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Abstract

The objective of this thesis is to establish electrochemical techniques for the qualitative and
quantitative determination of pentacyclic triterpenes in wood extractives. These triterpenes, found
in wood extractives, possess beneficial biological effects. However, in the context of paper
production, their presence can be problematic due to their lipophilic nature, which can reduce paper
strength and hinder subsequent processing steps such as the adhesion of coatings and inks. Among
the pentacyclic triterpenes, betulin is the most abundant molecule present up to 30 % of the dry
weight in a Scandinavian species (B. verrucosa) [1, 2]. To address the challenges associated with
handling such compounds in paper mills, betulin and stearic acid were chosen as model compounds.
This thesis introduces two distinct characterization techniques: potentiometric sensors in
combination with principal component analysis, and voltammetric methods including square wave
voltammetry and differential pulse voltammetry. Using ion-selective electrodes and principal
component analysis the classification between samples containing KCl, KCI and ethanol and KCI,
ethanol and betulin was possible. For voltammetric methods, a glassy carbon electrode with an in
situ lead film was used. Both the aqueous and organic solvents were used as media.

The solvent used for preparing the standard solution significantly influenced the square wave
voltammograms recorded in alkaline media. Therefore, Tris-HCI buffer (pH 7.4) was used as the
medium, and dimethyl sulfoxide served as the solvent for the standard solution. The oxidation signal
at 1.6 V for betulinic acid, oleanolic acid, and betulin was found to be proportional to the
concentration when 5 mM of the stock solution was added. Additionally, differential pulse
voltammograms were recorded using 0.1 M tetrabutylammonium hexafluorophosphate in
acetonitrile considering the benefits such as a wider electrochemical window and compatibility with
organic molecules. The preconcentration step enables the detection of analytes with higher signals
compared to the DMSO blank. The imperfect proportionality between peak current and analyte
concentration, indicated by the similarity in current signals obtained from 0.5 mM working solution
and 5 mM stock solution, remained unresolved. Nonetheless, the obtained results demonstrated that
higher concentrations of the stock solution yielded higher current signals when compared to the
most diluted standard solution and solvent blank. Furthermore, the extracted birch and conifer
samples were analysed affirming the method's capability to detect compounds of interest. The
outcomes of this study highlight the validity of employing ISEs in combination with chemometric
data treatment for the qualitative determination of betulin, and the potential of the voltammetric
methods to detect pentacyclic triterpenes in various electrolytes. However, to validate the reliability
of the voltammetric methods, it is imperative to undertake further investigations by repeating
experiments in non-aqueous electrolytes aiming to discover the underlying causes of the imperfect
proportionality. Notably, it is crucial to determine the concentration of analytes by an independent
method after chromatographic separation in natural sample analysis.

Keywords: Potentiometric sensors, Stearic acid, Pentacyclic triterpenes, Betulin, Betulinic acid,
Oleanolic acid, Lead film electrode, Adsorptive stripping voltammetry, Square wave voltammetry,
Differential pulse voltammetry, Principal component analysis
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1. Introduction

Wood extractives can be described as lipophilic compounds comprising stearyl esters, fatty acids,
waxes, etc. and these hydrophobic substances are called pitch or wood resins, causing pitch problems.
Accumulation of pitch deposits in paper production facilities can cause spots, holes, and breaks in paper
sheets, ultimately leading to a shutdown of paper mills [3, 4]. Given the difficulties of handling
lipophilic compounds in wood extractives for paper material production sites, this thesis aims to
establish electrochemical analytical methods which are low-cost, selective, and reversible, which aim
towards online process control in the future. Potentiometric sensors were utilized to qualitatively
analyze betulin and stearic acid, while voltammetric methods were employed for quantitative analysis
of betulin, oleanolic acid(OA), ursolic acid (UA, an isomer of oleanolic acid), and betulinic acid

(Figurel).

Woods contain up to 75 mg of lipophilic compounds per 100 g of wood. Hydrolysis of sterol esters
(ca 38 % of total wood lipids) occurs during fungal decay. Fungi produce a variety of lipids including
fatty acids which can cause lipid peroxidation reactions, a part of the lignin degradation process [5].
Lignin is much more sensitive to oxidation than cellulose, so in the initial degradation stage, lignin
may serve as a shield for cellulose. However, free radicals, active forms of oxygen, and carboxyl groups
that are produced during the lignin oxidation process will reduce the pH of papers and boost the entire
cellulose degradation process, influencing the lifetime of the paper material [6]. Pentacyclic triterpenes
are easily found in plants, particularly abundant in birch barks and licorice roots, which are common
in the Finnish forests. Betulin (Betulinol) is the most stable and abundant pentacyclic triterpene in birch
trees. Betulinic acid, one of the oxidized derivatives of betulin, is found in smaller amounts in plants
in comparison to betulin. They are widely known for their beneficial biological effects such as anti-
inflammatory, antitumor, anti-cancer, anti-HIV, and antibacterial activities [7-9]. However, it is not
advisable to preserve them in paper materials since they downgrade the quality of paper materials.
Thus, the separation and determination of betulin and betulinic acids are crucial for quality control.
The necessity of the separation step before the voltammetric determination is to be investigated in this

thesis considering the resolution in selectivity for pentacyclic triterpenes.

There is no data in the literature concerning using ISEs for the analysis of betulin, and very limited
data addressing voltammetric method for pentacyclic triterpenes. This thesis introduces two distinct
electrochemical analysis approaches: potentiometric sensors, serving as a qualitative method, and

voltammetric methods, enabling quantitative analysis. An important application of these methods



involves employing potentiometric sensors to confirm the presence of betulin in wood extractives,
followed by the quantitative determination of betulin using the voltammetric method. Typically, the
selectivity of ion-selective electrodes relies on the presence of ionophores specific to the analytes. In
this thesis, the target molecules are organic molecules, accordingly, the corresponding ionophores do
not exist since ionophores bind to inorganic ions. Thus, the responses of prepared anionic, cationic,
and neutral ion sensor arrays to the analytes in combination with chemometric data treatment were
investigated. The investigation of potentiometric sensors focused on betulin due to the formation of a
precipitate resulting from the addition of stearic acid. However, the product resulting from the addition
of betulin to a mixture of potassium chloride and ethanol was not identified. Consequently,
chemometric data analysis can provide clear correlations in this regard. Furthermore, the analytes are
hydrophobic, thus selecting a suitable organic solvent that does not interfere with the determination of
betulin and stearic acid is another challenge for voltammetric methods. To select a suitable organic
solvent, the following aspects were considered: (1) Electrochemical window that does not overlap with
analyte oxidation potential (2) Miscibility with an aqueous solution (3) Solubility of analytes, and non-

toxicity.

HO

3 Betulin(Betulinol) Betulinic acid

H3C CH3

Oleanolic acid Ursolic acid

(0]
H3C/\/\/\/\/\/\/\/\/lL

Figure 1. Chemical structures of the target molecules

OH Stearic acid



2. Potentiometric ion sensors

Chemical sensors recognize the chemical information i.e., concentration, activity, and partial pressure
of analytes, which can be transduced as mass, temperature, optical, and electrochemical changes. Ion-
selective electrodes are considered potentiometric chemical sensors. At the sensor surface, chemical

recognition is attained via a chemical equilibrium reaction [10].

Conventional ISEs consist of a membrane as an ionic conductor, an inner filling solution, and an Ag
wire as an electronic conductor that is covered with AgCl as the internal reference electrode as shown
in Figure 2 top. Due to the difficulty of fabricating small size conventional ISEs containing internal
solution and internal electrode, solid contact ISEs were developed. Solid contact ISEs consisting of

electronic conductor(substrate), transducer layer (conducting polymer), and membrane.

Sample Membrane Internal AgCl, Ag
solution
K* Kt L
K Ag « Agtte
o K* - Kk o
K7 o+ C cr
AgCl & Ag™+Cl™

(a) (b)

. Electronic i
Sample Membrane Conducting conductor Sample Membrane Conducting Elec;rort'uc
K+ K+ polymer o - polymer conductor
K+ . Q+R™ = QR 4o € - cr- | @R o @R e e
clr R™ cl- R*
K* - o
e cl- o

Figure 2. A conventional K* ISE (top), (a) K* selective solid contact electrode with a p-type conducting polymer
(bottom), and (b) CI" selective solid contact electrode with a p-type conducting polymer (bottom) adopted from [11]

The internal solution of a conventional electrode must contain the ions for which the membrane is
selective, by which the stability, as well as the reproducibility of potential, are obtained. Also,
depending on the concentration of the sample solution, the concentration of the internal solution can
be high or low. For instance, the internal solutions in K* ISEs for clinical and agricultural samples and
NOs"ISEs for the analysis in fertilized soils contain high concentrations of target ions. On the other
hand, Pb*" ISEs are measured for trace-level analysis in the environment, thus the ISEs contain a low

concentration of target ions in the internal solution.

In comparison to conventional ISEs, solid-contact ISEs of coated wire type have trouble maintaining
long-term stability and reproducibility. The slope of the calibration curve (S) is typically stable
3



regardless of the ISE construction, but the standard potential(E”) changes often unpredictably. The
interface between the ion-selective membrane and the electronic conductor(substrate) should record
the stable and reproducible potential via a redox reaction. Therefore, the redox reaction must be fast to
maintain equilibrium against the external species. The interface could be blocked if the ions are limited
to the membrane and the electrons cannot travel to the substrate. To resolve these issues, conducting
polymers are deposited and can stabilize the potentials of the solid-contact ISEs. Electrochemical
transduction can be achievable by the deposition of conducting polymers serving as ion-to-electron
transducers. By combining conducting polymer with an ion-selective membrane, selective and durable

chemical sensors are obtained [11].

2.1. Ion selective membrane

The ion-selective membrane (ISM) is usually composed of polymeric matrix, plasticizers, ionophore,
and ionic additives. Polymers must meet the subsequent requirements: processability, stability against
temperature, hydrolysis, inertness, and insolubility in water. Poly (vinyl chloride) (PVC) based
membranes meet these requirements by adding plasticizers. In most cases, PVC-based ISE membranes
comprise a 1:2 mass ratio of PVC to Plasticizer, which is 30-33% of PVC and 60-66 % of plasticizer.
The concentration of lipophilic ion exchangers in PVC-based membranes is approximately 0.01 M. As
shown in Figure 3, the chemical structure of DOS is non-polar, and it is suitable for monovalent ion
sensors, whereas oONPOE is a polar molecule and selective for divalent ions. They serve as solvents for
ionophores and give the membrane elasticity [11].

Ionophores are the components determining the selectivity towards analytes and the type of
potentiometric responses (cationic or anionic). Specifically, ionophores are organic neutral or charged
molecules that bind to analytes and are the basis for determining potentiometric selectivity. The
component in the membrane which gives permselectivity, a measurable ability to distinguish between
cations and anions, is the lipophilic ion exchanger (Potassium tetrakis[3,5-bis(trifluoromethyl)phenyl]
borate (KTFPB) or tridodecylmethylammonium chloride (TDMACI)) in this thesis (Figure 3).
Tetradodecylammonium tetrakis (4-chlorophenyl) borate (ETH 500) consisting of a cation and an anion
was combined into the membrane to decrease the resistance and enhance the limit of detection [12].

The selectivity of ISMs only containing lipophilic salts is dependent on the free energy of ion hydration.

The interaction between the membrane and ions is an electrostatic character based on the Hofmeister



series, which makes the ion-site association constants low. The order of this series starts with low free

hydration energy to high free hydration energy.
The Hofmeister series for anions is as follows:

R~ > Cl0,” > SCN™ > NO3 > Br™ > CI~ = HCO3 > H,P0; > S03~
The Hofmeister series for cations is as follows:
R* > Cs* > Cs* > K* > Nat > Lit > Ca?t > Mg?* > A3+
According to the Hofmeister series above, ion-exchanger based membranes are more selective to

organic ions over hydrophilic ions [11].

CF3
F3C

o /@\ e
K
FsC B CF3 or
.
Yo S
CF,
+TDMACI

I CH, \
/\q DOS 0 oNPOE

<

=

cN"

\_\_\_\_\_¥ Cl
CH3 H3C
CHs

ETH-500 n pvc

Figure 3. Chemical structures of the cocktail components

2.2 Conducting polymers as an electrochemical transducer layer

Conducting polymers are employed as ion-to-electron electrochemical transducer layer in the solid

contact ISEs. As for solid contact ISEs, conducting polymer is doped/de-doped by applying a certain



potential or current to cause oxidation/reduction (electrochemical doping). Electrochemical
polymerization is performed by three methods: the galvanostatic method by applying constant current,
the potentiostatic method by applying constant potential, and the potentiodynamic method by applying
constant sweep rate (e.g. mv/s). When undergoing oxidation, p-type conducting polymers are
predominantly formed, and the doping process involving anions is employed to ensure macroscopic
electroneutrality. Typically used p-type conducting polymers are poly (3,4-ethylene dioxythiophene)
(PEDOT), polyaniline (PANI), poly(3-octylthiophenes) (POT), and polypyrrole (PPy). There are a
couple of factors that influence the stability of CPs: pH, light, interaction with water, and temperature.
In this thesis, the conducting polymer PEDOT (Figure 4) was deposited on the screen-printed carbon
electrodes due to its stability in p-doped form, barely reacting with external reducing and oxidizing
agents [11]. PEDOT has a high electronic conductivity that stabilizes the potential and has a high redox
capacitance. PEDOT is not likely to be influenced by CO2 and pH compared to PPy and PANI.
However, it is sensitive to redox interference due to the ion flux related to the side reactions caused by

its high capacitance, which results in a potential drift eventually [14].

TN Y

Figure 4. Chemical structure of PEDOT

3. Characterization Techniques
3.1. Potentiometry

Potentiometry is an electrochemical analytical technique to measure the potential difference between
the constant potential of a reference electrode with constant potential and an indicator electrode under
a negligible current. The potential of an individual electrode is not measurable, but the difference

between two electrodes immersed in a solution can be measured. The indicator electrode responds to



the activity of analyte ions and follows the Nernst equation. The activity of the species i is expressed
as

a; =Y;(; (Eq. 1)
where y; is the activity coefficient of species 1 and C; is the concentration of species i. The activity
coefficient depends on ionic strength (Eq.2) and ion size and can be calculated using Debye-Hiickel
equation (Eq.3).

J =350 Gz (Eq. 2)
where J is the ionic strength of the solution, Cj, is the concentration of ion k and z;, is the charge of ion
k.

Azi2 NI

1+aKjelB\/7 (Eq 3)

Logyi = —

Qg je is the hydrated(solvated) ion radius, A=0.512, and B=0.328 in aqueous solutions at 25C.

On the other hand, the reference electrode preserves a constant potential [15]. In this thesis, a double
junction electrode Ag/AgCl/3 M KCI/1 M LiOAc was employed since 1 M lithium acetate(LiOAc)
prevents direct contact with the solution containing KCIl and has similar mobility with potassium
chloride (KCI). In two electrodes set up that consists of an indicator electrode and a reference electrode,
the electromotive force (EMF) follows the equation where E is the measured EMF, E ‘is the standard

EMF value at a; = 1.

E = E° + Sloga, (Eq. 4)
Hence, the practical experimental slope is S = ar [11].
dlogaq

3.2. Chemometric data treatment - Principal component analysis (PCA)

Chemometric data treatment allows us to extract information from massive quantities of experimental
data by advanced statistical calculations. The principal component analysis is one of the multivariate
analysis techniques. In terms of multivariate analysis with an extreme volume of data, it is difficult to
comprehend the correlations. Principal component analysis helps to reduce the data in case the data has
certain relationships and patterns.

The purpose of PCA is to discover the principal components Z;, Z,, --+, Z,, that are proportional to the
combinations of the original variables relating to each specimen, X;, X5, -, X,,. The coefficients,
a11, a412, 443, €tc., should be set in order for new variables not to be associated with each other. Thus,

the coefficients, a4, a2, a13, etc, exclusively belong to the principal component, Z; .

7



Z1 = a11X1 + a12X5 + ag3X5 + - an Xy (Eq. 5)
Zy = a1 Xy + azX; + ay3X5 + - azpXy (Eq. 6)

...etc

The first principal component, Z;, has the largest variation, and the second principal component, Z,
has the second largest variation. Orthogonality is one of the characteristics of principal component
analysis wherein every principal component is positioned perpendicularly to one another in multi-
dimensional space. Constructing a new set of variables does not mean it would increase the number of
useless data, but we could acquire a much smaller number of useful principal components than the

original variables if there are significant correlations. Thus, the amount of data can be reduced [16].

3.3. Cyclic Voltammetry

Cyclic voltammetry is a voltammetric technique in which a triangular-shaped potential is applied as
shown in Figure 5 and both oxidation and reduction occur at the working electrode. Cyclic voltammetry
is used to investigate the redox behavior of analytes and the kinetics of electrode reactions. During
cathodic and anodic scans, the diffusion rate is too low to exceed the reaction rate of reduced (R) or
oxidized (O) product near the electrode (Figure 5). Thus, the current reaches a peak and then decreases
as the product is depleted. In a reversible process, anodic and cathodic peak currents have equivalent
magnitude. Also, the reactant and product remain in equilibrium concentration at the electrode surface
and the peak current is proportional to the square root of the sweep rate (v'/?). On the other hand, the
peak current of an irreversible redox reaction, such as the electroactive species accumulated on the

electrode, is proportional to the sweep rate (v) [15].

Cyclc 1 Cyclc2

Potential

Switching
potential

Anodic Cathodic ’
scan scan ’

Time

Figure S. Cyclic voltammetry(CV) potential-time triangular waveform



3.4. Square Wave Voltammetry (SWYV)

Square wave voltammetry(SWYV) is one of the most advanced pulse voltammetric techniques and has
advantages in terms of electrode mechanism comprehension and improved analytical sensitivity. The
SWYV technique is quite fast, which can be recorded up to 1 V/s scan rate. It is suitable for the analysis
of reversible and quasi-reversible electrode reactions. There are a couple of advantages to using SWV.
It consumes a lower analyte than differential pulse voltammetry (DPV) since DPV has its drawback

with the adsorption of analyte and it can cause the electrode surface to be blocked eventually [17].
= v
La=Ca " (Eq. 7)
1 tota1 = Ifaradaic+1 dl (Eq 8)
In Eq. 7, 1a is capacitive current, Cas is capacitance, and % is the derivative of the voltage with respect

to time. In Eq.8, the total current is equal to the sum of the faradaic current and the capacitive current.
Capacitive current is a background current that is associated with double-layer charging. Faradaic
current results from redox reactions of analyte at the working electrode. Capacitive current(ly;) is
preferably eliminated by replacing continuous potential with the staircase potential, which significantly
enhances the sensitivity of the analysis.

A three-electrode cell is employed in voltammetry where the current is measured between the working
electrode and the counter electrode as a function of potential between working electrode and reference
electrode. The analyte is reduced at the electrode during the cathodic pulse and reoxidized during the
anodic pulse (Figure 6a). The current is measured at the end of each current potential, which diminishes

the influence of the capacitive current [15].

(a

A

(b)

Ai = iforward — iReverse E

1
(Frequency)

Potential

. I,-=Cathodic+non-faradaic current
IReverse

Time E

Figure 6. Square wave voltammetry (SWYV)(a) potential-time waveform and (b)current-potential response



Redox peak can be confirmed by the current subtraction of two opposite pulses at once. Subtraction
of forward current and reverse current is quite useful since the current difference is zero in the range
of limiting current, thereby influence of reduction current by dissolved oxygen can be negligible

(Figure 6b) [17].

3.5. Anodic stripping voltammetry

Anodic stripping voltammetry is the most sensitive voltammetric technique since the pre-
concentration step precedes the scan in order to lower the detection limit of the analyte. The analyte of
interest is deposited on a thin film of mercury or other electrodes by reduction reaction under the stirring
condition and it is oxidized back into the electrolyte without stirring (non-convective condition) [18].
Typically, it is a suitable technique for trace metal analysis, but a derivation of this technique, lead film
electrode was reported to show that it is feasible to detect betulinic acid and oleanolic acid [19-22].
The lead film electrode (PbFE) has its advantages in terms of less volatility and lower toxicity
compared to the mercury electrodes. It can be measured in a broader potential window, a wide range
of pH media, and simple operation regarding the renewal of surface area and preparation. Additionally,
the measurements can be carried out without deaeration of the sample [21]. The electroactive species
is accumulated on the electrode at the negative value of standard reduction potential [18].

In neutral media electrolyte, the following in situ lead film is formed [20].
Pb%* + 2H,0 - Pb(OH), + 2H*
However, in highly alkaline media, the following complex is formed instead of hydrolyzing.

Pb%* + 40H~ - Pb(OH),*~

In this thesis, lead film formation in neutral, alkaline aqueous media and non-aqueous media was

investigated with the accumulation of analytes prepared in either Ethanol or DMSO.

The deposition time must be measured carefully, and reproducible stirring should be applied.
Deposition time for 30 seconds significantly decreases the limit of detection down to 1077 M and the
limit of detection of the deposition time for 20 minutes reaches down to 1071%~ 10711 M [18]. In this
thesis, 30 seconds and —1.0V were used as a deposition time and absorption potential, correspondingly,
since it reached a maximal peak current in this condition as demonstrated in the cited article [19].
Anodic stripping voltammetry and adsorptive stripping voltammetry are analogous electroanalytical

techniques. Anodic stripping voltammetry involves electrocatalysis during the preconcentration step,
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while the preconcentration step in adsorptive stripping voltammetry is based on adsorption on the WE

surface [23].

3.6. Differential pulse voltammetry (DPV)

Differential pulse voltammetry (DPV) is a pulse voltammetry technique that is intended to minimize
the charging current. The pulse potential is placed on each other as a linear gradient and the base
potential is increased between pulses by the equivalent magnitude (Figure7). The pulse
potential (Epyjse)and step potential(Egep) are kept constant, and the pulse time(tpuise) is much shorter
than that of between pulses (ti=tj,; — tpuse)- The background current is significantly reduced by
measuring the current before the next pulse and the current difference(At = t, — t,) is calculated at the
end of each pulse. The main advantage of this technique is high sensitivity with low capacitive current.
On the other hand, the analysis time is longer than other pulse techniques [24]. In terms of analysis for
organic compounds using mercury-drop electrodes, DPV gives a better response than normal pulse
voltammetry (NPV) because the remaining capacitive current is subtracted in the differential waveform.
Moreover, the differential pulse waveform mitigates the current signal influence caused by adsorption

on solid electrodes by treating differently the application of the constant pulses before and after [17].

t. . = Estep
= M Scanrate -
=i <
c
2
g Scan
tPuIse
Epuisé
i
E.S‘tep
Time Eindex

Figure 7. Differential pulse voltammetry(DPV) (a)Potential-time waveform and (b)current-potential response

3.7. Normal pulse voltammetry (NPV)

Normal pulse voltammetry (NPV) is a pulse voltammetric technique that a certain step potential added

on top of the preceding pulse potential forms rectangular potential pulses(E,) based on the initial
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potential (Figure 8). Each pulse potential is applied for a constant pulse time (tp,se) and in between
each pulse, the potential returns to the constant baseline potential, and the next pulse potential as high
as the step potential added to the prior potential is applied. The baseline potential (Eg,se) 1s smaller
than the potential that oxidation or reduction reaction of analytes can occur. The baseline potential is
mainly attributed to the DC offset located in the limiting current region of a prior oxidation/reduction

reaction, by which the preceding wave is negligible in the pulse current [25].

As a common advantage for pulse voltammetric techniques, a higher faradaic current is detectable in
comparison to potential sweep voltammetric techniques (CV and LSV) since the current signal is

measured at the end of each applied potential pulse.

In this thesis, normal pulse voltammetry was not employed. However, differential normal pulse
voltammetric measurements, a derivative technique from normal pulse voltammetry, were performed

to compare the shapes of voltammograms and the clear proportionality to the addition of standard

solution.
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Figure 8. Normal pulse voltammetry (NPV) (a)Potential-time waveform and (b)current-potential response

3.8. Differential normal pulse voltammetry (DNPV)

Differential normal pulse voltammetry (DNPV) is a hybridization of normal pulse and differential
pulse voltammetry combining the advantages of the two techniques (Figure 9). The current difference
is plotted as a function of potential and the current difference is measured before the pulse and at the
end of the pulse. The background current can be subtracted to consider the faradaic current entirely for
analysis since background capacitive currents are constant. The essential pulse waveform shape of
DNPV is equal to the normal pulse voltammetry (NPV) waveform where there is a double potential

step is applied in each wave pulse and turns back to the constant base potential at the end of each pulse
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[26]. It is advantageous in terms of adsorption problems compared to differential pulse voltammetry

[17].

EModuIatitm

Estep i
£, = Ster E
int = Scanrate Ste

—

Egas Sa
samp|&erfiod
Peri “* tModuiation

Elnitia[ tNormal Pulse

Potential

Time

Figure 9. Differential normal pulse voltammetry (DNPV) Potential-time waveform

4. Experimental procedure

4.1. Chemicals

Dimethyl sulfoxide (DMSO, > 99.9 %) was purchased from Honeywell (Charlotte, North Carolina,
USA). Betulinic acid (= 97.0 %) and oleanolic acid (= 97 %), tetrahydrofuran (THF, > 99.5 %), and
anhydrous acetonitrile (ACN, 99.8 %) were obtained from Sigma Aldrich (St Louis, MO, USA).
Betulin (> 97 %) and stearic acid (> 97 %) model compounds were provided by UPM. Bis(2-
ethylhexyl) sebacate, tetradodecylammonium tetrakis (4-chlorophenyl) borate, 2-nitrophenyl octyl
ether, tridodecylmethylammonium chloride was acquired from Honeywell (Charlotte, North Carolina,
USA). Potassium tetrakis [3,5-bis(trifluoromethyl)phenyl] borate was obtained from Sigma Aldrich (St
Louis, MO, USA). Ethanol (Etax 94.0 %, Altia Oyj, Rajamiki, Finland) was used as a solvent to
prepare the standard solution for principal component analysis of potentiometric measurements.
Another ethanol (Ethanol> 96 %, TechniSolv®, pure) was obtained from VWR chemicals (Radnor,
Pennsylvania, USA). The ethanol was used for the preparation of electrolytes and standard solution for
preliminary qualitative potentiometric measurements. Sodium hydroxide (= 97.0 %),
tris(hydroxymethyl)aminomethane (> 99.8 %), tetrabutylammonium hexafluorophosphate (98 %), and
potassium chloride (KCl, > 99 %) were obtained from Sigma-Aldrich (St Louis, MO, USA).
Hydrochloric acid 0.1 M standard solution was obtained from Thermo Fisher Scientific (Waltham,

Massachusetts, USA). 0.01 M Pb (NOs3)2 solution was prepared by dissolving lead (II) nitrate
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(Pb(NO3)2, > 99.5 %) obtained from Sigma Aldrich (St Louis, MO, USA). Distilled and deionized
water (ELGA Purelab Ultra; resistivity 18.2 MQ cm) was used to prepare the aqueous electrolyte
solutions and 0.01 M Pb (NO3)2 solution.

4.2. Galvanostatic polymerization of PEDOT(C]) and PEDOT(PSS)

As for electropolymerization, the galvanostatic method was employed to deposit the conducting
polymer PEDOT on the screen-printed electrodes. A constant current was applied between WE and CE
for a certain time to acquire the desired polymerization charge (C). A polymerization solution,
containing 0.01 M 3,4-Ethylenedioxythiophene (EDOT) and 0.1 M Sodium polystyrene sulfonate
(NaPSS) dissolved in deionized water, was prepared for the cationic ion selective electrodes. Another
25 mL volume polymerization solution containing 0.01 M 3,4-Ethylenedioxythiophene (EDOT) as a
monomer with 0.1 M KCl as a supporting electrolyte was prepared for the preparation of anionic ion
selective electrodes. The polymerization solutions wrapped with aluminum foil were stirred overnight
since the solubility of EDOT in water is low. The polymerization solution was purged with N2 gas for
15 minutes and the gas outlet kept above the surface of the solution throughout the experimentation. A
constant current of 0.0000251 A (0.0251 mA) was applied for 710 seconds (C = 17.8 mC). As for
glassy carbon (3 mm diameter) electrodes, typically 0.0141 mA was applied for 710 seconds (10 mC)
was applied. However, a different value of current should be applied considering the area of the
working electrode (diameter) in order to polymerize the conducting polymers (CPs) on screen-printed

electrodes (SPEs).

Current density(j) = /A (Eq. 7)

2
Aspe _ m@mm)  _ 4 7g (Eq. 8)

AGCcE m(1.5mm)?

Ispr = 1.78 x 0.0141mA = 0.0251mA (Eq. 9)

The potentiostat Autolab general-purpose electrochemical system (AUTO30.FRA2-Autolab Eco
Chemie, B.V., The Netherlands) was used with a two-electrode electrochemical cell in which an SPE
was connected as the WE, and a GC rod as the CE to avoid contamination by the supporting electrolytes
in the reference electrodes. After the polymerization was completed, the SPEs were rinsed with water
and the formation of a conducting polymer layer was confirmed by cyclic voltammetry. Subsequently,

the electrodes were kept in 0.01 M KCl conditioning solution for at least 24 hours.
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4.3. Cyclic voltammetric measurements

Cyclic voltammograms were recorded to confirm the cleanliness of polished GC electrodes and the
deposition of conducting polymer layer on screen-printed carbon electrodes. The measurements were
performed in a three-electrochemical cell by the Autolab general-purpose electrochemical system. A
Metrohm single junction electrode Ag/AgCl/3 M KCl was used as RE and a GC rod was connected as
CE. A PVC-mounted glassy carbon electrode was connected to WE in 0.1 M KCl electrolyte. The open
circuit potential was set as the start potential and the potential range was —0.5 V to 0.5 V with the scan
rate of 0.1 V/s (3 cycles). The 0.1 M KCI solution was purged with N2 for 15 minutes, and the gas

outlet was kept above the electrolyte throughout the measurements.

4.4. Fabrication of cationic, anionic, and neutral solid-contact ISEs

As shown in Figure 10, screen-printed carbon electrodes were used to fabricate the cationic, anionic,
and neutral ion-selective electrodes due to their simplicity of preparation without polishing step, being
low-cost, and disposable. These properties are important for preparing numerous ISEs without
ionophores since the ionic selective membrane based on lipophilic salts loses its selectivity within a
short period compared to ion-selective membranes based on ionophores. The ion-selective membrane
without an ionophore is more likely to be leached into an aqueous phase because the ionophore is
complexed with counter ions, which results in less concentration of them in the solution and gives more

hydrophobicity [13].

(.) _» Working Electrode(WE)

} l,-WE connection

in

Figure 10. Screen-printed Carbon Electrodes ref. C110, Metrohm DropSens, Oviedo, Spain,
Ceramic substrate: L33 x W10 x H0.5 mm/ Working electrode: Carbon (4 mm diameter) [9]

When betulin is dissolved in ethanol and introduced into a 0.01 M potassium chloride (KCl) solution
with varying ethanol content, it is anticipated to maintain its dissolved state. Ethanol, being a polar
solvent, can effectively solvate betulin by interacting with its polar functional groups. However, in the

presence of KCIl, the interaction between ethanol and betulin can be affected as ethanol molecules
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surrounding betulin undergo ionization or dissociation. The polar nature of the KCl solution can disrupt
the ethanol-betulin interactions, potentially leading to the formation of betulin ions. However, the
specific form of betulin in the KCI solution is unidentified and it is influenced by various factors such
as pH, concentration, and temperature. lonized betulin or a neutral form of betulin can generate

potential responses by a set of anionic, cationic, and neutral ISEs.

Five SPEs with Carbon/PEDOT: PSS and five SPEs with Carbon/PEDOT: Cl were rinsed with water
and they were dried for at least 24 hours before drop-casting the ion-selective membranes. The ISM
with the composition shown in Table 1-5 was drop-casted on the corresponding screen-printed
electrodes. A total 5S0uL ISM cocktail was drop-casted with reference to the ideal working volume [27].
A 25 uL of ISM cocktail was drop-casted first and dried for approximately 15 minutes. An additional
25 pL of ISM cocktail was drop-casted and dried for 48 hours while being covered with a glass
container to protect them from contaminants. The fully dried electrodes were kept in 0.01 M KCl

conditioning solution for at least 24 hours before further measurements.

Solid contact ISEs with cationic ion-selective membranes were prepared by drop-casting the ISM
cocktails on PEDOT(PSS) solid contact. The cationic ISM cocktails (dry mass 14.9 %) were prepared
by dissolving the compounds in 1.5 mL THF (Table 1 and 2).

Table 1. Dry mass composition of PVC-based cationic ISM cocktails using DOS as plasticizer

Dry membrane Model 1a Model 1b
components wt. (%) mass (g) wt. (%) mass (g)
Valinomycin 0.00% 0.0000 0.0000 0.0000

KTFPB 0.52% 0.0012 0.52% 0.0012
ETH-500 1.03% 0.0024 0.00% 0.0000
DOS 65.62% 0.1527 66.30% 0.1527
PVC 32.83% 0.0764 33.17% 0.0764
Total 100.00% 0.2327 100.00% 0.2303

Table 2. Dry mass composition of PVC-based cationic ISM cocktails using oNPOE as plasticizer

Dry membrane Model 2a Model 2b
components wt. (%) mass (g) wt. (%) mass (g)
Valinomycin 0.00% 0.0000 0.00% 0.0000

KTFPB 0.52% 0.0012 0.52% 0.0012
ETH-500 1.03% 0.0024 0.00% 0.0000
oNPOE 65.62% 0.1527 66.30% 0.1527

PVC 32.83% 0.0764 33.17% 0.0764
Total 100.00% 0.2327 100.00% 0.2303
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Solid contact ISEs with anionic ion-selective membranes were prepared by drop-casting the ISM on
PEDOT(CI) layer. The anionic ISM cocktails (dry mass 15.2 %) were prepared by dissolving the
compounds in 2.0 mL THF (Table 3 and 4).

Table 3. Dry mass composition of PVC-based anionic ISM cocktails using DOS plasticizer

Dry membrane Model 3a Model 3b
components wt. (%) mass (g) wt. (%) mass (g)
TDMACI 1.16% 0.0037 1.20% 0.0037
ETH-500 3.14% 0.0100 0.00% 0.0000
DOS 62.75% 0.2000 64.79% 0.2000
PVC 32.95% 0.1050 34.01% 0.1050
Total 100.00% 0.3187 100.00% 0.3087

Table 4. Dry mass composition of PVC-based anionic ISM cocktails using oNPOE plasticizer

Dry membrane Model 4a Model 4b
components wt. (%) mass (g) wt. (%) mass (g)
TDMACI 1.16% 0.0037 1.20% 0.0037
ETH-500 3.14% 0.0100 0.00% 0.0000
oNPOE 62.75% 0.2000 64.79% 0.2000
PVvC 32.95% 0.1050 34.01% 0.1050
Total 100.00% 0.3187 100.00% 0.3087

Solid contact ISEs with neutral ion-selective membranes were prepared by drop-casting the ISM on
PEDOT(Cl) and PEDOT(PSS). The neutral ISM cocktails (dry mass 15.1 %) were prepared by
dissolving the compounds in 2.0 mL THF (Table 5). In this thesis, the term “neutral ISEs” means that

they contain neither KTFPB nor TDMACI that makes them non-permselective to cations or anions.

Table 5. Dry mass composition of PVC-based neutral ISM cocktails using DOS or oNPOE as plasticizer

Dry membrane Model 5a Model 5b
components wt. (%) mass (g) wt. (%) mass (g)
ETH-500 3.17% 0.010 3.17% 0.010
DOS for 53/ 63.49% 0.200 63.49% 0.200
oNPOE for 5b
PVvC 33.33% 0.105 33.33% 0.105
Total 100.00% 0.315 100.00% 0.315
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4.5. Potentiometric measurements

Potentiometric measurements were performed using a 16 channel multi-voltmeter (Lawson Labs. Inc.,
Malvern, PA, USA). The prepared four cationic, four anionic, and two neutral ion selective electrodes
were calibrated with a sequential dilution by using a Metrohm Dosino 700 pump. Two electrode set-
up was employed where Ag/AgCl/3 M KCI/1 M LiOAc was used as RE and ten ISEs (four cationic,
four anionic, and two neutral ISEs) were connected to the WE channel. A 50 mL 0.1 M KCl solution
was diluted down to 107 M KCl by sucking 45 mL from the previous solution and filling up with the
same volume of DI water during each dilution step. The potential was stabilized for 5 minutes between
every dilution step. The activity coefficients of K" (rx+) and CI" (r,-) measured in the concentration
of 107! to 10° M were computed by using the Debye-Hiickel equation to calculate the activity of
potassium(ag+) and chloride ions(a.;-). The logarithm value of activity formed the x-axis of the
calibration curve and the five last stable potential values before the dilution step were averaged to

construct the y-axis of the calibration curve.

The stock solution of betulin and stearic acid was prepared considering the solubility of betulin and
stearic acid in ethanol, 0.5 mg/mL and 10 mg/mL, respectively. 0.0125 g of betulin was dissolved in
ethanol 25 mL and 0.2500 g of stearic acid was dissolved in ethanol 25 mL. They are ultra-sonicated
until they are completely dissolved. 5 % (w/w) ethanol, 10 % (w/w) ethanol, 15 % (w/w) ethanol, and
20% (w/w) ethanol in 0.01 M KCl were prepared respectively as electrolytes. First, 50 mL of 5 % (w/w)
ethanol in 0.01 M KCI solution was transferred to a measuring cell and the potential response was
measured under two electrode set-ups, Ag/AgCl/3 M KCI/1 M LiOAc as RE and 10 ISEs (four cationic,
four anionic, and two neutral ISEs) as WEs. Subsequently, the potential response was recorded by the
standard addition method. 1 mL of the stock solution was added into 5 % (w/w) ethanol in 0.01 M KCI
successively up to 5 mL. After each 1 mL addition of stock solution, the electrolyte was stirred for 1
min and the potential was left to be stabilized for 5 minutes. The five stable potential was averaged to
construct the y-axis of the calibration curve and the final concentration of the standard was computed
to form the x-axis of the calibration curve. The identical procedure was applied to 10 % (w/w) ethanol,

15 % (w/w) ethanol, and 20 % (w/w) ethanol in 0.01 M KClI electrolyte.

Based on the obtained results, a multi-dimensional calibration approach was employed to explore the
correlation between the response of the prepared ion-selective electrodes (ISEs) and the analytes. Three
distinct classes of electrolytes were prepared for this investigation. Class 1 consisted of 5 % (w/w)
ethanol in 0.01 M KCl solution, class 2 comprised 0.01 M KCI solution, and class 3 consisted of 5 %
(w/w) ethanol in 0.01 M KCI supplemented with 1 mL of betulin stock solution. A total of eight
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potentiometric measurements were conducted for each class, with five measurements designated as
training sets and three measurements treated as samples. This procedure was repeated for all three
classes, resulting in a total of 24 measurements. To ensure measurement accuracy, a stabilization time

of five minutes was allowed for each individual measurement.

4.6. Glassy carbon electrode preparation

Glassy carbon electrodes mounted by PVC cylinder were polished by sandpapers 1000, 2500, and
4000 using Grinder (Buehler Metaserv 3000 Grinder polisher, Buehler, USA). Successively, the GC
electrodes were polished using the diamond paste (15 pm, 9 um, 3 um, and 1 pm) on a DP-Plan cloth,
and then the diamond paste was wiped with ethanol wetted Kimtech wipes. Additionally, the electrodes
were polished with 0.3 um alumina slurry, followed by a water wetted DP-Nap cloth. As a last step,
they were ultra-sonicated for 5 minutes in ethanol and water, respectively. To confirm the cleanliness

of the GC electrodes, cyclic voltammograms were recorded as demonstrated in the section 4.3.

The glassy carbon electrode was polished before every square wave voltammetric measurements using
0.3 um alumina slurry on a DP-Nap cloth to remove residual substances on the surface. Afterwards,

the electrode was rinsed with ethanol and water thoroughly, and wiped with a Kimtech wipe.

4.7. Square Wave voltammetric measurements

Square wave voltammograms were recorded in the scan range from —1.0 V to 1.7 V in Tris-HCI
buffer (pH 7.4) and NaOH 0.2 M both containing 7.5 x 10° M Pb(NO3),. The supporting electrolyte
was prepared in a manner that 75 pL of Pb(NO;), was transferred to a 10 mL volumetric flask and the
rest was filled up to the mark. 10 mL of the supporting electrolyte was transferred to a three-
electrochemical cell in which Ag/AgCl1/3 M KCl/3 M KCl, a glassy carbon electrode mounted in PVC
cylinder, and a glassy carbon rod were used as RE, WE, and CE, respectively. The experimental
parameter for amplitude and frequency was 50 mV and 200 Hz, correspondingly. The step potential
was set as 2 mV; accordingly, the scan rate was 0.4 V/s. As a pretreatment step, 0.5 V conditioning
potential was applied for 30 seconds to remove the lead film remaining from the preceding
measurement, and at —1.0V, the lead film was deposited on the electrode by reduction and the analyte
was accumulated simultaneously for 30 seconds. The solution was stirred throughout the cleaning and

pre-concentration step, and it was followed by an equilibrium step at —1.0 V for 5 seconds during
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which the stirring was stopped. The scan was initiated from the deposition potential at —1.0 V towards
the anodic direction. All measurements were carried out without deaeration. Experimental
investigations were conducted on betulin and betulinic acid under both unpurged and purged with
nitrogen in the electrochemical cells. The outcomes of these investigations are presented in Figures D-
1 and D-2 (Appendix D). In addition, the GC electrodes were not polished between the measurements

because this can affect the sensitivity of the determination [19].

For the square wave voltammetric measurements in 0.2 M NaOH as a supporting electrolyte, the stock
solutions of betulin and betulinic acid (100 mg/L) were prepared by dissolving 0.0025 g of standard in
25 mL Ethanol solvent. The working solution (0.1 mg/L) was prepared by sequential dilution according

to the cited articles [19, 22].

On the other hand, as for the measurements conducted in Tris-HCI buffer (pH 7.4) as a supporting
electrolyte, DMSO was used as a solvent. The standard solutions of betulin, betulinic acid, and
oleanolic acid (5 mM) were prepared by dissolving an appropriate amount in DMSO with reference to
solubility to DMSO and detectable concentration of the analyte according to the article [9]. The stock
solution and working solution containers were tightly closed and kept in the dark covered with tin foil
at around 4 °C. betulin, oleanolic acid stock solutions were prepared in a 2 mL volume, and betulinic
acid in a 1 mL volume considering the stability and availability of the standard materials in the chemical

storage. The prepared solutions were stored under inert gas to protect them from oxidation.

4.8. Differential pulse voltammetric (DPV) measurements

Differential pulse voltammograms were registered in the scan range from —1.0 V to 2.4 V in TBAPFs
containing 7.5 X 105 M Pb(NO3),. The non-aqueous supporting electrolyte was selected considering
an advantage of a wider electrochemical potential window and the possible water electrolysis at a high
potential when using an aqueous electrolyte. 75 pL volume of 0.01 M Pb (NO3)2 solution was placed
in a 10 mL volumetric flask, and the rest was filled up with 0.1 M TBAPF¢ prepared in anhydrous
acetonitrile. The supporting electrolyte was transferred to a three-electrochemical cell in which a
Ag/AgCl wire electrode, a Pt wire, and a PVC-mounted GC electrode were connected as RE, CE, and
WE, respectively. The step potential was set as 0.015 V and the interval time was 0.3 s, accordingly,
the scan rate was 50 mV/s. The modulation amplitude was 50 mV and the modulation time was 0.05 s.
The identical pretreatment step with the SWV measurements was applied to the DPV measurements.

A 0.5 V conditioning potential was applied for 30 seconds to remove the lead film remaining from the
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preceding measurements, and at —1.0 V, the lead film was deposited on the electrode by reduction and
the analyte was accumulated simultaneously for 30 seconds. The solution was stirred throughout the
cleaning and pre-concentration step, and it was followed by an equilibrium step at —1.0 V for 5 seconds
during which the stirring was stopped. The scan was initiated from the deposition potential at -1.0V

towards the anodic direction.

Differential pulse voltammograms without the pre-treatment step were also recorded to investigate the
influence of adsorption on sensitivity and the formation of the lead film on the GC electrode surface in
a non-aqueous solution. They are registered from —1.0 V to 2.4 V with identical experimental
parameters but without the pre-treatment step. All measurements were carried out in undeaerated
solutions under ambient conditions considering the redox potential of dissolved oxygen in air saturated
ACN/H:20 mixture and the negligible diffusion coefficients of oxygen and superoxide radical anion in

acetonitrile [28].

The standard stock solution (SmM) was prepared for the measurements. Additionally, considering the
high signals of the peak current, 0.5 mM and 0.05 mM of the standard working solution was prepared
by diluting the stock solution.

4.9. Differential normal pulse voltammetric measurements

To compare the sensitivity of the voltammetric methods under investigation, differential normal pulse
voltammetric measurements were conducted. The differential normal pulse voltammograms were
recorded using the same procedure as SWV and DPV. Specifically, a 75 pL volume of a 0.01 M Pb
(NOs3)2 solution was transferred into a 10mL volumetric flask, and the remaining volume was filled
with either 0.1M TBAPFs or Tris-HCI buffer (pH 7.4). The scan range for Tris-HCI buffer at pH 7.4
was set from —1.2 V to 2.0 V, while for 0.1M TBAPFs, it was set from —1.2 V to 2.4 V. The broad
scan range was selected to observe the redox peaks effectively. The step potential and interval time
were set to 0.015 V and 0.3 s, respectively, resulting in a scan rate of 50mV/s. The modulation
amplitude was fixed at 25 mV, with both the normal pulse time and modulation time set to 0.025s.
Prior to initiating the scan from —1.2 V, the GC electrode was cleaned at 0.5 V, followed by the
deposition of the lead film and the analyte at —1.0 V. During the pre-treatment step, the solution was
stirred, and the stirring was stopped while equilibrium was achieved at —1.2 V for 5 seconds. All
measurements were carried out without deaeration. Following the same procedure as the SWV and

DPV measurements, a standard stock solution with a concentration of 5 mM was prepared. Working
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solutions with concentrations of 0.5 mM and 0.05 mM were obtained by diluting the stock solution.
The results from the differential normal pulse voltammetry are not included in the thesis and can be

found in Figures F-1 and F-2 (Appendix F).

4.10. DPV measurements for the wood pulp samples

Differential pulse voltammetry was employed to analyze the samples. Four sample solutions (Conifer
2, Conifer 4, Betula 3, and Betula 5) were prepared, and analyzed by adding them to the non-aqueous
electrolyte. Conifer 2 and Conifer 4 samples do not contain betulin, while Betula 3 and Betula 5 samples
contain approximately 0.05 mg of betulin in a 1g sample according to the gas chromatography results.
A 1g of the pulp samples were weighed; Betula 3 (1.0149 g), Betula 5 (1.0356 g), Conifer 2 (1.0079
g), and Conifer 4 (1.0162 g). The samples were cut into small pieces and soaked in 10mL DMSO

overnight. Afterwards, they were filtered in glass vessels and stored at 4 C before the analysis. The

total volume of added working solution was 2 uL, 10 puL, 20 uL, 30 uL, 40 uL, and 50 pL.
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5. Results and Discussion
5.1. Potentiometric Ion Sensors

5.1.1. Calibration of SPEs

Calibration using a Metrohm Dosino 700 pump was performed to verify the potential responses of the
prepared ISEs. The calibration curves of 10 ISEs (4 cationic ISEs, 4 anionic ISEs, and 2 neutral ISEs)
were acquired in 107! to 10°°M KClI solution as shown below (Figure 11, Table 6). Each type of SPEs
could not reproduce the comparable slope and the standard potential two months after they were first
prepared. The selectivity towards potassium deteriorated within a short period of time since

tetraphenylborate derivatives, KTFPB is lost rapidly from the membrane compared to the membranes
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Figure 11. Calibration plot of a batch of prepared ISEs for principal component analysis (a)
anionic ISEs (b) cationic ISEs, and (c) neutral ISEs
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containing valinomycin ionophores. The complexation of the cationic counter ion with the ionophore
prevents the lipophilic salt from leaching into the aqueous phase and helps keep it in the organic phase
by lowering the concentration of free counter ions [13]. Thus, a total of three sets of ISEs were
fabricated during this thesis work, and the calibration of each set was carried out before further
investigations. In comparison to the value of the Nernstian slope, 59.2 mV decade™ for monovalent
cation and —59.2 mV decade™! for monovalent anion, their absolute value of the slope was smaller than
the theoretical value. As described in section 2.1, the selectivity towards potassium or chloride ions is
lower than the case where ISMs containing ionophores since ISEs based on ion exchangers are more
selective to hydrophobic ions than hydrophilic ions obeying the Hofmeister series. Also, the interaction
between ISM and ions in a sample is electrostatic-based, thus it is weaker than the ionophore-based
ISEs. It does not fully follow the Nernstian slope, but they were proved to be repeatable over three

batches of ISEs. Thus, the ISEs were used in the succeeding measurements.

Table 6. Potentiometric calibration data for anionic, cationic, and neutral ISEs (Sa= standard deviation, n=3)

Anionic ISE Anionic ISE ::n;;rg;lzlli Anionic ISE
ISE type (PEDOT:CI, DOS, | (PEDOT:CI, DOS) NPOE ET.I-I5,00) (PEDOT:CI,
o ’
ETH500) [3a] [3b] [4a] oNPOE) [4b]
Slope + S ; / mV decade 1 -45.4+0.9 -45.1+1.0 -42.9+4.6 -44.8 +0.3
E°+S,/mV 269.8+1.5 271+8.0 232.2+£58.3 257.7 £ 18.7
ionic ISE
Cationic ISE Cationic ISE Cationic IS Cationic ISE
(PEDOT:PSS,
ISE type (PEDOT:PSS, DOS, |(PEDOT:PSS, DOS) oNPOE, ETHS00) (PEDOT:PSS,
ETH500) [1a] [1b] ['Za] oNPOE) [2b]
Slope + S ; / mV decade 46.8+1.6 42.0+5.8 473+1.8 459+7.4
E°+S,/mV 231.2+5.1 237.2+28.8 205.0+9.9 243.1+20.1
Neutral ISE (l::;tor:-I;SSIZ
ISE type (PEDOT:CI, DOS, oNPOE E';'HS(;O)
ETH 500) [5a !
) [5a] [5b]
Slope +S ; / mV decade ™ 0.1+6.8 -14+81
E°+S,/mVv 302.6 £ 76.5 214.8 +33.3

Also, two additional neutral ISEs were prepared for chemometric data treatment to observe if a
different supporting electrolyte in conducting polymer layer influence on signals (Figure 11). However,
significant correlations were not discovered as demonstrated in section 5.1.4. Thus, they were not
included in the potentiometric measurements to which the standard stock solutions were added, but

they were involved in the multi-dimensional calibration for principal component analysis.
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5.1.2. Potentiometric response to the model compounds

The mechanism of response of ISE to betulin and stearic acid is unknown, due to the lack of literature

data. The solubility of betulin and stearic acid in water is very low. For betulin, it is 0.00032 g/L(7.23 X
1077 mol/L) [29] and for stearic acid, it is 0.00029 g/100 g (20 °C) [30], equivalent to 0.0029 g/L and
1.02 x 1075 mol/L. Solubility in ethanol for betulin is 0.0195 mol/kg (298.2 K, 25.05 °C) [31], equal
to 6.81 g/L and 0.0154 mol/L . Solubility in ethanol for stearic acid is 2.25 g/100 g (20 °C) [30], which
can be approximately equivalent to 17.76 g/L and 0.062 mol/L. These compounds are also very
lipophilic, log P for betulin and stearic acid is 5.34 [29] and 8.02 [32], respectively.

Stearic acid exhibits an amphipathic nature due to the presence of a hydrophobic chain comprising 18
carbon atoms at one end and a hydrophilic carboxyl group at the other end. Stearic acid is a weak acid
(pKa = 4.5), it can exist in the undissociated (neutral) or dissociated (anionic) form depending on the
pH. Therefore, it can cause the cationic or anionic answer of ISEs. Betulin is a neutral compound, but
it is an alcohol. Tsukatani and Toko [33] proposed a method for ethanol sensing using chloride
polymeric ion-selective electrodes with different plasiticizers (0NPOE and n-decylalcohol (DA)). The
chemometric approach was used in this thesis to study the possibility of differentiating samples with
and without the presence of model compounds, without elucidating ISE response mechanism to these

substances.

Betulin

Potentiometric measurements were conducted to investigate the responses of different ion-selective
electrodes to the addition of betulin. Figure 12 presents the answers of ion-selective electrodes to the

increasing concentration of betulin.
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Figure 12. Potential responses of the cationic, anionic, and neutral ISEs to the increasing concentration of betulin



The effects of adding betulin stock solution to 0.01 M KCl solution with varying concentrations of
ethanol have not been previously reported, making it challenging to infer potential reactions.
Nevertheless, through careful analysis of the obtained results and subsequent multi-dimensional
calibrations in section 5.1.4, correlations for the recognition of betulin on each type of ion-selective
electrode were established. Therefore, these experimental results are the foundation for progressing
multi-dimensional calibrations with chemometric data analysis techniques. A concentration of 5 %
(w/w) ethanol was selected for subsequent measurements to allow multi-dimensional calibration,

considering the observed slope of potential changes.

Stearic acid

The equivalent measurement by the addition of stearic acid was conducted to interpret the responses

of ISEs with varying compositions of ISMs to the increasing concentration of stearic acid (Figure 13).
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Figurel3. Potential responses of the cationic, anionic, and neutral ISEs to the increasing concentration of stearic acid

Stearic acid is a weak acid with the acid dissociation constant of 4.50 [34]. Therefore, it will exist in

the solution predominantly in the acidic form. On the other hand, if the pH of the solution is adjusted

to pH 7.0 for example, then based on the Henderson-Hasselbalch Equation, pH = pKa+ log ([A]/[HA]),

stearic acid is predominantly present in its anionic form. Unlike the addition of betulin, a precipitate
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started to form after the stock solution was first added (1 mL). As demonstrated in Figure 14, the
precipitate adhered to the membrane surface. As shown in Table 7,8 and Table 9,10 (Appendix B), the
slope of the calibration curve became worse after the potentiometric measurement with stearic acid

addition compared to the slope of cationic and neutral ISEs.

Table 7. Potentiometric calibration data for anionic ISEs before the Stearic acid stock solution addition

Anionic ISE L. Anionic ISE L.
(PEDOT:CI, ';\:E'gr;;'zf (PEDOT:CI, :)"I;;'g;_lcsf
DOS, ETHS00) | 0 cra oNPOE, oNPOE) [4b]
[3a] ETH500) [4a]
Slope -44.30 -44.19 -44.72 -44.58
Intercept 271.01 277.63 271.24 275.24
R? 0.996 0.995 0.994 0.994

Table 8. Potentiometric calibration data for anionic ISEs after the Stearic acid stock solution addition

Anionic ISE Anionic ISE Anionic ISE Anionic ISE
(PEDOT:CI, (PEDOT:CI,
(PEDOT:CI, (PEDOT:CI,
DOS, ETH500) DOS) [3b] oNPOE, oNPOE) [4b]
[3a] ETH500) [4a]
Slope -2.49 -6.66 -14.79 -24.88
Intercept 215.19 208.69 173.07 164.11
R? 0.306 0.564 0.827 0.929

Figure 14. The precipitate by the introduction of stearic acid adhered to the membrane

Based on the partition coefficient, it can be comprehended that stearic acid adhered to the membrane,
leading to a higher probability of hindering the sensitivity of potentiometric sensors. The partition
coefficient, denoted as K, the equilibrium concentration ratio ([C organic]/[C water]) between an organic
medium and an aqueous medium, serves as a quantitative measure of the organic compound's
hydrophilicity or hydrophobicity [35]. Due to the structural differences between stearic acid and
betulin, stearic acid is more hydrophobic than betulin, having a higher partition coefficient, thus it
interacts more with lipophilic ion exchangers. In addition, stearic acid can be incorporated into the ion-

selective membranes to assist the complexation of potassium ions in the mixture with valinomycin by
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taking advantage of the stable formation of potassium stearate [36]. As a result, the examination of
potentiometric sensors for the determination of stearic acid was excluded from the scope of this thesis.
In future investigations concerning stearic acid determination, it is worth considering the utilization of
cationic and neutral ion-selective electrodes (ISEs) instead of anionic ISEs to mitigate issues related to
irreversibility caused by stearate adherence to anionic ion-selective membranes. However, the
formation of precipitates presents challenges in terms of attaining accurate analysis. Consequently, the

exploration of alternative electrolytes devoid of salts could be recommended.

5.1.4. Principal component analysis

The principal component analysis is intended to reduce the data dimensions, and its acceptable level
depends on the application. In this thesis, the principal component analysis is applied for the simulation
aimed at qualitative analysis for betulin. Three classes of electrolytes in three discrete glass vessels
were prepared: class 1 holding 5% w/w ethanol in 0.01 M KCI, class 2 containing 0.01 M KCl, and
class 3 containing 0.01 g/L betulin in 5% w/w ethanol in 0.01 M KCl. 12 ISEs (4 Anionic ISEs, 4
Cationic ISEs, and 4 neutral ISEs) were connected to 16 channel multi-voltmeter (Lawson Labs. Inc.,
Malvern, PA, USA). The potential was measured in random order. Each class was measured 8 times
among which 5 times determination was considered as training, and 3 times were treated as simulation
for sample analysis. As a general overview to identify the potential differences by each class, Figure

15 presents the averaged potentials and standard deviations.
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Anionic P Anionic — Cationic Catlonic allsc;nlc Cationic | Neutral e|:Era Neutral | Neutral
ISE IISE I ISE IISE I ISE IISE I (PEDOT:P ISE ISE (PEDOT:P ISE ISE
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Figure 15. The measured potentials and their standard deviation (sa) n=8

The principal components are denoted in descending order in which PC1 demonstrates the most
deviation in data and PC2 is the second variation in the data. For instance, by looking at the first two
components, the extent of variation in most of the data can be understood. The column shows the
eigenvalue, and the plotted line represents cumulative variation of percentage [37]. As shown in Figure
16, the first two principal components explain 81.17 % of the variation in the data, which means 18.83
% of the data is missing if the data is characterized in a dimensional chart. Likewise, three-dimensional
charts can describe 93.24 % variance of the data. The multi-dimensional charts (Figure 17 and Figure
C-1, Fugure C-2 in Appendix C) proved that the samples could recognize the corresponding classes

correctly and the two-dimensional charts are sufficient for qualitative analysis purposes.
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Multi-dimensional Calibration of 12 ISEs
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Figure 16. Scree plot, eigenvalues of the principal components by 12 ISEs
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Figure 17. Two-dimensional PCA charts (a) Three classes without samples, (b) Sample 1 recognition to the 1st

class, (c) Sample 2 recognition to the 2nd class, and (d) Sample 3 recognition to the 3rd class

Exclusion of the potentiometric responses of the neutral ISEs resulted in two first principal components

reaching 95.89 % as shown in Figure 18 and more accurate sample classification as described in Figure

19 for the two-dimensional PCA chart, Figure C-3, Figure C-4 in Appendix C for the three-dimensional

PCA chart. The cationic and anionic ISE responses to the class 3 containing betulin show a better

correlation than those with neutral ISEs based on the potentiometric measurements shown in Figure 12

and Appendix A. Consequently, it is suitable to use the data of all 12 ISEs for qualitative analysis and

description of the data with two-dimensional charts, and 8 ISEs (cationic and anionic ISEs) can be used

for further studies.
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Multi-dimensional Calibration of Cationic & Anionic ISEs
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Figure 18. Scree plot, eigenvalues of the principal components by cationic and anionic ISEs
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Figure 19. Two-dimensional PCA charts

(a) Three classes without samples, (b) Sample recognition simulation to the corresponding classes
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5.2. Voltammetric measurements

5.2.1. SWV measurements in aqueous media

Alkaline media

Regarding the electrochemical determination of pentacyclic triterpenes in wood extractives, there is a
scarcity of data in the existing literature. However, in earlier studies by Tyszczuk-Rotko et al. [19, 22],
betulinic acid and oleanolic acid were determined by voltammetric method at lead film electrode in a
solution of sodium hydroxide as a supporting electrolyte. The linearity range determined in the earlier
work [19] was from 0.02 pg/L to 0.5 pg/L with a limit of detection equal to 0.009 ng/L. Notably, the
oxidation signal of oleanolic acid displayed proportionality to its concentration, ranging from 0.02 ng/L
to 3.0 ng/L, with detection and quantification limits of 0.0075 ng/L and 0.025 ng/L, respectively [22].
These promising outcomes from the aforementioned studies served as the foundation for the

investigation in this thesis.

The square wave voltammetric (SWV) measurements were carried out in 0.02 M and 0.2 M NaOH
electrolytes. The proposed concentration for NaOH supporting electrolyte used in the SWV
determination of betulinic acid is 0.02 M NaOH [19]. However, 0.2 M NaOH solution was used as a
supporting electrolyte for further experiments due to lack of responses by addition of the working
solution and unstable current signals acquired in 0.02 M NaOH. Furthermore, a higher current signal

was observed in 0.2 M NaOH as reported in the cited article [22].

The total volume of added working solution was 2 pL, 10 uL, 20 puL, 30 uL, 40 uL, and 50 pL. The
data were processed in a way that the background current signals were subtracted from the succeeding
current signals, and the starting point was fixed to 0 pA by deducting the initial current value from the
rest. The background capacitive current signal was subtracted during data treatment. The current
responses were proportional to the addition of the betulinic acid and betulin working solution (0.1
mg/L). However, the current responses were also in proportion to the addition of blank Ethanol solvent
that was used in earlier works [19, 22]. The results showed that the current signals were not due to the

analytes, but mostly attributed to the solvent itself (Figure 20).
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Figure 20. Square wave voltammograms obtained at the lead film electrode in 0.2 M NaOH solution containing
7.5 x 107> M Pb(NOs3)? with the working solution addition, (a) Betulinic acid, (b) Betulin, (c) Ethanol blank, and

(d) Calibration curve of peak current signals
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Figure 21. Square wave voltammograms obtained at the lead film electrode in 0.2 M NaOH solution
containing 7.5 X 10-5M Pb(NO3)? with adjusted added volume of the working solution(1 mg/L), (a)
Ethanol, and (b) Betulinic acid

To mitigate the influence from solvents and enhance the responses to the analytes, 10 times more
concentrated working solution was prepared. The final concentration of the analytes remained
unchanged, but the added volume of working solution was adjusted. A 1 mg/L working solution was
prepared by 100 times dilution of 100 mg/L stock solution. The total volume of added 1 mg/L working
solution was 0.2 uL, 1.0 puL, 2.0 uL, 3.0 uL, 4.0 pL, and 5.0 pL.. The experimental results showed that
the peak current of ethanol blank was more significant than that of betulinic acid (Figure 21). Also, the
current signals increased depending upon the added volume of ethanol, whereas the peak current of

betulinic acid was not completely proportional to the added volume.

The initial stock solution was prepared with a concentration of 100 mg/L, maintaining a molar ratio of
ethanol to betulinic acid at 1.26x10°. Subsequently, the working solution was prepared through
sequential dilution. The first working solution was obtained by diluting the stock solution 100 times,
resulting in a concentration of 1.0 mg/L. The second working solution, derived from the first working
solution, was further diluted 10 times, yielding a concentration of 0.1 mg/L. Consequently, the molar
ratios of ethanol to betulinic acid in the first and the second working solution were calculated to be
1.26x107 and 1.26x108, respectively. Considering the recommended stock solution concentrations
mentioned in the articles [19, 22], ethanol was found to inevitably influence the current signals. This
is problematic since the concentration of betulinic acid and betulin in wood pulp is certainly low (0.03
mg/g up to 0.13 mg/g). For the purpose of quantitative analysis of betulinic acid and betulin in samples,
the concentration of the working solution should be as low as possible. As a result, a major influence
from the solvent is unavoidable in this experimental setup. Therefore, the stock solutions were not
prepared in ethanol as a solvent for further measurements. Based on the experimental results above,
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other organic solvents for the preparation of standard solution were selected considering the solubility
of pentacyclic triterpenes, water miscibility, and the redox potential of the organic solvent [38]. The
selected candidates were methanol, acetone, DMF, and DMSO. However, these solvents also turned

out to be oxidized at 1.35V in 0.2 M NaOH supporting electrolytes (Figure D-3 in Appendix D).

Neutral media

Square wave voltammograms (SWV) were registered in Tris-HCI buffer (pH 7.4) as a supporting
electrolyte. The stock solutions were prepared in DMSO as a solvent due to non-toxicity, wider
electrochemical redox potential window, and high solubility of pentacyclic triterpenes. The
measurements in 0.2 M NaOH as a supporting electrolyte with Ag/AgCl as a RE have a drawback since
there is a possibility of forming silver oxide (Ag20) ultimately. Thus, a double junction Ag/AgCl/ 3 M
KCl1/3 M KCI was utilized as the RE in alkaline media to avoid direct contact between the AgCl and
alkaline electrolyte. In that sense, Tris-HCI buffer (pH 7.4) has an advantage over alkaline media. As
a derivative method of the cyclic voltammetry with Ct-(ds) DNA reported in the cited article [9], square
wave voltammograms with the lead film in Tris-HCI (pH 7.4) buffer were recorded (Figure 22).
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Figure 22. Square wave voltammograms (a) DMSO addition in Tris-HCI buffer (pH 7.4)
(b) Betulin stock solution (5 mM) addition in Tris-HCI buffer (pH 7.4)
(¢) BA stock solution (5 mM) addition in Tris-HCI buffer (pH 7.4)

(d) OA stock solution (5 mM) addition in Tris-HCI buffer (pH 7.4)

The background response (0 uL or 0.00 uM in the voltammograms) was subtracted to isolate the

faradaic processes by the analytes from the rest (Figure 23).
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(b) Betulin stock solution (5 mM) addition in Tris-HCI buffer (pH 7.4)
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As the stock solution was added consecutively, the current signals increased proportionally at
approximately 1.6 V. To reach down to the concentration of pentacyclic triterpenes in wood pulp
extractives, 10 times lower concentration of the working solution was prepared, and the identical

procedure of addition was carried out.
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Figure 24. Square wave voltammograms by betulin working solution (0.5 mM)
addition in Tris-HCI buffer (pH 7.4) (a) without the background current
subtraction, (b) with the background current subtraction

As demonstrated in Figure 24, the oxidation peaks were attributed to the lead film and DMSO when
the betulin working solution (0.5 mM) was added. The peaks at 1.6 V were not detectable compared to
the results in Figure 23. Thus, the square wave voltammetric measurements were not proceeded with

much lower concentrations of pentacyclic triterpenes.

5.2.2. DPV measurements in non-aqueous media

Without pretreatment step

Differential pulse voltammograms were recorded in TBAPF¢ 0.1 M prepared in anhydrous acetonitrile
(Figure 25). Non-aqueous electrolyte is beneficial in terms of a wider electrochemical range.
Acetonitrile barely undergoes solvent decomposition as well as side reactions compared to aqueous
media due to its higher breakdown voltage, and organic molecules are easily soluble in acetonitrile.
DPV measurements without pretreatment step were carried out first to confirm the necessity of the lead
film deposition as well as the adsorption of analytes since the cited article [19, 22] claimed that the lead
film deposition is achievable in an aqueous condition. Considering the availability of the standard
materials, oleanolic acid was used for measurements since betulin, oleanolic acid, and betulinic acid

are oxidized at the equivalent potential.
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Figure 25. Differential pulse voltammograms (a) OA working solution (0.5 mM) addition in TBAPFs 0.1M

(Acetonitrile)

(b) OA stock solution (5 mM) addition in TBAPFs 0.1M (Acetonitrile)

(c) Calibration curve of OA working solution (0.5 mM) addition in TBAPFs 0.1M (Acetonitrile) and the DMSO blank

(d) Calibration curve of OA stock solution (5 mM) addition in TBAPFs 0.1M (Acetonitrile) and the DMSO blank

The added stock solution volume into a measuring cell was 2 pul, 8 L, 10 puL.,10 pL, 10 pL, and 10

pL. After each addition, the stock solution volume contained in the measuring cell was 2 pL, 10 pL,

20 pL, 30 uL, 40 pL, and 50 pL. As presented in Figure 26, the DPV voltammograms were processed

in a manner that the voltammogram of the background (reagent blank) was subtracted from the rest so

that only the redox behavior of the analyte can be quantified accurately.

42



250 250
(a) i (b)
200 200 4
150 150
g i1
Z 1004 [—out =100
—2pL
—— 2L
—o —
p
504 |[——30uL 504 —ggﬁt
A0pL| 40uL|
— 50pL, 500L
O~k‘“ ) o
T T T T T T T T T T T T
-1.0 -0.5 0.0 05 1.0 15 20 1.0 -05 0.0 05 1.0 15 2.0
E/V E/V

Figure 26. Differential pulse voltammograms (a)Blank DMSO addition in TBAPFs 0.1 M (Acetonitrile)

(b) Data treatment of (a), Subtraction of the first background current signal (0.00 pM, black) from the rest

The calibration curves showed that the signals of the solvent blank reached higher intensity than the
oleanolic acid. The experimental results demonstrated that solvent blank contributed to the current
signal more in lower oleanolic acid concentrations and a higher OA concentration resulted in a lower
current signal. Therefore, the pre-concentration step before the scan was deemed essential due to the
considerable influence of the solvent blank. Also, the analytes could be accumulated on the surface
during the scan, and it could affect the sensitivity of the GC electrode, so the cleaning step was

necessary following the procedure described in section 4.6.
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With pretreatment step

The pretreatment step was performed to resolve the issues that the current peak signals of the
pentacyclic triterpenes are lower than the blank DMSO. Although the oxidation peak of the lead film
was not visible, it was obvious that the analytes contribute more to the current signals at approximately
1.82 V (Appendix E). The peak current signals in the voltammograms were plotted to build the

calibration curves (Figure 27).
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Figure 27. Calibration curves of differential pulse voltammograms by the concentration of added
working solution (a) 0.05 mM, (b) 0.5 mM, and (c¢) 5 mM standard solution

The measurements were conducted by the addition of 5 mM betulin stock solution, 10 times diluted
working solution (0.5 mM), and 100 times diluted working solution (0.05 mM). However, the current
peak signals were not entirely proportional to the analyte concentration. The current peak signals
resulting from the addition of the 5 mM solution and 0.5 mM working solution were similar depending

on the added volume of the solution. However, the peak current signals by the addition of 0.05 mM
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working solution were slightly lower than the addition of the higher concentration working solutions
0.5 mM and 5 mM (Figure 28). As shown in Figures 28a and b, when adding 0.05 mM betulin and
betulinic acid solution, the peak current signals were comparable to those of DMSO blank addition. On
the other hand, as presented in Figure 28c, the current signals by the addition of 0.05 mM OA working
solution showed lower signals than 0.5mM and 5SmM, but higher than those of the blank DMSO.
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Figure 28. Calibration curves vs added volume of the working and stock solution (a)Betulin, (b)Betulinic acid,
and (c) Oleanolic acid

This problem might be caused by diffusion limitations, and the analyte molecules had trouble reaching
the GC electrode due to repetitive pretreatment on the GCE in combination with the lead film. One of
the disadvantages of employing differential pulse voltammetry is to block the electrode surface, which
diminishes the sensitivity of the electrodes [17]. The remaining lead film was not able to be fully
removed during the pretreatment step at 0.5 V for 30 seconds. In a non-aqueous electrolyte, the lead
film oxidation peak was not visible, which means the lead film and the analyte accumulated gradually
on the surface, but the GC surface could not be regenerated properly. Also, incomplete adsorption
might be a cause. The preconcentration time was insufficient to accumulate the analyte on the GC
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electrode or the extent of stirring was not optimal to achieve complete adsorption. Two approaches
were used to examine the causes of non-proportionality to the analyte concentration: (1) applying
longer deposition time, and (2) polishing of the GC electrode between measurements before each

standard addition.

With 30 seconds deposition time, the results showed that the peak current signals of betulin in lower
concentrations (0.05 mM) reached as high as the peak current signals of DMSO. On the other hand,
with 10 times higher concentrations of betulin (0.5 mM), the peak current signals by betulin solution
addition are higher than that of DMSO. This means that betulin is electrochemically oxidized, but the
influence of DMSO is still significant (Figure 29). A longer deposition time (1min) was applied to see
how the peak current changed depending on the deposition time, but it did not affect the peak current
signals much. Much longer pre-concentration time is not favorable in terms of practicality, thus the

experiments with even longer pre-concentration were not performed.
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Figure 29. (a) Betulin working solution (0.05 mM) addition in TBAPFs 0.1 M (Acetonitrile), deposition time for 60s
(b) Betulin working solution (0.5 mM) addition in TBAPFs 0.1 M (Acetonitrile), deposition time for 60s
(c) Calibration curve comparison of Betulin working solution (0.05 mM) addition in TBAPFs 0.1 M (Acetonitrile)

(d) Calibration curve comparison of Betulin working solution (0.5mM) addition in TBAPFs 0.1M (Acetonitrile)

As previously specified, unlike the voltammograms recorded in the aqueous electrolyte, the oxidation
peak of the lead film did not appear in the non-aqueous electrolyte. Therefore, it was desirable to
investigate that the formed lead film was not oxidized/cleaned during the scan/pretreatment, which

ended up lowering the sensitivity of the GCE surface.

Despite the observed improvement in the overall current signal after the removal of the lead film, as
depicted in Figure 30, it was evident that the peak current signal did not exhibit complete

proportionality to the analyte concentration. Furthermore, the peak current signal showed a decrease
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Figure 30. Calibration curve comparison of the peak current signals with a polished GCE (**mark in the

legend) before each addition, and the peak current signals without a polishing step before every addition.

even with the addition of the analyte, which could be attributed to irregularities caused by manual
polishing and partial loss of analytes attached to the GCE surface. Consequently, considering the
experimental findings and the impracticality associated with polishing during measurements, it was

decided not to perform electrode polishing between measurements for subsequent experiments.

5.2.3. DPV measurements of the real samples

Betula

Differential pulse voltammetric measurements were performed to observe the electrochemical
behavior of the real samples. According to the results from gas chromatography analysis, Betula 3 and

Betula 5 contains 79.86 mg and 59.56 mg Betulin per 1kg sample, respectively.
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Figure 31. Comparison of the peak current responses to the addition of (a) 0.05 mM Betula 3 (b) 0.5 mM
Betula 3, (¢) 0.05 mM Betula 5, and (d) 0.5 mM Betula 5 sample solution
As shown in the calibration curve in Figure 31a, Betula 3 showed more or less equivalent signals to
the signals from betulin 0.05mM addition. The peak current signals of Betula 3 were lower than the
addition of the 0.5mM working solution. Supposedly, betulin content in Betula 3 extract solution is
0.018mM with reference to the results from gas chromatography analysis if it was extracted perfectly.
However, the separation of the components in the samples was not carried out, accordingly, the
oxidized molecules might not be attributed to betulin certainly. On the other hand, Betula 5 exhibited
comparable current signals to the DMSO blank (Figure 31c and d), which is reasonable due to its lower
concentration than Betula 3. If betulin was extracted completely, the concentration of the Betula 5

sample solution would be 0.014 mM, which is not detectable above the DMSO blank.
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Conifer

Conifer 2 and conifer 4 pulp contain triterpenoids 0.43 mg and 0.96 mg teriterpenoids per 1kg sample,
respectively, consequently they should not show the same electrochemical performance as Betula

samples.
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Figure 32. Comparison of the peak current responses to the addition of (a) 0.05 mM Conifer 2 (b)
0.5 mM Conifer 2, (¢) 0.05 mM Conifer 4, and (d) 0.5 mM Conifer 4 sample solution

As presented in the calibration curves of Conifer 2 (Figure 32 a and b), the peak currents signals were
comparable to the calibration curve of blank DMSO. However, the calibration curve of Conifer 4
showed higher current signals than blank DMSO (Figure 32 ¢ and d). The peak currents of Conifer 4
were not higher than oleanolic acid, so it can be interpreted that the sample contains betulin, betulinic
acid, and other components under the condition that the separation technique was applied. The
experimental result of Conifer 4 can suggest that employing separation techniques before

measurements is indispensable for more accurate measurement. As stated in articles [19, 22], the lead-
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film electrodes have a poor resolution in selectivity for pentacyclic triterpenes, thus separation of the

analyte of interest should precede the measurements.

5.2.4. Summary table of the investigated voltammetric methods and the

electrochemical set-ups for further studies

Not all of the voltammograms that were investigated are included in this thesis. However, the obtained
results from different voltammetric methods, along with their corresponding experimental parameters,
have been organized in Table 11 (Appendix G). In the case of standard addition using 0.2 M NaOH as
a supporting electrolyte, a working solution of 0.1 mg/L (equivalent to 0.0002 mM) was employed to
match the concentrations used in the cited articles [19, 22], except for the standard solution prepared
using DMSO. As presented in both Table 11 and Figure D-3 (Appendix D), irrespective of the
concentration of the stock solution, the solvents had a significant impact on the peak current signals
around 1.35 V. However, for the standard addition in Tris-HCI buffer (pH 7.4) and in 0.1 M TBAPFs
in acetonitrile, a 5 mM stock solution was added to investigate the electrochemical behavior using
cyclic voltammetric methods, based on the article [9] and the higher solubility of pentacyclic triterpenes

in DMSO.

In future investigations, the electrochemical configurations can be differential pulse voltammetry in
0.1 M TBAPF¢ (ACN) solution, incorporating lead-film deposition and analyte accumulation.
Additionally, square wave voltammetric measurements in combination with a lead-film deposition and
the analyte preconcentration can be performed in Tris-HCI (pH 7.4) solution for pentacyclic triterpenes
with a higher concentration. For non-aqueous solvents, possessing a broader electrochemical range and
organic molecule compatibility offers benefits. However, drawbacks arise from the lead film deposition
process in non-aqueous media, primarily because Pb(OH)4>" can undergo redox reactions in aqueous
solvents. Additionally, the substantial impact of blank DMSO on peak current intensity further
contributes to the limitations. Similarly, in the case of aqueous electrolytes, significant limitations stem
from a narrow electrochemical window and low compatibility with organic molecules. In contrast, the
lead film exhibits redox reactions in Tris-HCI (pH 7.4) solution, and the solvent itself is non-toxic.
Moreover, the presence of blank DMSO does not exert a notable influence on the current signals at the
same redox potential as the analytes. Despite the achievable calibration range not being optimal for the
analysis of wood extractives, further investigations can be proceeded by performing SWV

measurements in Tris-HCl (pH 7.4) for relatively higher concentration and conducting DPV
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measurements in 0.1 M TBAPFs (ACN) with comparatively lower concentration, using DMSO as the

solvent.
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6. Conclusions

This thesis presents the establishment of two electrochemical analysis approaches: potentiometric
sensors as a qualitative method and voltammetric sensors as a quantitative method. One potential
application of these approaches is that betulin is qualitatively analyzed using potentiometric sensors,

followed by quantitative determination using the voltammetric method.

The experimental results obtained from a batch of potentiometric sensors, combined with chemometric
data treatment, demonstrated a distinct separation in data variance between solutions containing betulin
and those without betulin. The data analysis using first two principal components accounted for 81.17 %
of the variance when considering all 12 ion-selective electrodes (ISEs). Additionally, by excluding the
data from the neutral ISEs, which exhibited inconsistent responses to betulin addition, the first two
principal components accounted for 95.89 % of the variance. This result implies that for quantitative
analysis of betulin, a set of 12 ion-selective electrodes (ISEs) can be employed, while a more precise
classification can be conducted using 8(4 cationic and 4 anionic) ISEs. In contrast, the utilization of
potentiometric sensors for stearic acid analysis was hindered due to the precipitation of stearic acid,
which adhered to ion-selective membranes. As presented in the results, the slopes of anionic ISEs were
significantly affected by the adhesion of stearic acid to the membrane surface. For investigating this
effect, optical microscopy and structural analysis techniques such as dark-field microscopy and infrared

spectroscopy [36] can be used.

The selection of appropriate voltammetric techniques, such as square wave voltammetry and
differential pulse voltammetry, was based on the attainable detection limit and the shapes of the
voltammograms according to the observed experimental results. The hydrophobicity of the target
analytes was considered when preparing standard solutions. Based on earlier works, ethanol was
initially used as the solvent [19, 22]. However, based on the square wave voltammograms, the peak
currents observed at 1.35 V were attributed to the solvent itself rather than the pentacyclic triterpenes.
Regardless of the type of solvents (ethanol, methanol, acetone, DMF, and DMSO) used in the standard
solution, the peak current signals corresponding to the solvent appeared around 1.35 V. In neutral
aqueous media (Tris-HCI buffer pH 7.4), DMSO was utilized as the solvent, where the solvent itself
underwent oxidation at 1.2 V and 1.3 V, while the pentacyclic triterpenes exhibited their oxidation
reaction at approximately 1.6 V. Considering the analysis results from UPM NERC, which indicates a
betulin content of 0.05 mg/g, which is 0.0lmM if it is prepared in 10 mL DMSO by soaking 1g of
sample, the detection limit should be lower than the concentration found in the sample. However, the

redox behavior of the analyte was not detectable when a 0.5 mM standard solution was added to the
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aqueous neutral media. Despite employing three-electrode setups and the earlier works that recorded
voltammograms within the range from —1.0 V to 1.7 V, it was suspected that a wide potential range

could have an unfavorable effect on the GC electrode and potentially lead to water electrolysis.

Subsequently, differential pulse voltammograms were acquired in a non-aqueous electrolyte,
leveraging the benefits of a broader electrochemical window and the compatibility between DMSO
and acetonitrile. The glassy carbon electrode with an in situ plated lead film was also investigated using
a 0.1 M TBAPF®6 solution in acetonitrile as the electrolyte and DMSO as the solvent for the standard
solution. The results indicated that the influence of DMSO was relatively significant compared to
aqueous media due to overlapping oxidation potentials. However, through a preconcentration step, the
oxidation peak signals exceeded those of the blank DMSO solution. Although there was an issue of
incompletely proportional current signals with respect to the analyte concentration, it was still
meaningful to observe the correlation between the current peak signals by the addition of the two lower
concentrations: 0.5 mM and 0.05 mM working solutions. If abundant reproducible results can be
obtained in non-aqueous media by adding the 0.05 mM and 0.5 mM working solutions, chemometric
data treatment can be also applied to those experimental results, allowing for the determination of the
concentration range for the sample. On top of that, considering the literature references [19, 22], it is
crucial to address the insufficient selectivity of the in situ plated lead film electrode, thereby
necessitating the prior separation of target molecules before conducting measurements for accurate

analysis.

In contrast to aqueous electrolytes, the inclusion of a polishing step prior to measurements became
necessary for non-aqueous electrolytes due to the absence of an observed oxidation peak for the lead
film and the higher likelihood of surface absorption by the analyte, as indicated by the characteristics
of differential pulse voltammetry. Hence, every time before recording the voltammograms, the GC
electrode was polished. It is plausible that the process is predominantly attributed to the desorption step
following adsorption during the preconcentration step. Consequently, it is reasonable to pursue further
investigations to examine the deposition of the lead film in non-aqueous media and the subsequent
reactions occurring during the scan, with the aim of clarifying the experimental results that demonstrate

imperfect proportionality to the analyte concentration.
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8. Appendices

8.1. Appendix A

Supplementary data obtained with Figure 12, Potential responses of cationic and anionic ISEs to the
increasing concentration of betulin stock solution
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8.2. Appendix B

Supplementary data obtained with Figure 13, Potential responses of cationic and anionic ISEs to the
increasing concentration of stearic acid stock solution
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(a) before the stearic acid stock solution addition (b) after the stearic acid stock solution addition

(@)

Table 9. Potentiometric calibration data for cationic ISEs
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R? 0.988 0.992 0.992 0.994
b — —
®) R e
DOS, ETHS00) (PEDOT:PsS, | T (PEDOT:PSS,
' DOS) [1b] * | oNPOE) [2b]
[1a] ETH500) [2a]
Slope 43.27 43.61 43.82 43.92
Intercept|  222.85 278.32 204.93 235.76
R’ 1.00 1.00 1.00 1.00

(a) before the stearic acid stock solution addition (b) after the stearic acid stock solution addition

Table 10. Potentiometric calibration data for neutral ISEs

Neutral ISE ('::;t(;aT'.Lssi
(PEDOT:CI, '
DOS, ETH 'E‘T’:';g;)’
500) [5a] [5b]
Slope 6.83 7.92
Intercept| 236.74 202.76
R? 0.33 0.63

(b)

60

Neutral ISE (':E;gi'_Lii
(PEDOT:CI, oNPéE
DOS, ETH 'ETH500)'
500) [5a] [5b]
Slope -6.37 -6.70
Intercept| 284.98 220.63
R? 0.61 0.99




8.3. Appendix C

Figure C-1. Three-dimensional PCA charts of 12 ISEs (a) Three classes without samples, (b) Three classes with

the corresponding samples

(a) One-dimensional Calibration of 12 ISEs (gs.06%)
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(b) One-dimensional Calibration of 12 ISEs (5.06%)
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Figure C-2. One-dimensional PCA charts of 12 ISEs (a) Three classes without samples, (b) Three classes with

the corresponding samples
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Figure C-3. One-dimensional PCA charts of 8 ISEs except neutral ISEs (a) Three classes without samples,

(b) Three classes with the corresponding samples

(a)One-dimensional Calibration of Cationic & Anionic ISES 5, 554 (b) Multi-dimensional Calibration of Cationic & Anionic ISES (s5 gau,
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Figure C-4. Three-dimensional PCA charts of 8 ISEs except neutral ISEs (a) Three classes without samples,

(b) Three classes with the corresponding samples
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8.4. Appendix D

Figure D-1. Square wave voltammograms (SWYV) obtained at the lead film electrode in 0.2 M NaOH
solution, (a) without deaeration for betulin addition (b) with deaeration for betulin addition, (c) without
deaeration for BA addition, and (d) with deaeration for BA addition
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Figure D-2. Square wave voltammograms (SWYV) obtained at the lead film electrode in 0.2 M NaOH
solution, (a) without deaeration for ethanol blank addition (b) with deaeration for ethanol blank addition,
(c) calibration curve by BA and betulin addition, (d) ethanol blank addition

800

600

2L
—— 10 L

-1.0 -0.5 0.0 05 10 15

E/V
500
(c)
400 4
300 1
<L
5
~ 200
100 4 —e— BA_Without deaeration

—&— Betulin_Without deaeration
—e— Betulin_ With deaeration
|—e— BA_With deaeration

T T
00 0.1 02 03 04 05

C(Analyte) (ug/L)

64

(b)BOO B

600

— 2L
10 L

< 400
fum
200
0 =
T T T T T
-1.0 -05 0.0 05 1.0 15
E/V
500
400
300 +
<
B
200 1
100 - -
—=— Ethanol_Without deaeration
I—e— Ethanol_With deaeration
0 T T T T T
0 10 20 30 40 50
E/V



Figure D-3. Square wave voltammograms (SWYV) obtained at the lead film electrode in 0.2 M NaOH solution with
the blank solvent addition, (a) Methanol, (b)Acetone, (¢) DMF, (d) DMSO, and (e) Betulin 5SmM (DMSO) addition.
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8.5. Appendix E

Differential pulse voltammograms (DPV) obtained at the lead film electrode with (a) corresponding volume of
DMSO addition to the standard, (b) 0.5 mM Betulin addition, (¢) 0.5 mM Betulinic acid, and (d) 0.5 mM
Oleanolic acid
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8.6. Appendix F

Figure F-1. Differential normal pulse voltammograms (DNPV) obtained at the lead film electrode in Tris-
HCI buffer pH 7.4 with (a) corresponding volume of DMSO addition to the stock solution, (b) 5 mM Betulin

addition, (c¢) 5 mM Betulinic acid, and (d) 5 mM Oleanolic acid
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Figure F-2. Differential normal pulse voltammograms (DNPV) obtained at the lead film electrode in TBAPFs in
acetonitrile with (a) corresponding volume of DMSO addition to the stock solution, (b) S mM Betulinic acid stock
solution, and (c) 5 mM Oleanolic acid stock solution
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8.7. Appendix G

Data treatment: Background subtraction and current starting point adjustment to O A (This was applied depending on the stability of current signal in the
middle range of the scan, aiming to overlap in the middle range in which it does not show any peaks.)

*DMSO: Old DMSO (yellowish colour probably due to oxidation)

DMSO: Newly ordered DMSO (colorless)

N/A: not available, not studied

Bold font: The corresponding voltammograms are presented as Figures in section 5 or Appendices

Lead film: O (As a part of the pre-treatment step, the lead film was in situ deposited) vs X (The pre-treatment step was not applied)

Table 11. Summary table of the investigated voltammetric methods

Back: d Lead
Scan range ackgroun Method Solvent Analyte ca Result
electrolyte film
-1.0V~17 0.2 M Positive peaks due to the solvent at ca
Ethanol BA
v NaOH SWY ano 0 135V
-1.0V~17 02 M . Positive peaks due to the solvent at ca
v NaOH SWv Ethanol Betulin 0] 135V
-1.0V~1.7 0.2M Ethanol Positive peaks due to the solvent at ca
v NaOH SWY Ethanol blank 0 135V
-1.0V~1.7 02 M Methano Positive peaks due to the solvent at ca
Ethanol
v NaOH SWV thano I blank 0 135V
-1.0V~17 0.2M Acetone Positive peaks due to the solvent at 1.35
v NaOH SWv Acetone blank 0] v
-1.0V~1.7 02 M Positive peaks, but lower than those of
SWv Acet BA (0]
A\ NaOH cetone the blank acetone atca 1.35V
- Positi k to the solvent at
SLV-L7 | 02M sw | owe | DMF 0 L35, not proportansl o the added
v NaOH blank = VL notp I:olvel:nt
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- DMF was not considered afterwards
due to its toxicity

-1.0V~17 0.2 M DMSO Positive peaks due to the solvent at ca
\Y% NaOH SWV DMSO blank 135V
-1.0V~17 02M . Comparable current signals to the
DM Betul
Y NaOH SWY S0 ctulin DMSO blank at ca 1.35 V
-0 1/, ~ 17 0.2 M NaOH SWV DMSO BA N/A
-1.0V~1.
0 z 7 0.2 M NaOH SwWv DMSO OA N/A
Tris-HCI
-12V~1. *DM t peak signal ch i
1.2V~1.2 buffer (pH cv “DMSO SO No current peak signa c .ange depending
A" blank on the addition
7.4)
Tris-HCl
—-12V~12 burflfse ¥ (pH cv £DMSO OA No current peak signal c.hfanges depending
A" on the addition
7.4)
Tris-HCI
— ~ * 1
12V~15 buffer (pH DPV *DMSO DMSO Negative current peaks after the data
v blank treatment
7.4)
Tris-HCI .
—12V ~ buffer (pH DPV ¥DMSO OA No current peak mgpal change by the
1.5V addition
7.4)
Tris-HCI
—-12V-~2. *DMSO o
V=20 buffer (pH DPV *DMSO Positive peaks after data treatment
A% blank
7.4)
Tris-HCI
-12V~20 Positive peaks after the data treatment
buffer (pH DPV *DMSO OA . .
\Y " 762)( P (Clearly higher than the blank addition)
Tris-HCI
-12V~20 Comparable current signals to those of
*
\s b“ﬁ;ez)(pH bRV bMSO BA DMSO blank addition
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Tris-HCI

—12V~20 buffer (pH DPV *DMSO Betulin Positive peak§ 'to the similar extent to the
\% 7.4) blank addition after data treatment
Tris-HCI
-12V-~2 *DMSO ..
X 0 buffer (pH DNPV *DMSO blank Positive peaks after the data treatment
7.4)
Tris-HC1
-1.2V~2.0 Positive peaks after the data treatment,
%
A\ buff7ez)(p H DNPV DMSO 0A lower than those of the DMSO blank
Tris-HC1
-1.2V~2.0 Positive peaks after the data treatment,
%
A\ buff7ez)(p H DNPV DMSO BA lower than those of the DMSO blank
Tris-HC1
-1.2V~2.0 Positive peaks after data treatment,
. .
A\ buft’;ez)(pH DNPV DMSO Betulin lower than those of the DMSO blank
Tris-HC1
-1.0V~17 DMSO No current peak signal change
buff H A% DM
A\ " 7e2)(p SW 50 blank depending on the addition atca 1.6 V
Tris-HCI
-1.0V~17 bu;;Zr (H SWV DMSO OA Positive peaks after data treatment at
A\ cal6oVv
7.4)
Tris-HCI
-1.0V~17 buE'Zr (oH SWV DMSO BA Positive peaks after data treatment at
A\ cal6oV
7.4)
Tris-HC1
-1.0V-~17 Positi ks after data treat t at
buffer (pH SWV DMSO Betulin ositive peaks after data treatment a
A\ cal6oV
7.4)
Tris-HCI
—-12V~15 DMSO .
buffer (pH DNPV DMSO Negative peaks after data treatment
v blank
7.4)
1AV ~15 Tris-HCI
' v ' buffer (pH DNPV DMSO OA Negative peaks after data treatment
7.4)
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0.1M

-1.0vV~24 DMSO
TBAPF, DPV DMSO Positive peaks after data treatment
\% blank
(ACN)
-1.0V~24 0.IM Positive peaks after data treatment but
. \% . TBAPK, DPV DMSO 0A Vlop er than blank DMSO
w
(ACN)
-1.0V~24 0.IM Positive peaks after data treatment but
v TBAPE DEV DMSO BA ' lol:ver than blank DMSO
(ACN)
1.0V~24 0.IM Positive peaks after data treatment but
v TBAPE DPV DMSO Betulin - lol:ver thaneblank DMsoe ’
(ACN)
-Small positive peaks
12V~ 1T 0.1M *DMSO - Positiye peaks after data treatrpent
v TBAPF, DNPV *DMSO blank - Expansion for the scan range might be
(ACN) required because there are peaks over 1.7
Vv
0.1M
-1.0vV~24 DM
v TBAPF; DPV DMSO S0 Positive peaks after the data treatment
\% blank
(ACN)
10V ~2.4 0.1M Slightly higher peaks after data
: v ’ TBAPF; DPV DMSO OA treatment than the peaks of DMSO
(ACN) blank addition
10V ~2.4 0.1M Slightly higher peaks after the data
) v ’ TBAPF; DPV DMSO BA treatment than those of the DMSO
(ACN) blank
-1.0V~24 0.IM Slightly higher peaks after data
: ‘ TBAPF DPV DMSO Betulin 1SAtly gher p
A% treatment than those of DMSO blank
(ACN)
0.1M
-1.2V~24 DMSO
M TBAPFs DNPV DMSO Positive peaks after data treatment
A% (ACN) blank
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12V ~24 0.1M Slightly higher peaks after the data
v TBAPF, DNPV DMSO OA treatment than those of the DMSO
(ACN) blank
12V ~2.4 0.1M Slightly higher peaks after the data
v TBAPF; DNPV DMSO BA treatment than those of the DMSO
(ACN) blank
0.1M
12 :’/ ~24 TBAPF; DNPV DMSO Betulin N/A
(ACN)
0.1M
—l2v~24 TBAPFs SWv DMSO DMSO Positive peaks after the data treatment
v blank
(ACN)
—-12V~24 0.IM Higher peaks after the data treatment than
v Pt SWV DMSO OA those of the DMSO blank
(ACN)
—-12V~24 0.IM Higher peaks after the data treatment than
Vv Fl;ié;? SWV DMSO BA those of the DM SO blank
0.1M
-12 X ~24 TBAPF SWV DMSO Betulin N/A
(ACN)
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