignin can
potentially be transformed into a wide range of products from
biofuels and bulk chemicals to high value products. Therefore,
biomass pretreatment and lignin depolymerization methods are
becoming increasingly important. Cellulose and hemicellulose
have become accessible through enzymatic and chemical
hydrolysis. However, lignin, one of the most abundant sources of
renewable aromatic polymers, is less utilized because it is
difficult to degrade and insoluble in aqueous solutions." **

To make lignocellulosic biomass accessible, it is important to
develop robust processes for pretreatment of the biopolymers.*
Current biomass pretreatments include physical and chemical
pretreatments, and solvent fractionation.! Some of these methods
require the use of harsh chemicals or large amounts of energy.’
Therefore, improved methods of pretreatment are being
investigated, among them the use of ionic liquids which facilitate

the dissolution of lignocellulosic biomass.* ” Tonic liquids are
liquids at temperatures less than 100°C with low vapor pressure
45 and high thermal stability. They consist of mostly organic cations
and anions which give them tunable properties.* > '%'! However,
ionic liquids tend to have high viscosities which may reduce
diffusion rate of a solute in solution.'> '* They typically have
higher conductivities than organic solvents and do not require
so supporting electrolytes, which can facilitate electrochemical
processes like oxidation of lignin.'*  Although complete
dissolution of lignin is challenging, (and complete dissolution of
lignin in untreated wooden biomass has not been observed), the
presence of ionic liquids, such as 1-ethyl-3-methylimidazolium
ss ethylsulfate ((EMIM] [EtSQy]), increases lignin solubility and the
potential for degradation of lignin.” '°
In nature, white-rot fungi are able to degrade lignin by
utilizing enzymes such as laccase, lignin peroxidase, manganese
peroxidase, and cellobiose dehydrogenase.'® Among the different
0 lignin degrading enzymes, laccases have the ability to oxidize a
broad range of substrates.'® '” Unlike other lignin degrading
enzymes, laccases (p-diphenol: dioxygen oxidoreductases EC
1.10.3.2) are able to use oxygen instead of hydrogen peroxide as
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the electron acceptor for the enzyme reaction. Laccase from the
white-rot fungus Trametes versicolor is a blue multi-copper
oxidase containing four copper ions, divided into one
mononuclear (T1) and one trinuclear (T2, T3) cluster.'® ! 18
The substrate binds to the T1 copper which coordinates electron
transfer from the substrate to the oxygen in the T2, T3 trinuclear
cluster.'” Due to steric hindrance, lignin cannot directly enter the
active site of laccase. Therefore, small mediator molecules can be
used to shuffle the electrons between laccase and lignin.?* 2! 2
The oxidized mediator then oxidizes the substrates, facilitating
degradation into smaller compounds.”> ** 2
increase the redox potential range of the laccase such that the
laccase-mediator system can oxidize a broader range of
substrates. Laccases are able to oxidize a range of phenolic and
non-phenolic compounds and potentially degrade lignin with the
help of mediators.”® %’ Kinetic models of laccase in buffer and
ionic liquids have previously been investigated.? 2% 3*3!

Using ionic liquids for solvent pretreatment, small amounts of
ionic liquids (10-15% (v/v)) will potentially remain in the
reaction media prior to recycling.! The kinetics of the redox
reaction between the mediator and lignin may be affected by the
ionic liquid. Likewise, it is necessary to understand how the
enzymes are affected by the presence of ionic liquids in order to
improve their tolerance."" ** Rehmann et al. developed a method
to quantify laccase activity in 63 different ionic liquids.*> Not
only does laccase activity vary in different ionic liquids with
currently limited predictability based on properties, they are also
influenced by concentration. Enzymatic activity decreases with
increasing ionic liquid concentrations. However,
of ionic liquids actually facilitate enzyme
stability. Rodriguez et al. measured laccase stability at 0-
50% (v/v) ionic liquid concentration at varying pH-values and
observed half lives in a range of ionic liquids including
[EMIM][EtSO,] between 2 and 6 days, with improved stability at
higher pH-values.” * The same group also measured the ABTS
activity of laccase incubated in ionic liquids.
reaction rate in this solvent was slightly below the one in 0.05
mM citrate / 0.1 mM phosphate buffer pH 4.5. Dominguez et al.
showed that laccase activity decreased in higher concentrations of
ionic liquids.*® Tonic liquid anions with longer chain lengths
stabilized laccase activity compared to anions with shorter chain
lengths.™® Generally, laccase stability increased in ionic liquid
solutions with shorter alkyl chains in the methylimidazolium
rings.*” ' Liu et al. showed that laccase (residual) activity
decreased in the presence of 0 to 20% (v/v) [EMIM][EtSO,],

which could be improved through modification of the enzyme by
3

Mediators also
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directed evolution.

The aim of this study is to quantify the effects of ionic liquids
and their properties, in particular viscosity and conductivity, on
the kinetics of the laccase — mediator system. Enzymatic activity
and stability were determined in buffer and ionic liquid solutions.
The reaction rate between the mediator and the lignin model
substrate veratryl alcohol determined using cyclic
voltammetry. The effects of conductivity and viscosity were
briefly investigated using ionic liquid-equivalent solutions
prepared using sodium chloride and polyethylene glycol (PEGyq)
to determine their effects on the laccase — mediator system.
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Experimental section
Materials

All chemicals were of analytical reagent grade or higher and
purchased from Sigma Aldrich (Hamburg, Germany) or Carl
Roth (Karlsruhe, Germany). 7. versicolor laccase powder (= 10
U/mg) (catalogue no. 51639) and veratryl alcohol (catalogue no.
D133000) were purchased from Sigma Aldrich. Pure 1-ethyl-3-
methylimidazolium ethylsulfate ((EMIM][EtSO,]) was purchased
from ToLiTec (Heilbronn, Germany). 1-ethyl-3-
methylimidazolium acetate ((EMIM][Ac]) was kindly provided
by BASF (Ludwigshafen, Germany).

Measurement of laccase activity and stability

Laccase activity was determined spectrophotometrically at 420
nm by measuring the increase in absorbance of 2,2'-azino-bis(3-
ethylbenzothiazoline-6-sulfonic acid) radicals (ABTS™) at 30°C
in a Synergy 4 microplate reader (Biotek, Winooski, VT, USA) at

s 1 minute intervals for 60 minutes. The amount of enzyme that

converts one micromole of substrate per minute is defined as one
unit (U). The reaction was initiated by the addition of laccase (60
pL, 0.1 U/ml) to the ABTS solution (140 pL, 0.5 mM ABTS, 0.1
M sodium acetate buffer, pH 4.5) in 96-well microtiter plates.
(€120 = 3.6 x 10* M cm™).
determined from the linear slope of the progress curves. Laccase
activity was also measured in 5, 15 and 30% (v/v) ionic liquids.
Kinetic parameters of laccase in buffer and ionic liquid
solutions were calculated using Matlab (Nonlinear Least Squares

The initial reaction rate was

s Minimization) based on the Michaelis — Menten model V = V.

[SV(S] + K,) where V, is the maximum velocity of the
enzyme reaction, [S] is the ABTS concentration, varied between
0.1 and 10 mM and K,, is the Michaelis-Menten constant. The
rate of reaction V was expressed in mM min™'.*

To determine laccase stability, 0.1 U/ml laccase was
incubated in [EMIM][EtSO,] and [EMIM][Ac] at concentrations
of 0, 10, 20, 30, and 40% (v/v) ionic liquid in 0.1 M sodium
acetate buffer, pH 4.5. Laccase activities at each ionic liquid
concentration were determined for up to 7 days.

Viscosity and conductivity measurements

The viscosity of 0 — 100% (v/v) polyethylene glycol 400 (PEGyq)
and ionic liquid solutions were measured with a MCR 301
rheometer (Anton Paar, Graz, Austria). A correlation between
the viscosity and PEGyq, concentrations was determined so that a
buffer solution with a specified viscosity could be produced.
PEG,, was used to adjust the viscosity of the buffer solution to
equal the viscosity of the ionic liquid solutions, independent of
the other IL physical properties, e.g. ionic strength.
Conductivities of 0.1 M sodium acetate buffer, pH 4.5, and of
sodium chloride and ionic liquid solutions were measured with a
Mettler Toledo FiveEasy conductivity meter (Gieen, Germany).
Sodium chloride was used to adjust the conductivities of the
buffer solution to equal the ionic liquid conductivities. The
viscosity and conductivity of buffer solutions (0.1 M sodium
acetate buffer, pH 4.5) were then adjusted using PEG,y and NaCl
to obtain solutions corresponding in viscosity and/or conductivity
to ionic liquid solutions at concentrations of 5, 15, and 30% (v/v)
in buffer. The conductivities and viscosities of the ionic liquids
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and the resulting ionic liquid equivalent solutions are presented in
Table A in the supplemental information.

Cyclic voltammetry

Cyclic voltammetry was used to experimentally determine the
electrochemical potentials and currents during the non-enzymatic
redox reaction between the ABTS mediator and the lignin model
compound veratryl alcohol. Electro-analytical experiments were
performed in buffer and ionic liquid solutions using a BAS CV-
100 B/W Voltammetric Analyzer (Bioanalytical Systems,
Indianan, USA) and a C3 Cell Stand (Bioanalytical Systems,
Indiana, USA) with a glass cell vial containing 15 ml solution.
The setup of the electrochemical cell consisted of an Ag/AgCl
reference electrode, a platinum wire counter electrode, and a
glassy carbon working electrode all purchased from Bioanalytical

Systems.  Solutions were degassed with nitrogen prior to
measuring. All experiments were performed at room
temperature. Potential was periodically varied from 0 to 1200

mV at scan rates of 10 - 80 mV/s. The current responses were
measured in buffer, each 5, 15, 30% (v/v) [EMIM][EtSO,4] and
[EMIM][Ac] solutions in buffer, and the corresponding ionic
liquid equivalent solutions.

From the experimentally obtained cyclic voltammograms
peak currents were determined with the BAS 100 software. The
catalytic peak currents were measured using solutions containing
both, the mediator ABTS and the substrate veratryl alcohol. The
diffusion peak currents were obtained using solutions containing
only ABTS. The reaction rate constant, k, was calculated using
the same approach as Bourbonnais.** According to Nicholson
and Shain,® the electrode reaction model results in a boundary
value problem which is solved numerically to calculate peak
The calculated peak currents for electrochemical
(diffusive) and catalytic reaction set-ups are used to formulate
working curves.** ** These working curves correlate the ratio of
the catalytic and diffusion peak currents 1i/iy of the
voltammograms to the non-dimensional Kkinetic parameter
(kf/a)"?, where k; is the heterogeneous electron transfer rate
constant and a = nFv/RT with n — number of transferred
electrons, F = 96485.3 C/mol Faraday constant, v — scan rate, R =
8.314 J/mol/K gas constant, and T - temperature.
varying substrate concentration, the kinetic parameters k/a were
obtained from the working curves by reading the experimentally
obtained ratio of the catalytic and diffusion peak current iy/i; and
were plotted against the inverse scan rates (1/v) to obtain the
pseudo-first order rate constants k¢ from the linear regression of
the slope of the resulting diagrams. The pseudo-first order rate
constants k; obtained were then plotted against veratryl alcohol
substrate concentrations to obtain the second-order homogenous
rate constants k by regression.”> Example figures obtained for
calculating the rate constant, k, are shown in Figures A - D in the
supplemental information.

currents.

For each

ss Results and Discussion

=

Characterization of ionic liquids viscosity and conductivity at
varying concentrations

Viscosities and conductivities at 0 — 100% (v/v) [EMIM] [Ac]
and [EMIM][EtSO4] in buffer solutions were measured (Figure
1). These ionic liquids were chosen for their ability to improve
lignin solubility.” ® ** Due to its high buffer capacity, a 0.05 M
citric acid / 0.1 M NazHPO4 buffer was used to perform initial
experiments with a large ionic liquid concentration range.
Subsequent reaction experiments with 0 — 40% (v/v) ionic liquid

s were performed in sodium acetate buffer with a targeted buffer

range of pH 4 to 6, since the optimal pH for laccase is 4.5.

Viscosity increases with increasing ionic liquid concentration.
The viscosity of the buffer solution is 1.24 mPa-s while pure
ionic liquids show viscosities of 148 mPa s for [EMIM][Ac] and
105 mPa s [EMIM][EtSO,]. Solutions  containing
[EMIM][Ac] were generally more viscous than those with
[EMIM] [EtSO,]. Seddon et al. also showed similar increasing
viscosity at increasing ionic liquid concentration.®’

The conductivity of the 0.05 M citric acid/0.1 M Na,HPO,

for

s buffer system at pH 4.5 is 12.18 mS cm™' and the conductivities

of the pure ionic liquids are less than 5 mS cm™ as shown in
Figure 1. [EMIM][Ac] reaches a maximum conductivity of 52.9
mS cm'at 30 % (v/v) ionic liquid and [EMIM][EtSO,] reaches
one of 40.4 mS cm™ at 40 % (v/v). The increase in conductivity
is expected due to increased ion concentration with higher
concentrations of the molten salt. However, above a certain
concentration, viscosity effects overlay the further increased ion
concentration by reduced mobility of the ions in solution. This is
also reflected by the Stokes- Einstein equation where the
viscosity is inversely related to the diffusion coefficient.*®

0.12 60
0.10 50 =
- 3
= )
5008 0 F
= )
> 0. F30 &
£ e & [EMIM][Ac] - visc. - =
s -8 [EMIM][EtSO;] - visc. B>
Z 0.04 —& [EMIM][Ac]- cond. 20 2
- —& [EMIM][EtSO:] - cond. g
&)

o
o
=

0.00 |
100

40
% (v/v) Ionic Liquid

60 80

Figure 1. Viscosity and conductivity at 0-100% (v/v) [EMIM] [Ac],
[EMIM][EtSQ,] in 0.05 M citric acid, 0.1 M NaZHPO4 buffer pH = 4.5, T =
22°C.

Kinetic characterization of laccase in buffer and ionic liquid

A laccase activity assay was performed at varying mediator
concentrations
parameters of laccase in buffer and varying ionic liquid
concentrations. Since solutions with increased concentrations of
ionic liquids are known to have higher viscosities
conductivities which may adversely affect laccase activity, buffer
solutions were adjusted to similar viscosities and conductivities
as the ionic liquid solutions and tested in parallel. Figure 2 shows

to determine the Michaelis-Menten Kkinetic

and

This journal is © The Royal Society of Chemistry [year]
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the maximal activity V.., the Michaelis Menten constant K,
and the catalytic efficiency V,,/K,, of laccase in buffer and 5,
15, 30% (v/v) ionic liquid and the corresponding IL equivalent
solutions.
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Figure 2. Kinetic parameters Vi, Km, and Vima/Km of laccase in 0.1 M
10 sodium acetate buffer pH 4.5, and 5, 15, 30 % (v/v) ionic liquid
equivalent (buffer, adjusted to average IL conductivity and viscosity using
NaCl and PEGaq), and ionic liquid ([EMIM][Ac], [EMIM][EtSO,]) solutions
with 0.1 U/ml laccase at 30°C.

Laccase activity was highest in buffer (0.147 mM/min™), and
1s decreased with increasing concentrations in ionic liquid and IL
equivalent solutions, down to 0.0004 mM/min at 30% (v/v)
[EMIM][Ac] 0.0054 mM/min’’ 30%  (v/v)
[EMIM][EtSOy]. The K, value increases with increasing ionic
liquid and IL equivalent solution concentration, however less
20 significantly. The K, value of laccase in pure buffer solution is
0.191 mM and rises 3- to 5-fold for 30% (v/v) [EMIM] [Ac] and
30% (v/v) [EMIM][EtSO,], respectively. The catalytic
efficiency, V,,./Ky, can be calculated from the kinetic constants.
Solutions with higher ionic liquid concentration have lower

and at

25

3

I
b

2

=y
a

catalytic efficiency due to lower reaction rates and higher K,
values. The catalytic efficiency for laccase in the buffer solution
is the highest at 0.077 min™' compared to 0.0281 min™' in 30%
(v/v) [EMIM][Ac] and 0.0456 min’ 30%  (v/v)
[EMIM][EtSO,4].

The observed trends of the kinetic constants may indicate the
effects of higher viscosities of the ionic liquids since similar
trends can be seen in the ionic liquid equivalent solutions. A
decrease in maximal reaction rate has been observed by Engel et
al. for cellulase activity in ionic liquid solutions. This decrease
could be partially related to increasing viscosity and partially to
ionic strength.! However, ionic liquids seem to positively
influence the laccase-catalyzed reaction compared to ionic liquid

in

equivalent solutions. Laccase in ionic liquid solutions tends to
have higher reaction rates and catalytic efficiency than laccase in
ionic liquid equivalent solutions. The reaction rate of 5% (v/v)
[EMIM] [Ac] and 5% (v/v) [EMIM][EtSO,] is 0.007 mM/min™'
and 0.0134 mM/min™' respectively, compared to only 0.0027
mM/min™" for the 5% (v/v) ionic liquid equivalent solution. The
corresponding conductivities and viscosities of the ILs and IL
equivalent solutions are shown in Table A in the supplemental
information.

Stability of laccase in the presence of buffer and ionic liquid

For the economic use of laccase its stability in ionic liquids is
relevant. As shown above, the presence of ionic liquids lowers
enzyme activity. In some cases IL even decrease enzyme stability
at high concentrations.® Residual activity of laccase incubated in
buffer and ionic liquids was measured over a period of 7 days
using the laccase activity assay. Residual activity was calculated
based on laccase activity at day O (Figure 3).

As shown in Figure 3, residual enzyme activity, i.e. the
activity after several days of incubation relative to the activity of
the same enzyme preparation at time zero, decreases over time.
The half-life of laccase in 15% (v/v) [EMIM] [EtSO,] and
[EMIM] [Ac] amounts to a couple of months and 9.8 days,
respectively, whereas the half-life in buffer is only 2.4 days.
Apparently, the presence of ionic liquids helps to stabilize laccase
activity. Laccase in [EMIM][EtSO,4] and [EMIM][Ac] had, at all
times, a higher residual activity compared to laccase in buffer.
After the first day, laccase incubated in buffer has a residual
activity of 0.55 compared to the residual activity of nearly 1 in
both ionic liquids. After 7 days, there is a 37.5% decrease in
activity in 15% (v/v) [EMIM][EtSO,] and an 11% decrease in
15% (v/v) [EMIM][Ac] after 7 days compared to a more than
80% activity loss in buffer. In summary, the decrease in residual
enzyme activity over time is much faster in buffer compared to
that in both ionic liquids.

Rodriguez et al. observed that laccase activity decreased
26.7% over seven days in 10% (v/v) [EMIM][EtSO4] (pH = 5)
compared to 35.9% in 0.05 mM citrate / 0.1 mM phosphate buffer
pH 5. They also observed that enzyme stability after 7 days was
slightly higher at 25 and 50% (v/v) ionic liquid with activity
losses of 23.2% and 24.9%.® The same trend was observed by
Carneiro et al. where peroxidases retained their activity after
being incubated in aqueous mixtures of 10% (v/v)
[EMIM][MDEGSOy] and 10% (v/v) [EMIM][EtSO,] over seven
days despite an initial decrease from the initial activity to day 1.%
Rodriguez et al. explain that hydrophilic, water-miscible ionic
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liquids are able to improve laccase stability because the structure
of the enzyme is retained by the water molecules surrounding it.®
In summary, the tested ionic liquids [EMIM][Ac] and
[EMIM][EtSO,] adversely affect laccase activity, but improve
s stability. The ionic liquid properties relevant for this effect on the
enzyme, viscosity and conductivity (via ionic strength) are
expected to also influence the electrochemical reaction between
mediator and lignin model substrate which is investigated below.

seee 10% (v/v) [EMIM][Ac]
=== 20% (v/v) [EMIM][Ac]
= = 30% (v/v) [EMIM][Ac]
— 40% (v/v) [EMIM][Ac]
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- = 15% (v/v) [EMIM][Ac]

—
[S]

800

N 15% (v/v) [EMIM][EtSO4] i} o
- Buffer =50; 1
1 -100 -
ey 3 Potential [mV]
-
£08 Figure 4. Cyclic voltammograms of 2 mM ABTS and 1 mM veratryl
f alcohol in 10 — 40% (v/v) [EMIM][Ac] in 0.1 M sodium acetate buffer pH
E.Oﬁ 4.5, Scan rate 10 mV/s, potential: 0 — 1200 mV, T = room temperature
§ ~22°C.
=04
_‘:} 40 In the following experiment, cyclic voltammograms were taken at
502 varying (0 — 15 mM) veratryl alcohol substrate concentrations in
~
= 04 ) ) ) : the presence of 1 mM ABTS mediator in 15% (v/v) [EMIM][Ac]
0 2 4 DSvs 8 10 12 in buffer in order to determine the relationship of peak current
0 ) o i and substrate concentration (Figure 5).
Figure 3. Residual enzyme activity versus time — 0.1 U/ml laccase
incubated in 0.1 M sodium acetate buffer, pH 4.5 (0), 15% (v/v) [EMIM] # o
0, o ..
[Ac] (B), 15% (v/.v)' [.EMIM] [.EtSO4] (o) over 7 days at 30°C. Activity w?s 1 mM ABTS + 15 mM VA
calculated from initial reaction rate determined at 0.5 mM ABTS, 30°C 700 e s
. . — + 1mM ABTS +9mM VA
15 and related to the activity at time zero. S o
600 wessss 1mM ABTS+3mM VA

1mM ABTS only

4 20 15% (v/v) [EMIM][Ac] only
Kinetic characterization of the mediator — substrate reaction : 400
in buffer and ionic liquid § 300
. . L . 5
The electrochemical reaction kinetics between the mediator O 200

20 ABTS and the substrate veratryl alcohol were analyzed using
cyclic voltammetry. First, cyclic voltammograms for 2 mM
ABTS and 1 mM veratryl alcohol were taken for 10 — 40 % (v/v)
[EMIM] [Ac] solutions (Figure 4).

In Figure 4, increasing concentrations of the ionic liquid

»s [EMIM] [Ac] lowered the peak current. This is most likely due
to the increasing viscosity of the ionic liquid. This can be
explained by the substrate diffusion through the solvent towards
the electrode. With higher viscosity, the solvent will provide
more resistance to the substrate in solution, hindering the

50 transport of analytes to the working electrode. Therefore, lower

Potential [mV]

Figure 5. Cyclic voltammograms of 1 mM ABTS only, 1 mM ABTS

with 3, 9, and 15 mM veratryl alcohol in 15% (v/v) [EMIM][Ac] in

0.1 M sodium acetate buffer pH 4.5. Scan rate 10 mV/s.
so Potential: 0 — 1350 mV, T = Room temperature ~22°C.

The experimentally obtained cyclic voltammograms in Figure

peak currents are measured. Although the peak current decreases
with increasing ionic liquid concentration, the potential of the
second oxidation peak around 900 mV remains nearly the same.

55

60

65

5 show an increase in peak current with increasing veratryl
alcohol substrate concentration. The peak current of the second
oxidation peak of ABTS noticeably increases, and the potential
only slightly increases around 900 mV. Therefore, this reaction
is classified as homogeneous redox catalysis described by
Bourbonnais et al.** The ABTS dication oxidizes the veratryl
alcohol to veratryl aldehyde and at the same time, regenerates to
ABTS radical which can be seen in the increase in the peak
current compared to the cyclovoltammograms of ABTS solution
without veratryl alcohol.

By varying both, the concentration of veratryl alcohol (0 — 15
mM) in the presence of 1 mM ABTS and the scan rate (10 — 80
mV/s), the second order homogeneous rate constant of ABTS and
veratryl alcohol reaction can be determined from peak currents
obtained using cyclic voltammetry. The rate constant in 0.1 M
NaAc buffer solution obtained at pH 4.5 was 335.34 M s,

This journal is © The Royal Society of Chemistry [year]
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Bourbonnais et al. obtained a rate constant of 170 M™' 5™ in 0.05
M sodium citrate buffer, pH 4, and Branchi et al. obtained a rate
constant of 210 M s™" in 0.1 M citrate buffer, pH 5. *° As the
electrode reaction was shown to be independent of pH-value, it is
suggested that the buffer salt or the ionic strength or the pH-value
has an influence on the reaction rate between ABTS and veratryl
alcohol.® Increasing pH-values favor the oxidation of veratryl
alcohol to veratryl aldehyde.'  Since at the same buffer
concentration, the reaction rate obtained in our experiment at pH

10 4.5 in sodium acetate was higher than the one at pH 5 in sodium

=3

4

G

15

&

citrate, either reduced buffer ionic strength or specifically the
acetate anion seems to increase the redox reaction rate. Figure 6
summarizes the second order rate constants obtained at varying
ionic liquid and IL-equivalent solutions.

1000 -
900

—&—[EMIM][Ac]
—a— [EMIM][EtSO]
—o—1L eqv.

N = »
(=3 (=3 o (=3
(=] o o o

Reaction Rate |M!'s!

10
% Ionic Liquid

15 20 25 30

Figure 6. Reaction rate constants of ABTS mediator — veratryl alcohol
reaction in different ILs and IL-equivalent solutions — 0% (v/v): 0.1
sodium acetate buffer pH 4.5; 5, 15, 30% (v/v) [EMIM][Ac],
[EMIM][EtSO,]; IL equivalent: 0.1 sodium acetate buffer pH 4.5,
adjusted with NaCl and PEGsyp. 1 mM ABTS, 0-15 mM VA, room

temperature ~22°C.

The rate constant in buffer is lower than in 5% (v/v) ionic liquids
and IL equivalent solution and even lower than in 15% (v/v) ionic
liquid [EMIM][EtSO,] as shown in Figure 6. After an initially
increased reaction rate at low IL concentrations, the reaction rate
decreases with further increasing ionic liquid concentration.
Shipovskov et al. had also observed laccase-catalyzed oxidation
in concentrations of 10 — 20% (v/v) for [BMIM]Br and 50 — 60%
(v/v) for [BMIM][N(CN),].** This indicates that the reaction
may also be dependent on ionic liquid concentration within a
certain range. At concentrations outside this range, the reactions
may be severely limited or undetectable. There is no detectable
reaction at 30% (v/v) ionic liquid. [EMIM][EtSO,] reaction rate
is relatively stable between 0 —-15% (v/v), but eventually
decreases. Ionic liquid equivalent solutions and [EMIM] [Ac]
exhibit higher reaction rates at 5% (v/v), but at 15% (v/v) the
reaction rate decreases significantly and below the value of
[EMIM] [EtSO,]. The reaction in the 15% (v/v) [EMIM] [EtSO,]
solution has the highest reaction rate constant of 366.57 M s
'among the 15% (v/v) ionic liquid solutions analyzed. This
indicates that higher conductivities do not necessarily lead to
higher reaction rates, whereas higher viscosities of the solution
may significantly limit the reaction.
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To further dissect the effects of viscosity and conductivity of the
ionic liquids, a set of buffer solutions adjusted to the same
viscosity as 15% (v/v) [EMIM] [EtSO,] and 15% (v/v) [EMIM]
[Ac] and another set of buffer solutions adjusted to the same
conductivity as the respective 15% (v/v) ILs was analysed for the
reaction rate of ABTS — veratryl alcohol redox reaction (Table 1).

Astonishingly, the rate constants of the ABTS — veratryl
alcohol reaction were higher in those solutions where the
viscosity of the buffer solution was adjusted to the ionic liquid
solution than in those solutions that only have same conductivity.
The viscosity of the buffer was increased by roughly 60% and
30% to produce viscosity equivalent solutions of 15% (v/v)
[EMIM][Ac] and 15% (v/v) [EMIM][EtSO,4], respectively,
resulting in a 10 and 20% reduction of the reaction rate constant
compared to buffer (c.f. Table 1 and Table A in the supplemental
information). However, the addition of sodium chloride to buffer,
to adjust for the higher conductivity of the ionic liquids, increased
the conductivity in comparison to buffer by a factor of 3 and 3.5
for 15% (v/v) [EMIM] [Ac] and [EMIM][EtSO,]-equivalent,
respectively, resulting in a 50 and 33% reduced reaction rate
constant (c.f. Table 1 and Table A in the supplemental
information). This suggests that indeed, increased viscosity limits
the reaction by retarding mass transfer, but unexpectedly,
generally improve the
electrochemical reaction. In support of these findings, the 15%

increased conductivity does not
(v/v) ionic liquid equivalent solution with average viscosity and
conductivity values of the two ionic liquids shows a reaction rate
constant between the two viscosity and conductivity equivalent
solutions. However, the 15% (v/v) ionic liquids reaction rate
constants are either well below the reaction rate constant for all
viscosity and conductivity adjusted solutions as with [EMIM]
[Ac], or well above them as with [EMIM] [EtSO4]. This suggests
that the simple concept of transferring physicochemical
properties of ionic liquids does not represent their actual function
for improving the electrochemical reaction as with [EMIM]
[EtSOy], or hindering it as with [EMIM][Ac].

Table 1. Reaction rate constant for ABTS reduction and veratryl alcohol
oxidation and solution pH-values of 15% (v/v) [EMIM] [Ac] and 15% (v/v)
[EMIM][EtSO,4], as well as corresponding viscosity and conductivity
equivalent solutions of 0.1 M sodium acetate buffer, made up with
PEGsq and sodium chloride, respectively. Scan rates 10 — 80 mV/s,
potential range 0 — 1200 mV, 1 mM ABTS, 0 — 15 mV veratryl alcohol,

90 room temperature.

Solution k[M's!
3353
0.1 M sodium acetate buffer

15% (v/v) IL equivalent 241.2
15% (v/v) 1159
[EMIM][Ac] viscosity equivalent 300.3
confiuctwlty 175.8

equivalent
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