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Accurate and sensitive analysis of mono-, di-, and oligosaccharides is desired in several different scientific areas due to the wide
appearance of saccharides. This work focuses on the detection of mono-, di-, and oligosaccharides utilizing capillary
electrophoresis (CE). Saccharide analysis with CE is challenging due to the lack of UV-absorbing chromophores in the molecular
structure. CE also requires that the analytes are in their charged form, which is demanding in the case of mono-, di-, and
oligosaccharides due to their high pKa-values.
The first part of this work presents several detection methods and procedures to succeed in saccharide analysis with CE. A
selection of the scientific work published in this area is presented to highlight the different detection possibilities. Derivatization of
the analytes is commonly used to transform the saccharides into UV absorbing species. Special compositions of the background
electrolyte, e.g. borate buffers and copper(II) containing buffers can be exploited to form charged complexes with the saccharides,
which enhance the separation. Indirect UV detection is not as sensitive as direct UV detection of saccharide derivatives, but it is
fast and useful in applications where high sensitivity is not required. Electrochemical detection (pulsed amperometric detection and
contactless conductivity detection) is especially useful in miniaturized and portable systems. An advantage of electrochemical
detection is also that no sample pretreatment or special reagents are required. Mass spectrometry (MS) detection is a powerful tool
when detailed information about oligosaccharide structures is required and when the sample amounts are small. MS detection is
therefore especially suitable in biochemical applications.
In the second part of this work, CE was utilized for the separation and quantification of five novel ionic liquids and the quantification
of acetate and xylose in ionic liquid matrices. The internal standard method was used in the quantitative work. The novel ionic
liquids were detected with direct UV detection and the limit of detection ranged from 2-5 µg/mL. Resolution and number of effective
plates were calculated from the separation studies. In the quantitative work, calibration curves were obtained for four of the novel
ionic liquids. CE with indirect UV detection was used for the quantification of acetate, which is a typical counter ion in ionic liquids.
A calibration curve for acetate was obtained and the linearity ranged from 0.0025 to 0.2 mg/mL. The method was successfully
applied to the determination of the concentration of acetate in a standard sample containing the ionic liquid [MTBDH][OAc]. In the
last part of the work, solid phase extraction was utilized to extract ionic liquids from industrial samples. CE with direct and indirect
detection was used to check if the extraction was complete and if saccharides were present in the extracts. A calibration curve for
xylose was constructed and the linear range for xylose was 0.05 to 3 mg/mL. It was found that the developed method for xylose
detection was not sensitive enough to detect possible saccharide residues in the extracts and the analytical procedure requires
further development.
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ABSTRAKT

På grund av sackaridernas rikliga förekomst, finns det inom många vetenskapliga områden
en stor efterfrågan på analytiska metoder med hög precision och känslighet för analys av
sackarider. Detta arbete fokuserar på detektionen av mono-, di- och oligosackarider med
kapillärelektrofores. Användningen av kapillärelektrofores för analys av sackarider är
krävande på grund av att sackarider saknar UV-absorberande kromoforer i molekylstrukturen. Kapillärelektrofores kräver även att föreningen som undersöks är i laddad form,
vilket är utmanande när det gäller mono-, di- och oligosackarider vars pKa-värden är höga.
I den första delen av detta arbete presenteras olika alternativ för att detektera sackarider
med kapillärelektrofores. Ett utplock av det publicerade vetenskapliga arbetet inom området
presenteras för att demonstrera utnyttjandet av olika detektionstekniker. Derivatisering
används allmänt för att göra sackarider UV-absorberande. Speciella sammansättningar av
buffertlösningar, till exempel buffert innehållande borat eller koppar(II) kan utnyttjas till att
förvandla sackarider till laddade komplex, vilket förbättrar separationen. Indirekt UVdetektion är en mindre känslig metod än direkt UV-detektion, men den är mycket användbar
när en mindre känslighet är tillräckligt eftersom metoden är snabb. Elektrokemisk detektion
(pulserad amperometrisk detektion och kontaktlös konduktivitetsdetektion) är mycket
användbara i miniatyriserade och bärbara system. Elektrokemisk detektion kräver varken
förbehandling av proven eller speciella reagenser. Masspektrometri är ett mycket kraftfullt
instrument då det krävs detaljerad information om strukturen på oligosackarider och då
provmängden är minimal. Masspektrometri är därför en speciellt användbar
detektionsmetod inom biokemiska tillämpningar.
I den andra delen av detta arbete användes kapillärelektrofores för separation och
kvantifiering av fem nya jonvätskor och för kvantifiering av acetat och xylos från prov
innehållande jonvätskor. Inre standard-metoden användes i det kvantitativa arbetet. De nya
jonvätskorna detekterades med direkt UV-detektion. Resolutionen och det effektiva
bottentalet beräknades från separationsstudierna. Kalibreringslinjer erhölls för fyra av de
nya jonvätskorna som undersöktes. Kapillärelektrofores med indirekt UV-detektion
användes för att erhålla en kalibreringslinje för acetat. Acetat är en vanligt förekommande
motjon i jonvätskor. Den utvecklade metoden användes framgångsrikt för att bestämma
halten av acetat i ett standardprov innehållande jonvätskan [MTBDH][OAc]. Fast-fas
extraktion utnyttjades i den sista delen av arbetet för att extrahera jonvätskor från industriella
prov. Kapillärelektrofores med direkt och indirekt UV-detektion utnyttjades för att kontrollera
att extraktionen var fullständig och för att kontrollera förekomsten av sackarider i extraktet.
En kalibreringslinje för xylos erhölls. Det framgick att den utvecklade metoden för detektion
av sackarider inte var tillräckligt känslig för att detektera sackarider i extrakten och metoden
kräver därmed vidare utveckling för att kunna tillämpas.
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ABBREVIATIONS

AHNS

4-Amino-5-hydroxy-naphthalene-2,7-disulfonic acid

ANA

Aminonaphthalene-2-sulfonic acid

ANDS

7-Aminonaphthalene-1,3-disulfonic acid

ANS

8-Aminonaphthalene-1-sulfonic acid

ANTS

8-Aminonaphthalene-1,3,6-trisulfonic acid

APTS

1-Aminopyrene-3,6,8-trisulfonate

AVG

Average

BTMAC

Benzyltrimethylammonium chloride

BGE

Background electrolyte

CE

Capillary electrophoresis

C14MImCl

1-Tetradecyl-3-methylimidazolium chloride

CTAB

Hexadecyltrimethylammonium bromide

CCD

Contactless conductivity detection

DAD

Diode array detector

DEA

Diethylamine

DHB

2,5-Dihydroxybenzoic acid

EMImCl

1-Ethyl-3-methylimidazolium chloride

EOF

Electro-osmotic flow

ESI

Electrospray ionization

FT

Fourier transform

GC

Gas chromatography

HCl

Hydrochloric acid

HDB

Hexadimethrine bromide

HILIC

Hydrophilic interaction liquid chromatography

HPLC

High performance liquid chromatography

ID

Inner diameter

IL

Ionic liquid

IS

Internal standard

IT

Ion trap
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KOH

Potassium hydroxide

LIF

Laser induced fluorescense

LiOH

Lithium hydroxide

LOD

Limit of detection

LOQ

Limit of quantification

MALDI-TOF

Matrix assisted laser-desorption ionization – time-of-flight

MeOH

Methanol

MS

Mass spectrometry

MSA

Methoxysalicylic acid

MTAH

Myristyltrimethylammonium hydroxide

NaCNBH3

Sodium cyanoborohydride

NaBeO

Sodium benzoate

NaOH

Sodium hydroxide

NIST

National institute of standards and technology

OD

Outer diameter

PAD

Pulsed amperometric detection

PMP

1-Phenyl-3-methyl-5-pyrazolone

QIT

Quadrupole ion trap

SEC

Size exclusion chromatography

SPE

Solid phase extraction

SRM

Standard reference material

TTAOH

Tetradecyltrimethylammonium hydroxide

UV-VIS

Ultraviolet-visible light detection

2-AMAC

2-Aminoacridone

2,3-PDC

2,3-Pyridinedicarboxylic acid

5-HMF

5-Hydroxymethylfurfural

[BMIM][OAc]

1-Butyl-3-methylimidazolium acetate

[DBNH][OMS]

1,5-Diazabicyclo[4.3.0]non-5-ene mesylate

[DBUH][OMS]

1,8-Diazabicyclo[5.4.0]undec-7-ene mesylate

[MTBDH][OAc]

7-Methyl-1,5,7-triazabicyclo[4.4.0]dec-5-ene acetate

[MTBDH][OMS]

7-Methyl-1,5,7-triazabicyclo[4.4.0]dec-5-ene mesylate
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[MTBNH][OMS]

6-Methyl-1,4,6-triazabicyclo[4.3.0]non-4-ene mesylate and 4Methyl-1,4,6-triazabicyclo[4.3.0]non-5-ene mesylate (two
isomers)

[TMGH][OMS]

1,1,3,3-Tetramethylguanidine mesylate

SYMBOLS

𝑒

Total excess of charge in the solution

𝐸

Strength of the electric field

𝐹

Electrostatic force

𝐹′

Friction force

𝐼

Ionic strength

𝑐

Concentration of the analyte in the sample

𝑙

Distance

𝐿𝑑𝑒𝑡

Capillary length to the detector

𝐿𝑡𝑜𝑡

Total length of the capillary

𝑁𝑒𝑓𝑓

Effective plate number

𝑞

Charge of the ion

𝑟

Radius of particle

𝑅𝑠

Resolution

𝑅𝑆𝐷

Relative standard deviation

𝑠

Distance

𝑆𝐷

Standard deviation

𝑇

Temperature

𝑡

Migration time

𝑡𝑅1

Migration time for peak 1

𝑡𝑅2

Migration time for peak 2

𝑡𝑅′

Migration time for analyte

𝑈

Voltage

𝑣

Velocity
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𝑣𝐸𝑂𝐹

Velocity of the electroosmotic flow

𝑣𝑒𝑝

Electrophoretic velocity of the particle

𝑉

Voltage

𝑊1,ℎ

Peak width at half height for peak 1

𝑊2,ℎ

Peak width at half height for peak 2

𝑥̅

Arithmetic mean

𝛿

Debye radius

𝜀0

Electric permeability in vacuum

𝜀𝑟

Dielectric constant

𝜂

Viscosity

𝜇𝐸𝑂𝐹

Mobility of electro-osmotic flow

𝜇𝑒𝑝

Electrophoretic mobility of analyte

𝜇𝑡𝑜𝑡

Total mobility

∆Φ

Potential difference between electrodes
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LITTERATURE PART:
TECHNIQUES FOR THE DETECTION OF MONO-, DI-,
AND OLIGOSACCHARIDES WITH CAPILLARY
ELECTROPHORESIS

1. INTRODUCTION

Carbohydrates are a large group of compounds that are present everywhere in the nature.
For humans, they are the main source of energy and the cell wall of plant cells contain
cellulose, which is a polysaccharide. Sugars also play a big part in the physiology of both
humans and animals. They are therefore highly essential in biochemistry. Furthermore,
carbohydrates are very common and important in industry and research in various kinds
of areas. To name a few examples, there are food, starch, sugar, paper, pulp, textile, and
pharmaceutical industry who all depend on reliable and efficient analytical methods for
identification and quantification of carbohydrates.

Carbohydrates can be analyzed by several different techniques and methods (Oliver,
Gaborieau et al. 2013). The choice of technique and method depends on the type of
carbohydrates that are to be analyzed. Some techniques are more suitable for
monosaccharide analysis and other techniques are better suitable for complex
oligosaccharide analysis. Different modes of high performance liquid chromatography
(HPLC) are commonly used for carbohydrate analysis. Carbohydrate separations can be
done with ion exchange resins, hydrophilic interaction liquid chromatography (HILIC) and
size exclusion chromatography (SEC). Gas chromatography (GC) can be used for
carbohydrate analysis after derivatization of the analytes. The mentioned techniques
usually require tedious sample pretreatment and several derivatization steps before the
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analysis. Column life can be a problem in HPLC techniques and GC is possible only after
thorough sample preparation and derivatization. There might also be problems with coelution and matrix removal might be required, which lowers the accuracy. Columns do not
tolerate high salt or acid concentrations and the columns especially for HPLC are typically
very expensive. Analysis times may also be long, which is inconvenient and costly in
routine analysis. (Aid, Paist et al. 2016)

There is a demand for simple, fast, accurate and low-cost techniques for the analysis of
carbohydrates. Ideally, there should be little or no sample preparation steps. Capillary
electrophoresis (CE), answers to this demand. The benefits of CE are short analysis time,
little or no sample preparation, high tolerability of salt and other matrix components
(depending on the detection technique), possibility of miniaturization and relatively low
running costs. However, carbohydrates are challenging to analyze with CE coupled to an
ultraviolet-visible light (UV-VIS) detector due to the lack of UV-absorbing chromophores
in the molecular structure and the relatively high pKa values. In the first part of this work,
different approaches to detect mono-, di-, and oligosaccharides with CE are presented. In
this work, a selection of the research that have been done in the field of carbohydrate
analysis is presented to highlight the utilization of the different detection possibilities in
the analysis of mono-, di-, and oligosaccharides with CE. The detection techniques
presented in this work are UV detection, indirect UV detection, laser induced fluorescence
(LIF) detection, electrochemical detection, and mass spectrometry (MS) detection. In the
second part of this work, indirect UV detection is utilized for the detection of sugars and
quantification of acetate in ionic liquid matrices. Additionally, direct UV-detection is used
for the separation and quantification of novel ionic liquids.

9

1.1 Capillary electrophoresis

CE is a separation technique, where analytes are separated in a narrow bore silica capillary
filled with an electrolyte solution under an electric field. Analytes are separated because
each analyte has its specific migration velocity, which depends on the size and the charge
of the analyte. The instrumentation is rather simple. The most important parts are the
capillary, vials containing the background electrolyte (BGE), a detector, platina electrodes
and a high voltage power supply. In the instrument, the capillary is usually thermostated
and the sample injection is done automatically. CE instruments are commonly equipped
with a UV-VIS detector as standard, but as this work will demonstrate, several other
detection techniques are also possible. Figure 1 shows a simple schematic picture of the
instrument set up. (Tagliaro, Manetto et al. 1998)

Figure 1. A schematic picture of the capillary electrophoresis instrument.
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The capillaries used in CE are usually made of fused silica. To improve durability, the
capillaries are polyimide coated. Fused silica is a cross-linked polymer of silicon dioxide.
The inner surface of the fused silica capillary consists of silanol groups. The silanols may
be isolated, germinal, or vicinal. (Nawrocki 1997) Figure 2 shows the structure of the
different silanol types.

Figure 2. The structure of the different silanol groups present in silica.

The silanol groups behave as weak acids; when the pH exceeds 2-3 the silanol groups
deprotonate and become ionized. The reaction can be written as:
𝑆𝑖𝑂𝐻 ↔ 𝑆𝑖𝑂− + 𝐻 +
The fused silica capillary is typically conditioned with 1 M NaOH and 0.1 M NaOH before
use. The conditioning deprotonates the silanol groups making the capillary inner surface
negatively charged. When the capillary is filled with an electrolyte, an electrical double
layer is formed. The electrical double layer consists of a compact layer of positive charges,
also called the Stern layer, which is immobile and permanent next to the capillary surface.
The Stern layer is not able to compensate for all the negative charges on the capillary wall
and therefore a mobile diffuse layer, which contains an excess of positive charges is
formed next to the Stern layer. Between the compact layer and the diffuse layer, there is
a slipping plane. The formation of the electrical double layer is showed schematically in
figure 3. (Jorgenson, Lukacs 1981)
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Figure 3. A schematic picture of the electrical double layer.

When an electric field is applied on the capillary filled with an electrolyte solution, the
positively charged ions in the diffuse layer starts to move towards the cathode. This
phenomenon is called the electro-osmotic flow (EOF). The movement drags the
electrolyte towards the cathode. When the velocity of the EOF is higher than the velocity
of any single ions, all ions are carried to the detector regardless of their charge. The
instrument gives the migration time for the analyte to reach the detector. The total
electrophoretic mobility of the analyte can be calculated from the migration time using
the equation:
𝜇𝑡𝑜𝑡 =

𝐿𝑡𝑜𝑡 ∗ 𝐿𝑑𝑒𝑡
𝑈∗𝑡
(1)

where 𝐿𝑡𝑜𝑡 is the total length of the capillary, 𝐿𝑑𝑒𝑡 is the length to the detector, 𝑈 is the
voltage and 𝑡 is the migration time of the analyte. (Tagliaro, Manetto et al. 1998)
The total electrophoretic mobility (𝜇𝑡𝑜𝑡 ) consists of the mobility of the EOF (𝜇𝐸𝑂𝐹 ) and the
electrophoretic mobility of the studied analyte (𝜇𝑒𝑝 ). The electrophoretic mobility of the
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analyte (𝜇𝑒𝑝 ) is obtained from the difference between the total electrophoretic mobility
and the mobility of the EOF. This is described in equation 2.

𝜇𝑡𝑜𝑡 = 𝜇𝑒𝑝 + 𝜇𝐸𝑂𝐹

(2)

The electrophoretic mobility (𝜇𝑒𝑝 ) can also be expressed using the equation:
𝜇𝑒𝑝 =

𝑞
6𝜋𝜂𝑟
(3)

where 𝑞 is the charge of the particle, 𝜂 is the viscosity, and 𝑟 is the radius of the particle.
Equation (3) shows that smaller particles with bigger charge have a higher electrophoretic
mobility than big particles with small charge. (Tagliaro, Manetto et al. 1998) The migration
order of the analytes depends on the charge and the size. At normal polarity, small cations
migrate before large cations and the EOF appears before the anions. Neutral species are
not separated and they all migrate in one zone at the same velocity as the EOF. After the
EOF, the anions start to migrate from the largest to smallest. Small anions with multiple
charges migrate last if the EOF is faster than the electrophoretic mobility of the anion. The
migration order is showed as a schematic picture in figure 4.

Anod
e

Cathod
e

Neutrals
EOF
Figure 4. A schematic picture describing the migration order in CE.
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The mobility of the electro-osmotic flow (𝜇𝐸𝑂𝐹 ) can be described with the equation:
𝜇𝐸𝑂𝐹 =

𝜀𝜉
4𝜋𝜂
(4)

where 𝜀 is the dielectric constant and 𝜉 is the zeta potential.

Equation (4) shows that the electro-osmotic mobility is dependent on the zeta potential
and the viscosity but not the pressure or the diameter of the capillary. It is important to
recognize that fluctuations in the EOF directly affect the migration time of the studied
species. To gain reproducible and repeatable analysis results, it is of high priority to
control the EOF. The pH of the buffer, buffer concentration, temperature, addition of an
organic solvent or addition of surfactants affect the EOF. At high pH, the silanol groups
are fully ionized and this creates a very dense electrical double layer. Therefore, the EOF
increases as the pH of the buffer increases. The EOF is very sensitive to pH changes and
therefore, it is important to control the pH by careful selection of the buffer and having a
sufficient concentration of buffering species in the BGE solution. The buffer solution needs
to be replaced frequently because electrolysis at both electrodes depletes the buffer
solution, which eventually affects the pH. The EOF decreases when the concentration of
the buffer increases. This is because the zeta potential decreases at increasing ionic
strength. The zeta potential decreases with increasing ionic strength because the
electrical double layer is thinner at higher ionic strength. (Jorgenson, Lukacs 1981,
Tagliaro, Manetto et al. 1998)

The addition of an organic solvents into the electrolyte may either increase or decrease
the EOF. Organic solvents affect the viscosity of the electrolyte and the solvation of the
analytes in the buffer. Methanol and acetonitrile are commonly used organic modifiers.
(Fritz 2003) The temperature affects the viscosity, and therefore also the EOF. Other
factors that affect the EOF are the applied field strength, surfactants, and the capillary
surface. The field strength depends on the capillary length and the applied voltage. To
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maintain a reproducible capillary surface, the capillary must be thoroughly reconditioned
between each run. Surfactants can be used to modify, decrease, or reverse the EOF.
(Tagliaro, Manetto et al. 1998) The charge of the inner wall of the capillary can be changed
from negative to positive by treating the capillary with a suitable surfactant. In
carbohydrate analysis, reversed polarity is often used to reduce the analysis time. In
normal mode, the analysis time for anions can be long but in a reversed system, anions
are migrating before the EOF and the analysis time is much shorter.

1.2 Carbohydrates

Carbohydrates are one of the most abundant organic molecules in living organisms.
Carbohydrates have a key role in all living cells by acting as key substances in energy
storage and transfer processes. Carbohydrates are especially significant for plants,
because plants are basically built of cellulose and hemicellulose. Plants also contain
starch, sugars, and pectins. Although proteins are the main building blocks in higher
animals, carbohydrates are also commonly found in animals. Carbohydrates are often
found in complexes with proteins and the substance between the cells consists to a high
extent of hyaluronic acid, which is a polysaccharide. Carbohydrates have many important
roles in biology. Two important examples are given here; the metabolism and excretion
of foreign substances in higher animals and the photosynthesis taking place in green
plants. In mammals, foreign substances are turned into more water-soluble derivatives
via the conversion to glycosides of glucuronic acid. The increased solubility in water
enables the excretion of the foreign substances. Plants are able to store the energy from
the sun in carbohydrates in a reaction mechanism involving chlorophyll. (Pigman 1962)

Chemically, carbohydrates are a versatile group of organic molecules containing carbon,
oxygen, and hydrogen. They are generally referred as polyhydroxycarbonyls because they
contain several hydroxyl groups and either an aldehyde or a ketone group. The molecules
appear as single molecules or as chains of two or more units. Carbohydrates are classified
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in different ways. Commonly carbohydrates are divided into monosaccharides,
disaccharides, oligosaccaharides, and polysaccharides, depending on how many repeating
units the molecule is built of. Another way of classification is dividing the compounds into
groups according to the number of carbons in the unbranched chain: trioses (3), tetroses
(4), pentoses (5), hexoses (6) etc. Further, carbohydrates can be classified as reducing and
non-reducing sugars depending on if the molecule contain a free aldehyde or ketone
group available for reactions. (Sinnott 2007, McMurry 2012, Wrolstad 2011) In this work,
the focus will lie on mono-, di-, and oligosaccharides. Polysaccharides will not be
discussed.

2. UV DETECTION

In CE, the molar absorbtivity (𝜀) is constant for a given system with fixed parameters such
as pH, temperature, wavelength etc. Also 𝑙 is fixed for a capillary of a specific radius.
Therefore, the absorptivity is linearly related to the analyte concentration according to
Lambert-Beer’s law. (Anderson, Berthod et al.) However, carbohydrates are challenging
to detect as such utilizing UV-detection due to the lack of strong UV-absorbing
chromophores in the molecular structure. Because UV-detectors are typically the
standard detector in commercial CE instruments, several methods have been developed
to enable a sensitive detection of carbohydrates utilizing UV detection. In the following
sections derivatization, the use of borate buffers, the utilization of copper containing
buffers, direct UV detection of underivatized carbo-hydrates, and indirect UV detection
are described.
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2.1 Derivatization

The aim of the derivatization of carbohydrates is to improve the separation in CE and
enhance the sensitivity. The most favorable derivatizing agents add both a strong
chromophore and a charge to the carbohydrate molecule. For mass spectrometry (MS)
applications, also improved volatility and hydrophobicity are desired, which both can be
enhanced by derivatization (An, Franz et al. 2003, Che, Song et al. 1999). Reductive
amination is commonly used and there are several derivatization reagents available. In
the reaction, the lone pair electrons on the amino group on the labeling agent attacks the
carbonyl carbon of the reducing carbohydrate and yields a Schiff base. Acidic conditions
are used to support the ring opening of the carbohydrates. Cyanoborohydride is
commonly used to reduce the Schiff base into a stable secondary amine. The first step of
the reaction is an equilibrium reaction. Therefore, an excess of labeling agent should be
used to achieve a quantitative derivatization. (Breadmore, Hilder et al. 2011) Figure 5
shows the steps of reductive amination and figure 6 shows common derivatizing agents.

Figure 5. Reductive amination between a carbohydrate and 7-Aminonaphthalene-1,3disulfonic acid (ANDS). Sodium cyanoborohydride (NaCNBH3) is used as the reducing
agent in the final reaction step. (Rethfeld, Blaschke 1997)
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Figure 6. A selection of structures that are common derivatization reagents used for the
analysis of saccharides by CE. (F. N. Lamari, Kuhn et al. 2003, Breadmore, Hilder et al. 2011)
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8-Aminonaphthalene-1,3,6-trisulfonic acid (ANTS), 7-Aminonaphthalene-1,3-disulfonic acid
(ANDS) and 1-Aminopyrene-3,6,8-trisulfonate (APTS) are especially appealing labelling agents
for CE applications because they introduce both a UV-absorbing chromophore and a charge
to the carbohydrate. For underivatized carbohydrates, the pH of the BGE is limited to 12 or
above due to the high pKa-values of carbohydrates. Derivatization with ANTS, ANDS, or APTS
allows a much broader pH scale to be used when choosing the BGE for the system. ANTS,
ANDS, and APTS can be also used together with several different BGEs. As an example, the
work by Pfaff et al can be mentioned. Pfaff et al used ANDS for the derivatization of maltooligosaccharides. The derivatives were separated in an acidic 100 mM Tris-phosphate buffer
at pH 2. The low pH results in almost zero EOF. All analytes carry two negative charges;
therefore, separation is based solely on the molecules size. With this system, maltooligosaccharides containing up to 13 repeating units were detected. The group successfully
applied the analytical procedure to the analysis of maltodextrins and oligomannans in coffee.
(Pfaff, Weide et al. 1999) APTS and ANTS contain three sulfonate groups, which are charged
at a wide pH range. In addition to simple mono- and disaccharides, also larger oligosaccharide
molecules can be separated with CE after derivatization with these reagents, because the
charges give even a big molecule a sufficient electrophoretic mobility. (Breadmore, Hilder et
al. 2011)

There are plenty of UV absorbing derivatizing agents, without charge that can be applied for
the reductive amination reaction. Examples of these are 2-aminobenzoic acid (2-AA), 4aminobenzoic acid (4-AA), 4-aminobenzoic acid ethyl ester (ABEE) and 4-aminobenzonitrile
(ABN). These are typically used together with a borate-containing BGE under alkaline
conditions. Borate forms charged complexes with the derivatized carbohydrates, which
enables the separation. The work by Wahlström et al. can be mentioned as an example. They
studied mono- and oligosaccharides in ionic liquids. They used a pre-column derivatization
with ABEE or ABN after hydrolysation. The samples were analyzed in a BGE containing 450
mM borate at pH 8.5. They achieved a limit of detection (LOD) of approximately 5 mg/L for
most of the saccharides in both water and ionic liquid medium. (Wahlström, Rovio et al. 2013)
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In another study, Dupont et al. utilized CE for the characterization of cellulose- and
lignocellulose degradation products in aged paper. After extraction, the samples were
derivatized with ABEE using a pre-column derivatization. Samples were analyzed in a BGE
consisting of 450 mM borate buffer at pH 9.94. Direct UV-detection was used. For
carbohydrate standards LOD values ranging from 190-240 µM were achieved. The LOD values
for lignin derivative standards ranged from 0.4 to 2.1 µM. (Dupont, Egasse et al. 2007) ABEE
was also used as the pre-column derivatization reagent in a study conducted by Dahlman et
al. The group used CE to study the carbohydrate composition of wood and pulp after they
applied an enzymatic hydrolysis procedure to the wood and pulp samples. They compared the
obtained results with data available from a so-called traditional procedure, which involves acid
hydrolysis and GC. They found that the enzymatic hydrolysis-CE procedure yields somewhat
higher amounts of carbohydrates than the traditional method involving acid hydrolysis-GC.
This was expected, because it is believed that a fraction of the saccharides decompose during
the acid hydrolyzation process. The ABEE-derivatives were separated in two different borate
containing BGE solutions. BGE A consisted of 175 mM borate at pH 10.5 and BGE B consisted
of 438 mM borate at pH 11.5. Figure 7 illustrates well the effect of the pH and the ionic
strength of the BGE on the separation. The use of BGE B resulted in increased migration times,
but the separation was significantly improved. (Dahlman, Jacobs et al. 2000)

Figure 7. The electropherograms show the separation of ABEE-derivatives of glucose,
mannose, and arabinose in different BGE solutions. System A contained 175 mM borate at pH
10.5 and system B 438 mM borate at pH 11.5. Capillary: bare fused silica 39 cm/44 cm, ID 30
µm. Injection was done by elevating the sample 75 mm for 10 s. The applied power was 1200
mW (separation voltage was unknown). Detection: direct UV at 306 nm. (Reprinted with
permission from Elsevier.)
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Derivatization has also commonly been done with pyrazolone compounds such as 1-phenyl3-methyl-5-pyrazolone (PMP). The reaction starts with a base extracting an α-hydrogen from
the PMP yielding a nucleophile, which attacks the carbonyl carbon on the carbohydrate
molecule. Next, a second deprotonated PMP molecule attacks the electrophilic site of the
previously formed conjugated complex through Michael 1,4-addition yielding an eneolate.
Finally, the eneolate deprotonates a water molecule and a bis-PMP product is formed. Figure
8 shows the reaction steps of the derivatization with PMP to yield a bis-PMP product.
(Breadmore, Hilder et al. 2011)

Figure 8. Reaction mechanism between a carbohydrate and two PMP molecules.

Honda et al. used PMP and 2-aminopyridine as derivatization reagents for carbohydrates.
(Honda, Iwase et al. 1989, Honda, Suzuki et al. 1991) PMP and 2-aminopyridine introduces a
strong UV-absorbing unit to the carbohydrates, but the molecule remains uncharged after
derivatization. A borate buffer must be used to turn the molecules into negatively charged
complexes and enable separation. Pre-column derivatization of monosaccharides with PMP
after hydrolysis was utilized by Lu et al. in their study on saccharides in honey. They used a
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200 mM borate buffer containing 4 % methanol at pH 11 and were able to separate 11 PMPaldoses. For some sugars, they were able to measure concentrations down to 2 µM. (Lu, Hu
et al. 2017) Also Taga et al. used PMP as a derivatizing reagent in their study. They separated
reducing carbohydrates and fructosyl saccharides in maple syrup and maple sugar as their
PMP-derivatives with CE. The maple samples were pretreated with enzymatic digestion
followed by a pre-column derivatization with PMP. Separation was done in 200 mM borate
buffer at pH 10.5. Nine saccharides, including both mono- and disaccharides, were detected
from the maple samples. The LOD of PMP-arabinose, PMP-xylose, and PMP-mannose was
0.781 µM for all three derivatives. (Taga, Kodama 2012)

There are also other ways to derivatize carbohydrates. Derivatization can take place via
formation of a glycosylamine, via formation of an N-methyl-glycamine, formation of
hydrazones, or by derivatization at the carboxylic acid functionality. (Breadmore, Hilder et al.
2011)

2.2 Borate complex formation in capillary.

Carbohydrates are uncharged in their natural form. As earlier described, it is only possible to
separate charged species with CE unless some modified BGEs are used. The mechanism relies
on the tetrahydroxyborate ion, 𝐵[𝑂𝐻]−
4 that forms complexes with polyols such as
carbohydrates. The complex formation can be described with the following equations:

𝐵 − + 𝐿 ↔ 𝐵𝐿− + 𝐻2 𝑂
𝐵𝐿− + 𝐿 ↔ 2𝐵𝐿−2 + 𝐻2 𝑂

where 𝐿 is the carbohydrate ligand and 𝐵 − stands for the tetrahydroxyborate 𝐵[𝑂𝐻]−
4.
(Hoffstetterkuhn et al. 1991)
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Honda et al. presented in 1989 that neutral carbohydrates can be transformed into charged
species by converting them into anionic borate complexes in a borate containing BGE. (Honda,
Iwase et al. 1989) Figure 9 shows the steps of the formation of a negatively charged borate
complex.

Figure 9. The formation of the borate complex.

Borate complexation also increases the UV-absorption of the carbohydrates in the low UV
region and the detection of underivatized sugars is possible at 195 nm. Hoffstetterkuhn et al.
found that an increase in the temperature improved the separation of both underivatized
monsaccharides and disaccharides in borate buffer. (Hoffstetterkuhn et al. 1991) However,
pre-column derivatization utilizing reductive amination is usually performed before the borate
complexation to enhance the detection selectivity and sensitivity.
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2.3 Copper (II) complex formation in capillary

Carbohydrates form chelates with copper(II) in alkaline solution (Bazzanella, Bächmann 1998).
The complexes absorb at 245 nm. When copper sulfate is dissolved in ammonia, copper(II) is
coordinated by four ammonia and two water ligands.

[𝐶𝑢(𝑁𝐻3 )4 ]2+ + 2 𝐻2 𝑂
The polyhydroxygroups of the carbohydrate replace water or ammonia molecules and a
complex is formed between copper(II) and the carbohydrate. (Briggs, Finch et al. 1981) The
reaction is presented below:

[𝐶𝑢(𝑁𝐻3 )4 ]2+ + 𝑅𝑂𝐻2 ↔ [𝐶𝑢(𝑁𝐻3 )2 𝑅𝑂𝐻2 ]2+ + 2 𝐻2

The carbohydrate binds to copper(II) via alcoholate groups and this bond is absorbing light in
the UV region. The copper(II)- carbohydrate complex migrates as an anionic species. The
negative charges from the alcoholate groups are dominating over the two positive charges
coming from copper(II). (Bazzanella, Bächmann 1998)

Bazzanella et al. studied the complexation behavior of pure sugars, amino acids and inorganic
cations in a CE system with a BGE consisting of 6 mM CuSO4 and 500 mM NH3 at pH 11.6. They
were able to separate sucrose, ribose and glucose with direct UV detection. The detection
limits that they achieved for sugars were in the range of 50-100 µM. The LOD was dependent
on the concentration of CuSO4 in the BGE. Higher concentrations lead to higher baseline noise,
which impaired the LOD. In addition, amino acids formed complexes with Cu(II). Bazzanella et
al. were able to simultaneously separate sucrose, ribose, glucose, glutamine, aspartate, and
glutamate in a mixture, which also contained amino acids and inorganic cations. The
electropherogram of the separation is presented in figure 10. (Bazzanella, Bächmann 1998)
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Figure 10. Electropherogram of the simultaneous separation of sugars, inorganic cations and
amino acids. The analyte concentrations were 500 µM each. Capillary: 50 cm/73 cm and inner
diameter (ID) of 50 µm; BGE: 7.5 mM CuSO4 and 500 mM NH3 at pH 11.6; Separation voltage:
25 kV; Injection: hydrostatically, 5 cm 50 s; Detection: 245 nm. Migration order: K+ (1), Na+ (2),
glutamine (3), sucrose (4), ribose (5), glucose (6), aspartate (7) and glutamate (8). (Reprinted
with permission from Elsevier.)

Hoedl et al. utilized the complex formation reaction between copper and sugar for the
enantioseparation of aromatic amino acids and glycyl dipeptides. D-gluconic acid, d-saccharic
acid and L-threonic acid were tested as chiral selectors. Each copper(II) ion is able to bind two
ligands, in this case the chiral selectors. The principle of ligand-exchange CE is that one of the
ligands is replaced by the analyte forming a mixed complex. Mixed complexes containing the
D- and L-analytes have different velocity due to the difference in their complex stability
constants, which makes separation possible. (Hoedl, Schmid et al. 2008)

2.4 Direct UV detection of underivatized carbohydrates

Rovio et al. discovered in 2007 that it is possible to detect underivatized carbohydrates with
direct UV detection at 270 nm under highly alkaline conditions. The proposed mechanism was
the formation of a UV-absorbing enediolate from the carbohydrates at alkaline condition.
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(Rovio, Yli-Kauhaluoma et al. 2007) The enediolate is a reaction intermediate in the oxidation
of the carbohydrate. The separation method comprised 130 mM sodium hydroxide with 36
mM disodium hydrogen phosphate dehydrate at pH 12.6. The detection limit was 0.02-0.05
mM. They applied the method to the analysis of glucose, fructose and sucrose in fruit juices
and cognac. (Rovio, Yli-Kauhaluoma et al. 2007) Later in 2008, the group used the same
method for the analysis of the monosaccharide composition in plant fiber materials. In this
study, galactose, glucose, rhamnose, mannose, arabinose, and xylose were determined from
five different plant materials (oat spelt, wheat straw, spruce TMP, aspen, and birch kraft pulp).
A detection limit of 5 mg/L was achieved for each monosaccharide. Figure 11 shows the
electropherogram of a standard solution containing six monosaccharides. (Rovio, Simolin et
al. 2008)

Figure 11. Electropherogram of six monosaccharides in a standard solution. The concentration
of each saccharide was 100 mg/L except for glucose and xylose, which had a concentration of
300 mg/L each. The migration order was galactose (1), glucose (2), rhamnose (3), mannose
(4), arabinose (5) and xylose (6). Separation conditions were 17 kV, detection at 270 nm,
injection at 0.5 psi (35 mbar) 6 s, capillary 50 cm/60 cm, Temperature: 20°C. BGE: 130 mM
NaOH + 36 mM Na2HPO4, pH 12.6. (Reprinted with permission from Elsevier.)

In 2011, Sarazin et al. published a work on the analysis of underivatized carbohydrates utilizing
direct UV detection. They proposed a new detection mechanism, which was based on a photooxidation reaction in the capillary. The reason why enediolate formation cannot be the correct
mechanism is that many of the detected compounds in Rovio’s work lack a carbonyl group
that is essential for the enediolate formation. Oxygen and water are able to absorb UV light
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and form reactive oxygen species. These readily react with carbohydrates leading to oxidation
of the organic compound. The oxidation proceeds equally in both reducing and non-reducing
sugars. Sarazarin et al. suggested that photo-oxidation leads to the formation of
malonaldehyde or related conjugated carbonylated derivatives. These act as the UV-absorbing
chromophore. They also presented a pathway for glucose fragmentation under alkaline
conditions. With this method, they achieved detection limits of 0.04 mM for glucose and 0.06
mM for fructose. (Sarazin, Delaunay et al. 2011)

Other research groups have also studied the direct UV detection of saccharides. In 2013, Oliver
et al. studied monosaccharides in plant fibers in complex mixtures. In this work HPLC and CE
with direct UV detection was used. Oliver’s group investigated the impact of the applied
electric field and discovered that the photo-oxidation is enhanced by the electric field. They
concluded that the detection cannot be due to enediolate formation or alkaline degradation
because the process is slow compared to the short residence time in the detection window.
(Oliver, Gaborieau et al. 2013) Schmid et al. were able to confirm that malonedialdehyde is
the main photo-oxidation product when they studied the photo-oxidation reaction of
saccharides during UV absorption in capillary electrophoresis in 2015. Due to the alkaline
conditions, the compound is present as its conjugate base malonenolate, which have
maximum UV absorption at 267 nm. This is consistent with what was observed in the previous
work. It remained, however, unclear if the photo-oxidation reaction is initiated by photolysis
of water, which forms hydroxyl radicals or if the photolysis occurs directly on the saccharides.
(Schmid, Himmelsbach et al. 2015)

Direct UV detection of underivatized carbohydrates was further investigated by Toutounji et
al. in 2015 for the analysis of the sugar contents of breakfast cereals. They detected and
quantified sugars in 13 different breakfast cereal products. The LOD values varied from 2.38
mg/L (≈ 6.96 µM) for lactose to 30.0 mg/L for glucose (≈ 0.167 mM). The breakfast cereals
were analyzed with CE, HPLC and Fehling’s method and the results were compared. In the
Fehling’s method, the carbohydrates are determined by titration. The Fehling’s method
involve four reagent solutions: Fehling solution A (copper sulfate in water), Fehling solution B
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(potassium sodium tartrate in water), Carrez solution 1 (zinc acetate and glacial acetic acid in
water), and Carrez solution 2 (potassium ferrocyanide in water). The sample was mixed with
5 mL of each Carrez solutions, diluted to 250 mL with water and filtrated. Citric acid was added
to the sample and the sample was boiled for 5 min. After boiling, the pH of the sample was
adjusted to neutral with NaOH and the sample volume was increased to 250 mL with water.
The Fehling solution contained 2.5 mL of Fehling solution A and B. The Fehling solution was
then titrated against the sample solution and the total sugar content was calculated from the
titration results. Several benefits of using CE was pointed out: breakfast cereals can contain
up to five different sugars and with CE, it was possible to separate all sugars and quantify them
in one run. The CE method had a lower detection limit than the Fehling’s method. Higher
precision of data was achieved by CE, probably due to the high automation of the instrument.
Samples can be run directly with CE without laborious sample pretreatment such as
derivatization, acid hydrolysis of polysaccharides, or starch removal. Moreover, CE has lower
running costs and is more flexible than HPLC. (Toutounji, Van Leeuwen et al. 2015)

2.5 Indirect UV detection

Derivatization procedures can be both complex and time-consuming. To overcome
derivatization challenges and to shorten the analysis time required, CE methods have been
developed for the analysis of underivatized carbohydrates utilizing indirect UV detection. In
indirect UV detection the analytes, which are no absorbing in the UV-region, are detected as
negative peaks in a BGE that is absorbing strongly in the UV-region. Alkaline conditions must
be used to have the carbohydrates in their charged form.

Indirect UV detection requires that the BGE is strongly absorbing in the UV-region. Sorbate,
2,6-pyridinedicarboxylic acid and benzoate have been used as UV-absorbing components in
buffers in carbohydrate analysis. (Dominguez et al. 2016, Soga, Serwe 2000, Navarro-PascualAhuir, Lerma-García et al. 2017, Jiang, Chong et al. 2015) The possible pH range of the BGE is
quite narrow. pKa values of common monosaccharides range from 12.08 to 12.39 (Kaijanen,
Metsämuuronen et al. 2015). The pH must be kept above the pKa value to keep the
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carbohydrates in their anionic form. At very high pH the current and baseline in CE tend
however to become unstable (Dominguez et al. 2016). To shorten the analysis time, a
surfactant is commonly used as a coating agent in the BGE together with negative polarity to
reverse the EOF and to force the anionic compounds to move in the same direction as the EOF
towards the anode.

The benefits of indirect UV detection in carbohydrate analysis are the simple sample
preparation and short analysis time. The drawback is that indirect UV detection is not as
sensitive as direct UV detection. The indirect UV detection method is also not as robust as
direct UV detection. Indirect UV detection has been applied for example in food science to
determine saccharides in fruit juice and honey. Klockow et al. used CE with indirect UV
detection for the determination of carbohydrates in fruit juices. They used 6 mM potassium
sorbate as BGE at pH 12.2-12.3. The LODs achieved with this system were 0.23-0.29 mM.
(Klockow et al. 1994) Dominguez et al. used indirect UV detection for the determination of
carbohydrates and proline in honey samples. They used a 10 mM sodium benzoate + 1.5 mM
CTAB buffer at pH 12.4. They were able to separate fructose, glucose, sucrose, and proline.
The achieved detection limits were 0.58 g/L (≈3.2 mM) for fructose, 0.67 g/L (≈3.7 mM) for
glucose and 0.12 g/L (≈0.35 mM) for sucrose. The method was very simple and fast. Samples
were prepared by a simple dilution, and separation was achieved in less than 5 min.
(Dominguez, Jacksén et al. 2016)

Indirect UV detection has also been applied to wood and pulp analysis, where saccharides
have been determined after cellulose hydrolysation. Aid et al. developed a CE method with
indirect UV detection for the analysis of biomass degradation products in samples containing
ionic liquids. Cellulose was hydrolyzed in an ionic liquid 1-ethyl-3-methylimidazolium chloride
(EMImCl) and analyzed with CE. The optimal BGE consisted of 138.2 mM NaOH, 40 mM maleic
acid, and 5 mM 1-tetradecyl-3-methylimidazolium chloride (C14MImCl). C14MImCl was used
for coating the fused silica capillary wall. The applied voltage was -21.7 kV. The capillary was
61.5 cm/70 cm with 22.5 µm ID. Detection was done at 210 and 270 nm. Figure 12 shows the
electropherograms from the analysis. Electropherogram a) and c) corresponds to standards

29

and b) and d) to cellulose degradation products. During cellulose degradation, hexoses are
converted into 5-hydroxymethylfurfural 5-HMF. 5-HMF is a desirable compound because it is
a potential starting material for fuels and chemicals. 5-HMF absorbs well at 270 nm and was
detected at this wavelength. The LODs achieved for the biomass degradation products were
in the range of 0.06-0.06 mM. Aid et al showed that the developed method is robust and well
suitable for the detection of biomass degradation and 5-HMF formation. (Aid, Paist et al. 2016)

Figure 12. The electropherograms from the separation of biomass degradation products. The
separated compounds were: xylose (1), fructose (2), glucose (3), cellobiose (4), cellotriose (5),
cellotetraose (6), cellopentose (7), cellohexaose (8), sucrose (9), and 5-HMF (10).
Electropherogram a) and b) corresponds to standards and b) and c) to cellulose degradation
samples. Concentration of the samples were 1 mM of each, except for 5-HMF which
concentration was 0.5 mM. BGE: 138.2 mM NaOH, 40 mM maleic acid and 5 mM C14MImCl at
pH 12.7. a) and b) were measured with direct UV detection at 270 nm, c) an d) were measured
with indirect UV detection at 210 nm. Capillary: 61.5 cm/70 cm with 22.5 µm ID; applied
voltage: - 21.7 kV. (Reprinted with permission from Elsevier.)

Another example where indirect UV detection was exploited for the detection of
monosaccharides in pulp is the study by Jarméus et al. 2008. First, the group optimized the
BGE by testing seven possible UV-absorbing probes in a 20 mM sodium phosphate buffer at
pH 12.1. 2,6-dimethoxyphenol (DMP), was found to be most suitable probe. Pulp samples
were hydrolyzed into monosaccharides before analysis. Xylose, mannose, glucose, arabinose,
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and galactose were detected in the samples. They also studied the influence of adding a
cationic surfactant hexadecyltrimethylammonium bromide (CTAB) into the BGE. Optimal
analytical conditions were achieved with a BGE consisting of 8 mM DMP and 1.5 mM CTAB at
pH 12.0. (Jarméus, Emmer 2008)

A third area where CE with indirect UV detection has been utilized is in the field of
biochemistry. Soga et al. determined monosaccharides in glycoproteins by CE utilizing indirect
UV detection. They used 20 mM 2,6-pyridinedicarboxylic acid (2,6-PDC) and 0.5 mM CTAB at
pH 12.1 as the BGE. The LOD values achieved with this method were between 23-71 µM. After
the method optimization, monosaccharides in glycoproteins were determined. Fetuin was
chosen as a model glycoprotein and it was hydrolyzed prior to the analysis. The group were
able to separate mannose, glucosamine, galactosamine, and galactose from fetuin. (Soga,
Heiger 1998)

3. LASER INDUCED FLUORESCENCE DETECTION

In Laser Induced Fluorescence (LIF), a laser is used to excite electrons in a fluorescent
molecule. When the excited electron returns to its ground state, a photon is emitted at a
higher wavelength. A common excitation source is the 488 nm line from an argon ion laser.
The detector consists of a laser source, focusing optics, optics to collect the fluorescence,
filters to collect the desired wavelengths and a sensitive photodetector. The equation for the
fluorescence intensity 𝐼𝐹 can be expressed as:
𝐼𝐹 = (log 𝜀) ∗ 𝑐𝑙 ∗ 𝐼𝐿 ∗ 𝑄𝐹
(15)
where 𝐼𝐹 is the fluorescence intensity, 𝜀 is the molar absorptivity, 𝑐 is the concentration of the
sample, 𝑙 is the path length, 𝐼𝐿 is the intensity of the laser, and 𝑄𝐹 is the fluorescence quantum
yield of the fluorophore.
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The equation for the fluorescence intensity has similarities with the Lambert-Beer’s law, which
describes UV-absorption, but it also takes into account the intensity of the laser 𝐼𝐿 and the
fluorescence quantum yield of the fluorophore 𝑄𝐹 . LIF detection is significantly more sensitive
than UV detection. (Picó 2012)

Carbohydrates cannot be detected directly with LIF, because they lack fluorescent properties.
Before analysis, the carbohydrates must be derivatized and the most common way to do this
is using the reductive amination reaction, which is described earlier. 8-Aminopyrene-1,3,6trisulfonate (APTS), is a commonly used derivatizing agent. It is useful because it adds three
negative charges to the molecule, which significantly improves the separation. Additionally,
APTS has strong absorption at 488 nm, which is well compatible with the excitation of the
argon laser. (Fernandez de la Ossa, Ma Angeles, Ortega-Ojeda et al. 2014) Other aromatic
amines that can be used for the derivatization of carbohydrates are 8-aminonaphthalene1,3,6-trisulfonic acid

(ANTS), aminonaphthalene-2-sulfonic acid

(ANA) and 4-amino-5-

hydroxynaphthalene-2,7-disulfonic acid (AHNS) (Breadmore, Hilder et al. 2011).

There are several studies published where APTS is used as the pre-column derivatizing agent
prior to CE-LIF analysis. Fernandez de la Ossa et al. utilized CE-LIF for the differentiation of
paper samples (white copy paper, recycled copy paper, adhesive yellow note and serviette
paper). They used APTS for derivatization of cellulose in the samples. The separation was done
in a 1.0 mM formate buffer at pH 2.0. The detection limits achieved ranged from 1.5-17 µg/mL.
(Fernandez de la Ossa, Ma Angeles, Ortega-Ojeda et al. 2014) Kovacs et al. utilized CE-LIF for
the determination of APTS-labelled N-linked oligosaccharides from serum in persons suffering
from multiple myeloma. In multiple myeloma, plasma cells produce abnormal antibodies also
referred to as paraproteins. Kovacs et al. studied the N-linked oligosaccharides of these
paraproteins from total serum, fragment crystallizable region, fragment antigen binding, and
κ/λ light chain fractions of papain digested immunoglobulins from multiple myeloma patients.
Sugars were released using endoglycosidase and derivatized with APTS. Figure 13 presents
how the oligosaccharide pattern vary depending on the stage of the disease. For the analysis,
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a 50 cm/60 cm long gel coated capillary (formulation unknown) with 50 µm ID was used. The
separation voltage was -30 kV. (Kovacs, Simon et al. 2017)

Figure 13. A comparison between the ATPS labelled serum oligosaccharide pattern in persons
at different stages of the disease. A = healthy (control) B = freshly diagnosed, untreated, C =
treated and D = remission stage. Capillary: gel coated 50 cm/60 cm ID 50 µm, containing gel
buffer (formulation unknown), separation voltage -30.0 kV (0.17 min ramp), Temperature. 25
°C, injection: 1.0 psi (69 mbar), 0.5 s. (Reprinted with permission from John Wiley & Sons.)

Dansylhydrazine, rhodamine 110, and 2-aminoacridone (2-AMAC) can also be used to
derivatize saccharides prior to CE-LIF analysis. Dansylhydrazine, which is a fluorescent
molecule that reacts selectively with aldehydes and ketones, was used as a derivatizing agent
by S A Perez et al. The derivatized carbohydrates were excited with a Helium/Cadmium laser
at 325 nm and the emission was at 530 nm. The carbohydrate derivatives were separated
using a 25 mM borate buffer at pH 9.2. The detection limit for glucose was 100 aM. The
method was applied to the analysis of tear samples and the group showed that their method
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is suitable for very small sample amounts. They were able to perform the derivatization
procedure and CE analysis on tear samples with the volumes ranging from 3 to 5 µL. The
glucose amount detected from the tear samples was in the pmol range. (Perez, Colon 1996)
Rhodamine 110 can be utilized as a fluorescent derivatization reagent. It reacts with the
reducing carbonyl group of the carbohydrates and possesses a large fluorescence quantum
yield. The derivatization reaction is based on reductive amination. Soichiro Ijiri et al. used
rhodamine 110 as the fluorescent derivatization reagent. They separated carbohydrate
derivatives in a 200 mM borate buffer at pH 10.5. For monosaccharides, detection limits in the
36-70 aM range were achieved. The method was successfully applied to the analysis of the
monosaccharide composition of three glycoproteins: ribonuclease B, fetuin, and
erythropoietin. (Ijiri, Todoroki et al. 2010) In the work by F Lamari et al. 2-aminoacridone (2AMAC) was used for labelling of chondroitin/dermatan sulfate-derived ∆-disaccharides. The
samples were enzymatically digested prior to the derivatization. The separation was carried
out in a 15 mM orthophosphate buffer at pH 3.0. The detection limit achieved was
approximately 0.5 pM. (F. Lamari, Theocharis et al. 1999)

As it can be seen from the works presented above, LIF detection can be utilized in cases where
the sample amounts are extremely small, e.g. when analyzing tear samples and in other
biochemical applications. LIF detection is very sensitive, and the examples above show that it
is possible to get very detailed information about the studied species. The biggest drawback
of LIF detection is that it requires derivatization prior to analysis, which results in laborious
sample preparation and long analysis times.
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4. ELECTROCHEMICAL DETECTION

4.1 Pulsed amperometric detection

In pulsed amperometric detection (PAD) a clean metal electrode, adsorb the organic
compound, which is to be detected. At the electrode, oxidation is taking place via an anodic
oxygen transfer from H2O and an oxide is formed. After the detection, the electrode must be
cleaned and reactivated. Oxidation of organic compounds cause fouling and accumulation of
organic oxides on the electrode. Without the cleaning of the electrode, the electrode becomes
passive and the catalytic activity of the electrode diminishes. In PAD, online cleaning of the
detector is applied. The first cleaning step is to pulse the electrode with a higher positive
potential, which creates more stable oxides AuO or PtO on the electrode. In the second step,
a negative potential is applied, which reduces the surface oxides and removes them from the
electrode. The detector consists of a positioning device, a disc-shaped working electrode, a
counter electrode, a reference electrode (often Ag/AgCl) and a grounding electrode (Fu, Song
et al. 1998)

Amperometric detection is suitable for carbohydrates because carbohydrates contain
hydroxyl groups, which can undergo catalytic oxidation on the surface of a metallic electrode.
The oxidation produces a significant current, which is registered by the detector. (Yang, Wang
et al. 2012) Several different materials can be utilized as electrodes; platinum, copper, nickel,
copper modified carbon composite, nano-nickel oxide modified carbon paste, and graphenecobolt. (Yang, Wang et al. 2012, Lacourse 2012, Hua, Chia et al. 2000, Liang, Sun et al. 2016,
Hughes, Johnson 1981, Cheng, Zhang et al. 2008) The electrodes become electrochemically
active when a voltage is applied in the presence of an electrolyte. The properties of the
surrounding electrolyte (e.g. pH, ionic strength, and temperature) have an impact on the
intensity of the signal. (Lacourse 2012) In carbohydrate analysis, alkaline conditions are usually
used because the anodic sensitivity improves at higher pH (Hughes, Johnson 1981). This is
because carbohydrates dissociate into alcolate anions, which are electrochemically active in
alkaline solution. Sodium hydroxide solution is commonly used as electrolyte (Lee, Chen 2004,
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Fanguy, Henry 2002). Fu et al. used CE with amperometric detection for the determination of
sugars and organic acids. The separation was done using a BGE consisting of 0.05 M sodium
hydroxide and 0.20 mM CTAB. Detection was done with a disk-shaped copper electrode.
Separation of tartaric acid, ascorbic acid, fructose, glucose, and sucrose was accomplished.
With this method they achieved LOD values ranging from 0.71-1.25 µM. (Fu, Song et al. 1998)
A method for the determination of sugars in honey with indirect UV detection was presented
earlier in the section presenting indirect UV detection. Liang et al. developed a method for the
analysis of carbohydrates in honey and milk utilizing CE coupled with graphene-cobolt
microsphere hybrid paste electrodes. 75 mM sodium hydroxide was used as the BGE.
Mannitol, sucrose, lactose, glucose, and fructose were separated in 9 min. Detection limits
were in the range of 0.20-0.28 µM for the sugars. The method was applied to the
determination of glucose and fructose in three different honey samples and lactose in bovine
milk. (Liang, Sun et al. 2016) When the LODs of the two methods are compared, it is clear that
PAD is a much more sensitive method than indirect UV detection.

PAD is a very suitable detection method for miniaturized systems. Optical detection methods
are dependent of the path length of the light beam according to Lambert-Beer’s law. In
miniaturized systems, the response of an optical detector deteriorates with the downsizing of
the system. In electrochemical detection, the measured signal is defined by the current,
number of electrons, the electrode surface area, diffusion constant, the concentration of the
bulk solution, and the hydrodynamic diffusion layer thickness. The signal does not directly
depend on the size of the detector and can therefore easily be miniaturized. The possibility of
online cleaning of the electrodes in PAD is also a big benefit for miniaturized systems, where
the components are small and difficult or even impossible to clean in other ways. Lee et al.
separated sucrose, cellobiose, glucose and fructose on a microchip CE. Detection was
performed amperometrically on a copper electrode. The separation was fast, all compounds
were detected in less than 500 s. A buffer containing 80 mM sodium hydroxide was used as
the separation medium. The detection limits of the analytes were low, ranging from 2.3-16.6
µM. Figure 14 shows a schematic picture of the microchip CE system that Lee’s group used in
their work. (Lee, Chen 2004)
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The greatest potential with PAD lies in the possibility to utilize it in miniaturized systems. The
sensitivity of PAD is relatively high. There are several different possibilities in the selection of
electrode material and the detector set up. No derivatization before analysis is required and
therefore sample preparation before analysis is minimal leading to potentially very short
analysis times.

Figure 14. A schematic picture of the microchip CE system with amperometric detection that
Lee et al. used in their work. RB = running buffer reservoir, SW = sample waste reservoir, S =
sample reservoir, DC = detection cell, CE = counter electrode, (300 µm platinum wire), RE =
reference electrode (Ag/AgCl) and WE = working electrode (50 µm copper wire). (Reprinted
with permission from Elsevier.)

4.2 Contactless conductivity detection

The contactless conductivity detector (CCD) consists of two tubular electrodes, which are
aligned side by side along its axis. The electrodes embed the capillary. There is a gap of several
millimeters between the electrodes, and the electrodes may be shielded to avoid direct
capacitive coupling between the electrodes. The electrodes form a capacitor together with
the inside of the capillary and the electrolyte solution forms a resistor. The main parts of the
detection circuit are a function generator, the cell, a pick-up amplifier and a rectification unit
(Kuban, Hauser 2004)
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For best sensitivity, the electrolyte should contain a co-ion that has a mobility that significantly
differs from the analyte. This leads to a significant conductivity change in the analyte zone.
(Carvalho et al. 2003) Sodium hydroxide or sodium hydroxide in combination with sodium
phosphate can be used as BGE. The pH of the BGE used is high, typically exceeding 12. The
carbohydrates deprotonate and become negatively charged at these conditions. The
hydroxide ion has a significantly higher mobility than the carbohydrate molecule and
carbohydrates are therefore detected as negative peaks. The highly alkaline BGE generates a
significant amount of Joule heat due to high electric conductivity. Small diameter capillaries
are used to ensure the heat dissipation. Typically, surfactants, such as CTAB, are used to
reverse the EOF. The limit of detection is below 1 µg/L, which is in the same range as for
indirect UV detection. The benefit of contactless conductivity detection is that the method is
robust, and the sensors do not suffer from ageing. (Tůma, Málková et al. 2011)

Vochyanova et al. separated and quantified saccharides in high-energy drinks using short CE
capillaries and contactless conductivity detection. Very short capillaries were used, the total
length was 10 cm and the effective length was only 4 cm. They were able to separate five
saccharides in less than 60 seconds. The benefit of this system is that it is very fast and it uses
an ordinary silica capillary, which is easy to replace. There is no need for special chips etc. The
separation space can also be varied depending on the size of the capillary that is used.
Vochyanova et al. studied how different BGEs affect the separation. They prepared three
different BGEs: 75 mM potassium hydroxide (KOH), 75 mM NaOH, and 75 mM lithium
hydroxide (LiOH). They analyzed a model sample containing sucrose, glucose and fructose and
analyzed the sample using each BGE. They found that the type of hydroxide affect the
migration time of the EOF. The fastest EOF was achieved with KOH and LiOH gave the slowest
EOF with NaOH falling in between. LiOH gave the best degree of resolution. KOH can be
recommended if analytes with sufficiently different migration velocities are to be analyzed as
fast as possible. If the emphasis is on achieving the best possible separation, LiOH is a better
choice. NaOH falls in between and can be regarded as a universal electrolyte giving both
satisfying speed and separation. Figure 15 illustrates the effect of the chosen BGE on the
separation of saccharides in a model mixture. (Vochyanova, Opekar et al. 2012)
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Beverages has also been studied utilizing CE-CCD by another research group. Carvalho et al.
developed a method for the analysis of fructose, glucose, galactose, lactose and sucrose with
CE coupled to CCD. The optimal BGE comprised 10 mM sodium hydroxide, 4.5 mM sodium
phosphate, and 0.2 mM CTAB. LOD was in the range of 13-31 µM. The optimized method was
applied to the determination of sugars in soft drinks, isotonic beverages, fruit juice and
sugarcane spirits. Advantages of this method were fast analysis time (≈ 3 min) and simple
sample preparation (only dilution was required). (Carvalho et al. 2003)

Figure 15: The effect of type of hydroxide on the separation. Electropherograms of a model
mixture containing sucrose (1), glucose (2), and fructose (3). Separations were done in 75 mM
KOH (A), 75 mM NaOH (B) and 75 mM LiOH (C). Samples were prepared in aqueous solution
containing 500 mg/L of each saccharide. Quartz capillary (ID 10 µm) and with a length of 8
cm/10 cm was used. Separation voltage was 5 kV. (Reprinted with permission from SpringerVerlag.)
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5. MASS SPECTROMETRY DETECTION

The detection of carbohydrates with mass spectrometry (MS) coupled to capillary
electrophoresis has been limited due to the somewhat complicated interface between the
capillary electrophoresis instrument and the mass spectrometer. The electrolytes that are
traditionally used in carbohydrate analysis are not suitable for MS, due to their poor volatility.
Borate or surfactant containing BGEs are typically used, which are problematic for MS
detection. However, BGEs that are more volatile, such as diethylamine (DEA), can be used.
(Klampfl, Buchberger 2001) Also in MS detection it is highly beneficial to derivatize the
carbohydrates prior to the analysis. Derivatization increases the sensitivity by making the
carbohydrates more volatile, hydrophobic and negatively charged and it thereby enhances the
ionization and makes the saccharides better suitable for electrospray ionization (ESI) MS
detection. (An, Franz et al. 2003, Che, Song et al. 1999) Mass detection of carbohydrates is
usually carried out in the negative mode when using ESI. (Che, Song et al. 1999)

ESI is well suitable for compounds that are ionized already in solution. Therefore, ESI is by far
the primary ionization technique in LC-MS and CE-MS applications. In ESI, the liquid flow is
transformed into a charged aerosol. The effluent is lead through a capillary of steel and a
cylinder-shaped electrode. A voltage is applied to the electrode. Due to the current, the ions
are separated according to their charge. Depending on if positive or negative ions are to be
analyzed, either a positive or negative voltage is applied to the electrode. Small charged
droplets are formed under the influence of the applied voltage. Solvent molecules evaporate
from the droplets, which increases the charge density of the droplets. Eventually, the droplet
break into smaller droplets and ions are emitted from the droplet. Finally, ions in gaseous
form, surrounded by solvent molecules are formed. A gas flow is used to remove the solvent
and only the ions are lead to the mass analyzer. In ESI, the ionization takes place under normal
atmospheric pressure. (Hommerson, Khan et al. 2011)
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Matrix-assisted laser desorption ionization (MALDI) together with the time-of-flight (TOF),
mass analyzer can be used as ionization technique for carbohydrates in offline applications
(Joseph 2004) In MALDI, the sample is cocrystallized with an organic matrix. 2,5dihydroxybenzoic acid (DHB) is commonly used as a matrix for oligosaccharides (Ludwiczak,
Brando et al. 2001) The matrix material must effectively absorb at the wavelength at which
the laser is operated. The prepared sample is irradiated with a laser. The solid sample layer
adsorbs the energy from the laser, which leads to heat formation. The heat leads to
evaporation and finally ionization of the sample. (Gross 2011) Derivatization of
oligosaccharides prior to the analysis has two benefits; the added charge improves the
separation in CE and enhance the MS-detectability (An, Franz et al. 2003).

Khan et al. developed a method for the analysis of N-linked oligosaccharides utilizing CE-LIFMS. They used a novel fluorescent dye TealTM and evaluated its performance by comparing it
to APTS. Both APTS and TealTM contain three sulfonic acid groups. They found that the novel
dye is compatible with the system and provides a comparable sensitivity to APTS. Two complex
oligosaccharide mixtures were analyzed with the CE-LIF-MS method that Khan et al.
optimized. The first mixture contained high mannose and sialic acid oligosaccharides, and the
second mixture contained N-linked oligosaccharides that can be found on recombinant
therapeutic monoclonal antibodies. The oligosaccharides were labelled with TealTM and
analyzed with CE-LIF-MS. As seen from figure 16, the researchers were able to separate and
identify all oligosaccharides in both samples. The benefit of the novel dye is that it has a higher
reactivity, and can thus be use in smaller amounts. This reduces the amount of sample
cleaning before MS analysis. (Khan, Liu et al. 2018)
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Figure 16: TealTM-labelled oligosaccharides separated by CE-LIF-MS. The mixture of high
mannose and sialic acid oligosaccharides are presented to the left and the mixture containing
N-linked oligosaccharides to the right. The sample contained 1.25 pM/µL of each Teal-labelled
oligosaccharide. Capillary: 70 cm/115 cm fused silica with outer diameter (OD) of 360 µm
(outlet OD thinned to 150 µm), ID 75 µm. BGE: 0.7M ammonium hydroxide, 70 % methanol;
sheath liquid: 10 mM ammonium bicarbonate, 99% methanol; injection 0.5 psi (34 mbar) 5 s;
BGE plug injection 0.5 psi 5 s; separation 30 kV normal polarity; electrospray 1.9 kV. (Reprinted
with permission from John Wiley & Sons.)

Additionally to the biochemical applications, CE-ESI-MS has been used in pulp and paper
science as well as in food science. Bogolitsyna et al used CE-ESI-MS for the analysis of
components in effluents from bleaching stages in the pulp and paper industry and degradation
products in extracts from naturally aged paper. CE was coupled to MS via a sheath liquid
interface and ion trap was used ass mass analyzer. The optimal BGE composed of 20 mM
ammonium formate with pH 9. The method was optimized using model mixtures, one
containing nine low molecular weight carboxylic acids and the second containing seven lignin
fragments. LODs were in the range of 0.16 to 0.91 mg/L, which corresponds to approximately
0.11-0.61 µM. (Bogolitsyna, Becker et al. 2011) Klampfl et al. developed a method for the
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analysis of underivatized carbohydrates with CE-ESI- quadrupole ion trap (QIT) -MS. A 300 mM
DEA buffer at pH 12.15-12.40 was used as the BGE. The ESI-MS experiments were done in the
negative ion mode. A sheath liquid interface was used to connect the CE to the MS. Calibration
curves were obtained for 15 sugars and sugar alcohols. The LOD varied from 1-22 µM. The
developed method was applied to the analysis of one red wine and one white wine sample.
Eight sugars and sugar alcohols were determined in both wine samples. (Klampfl, Buchberger
2001)

MALDI-TOF-MS has been used to detect adulteration of fruit juices by starch hydrolysates.
Žídková et al. used CE with indirect UV detection for separation and quantification of the main
saccharides (glucose, fructose, and sucrose) present in fruit juices. The detection limit
achieved for the saccharides was 0.5 mM. After the separation of saccharides, MALDI-TOF was
used for determination of oligosaccharides. MALDI-TOF is a powerful tool for identification of
fructo-oligosaccharides and higher oligosaccharides of starch hydrolysates. Fruit juices do not
normally contain any oligosaccharides. Adulteration of fruit juice can be done by adding cheap
sweeteners e.g. low glucose syrup into the juice. Low glucose syrup is produced from wheat
starch and is an oligosaccharide-containing sweetener. Žídková et al. showed that MALDI-TOF
could efficiently be used to determinate the adulteration of orange juice. (Žídková, Chmelík
2001)

CE-MS is commonly used for the structural analysis of oligosaccharides. Two examples where
MALDI has been used as the ionization technique is presented here. In the first study, MALDI
was used with the TOF mass analyzer. Pascal Ludwiczak et al. performed structural analysis of
lipoarabinomannans from Mycobacterium tuberculosis using the combination of CE and
MALDI-TOF-MS. The oligosaccharides were derivatized using APTS and separated with CE
before MALDI-TOF-MS analysis. A mixture of 2,5-dihydroxybenzoic acid (DHB) and 5methoxysalicylic acid (MSA) was used as a matrix. Ludwiczak et al. were able to detect below
50 mmol standard APTS-maltotriose. Structural information of the oligosaccharides was
obtained. Benefits of the developed analytical method was that the sample amount required
was very low, only 5 µg, which enables the study of Mycobacterium tuberculosis isolated
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directly from tubercular patients without the need of in vitro culturing. (Ludwiczak, Brando et
al. 2001) In the second study, MALDI was coupled to a Fourier transform (FT) mass analyzer.
Oligosaccharides released from glycoproteins were studied by An et al. They used derivatized
CE-UV and offline MALDI-FT in their work. The oligosaccharides were derivatized with Nquaternized benzylamine to obtain positively charged species. Due to the quaternization, it
was possible to separate LNDFH I and II, which are isomeric hexasaccharides. Detection limit
was studied using LNDFH I as the standard analyte. The group was able to achieve a detection
limit below 30 fmol of the treated LNDFH I. They applied the developed analytical method to
the determination of the oligosaccharides released from glycoprotein RNase B and showed
that the method is suitable for profiling oligosaccharides released from glycoproteins. (An,
Franz et al. 2003)

6. SUMMARY OF THE DETECTION TECHNIQUES

Although carbohydrates are challenging to detect due to their diversity and molecular
structure, several CE detection techniques are developed and available. The selection of
detection method depends on the required sensitivity, level of structural details and economic
resources. Indirect UV detection is a simple, fast, and inexpensive detection method suitable
for routine analysis for example in quality control of foodstuff. Little or no sample
pretreatment is required, which enables a high daily sample throughput. The detection limits
achieved with indirect UV detection are in the mM range. Higher sensitivity is achieved by
derivatization of the carbohydrates and using direct UV detection with borate buffer as
separation medium. Derivatization extends the possibilities of BGEs to be chosen and enables
analysis at a wider pH range. Higher sensitivity comes at the expense of time and cost.
Derivatization agents must be purchased, and the derivatization process is time consuming
with several sample preparation steps. LODs in the µM range is achieved with derivatization.
Copper complex formation between copper and carbohydrates in the capillary is an
alternative to derivatization. Detection limits in µM range can be reached. Copper complex
formation can also be utilized in enantioseparation of amino acids.
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LIF detection resembles UV detection. The difference is that in LIF, the analytes are excitated
and the fluorescence emitted when the molecule returns to ground state is measured. LIF is a
preferable technique if extremely high sensitivity is desired. The detection limits are in the
pmol and amol range. Derivatization is required before analysis to transform the
carbohydrates into fluorescent species. PAD and CCD detection methods are foremost
applicable to portable and miniaturized CE systems. Common chemicals, e.g. NaOH with or
without a surfactant can be used as separation medium. No derivatization is required prior to
the analysis. Due to the miniaturization possibility, analysis times can be extremely short,
around 1 min.

The most sophisticated detection method is mass spectrometry detection. This is also by far
the most expensive alternative for detection. MS can be used coupled either online or offline
to the CE. MS detection is recommendable in cases where complex mixtures of
oligosaccharides are analyzed and detailed information about the different oligo-saccharide
structures is required. MS detection is possible with very low sample amounts, which often is
the case in biochemistry applications. Especially tandem mass spectrometry is a powerful tool
in oligosaccharide structure analysis. Samples are derivatized prior to analysis to enhance the
resolution and ionization. MS detection is an important tool in biochemistry, where
oligosaccharides are studied in detail to get information on biochemical processes. MS
detection cannot be regarded as a routine detection method as the operation of the MS
instrument requires educated specialized personnel. The interpretation of the mass spectrum
is also more demanding than interpretation of electropherograms. Table 1 presents a
summary of the main detection techniques.
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Table 1. A summary of different CE detection techniques, their pros, cons, and detection limits.
Technique

LOD

Pros

Cons

Comments

Derivatization + UV

µM

Possibility to use several alternatives of BGEs

Derivatization reagents must be purchased. Sample

CE instruments are equipped

and possibility to use a wide pH range.

preparation is time consuming and include several

with a UV detector as standard.

detection

steps.
Indirect UV

mM

Little or no sample preparation and short

Less sensitive than other techniques.

analysis times. High sample throughput and

Especially suitable for routine
analysis e.g. quality control

low running costs.
Copper complex

50-100 µM

Can be utilized for enantioseparation.

Less sensitive than derivatization of carbohydrates.

Extremely sensitive. Many derivatizing reagents

Derivatization involve tedious and time-consuming

are suitable for both UV and LIF detection.

sample preparation. Derivatization reagents must be

Suitable for small sample amounts.

purchased.

Especially suitable for miniaturization and

Waste is produced from used CE microchips

formation + UV
detection
Laser Induced

aM

Fluorescence

Electrochemical
detection

< 1 µM (PAD)
≈10 µM (CCD)

portable applications. Very fast, separation can
be achieved in 1 min. Common chemicals can
be used (NaOH as BGE)

Mass spectrometry

µM

Powerful tool for oligosaccharide analysis when

Highly expensive. Trained and specialized personnel is

detailed structural information is required.

required for instrument operation and mass spectrum

Very small sample amounts required.

interpretation.
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Not for routine analysis

EXPERIMENTAL PART:
METHODS FOR THE ANALYSIS OF IONIC LIQUID SAMPLES
WITH CAPILLARY ELECTRPHORESIS

7. INTRODUCTION

Ionic liquids (IL) are defined as organic salts with a melting point below 100ºC. An IL contain
at least one delocalized charge and one part of the salt is organic. Because of the usually large
organic part, ILs are unable to form a stable crystal lattice. ILs can be made of a large number
of different cations and anions. Usually the cation is an organic molecule, e.g.
alkylimidazolium, alkylpyridinium, tetraalkylammonium, or tetra-alkylphosphonium. ILs have
unique physicochemical properties; neglible vapor pressure, non-flammable, good thermal
stability, and high ionic conductivity. (Sim, Mun 2012)

Ionic liquids are exploited in a large number of different applications: extractions, surfactants,
catalysts, separation techniques, etc. Ionic liquids are of high interest in the lignocellulose
biomass applications due to their ability to dissolve cellulose. Cellulose is difficult to dissolve
in water or other common solvents due to its rigid structure. Efficient solvents are necessary
because cellulose decompose at a lower temperature than it melts. ILs have several
advantages as cellulose dissolving agents: cellulose is not decomposing in the solvation
process, spinning dopes are stable and storable, ionic liquids are easy to process, ionic liquids
are easy to recover, and cellulose can easily be regenerated, often by precipitating it out by
adding water. There are also a few disadvantages considering ionic liquids. Ionic liquids cannot
be regarded as truly green chemicals because the synthesis is often based on non-renewable
petroleum-based feed stocks and they often require alkyl halides as precursors. The
production is a multi-step synthesis, which generates hazardous waste. ILs have been
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regarded as less toxic, but recent studies show that several ionic liquids are in fact toxic and
their toxicity can vary widely. (Sim, Mun 2012, Ruokonen, Sanwald et al. 2018)

In this work, samples containing different ionic liquids were analyzed quantitatively and
qualitatively using CE. In the first part of the work, five novel ionic liquids were analyzed. The
compounds were studied both independently and as a mixture. From the separation studies,
effective plate number and resolution were calculated. From the quantitative studies, a
calibration curve for four of the studied compounds were obtained. In this part of the work,
focus was on the cation part of the IL. In the second part of this work, indirect UV detection
was utilized for the determination of acetate in IL samples. Acetate is a common counter in
ionic liquids and it was studied in order to see if it is possible to determine the amount of ionic
liquid in a sample via the counter ion. A method for the determination of the acetate amount
in ionic liquid samples was optimized. After optimization of the analytical conditions, a
calibration curve for acetate was obtained using different concentrations of acetic acid
standards. In the last part of this work, solid phase extraction (SPE) and CE were used to study
if carbohydrates can be detected in an IL sample after a cellulose dissolving process. Different
solid phase extraction cartridges were tested for the extraction capability of two different
ionic liquids. CE with indirect UV detection was used for the analysis of the samples with
respect to carbohydrates after extraction. The analytical conditions were optimized for the
analysis of xylose and a calibration curve for xylose was developed.
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8. EQUATIONS USED IN THE WORK

Arithmetic mean, 𝑥̅
1

1
𝑥̅ = ∑ 𝑥𝑖
𝑁
𝑖=1

(5)

Standard deviation, 𝜎

𝜎=√

∑1𝑖=1(𝑥𝑖 − 𝑥̅ )2
𝑁−1
(6)

Relative standard deviation, RSD
𝑅𝑆𝐷 =

𝜎
∗ 100
𝑥̅
(7)

Uncertainty
𝑅𝑆𝐷% ∗ 2
(8)

Corrected area
𝐴(𝑎𝑛𝑎𝑙𝑦𝑡𝑒)
𝐴(𝐼𝑆)
(9)

where 𝐴(𝑎𝑛𝑎𝑙𝑦𝑡𝑒) is the manually integrated area of the analyte and 𝐴(𝐼𝑆) is the manually
integrated area of the internal standard.
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Resolution, 𝑅𝑠
𝑅𝑠 = 1.18

(𝑡𝑅2 − 𝑡𝑅1 )
(𝑤1,ℎ/2 + 𝑤2,ℎ/2 )
(10)

where 𝑡𝑅1 is the migration time of the first peak, 𝑡𝑅2 is the migration time of the second peak,
𝑊1,ℎ/2 is the peak width at half height for the first peak, and 𝑊2,ℎ/2 is the peak width at half
height for the second peak.

Effective plate number, 𝑁𝑒𝑓𝑓
𝑁𝑒𝑓𝑓

𝑡𝑅′
= 5.545 (
)
𝑤ℎ/2

2

(11)

where 𝑡𝑅′ is the migration time of the compound and 𝑤ℎ/2 is the width of the peak at peak half
height.

9. MATERIAL AND METHODS

Capillary electrophoresis instruments from Agilent and Hewlett Packard were used in this
work. The instruments were both equipped with a UV-VIS diode array detector (DAD). Both
instruments were operated, and data processing was done using ChemStation software.
PeakMaster 5.3 software was used for the calculation of the ionic strength and composition
of the buffer solutions. Bare fused silica capillaries with the inner diameter (ID) of 50 μm and
the outer diameter (OD) of 365 μm with varying lengths were used as CE capillaries in this
work.
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Samples were prepared in polypropylene tubes using Finnpipettes with disposable tips. Stock
solutions were prepared in measuring flasks by weighting the original sample on a balance
and diluting with ultrapure water. Samples and stock solutions were mixed with a touch vortex
before further use and after storage. All solutions, buffers and prepared samples were stored
at +4 °C (except the buffer solution containing CTAB). All water was collected via an ultrapure
water system. A pH meter was used for the control of the pH of the buffer solution. Buffer
solutions and capillary conditioning solutions were filtrated with a PVDF 0.45 µm syringe filter
before use. The laboratory equipment used in this work is presented in table 2 and the
chemicals used in this work is presented in table 3.

Table 2. The laboratory equipment used in the experimental part.
Equipment

Purpose

Agilent Technologies 7100 Capillary
Electrophoresis, G7100A

CE instrument

Agilent OpenLAB Control Panel, Application:
ChemStation

Instrument run control and data
processing

Hewlett Packard 3D CE

CE instrument

Application: 3D-CE ChemStation

Instrument run control and data
processing

PeakMaster 5.3, freeware available at
https://web.natur.cuni.cz/~gas/

Software for the calculation of
the ionic strength of the BGE

Bare Fused Silica Capillary BT050365,

CE capillary

ID = 50 μm, OD 365 μm, Biotaq
Sartorius arium® mini

Ultrapure water system

Branson 2510

Sonication bath

Biohit m1000, 100-1000 μL

Pipette

Sartorius mLINE 0.5-10 μL

Pipette

Sartorius mLINE 2-20 μL

Pipette

Biohit PROLINE 5-50 μL

Pipette

Touch vortex, Glas-Col®, U.S.A.

Mixing samples
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Table 2. The laboratory equipment used in the experimental part continues.
Equipment

Purpose

Electrometer Mod. 160 Carlo Ebba, Italy

Tool for burning away the
polyimide coating from the
capillary.

Mettler AE240

Balance

Mettler Toledo Education Line pH

pH meter

pH electrode, VWR

pH electrode

RETbasic, IKA LABORTECNIK

Hot plate with magnetic stirrer

AirekaCells PVDF 0.45 μm

Syringe filter

Pasteur pipette, Fisher Scientific

Pipette

MicroTubes BRAND®, PP/1.5 mL

Tubes for sample storage

Centrifuge tubes with attached cap 5 mL, SigmaAldrich, natural polypropylene, conical

Tubes for sample storage

Strata™-X-C 33 μm Polymeric Strong Cation 60
mg/3 mL, Tubes, Phenomenex®

SPE tubes

Oasis® MCX 3cc (60mg) Extraction Cartridges,
Waters

SPE tubes

Strata™-X-CW 33 μm Polymeric Weak Cation 60
mg/3 mL, Tubes, Phenomenex®

SPE tubes

Strata™-X-C 33 μm Polymeric Strong Cation 500
mg/3 mL, Tubes, Phenomenex®

SPE tubes

Vacuum manifold

For SPE

Test tubes boro 3.3, VWR International, Germany

For SPE

Dessicator

Sample storage
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Table 3. Chemicals used in the experimental part.
Chemical

Acetic acid
Ammonia 25%

Purity

CAS-number

Manufacturer

Ph. Eur > 99,8
%

64-19-7

Fluka,
Germany

AnalaR,
Normapur

1336-21-6

97 %

56-93-9

SigmaAldrich,
Germany

Traceable to
NIST

877-24-7

Fisher
Scientific,
U.S.A.

Benzyltrimethylammonium chloride
(BTMAC)
Buffer solution pH 4 (phtalate)

Buffer solution (phosphate buffer)
pH 7 ± 0,02 (20 oC)
Buffer solution pH 10 ± 0,02 (20 oC)

VWR
Chemicals,
U.S.A.

Traceable to
SRM from NIST

-

VWR
Chemicals,
France

Traceable to
SRM from NIST

-

VWR
Chemicals,
Belgium

≥ 99,5 %

50-99-7

Sigma-Aldrich,
Germany

D-Glucose-1-phosphate disodium salt

purum

59-56-3

Fluka,
Germany

Hexadecyltrimethylammonium

purum

57-09-0

Fluka,
Germany

D(+) – Glucose

bromide (CTAB)
> 94 %

Hexadecyltrimethylammonium
bromide (Polybrene)
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28728-55-4

Sigma-Aldrich,
Germany

Table 3. Chemicals used in the experimental part continues.
Purity

CAS-number

puriss p.a,
Ph.Eur.

7647-01-0

Sigma-Aldrich,
Germany

D(+) – Lactose monohydrate

for
bacteriology

64044-51-5

Riedel-deHaën,
Germany

Methanol (MeOH)

HPLC
Fluorescence
grade

Chemical

Hydrochloric acid (HCl)

Myristyltrimethylammonium

67-56-1

Manufacturer

Fisher
Scientific,
U.S.A.

-

-

Waters, U.S.A.

-

-

Prepared in
lab 8.8.2017

hydroxide (MTAH), 100 mM
Hydroxide Concentrate
[MTBDH][OAc] standard 3 mg/mL in
water

Propionic acid

99 %

79-09-4

Acrõs
Organics,
U.S.A.

2,3-Pyridinedicarboxylic acid

99 %

89-00-9

Sigma-Aldrich,
Germany

Sodium benzoate (NaBeO)

-

532-32-1

Merck,
Germany

Sodium hydroxide (NaOH)

assay

1310-73-2

JT.Baker,
U.S.A.
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Table 3. Chemicals used in the experimental part continues.
Purity

CAS-number

Manufacturer

dibasic

≥99.0 %

10039-32-4

Sigma Aldrich,
Germany

monobasic

>99.0 %

10049-21-5

Sigma Aldrich,
Germany

Chemical

Sodium
phosphate
dodecahydrate (Na2HPO4)

Sodium
phosphate
monohydrate (NaH2PO4)

99,8 %

Thiourea

D(+)-Xylose

-

62-56-6

VWR
Chemicals,
U.S.A.

58-86-6

Merck,
Germany

9.1 Separation and quantification of UV-absorbing novel ionic liquids.

The compounds studied were novel ionic liquids that were synthesized in the organic
chemistry laboratory at University of Helsinki. All compounds were a part of Cytotox samples
20.11.2017. The structures of the compounds are presented in figure 17 and the complete
names and the molecular weight of the compounds are given in table 4.
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Figure 17. The chemical structure of the ionic liquids that were studied.

Table 4. The complete names and the molecular weight of the studied compounds
Compound

Name

GP_108 [DBNH][OMS]

1,5-Diazabicyclo[4.3.0]non-5-ene
mesylate

188.30

GP_138 [DBUH][OMS]

1,8-Diazabicyclo[5.4.0]undec-7ene mesylate

216.35

GP_134 [MTBDH][OMS]

7-Methyl-1,5,7triazabicyclo[4.4.0]dec-5-ene
mesylate

217.34

GP_137 [MTBNH][OMS]

6-Methyl-1,4,6triazabicyclo[4.3.0]non-4-ene
mesylate, 4-Methyl-1,4,6triazabicyclo[4.3.0]non-5-ene
mesylate

203.32

1,1,3,3-Tetramethylguanidine
mesylate

179.30

(two isomers)

GP_151 [TMGH][OMS]

Mw [g/mol]
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A solution containing 3 mg/mL of 7-methyl-1,5,7-triazabicyclo[4.4.0]dec-5-ene acetate
([MTBDH][OAc]) in water, prepared 8.8.2017, was used as an ionic liquid standard stock
solution. A solution containing 1 % (w/v) hexadecyltrimethylammonium bromide (Polybrene)
was prepared in lab and used for the coating of the CE capillary. Benzyltrimethylammonium
chloride (BTMAC) was used as the internal standard (IS) in the quantitative work. Thiourea
was used as a marker for the electro-osmotic flow. The chemical structures of BTMAC,
thiourea, [MTBDH][OAc], and Polybrene are showed in figure 18.

Figure 18. The chemical structures of BTMAC, thiourea, and [MTBDH][OAc]
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The compounds were hygroscopic and therefore they were stored in a desiccator under
vacuum at room temperature. Stock solutions containing approximately 10 mg/mL ionic liquid
in water were prepared for each compound by weighting. 1 mg/mL and 0.1 mg/mL solutions
of each compound were prepared from the stock solutions. The concentration of the stock
solutions are listed in table 5.

Table 5. The concentrations of the stock solutions of each analyte.
Compound

Concentration [mg/mL]

GP_108

10.32

GP_138

11.19

GP_134

20.01

GP_137

9.44

GP_151

9.81

The BGE for the system was a sodium acetate buffer at pH 4.0. Different ionic strengths of the
acetate buffer were tested. The BGE was prepared from in-lab prepared 1 M acetic acid and 1
M sodium hydroxide. The amount of acid and base in the buffer solution was calculated using
PeakMaster 5.3 software. The pH meter was calibrated with a two point-calibration (pH 4 and
7) using commercial buffer solutions. The pH of the buffer was checked and adjusted to 4.0
with 1 M NaOH before dilution to the final volume.

A sodium phosphate buffer at pH 7.4 having an ionic strength of 10 mM was used for the
conditioning of new capillaries. 50 mM NaH2PO4 and 50 mM Na2HPO4 stock solutions were
prepared in the lab and the buffer solution was prepared from these stocks. PeakMaster 5.3
was used to calculate the ratio of the components. A 50 mM thiourea stock solution was
prepared. 1 M HCl, 1 M NaOH, 0.1 M NaOH and water was used for the conditioning of the
capillary.
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9.2 Detection and quantification of acetate in ionic liquid samples.

It is common that ionic liquids have acetate as their counter ion. In this study, the ionic liquid
was quantified by determining the amount of the counter ion (acetate) in the ionic liquid
sample. In this work, acetic acid standard solutions were used to obtain a calibration curve
and propionic acid was used as the internal standard. An in-lab prepared [MTBDH][OAc]
standard sample was used for testing the method. The structures of the used compounds are
presented in figure 19.

Figure 19. The chemical structures of acetic acid, propionic acid and [MTBDH][OAc].

A stock solution containing 10.56 mg/mL acetic acid was prepared in the lab by weighting. The
acetic acid standard samples were prepared from this stock. A stock solution containing 10.58
mg/mL propionic acid was prepared in equivalent way. Propionic acid was further diluted to
1 mg/mL, which was the working solution. All prepared solutions were stored at +4 °C.
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The BGE was a buffer solution containing 20 mM 2,3-PDC and 0.3 mM MTAH in 10:90 (v/v)
MeOH:H2O. The buffer was prepared in the lab. pH was adjusted to 9.0 with ammonia 25%
(v/v). In-lab prepared 1 M HCL, 1 M NaOH, and 0.1 M NaOH solutions were used for the
conditioning of the capillary before analytical runs. All solutions were filtrated with a PVDF
0.45 µm syringe filter before use.

9.3 Analysis of monosaccharides from ionic liquid containing samples.

The laboratory received two industrial ionic liquid samples. The first sample contained
[MTBDH][OAc], and the second sample contained 1-butyl-3-methylimidazolium acetate,
([BMIM][OAc]). Both samples contained approximately 80 % ionic liquid and the samples were
collected from an industrial process involving dissolution of pulp in ionic liquids. The chemical
structures of the studied compounds are presented in figure 20.

Figure 20. The chemical structure of [BMIM][OAc] and [MTBDH][OAc].
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One objective of the study was to obtain a calibration curve for xylose to be used for the
determination of the xylose amount in ionic liquid samples. Glucose-1-phosphate was used as
the internal standard. The structures of xylose and glucose-1-phosphate are presented in
figure 21.

Figure 21. Chemical structure of D(+)-xylose and D-glucose-1-phosphate.

The BGE used in this work was an in-lab prepared buffer solution containing 10 mM sodium
benzoate and 1.5 mM hexadecyltrimethylammonium bromide (CTAB). The pH of the buffer
solution was adjusted to 12.4 with NaOH. Stock solutions of 100 mM sodium benzoate and 15
mM CTAB was prepared by weighting and the buffer solution was prepared from the stock
solutions. The buffer solution was stored at room temperature because CTAB precipitated
from the solution if stored in the fridge. The BGE solution was filtrated with a PVDF 0.45 μm
syringe filter before use. 1 M HCl, 1 M NaOH, 0.1 M NaOH, and ultrapure water were used for
the conditioning of the capillary. All solutions were filtrated before use. Stock solutions of
xylose (10.02 mg/mL) and glucose-1-phosphate (5.89 mg/mL) were prepared. Stock solutions
containing 19.22 mg/mL of [BMIM][OAc] and 17.20 mg/mL of [MTBDH][OAc] were prepared
from the industrial samples. A stock solution containing 500 mg/mL of [BMIM][OAc] was also
prepared from the industrial sample to be used for extractions with the extraction cartridges
of higher extraction capacity. All further dilutions were made from these stocks. The solutions
were stored at +4 °C.
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One part of this study was to find out if the ionic liquid can be extracted from the industrial
samples and what the capacity of the extraction cartridge is with respect to the ionic liquid.
Different extraction materials were tested but the most successful extraction was obtained
using Strata-X-C 33 µm Polymeric Strong Cation extraction tubes from Phenomenex®. Strata X-C 33 µm Polymeric Strong Cation is a polymer based mixed-mode sorbent. In this work,
extraction cartridges with 60 mg/3 mL tubes and 500 mg/3 mL tubes were used. Other
extraction cartridges that were tested were Strata X-CW 33 µm Polymeric Weak Cation, which
is also a polymeric mixed-mode sorbent that works as an ion-exchanger. The third extraction
material that was tested was the Oasis® MCX 3cc, 60 mg sorbent/cartridge, 30 µm particle size
from Waters. This extraction material is also a mixed-mode polymeric sorbent. All extraction
cartridges were used together with a vacuum manifold.

10. EXPERIMENTAL

10.1 Separation and quantification of UV-absorbing novel ionic liquids.

ILs with similar structure have been analyzed with CE in the laboratory before. The original
capillary conditioning procedure and analytical running conditions were chosen based on
previous experience. (Lokajova, Railila et al. 2013, Duša, Witos et al. 2016) Polyimide coated
bare fused silica capillaries with ID 50 µm and OD 365 µm were used. Capillaries with the total
length of 38.5 cm and 30.0 cm to the detector were used. The conditioning of the capillary
consisted of a 10.0 min flush with 1 M HCl, 20.0 min flush with 1 M NaOH, 10.0 min flush with
0.1 M NaOH, 25.0 min flush with water, and finally 5.0 min flush with phosphate buffer (pH
7.4, I = 10 mM). After the conditioning, a sample containing 0.5 mM thiourea prepared in BGE
at pH 7.4 was run three times to check the EOF of the system. Thiourea was injected with 10
mbar pressure for 10 s. The voltage applied was 30 kV and the temperature was set to 25 °C.
A phosphate buffer at pH 7.4 with the ionic strength 10 mM was used as the BGE.
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The capillary was coated to prevent the cations from sticking into the negatively charged
capillary inner surface. Coating was applied by flushing the capillary first 2 min with 1%
polybrene solution into an empty vial. Then the capillary was flushed two times 10 min with
1% polybrene solution with both capillary ends in coating solution. First, the capillary was
flushed 10 min in one direction and then 10 min in the opposite direction. After this, a voltage
of 3 kV was applied for 20 min with both capillary ends in polybrene solution. Excess of coating
solution was flushed out of the capillary by flushing the capillary four times 2.5 min with water
from two different water-containing vials. Finally, the capillary was flushed 10 min with
sodium acetate buffer, pH 4.0. A 0.5 mM thiourea sample prepared in sodium acetate buffer
at pH 4.0 was injected six times. Finally, the capillary was recoated with polybrene by flushing
the capillary for 1.0 min with coating solution, waiting for 1.0 min, and finally flushing the
capillary with water for 1.0 min. After this, capillary was used for analytical runs.

The durability of the coating was limited, and after a certain amount of analytical runs a new
coating had to be applied. It was not possible to determine an exact recoating interval. The
recoating procedure was applied with every 6th to 20th run, depending on which IL compound
was analyzed, and how long the analytical runs were. The recoat was applied, when the
migration time started to shift, or the peak shape started to deteriorate. Each capillary was
recoated only a limited amount of times. Eventually, the sensitivity begun to decrease due to
the coating and the reason for this is that also the detection window is coated each time. The
repeatability was also suffering after several recoats, and when a repeatability problem or
decreased sensitivity were noticed, a new capillary was installed into the instrument and
conditioned.

Before injection, the capillary was preconditioned by flushing it for 2.0 min with BGE at pH 4.
Samples were injected with 10.0 mbar pressure for 10.0 s. -25 kV voltage was applied. UVspectra were collected for all compounds and the maximum absorption wavelength was
checked. The wavelength chosen for detection was 214 nm because both the studied
compounds and the internal standard used in the quantitative analysis were absorbing
strongly at this wavelength. Samples of 0.1 mg/mL IL were prepared in both water and running
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BGE. The peak shapes were compared. Samples prepared in water gave better peak shapes
and for further studies, all samples were prepared in water. The optimal analytical conditions
are summarized in table 6.

Table 6. The optimized analytical run conditions used for detecting the ILs individually.
Parameter

Value

Capillary length

30.0 cm/38.5 cm

Voltage

-25 kV

BGE

Sodium acetate

pH

4.00

Ionic strength

20 mM

Injection pressure

10 mbar

Injection time

10 s

Detection

214 nm

Temperature

25 °C

10.1.1 Separation studies

For the separation studies, a sample containing 0.04 mg/mL of all five IL compounds was
prepared. First, the sample was run using the same analytical conditions as for the individual
samples. Figure 22 shows an electropherogram from the first analysis trials. To confirm the
migration order of the compound, two different mixes of IL compounds were analyzed. The
decision of the compositions was based on the migration times obtained from the runs with
the compounds individually. The first mix contained 0.02 mg/mL of GP_138, GP_137, and
GP_108 and the second mix contained GP_134 and GP_151. By overlapping
electropherograms from the single runs with the electropherograms from the mixes, the
migration order was determined. The migration order of the compounds is GP_138, GP_134,
GP_137, GP_151 and GP_108. Figures 23 and 24 show the electropherograms from the
analytical runs used for the determination of the migration order.
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Figure 22. An electropherogram from the first separation studies. Capillary: bare fused silica
30.0 cm/38.5 cm, BGE: sodium acetate pH 4.0, I = 20 mM, inj. 10 mbar 10 sec, voltage -25 kV,
T = 25 °C, detection: DAD 214 nm. 1 = GP_138, 2 = GP_134, 3 = GP_137, 4 = GP_151 and 5 =
GP_ 108
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Figure 23. Electropherogram from the determination of the migration order. Capillary: bare
fused silica 30.0 cm/38.5 cm, BGE: sodium acetate pH 4.0 I = 20 mM, inj. 10 mbar 10 sec,
voltage -25 kV T=25 °C, DAD 214 nm. 1 = GP_138, 2 = GP_137, 3 = GP_108
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Figure 24. Electropherogram from the determination of the migration order. Capillary: bare
fused silica 30.0 cm/38.5 cm, BGE: sodium acetate pH 4.0 I = 20 mM, inj. 10 mbar 10 sec,
voltage -25 kV, T = 25 °C, DAD 214 nm. 1 = GP_134, 2 = GP_151

Modifications to the BGE were made as an attempt to improve the separation of peak 1 and
2. A sodium acetate buffers with pH 6.0 and the ionic strength of 25 mM and 30 mM were
prepared. The capillary was flushed 10 min with each new BGE before use. It was found that
the system was not stable at pH 6.0 regardless of the ionic strength. The work was continued
with sodium acetate buffer solutions of different ionic strengths at pH 4.0.

Different capillary lengths were tested. In addition to the 30.0 cm/38.5 cm capillary, capillaries
of the length 35.0 cm/43.5 cm and 40.0 cm/48.5 cm were tested. The inner and outer diameter
of the capillary were the same for all different capillary lengths. All capillaries were
conditioned with the same conditioning procedure that was described earlier. The ionic
strength of the BGE was increased with increasing capillary length from 30 mM for the 35.0
cm/43.5 cm capillary to 35 mM for the longest 40.0 cm/48.5 cm capillary. For the longest
capillary (40.0 cm/48.5 cm), a separation voltage of -30 kV was also tested. The higher voltage
did not seem to improve the separation and -25 kV was used in further experiments. In
summary, best separation results were obtained with the longest capillary (40.0 cm/48.5 cm),
using a sodium acetate buffer at pH 4.0 with the ionic strength of 35 mM as BGE and applying
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-25 kV voltage. The currents were monitored when modifications to the system were made.
Highest current was obtained when using sodium acetate buffer at pH 4.0 with the ionic
strength of 35 mM in a 30.0 cm/38.5 cm capillary. For this system, the current was
approximately 37 µA. When using the same BGE with the longest capillary (40.0 cm/48.5 cm)
the current was approximately 24 µA. Increasing the voltage to -30 kV using the longest
capillary, resulted in a current of 29 µA. The concentration of the compounds in the sample
was also decreased from 0.04 mg/mL to 0.02 mg/mL and finally 0.01 mg/mL in order to
improve separation. The final run conditions are listed in table 7. Figure 25 shows the
electropherogram obtained with the optimized run conditions.

Table 7. The optimized analytical run conditions for the separation of five novel ionic liquids.
Parameter

Value

Capillary length

40.0 cm/48.5 cm

Voltage

-25 kV

BGE

Sodium acetate

pH

4.00

Ionic Strength

35 mM

Injection pressure

10 mbar

Injection time

10 s

Detection

214 nm

Temperature

25 °C
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Figure 25. The electropherogram from the separation studies with optimized analytical
conditions. Sample: 0.01 mg/mL GP_138, GP_134, GP_137, GP_151 and GP_108 in water.
Capillary: bare fused silica 40.0 cm/48.5 cm, BGE: sodium acetate pH 4.0, I = 35 mM, inj. 10
mbar 10 sec, voltage -25 kV, T= 25 oC, DAD 214 nm. 1 = GP_138, 2 = GP_134, 3 = GP_137, 4 =
GP_151 and 5 = GP_ 108

10.1.2 Quantitative analysis

Due to the coating of the capillary, the system was not completely stable. The internal
standard (IS) method was used in the quantitative work to correct for fluctuations in the
system. BTMAC was chosen as the IS for this work. A sample consisting of 0.1 mg/mL
[MTBDH][OAc] standard and 0.02 mg/mL BTMAC was prepared in both BGE at pH 4.0 and in
water. The ionic strength of the BGE at pH 4.0 was increased from 10 mM to 20 mM because
the IS was not separating from the analyte when using a lower ionic strength. The best
separation of the analyte and the IS was achieved when the samples were prepared in water.
For the quantitative analysis, same analytical conditions were used as for the individual
qualitative analysis of the compounds. The analytical conditions were described earlier in
table 5.
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Concentration series ranging from 0.001 mg/mL to 3 mg/mL comprising 14 different
concentrations were prepared for GP_134, GP_138, GP_151, and GP_108. 0.02 mg/mL BTMAC
was added to all samples as IS. All samples were run six times. Average (AVG), standard
deviation (SD), relative standard deviation (RSD), and uncertainty were calculated for each
concentration and sample. Limit of detection (LOD) and limit of quantification (LOQ) were
determined. LOD was defined as three times the background noise. The noise of the system
was approximately 0.04-0.06 mAU. The lowest concentration, which gave a signal above 0.120.18 mAU was chosen as LOD. LOQ was defined as ten times the background noise. The lowest
concentration that gave a signal above 0.4-0.6 mAU was chosen as LOQ. This was also the
lowest point at the calibration curve. The corrected area was plotted against the
concentration and a calibration curve for each compound was obtained. A linear fit was
applied to the curve. It was not possible to conduct any quantitative analysis for GP_137. The
sample was a mix of two chemical isomers, with minor differences in the structure. These
isomers were completely separated in the analysis. To be able to perform quantitative analysis
and obtain a calibration curve for these two isomers, the isomers must first be separated into
two pure samples. Although, a rough estimation of the LOD was made also for this mixture of
isomers.

Finally, the robustness of the system was tested. A new capillary was installed into the
instrument and conditioned according to the procedure, which is described earlier. The
concentration series used for the quantitative studies of GP_138 was chosen for the test. First,
the samples were run from the smallest to the highest concentration. Then the samples were
run again from the smallest to the highest concentration. Finally, the samples were run in a
random order. Each concentration was run once. The corrected area was plotted against the
concentration and a linear fit was applied to each curve. The three series and curves were
then compared with each other.
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10.2 Detection and quantification of acetate in ionic liquid samples.

The analytical method optimized and described in this part is based on the analytical method
developed by Turkia et al. in 2010 for the monitoring of the production of carboxylic acids by
Gluconobacter oxydans. (Turkia, Sirén et al. 2010). Bare fused silica capillaries with total length
of 38.5 cm and 30.0 cm to the detector were used. Before use, the capillary was conditioned
with 1 M HCl (15 min), 1 M NaOH (15 min), 0.1 M NaOH (20 min), ultrapure water (10 min),
and BGE (20 min). Finally, 20 kV voltage was applied for 20 s. The flushing was done at high
pressure (940 mbar). The capillary was conditioned daily before use by flushing it 10 min with
fresh BGE solution. Between the analytical runs, the capillary was flushed with 0.1 M NaOH (1
min), ultrapure water (1 min), BGE (3 min), and finally 20 kV voltage was applied for 20 s.
Injection was done with 45 mbar pressure for 10 s. A -10 kV voltage was applied during the
separation and the temperature of the capillary cassette was set to 25 °C. The current was
monitored during the runs and it was -18.5 µA. Acetate was detected indirectly using a DAD
at 254 nm. All samples were prepared in ultrapure water. The optimal analytical conditions
for the acetate determination are summarized in table 8.

Table 8. The optimal analytical conditions for detection of acetate.
Parameter

Value

Capillary length

30.0 cm/38.5 cm

Voltage

-10 kV

BGE

20 mM 2,3-PDC, 0.3 mM MTAH in
MeOH:H2O 10:90 (v/v)

pH

9.0

Injection pressure

45 mbar

Injection time

10 s

Detection

Indirect UV 254 nm

Temperature

25 °C
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The purpose of this study was to obtain a calibration curve that can be used for the accurate
determination of acetate in ionic liquid samples. A concentration series of 9 samples
containing acetic acid standard in water ranging from 0.0025 mg/mL to 0.2 mg/mL was
prepared from the in-lab prepared stock solution. 0.05 mg/mL propionic acid was added into
each sample as internal standard. Each sample was run six times. A water sample was run
between each concentration to check that there is nothing sticking into the capillary. The
peaks from acetic acid and propionic acid were manually integrated and the corrected area
was calculated for each run. AVG, SD, RSD, and uncertainty were calculated for each
concentration.

10.3 Analysis of monosaccharides from ionic liquid containing samples.

The analytical method for detecting UV-absorbing ionic liquids with CE was already described
in detail in section 9.2. The same analytical conditions were applied for the ionic liquid
containing samples in this study. The method developed in this work, is based on the analytical
method presented by Dominguez et al. who have developed a method for the analysis of
carbohydrates and proline in honey samples (Dominguez, Jacksén et al. 2016). Bare fused
silica capillaries with the length of 30.0 cm to the detector and total length of 38.5 cm were
used. Before use, the capillaries were conditioned by flushing them with 1 M HCl (15 min), 1
M NaOH (15 min), 0.1 M NaOH (5 min), ultrapure water (5 min), and BGE (15 min). Flushing
was done at high pressure (980 mbar). Each day the capillary was preconditioned by flushing
it with 0.1 M NaOH (5 min), ultrapure water (3 min), and BGE (5 min). Between the analytical
runs, the capillary was conditioned by flushing it with BGE (2 min) and applying a -15 kV voltage
(2 min).

The separation voltage was -15 kV and the temperature was set to 25 °C. Detection was done
with a diode array detector utilizing indirect UV detection at 224 nm. The effect of the injection
pressure and the injection time was studied using a sample containing 0.05 mg/mL xylose. The
injection pressure was varied from 15 mbar to 50 mbar. Injection times of 10 s and 15 s were
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tested. Optimal results were obtained using injection pressure of 50 mbar for 10 s. The optimal
analytical parameters are summarized in table 9.

Table 9. The optimal analytical parameters for the detection of xylose.
Parameter

Value

Capillary length

30.0 cm/38.5 cm

Voltage

-15 kV

BGE

10 mM NaBeO, 1.5 mM CTAB

pH

12.4

Injection pressure

50 mbar

Injection time

10 s

Detection

Indirect UV 224 nm

Temperature

25 °C

10.3.1 Solid phase extraction studies

From previous experiments with pure ionic liquid solutions, it was known that the extraction
capacity of the Strata X-C 33 µm Polymeric Strong Cation 60 mg/3 mL tube was approximately
7 mg/mL with respect to [MTBDH][OAc]. A sample with the concentration of 7 mg/mL and the
volume 2 mL was prepared from both industrial [MTBDH][OAc] stock solution and industrial
[BMIM][OAc] stock solution. The sorbent in the SPE sorbent was activated according to the
guideline given by the manufacturer by wetting it with 1 mL methanol followed by 1 mL of
ultrapure water before each extraction. The sorbent was kept wet before loading the sample.
Each extraction cartridge was used for one extraction. The industrial samples were extracted,
and the extract was analyzed with CE for ionic liquid residues. For [BMIM][Oac] also a 7.5
mg/mL sample was prepared, extracted and analyzed with CE for ionic liquid residues.
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To be able to analyze the industrial sample extracts with respect to possible sugars, mainly
xylose, it was first tested if xylose standard is retained by the extraction sorbent. Two samples
with the volume of 2 mL each, containing 1 mg/mL and 0.1 mg/mL of xylose were prepared.
Both samples were extracted with the same procedure described earlier. The extracts were
analyzed with CE for xylose utilizing the method optimized for sugar detection. After it was
confirmed that sugars are not retained to a big extent in the extraction sorbent, the industrial
sample extracts were also analyzed with CE for sugars. Sugars were not detected in the
industrial ionic liquid extracts. New 7 mg/mL samples were prepared from the industrial
[MTBDH][OAc] and [BMIM][OAc] stock solutions. The industrial samples were spiked with 0.1
mg/mL xylose each. The samples were extracted and first analyzed for ionic liquids and then
for sugars. The industrial samples spiked with xylose showed a weak signal when they were
analyzed for sugars after extraction.

The sugar content of the industrial ionic liquid samples was expected to be low. An extraction
cartridge with higher capacity was tested to see if sugars can be detected when a more
concentrated sample is extracted. Strata X-C 33 µm Polymeric Strong Cation 500 mg/3 mL tube
extraction cartridges from Phenomenex® were tested. The capacity of these cartridges was
calculated based on the capacity of the 60 mg/3 mL tubes:
60 mg sorbent can extract 14 mg ionic liquid (sample 7 mg/mL, volume 2 mL).
1 mg of sorbent can extract approximately 0.23 mg ionic liquid.
New cartridges contain 500 mg of sorbent → 117 mg ionic liquid is expected to be extracted
with one cartridge.

The extraction cartridges were conditioned as before with 1 mL of methanol and 1 mL of
ultrapure water. The sorbent was kept wet before loading the sample to be extracted. The
sample volume was reduced to 1 mL for the extractions with the tubes of higher extraction
capacity. A sample containing 117 mg/mL of the industrial [BMIM][OAc] prepared from the
500 mg/mL stock solution was extracted and analyzed first with CE for ionic liquids and after
that for sugars. The extraction of the ionic liquid was successful, but no sugars were detected.
A sample containing 1 mg/mL xylose was prepared and extracted with the 500 mg/3 mL
73

extraction cartridge. IS was added after extraction and the amount of xylose in the extract was
quantified.

During the experiments, it was noticed that the samples are extensively diluted in the
extraction process, especially when using the extraction cartridges containing 500 mg sorbent.
A new sample containing 1 mg/mL xylose and the volume of 1 mL was prepared and extracted.
To eliminate the dilution effect, the sorbent was let to dry after conditioning of the sorbent
before loading the sample. IS was added to the extract and the extract was analyzed with CE
for sugars.

Finally, it was studied if sugars that possibly retain in the sorbent can be washed out. For
washing, a 0.1 M HCl solution in water and 0.1 M HCl solution in methanol were prepared. A
sample containing 1 mg/mL xylose was prepared and extracted with a cartridge containing
500 mg extraction sorbent. After extraction, the sorbent was first washed with 2 mL 0.1 M
HCl. The wash solution was collected and analyzed with CE for sugars. Then the same sorbent
was washed with 0.1 M HCl in methanol and this wash solution was also analyzed wit CE for
sugars.

10.3.2 Quantitative studies

The second aim of this study was to determine the limit of detection for xylose for this method
and to develop a calibration curve for xylose. One way to determine the limit of detection is
to look at the background noise of the system and look at which concentration the signal from
the analyte is higher than three times the height of the noise. This approach was difficult to
apply in this system due to very broad peaks and a baseline that was not stable from run to
run. Xylose samples with small concentrations (0.005 mg/mL, 0.01 mg/mL, and 0.05 mg/mL)
were run and an overlay of the electropherograms were made to compare the signals from
different concentrations. Due to the instability of the system, the internal standard method
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was used to correct for system fluctuations. Several compounds were tested as suitable
internal standards. Lactose and glucose failed as internal standards. D-glucose-1-phosphate
gave a strong signal with a distinguishable migration time, so it was chosen for further analysis.
Figure 26 shows an electropherogram for 0.5 mg/mL xylose spiked with 0.5 mg/mL D-glucose1-phosphate.
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Figure 26. Electropherogram showing 0.5 mg/mL xylose and 0.5 mg/mL D-glucose-1phosphate in water. Capillary 30.0 cm/38.5 cm, separation voltage -15 kV, BGE: NaBeO 10 mM
and CTAB 1.5 mM at pH 12.4, DAD indirect UV 224 nm. T = 25 °C, injection 50 mbar 10 s. 1 =
glucose-1-phosphate, 2 = xylose.

For the calibration curve, ten xylose samples were prepared with concentrations ranging from
0.05 mg/mL to 5 mg/mL. Each sample was spiked with 0.1 mg/mL of D-glucose-1-phosphate
and run six times. The peaks were manually integrated, and the corrected area was calculated.
AVG, SD, RSD and uncertainty were calculated for each concentration.
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11. RESULTS

11.1 Separation and quantification of UV-absorbing novel ionic liquids.
11.1.1 Analysis of single compounds

All compounds gave a signal at the detector. The migration time was slightly different for each
compound, which gave the idea to try to conduct separation studies of the compounds.
GP_137, which consisted of two chemically slightly different structures, showed two signals
which were completely separated. Assignment of these signals was not possible, because
there was not access to pure substances of each isomer.

11.1.2 Quantitative analysis

Quantitative studies were done to all compounds except GP_137, which was not covered.
Calibration curves were successfully obtained for four of the studied compounds: GP_134,
GP_138, GP_151 and GP_108. For GP_134 and GP_138 the curves range from 0.01 mg/mL to
3 mg/mL. For GP_151 the obtained linear range was from 0.01 mg/mL to 1 mg/mL and for
GP_108 the linear range was ranging from 0.01 mg/mL to 0.1 mg/mL. The LOQ was
determined to be 10 µg/mL for all compounds. LOD was similar for all compounds, 2 µg/mL
for GP_138, GP_151 and GP_108. For GP_134 LOD was determined to be 3 µg/mL. A rough
estimation of the LOD of GP_137 was made and the result was 5 µg/mL. All calibration curves
can be viewed in Appendix I. The results from the quantitative analysis are summarized in
table 10.
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Table 10. The results from the quantitative analysis of GP_134, GP_138, GP_151, and GP_108.
Compound

Linear equation

R2-value

Concentration
range
[mg/mL]

LOD
[µg/mL]

LOQ
[µg/mL]

GP_134

y = 36.805x + 0.3908

0.9952

0.01 - 3

3

10

GP_138

y = 39.301x - 1.6694

0.9923

0.01 - 3

2

10

GP_151

y = 63.416x + 0.1003

0.9974

0.01 - 1

2

10

GP_108

y = 48.909x - 0.0115

0.9924

0.01-0.1

2

10

To test the robustness of the system, the concentration series of GP_138 was run three times:
first two times from smallest to highest concentration and finally one time with the
concentrations in random order. The capillary was not coated between the runs. The
corrected area was plotted against the concentration for all three series. The results show that
the system can be regarded as robust. The plotted concentration curves have a coefficient of
determination (R2) value ranging from 0.95-0.99. The plots can be viewed in Appendix II.

11.1.3 Resolution and Number of Effective Plates

The data obtained from the separation studies was used for calculating the resolution (𝑅𝑠 ) and
the number of effective plates (𝑁𝑒𝑓𝑓 ) of the system. Electropherograms from the separation
studies were presented earlier in figure 21 and figure 24. Peak resolution describes how well
two peaks are separated from each other. A resolution of 1.5 or above is considered as
baseline resolution or complete separation of two neighboring peaks. The number of effective
plates is a mathematical concept, which describes the performance of the capillary. A capillary
with high number of theoretical plates is more efficient than a capillary with a lower number
of theoretical plates, which means that a capillary with higher 𝑁𝑒𝑓𝑓 is able to separate more
peaks in the same time than a capillary with low 𝑁𝑒𝑓𝑓 .
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Equation (10) was used for the calculation of 𝑅𝑠 . The resolution was calculated for all peaks.
The calculated results are presented in table 11. From the results, it can be seen that the
system is not able to completely separate the first two peaks. The calculated resolution is 1.19,
which is below 1.5. It can also be seen that the isomers in sample GP_137 (peak 3a and peak
3b) are completely separated. The calculated resolution for the peaks is 2.49, which is above
1.5.

Table 11. The calculated resolution of the peaks.
Peak 1 and
2

Peak 2 and
3a

Peak 3a and
3b

Peak 3b and
4

Peak 4 and
5

Resolution

1.19

8.94

2.49

2.99

6.94

SD

0.06

0.65

0.16

0.09

0.52

5

7.3

6.38

3.05

7.5

10.0

14.6

12.8

6.09

15.0

RSD [%]
Uncertainty
[%]

Equation (11) was used for the calculation of 𝑁𝑒𝑓𝑓 . The equation, which uses the peak width
at half height, was used for the calculations because the value of the peak width at half height
was directly given by the instrument. Finally, the results are given in plates per meter. The
calculated results are presented in table 12.

Table 12. Calculated number of effective plates, 𝑁𝑒𝑓𝑓
Peak 1

Peak 2

Peak 3a

Peak 3b

Peak 4

Peak 5

GP_138

GP_134

GP_137

GP_137

GP_151

GP_108

26 000

27 100

20 000

20 400

18 000

16 000

SD

1800

1500

4000

2400

1600

800

RSD [%]

7.10

5.40

20.22

11.64

9.09

5.05

Plates per
meter [106]

0.54

0.56

0.41

0.42

0.37

0.33

AVG
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11.1.4 Electrophoretic mobility

The electrophoretic mobility of the compounds was calculated using equation (6). The
mobility of the electro-osmotic flow was calculated, and it was 3.50 *10-8 m2*V-1*s-1. First, the
total electrophoretic mobilities were calculated for each compound. Then using equation (10),
the electrophoretic mobility for each compound was calculated. The outcome was a negative
mobility for each compound because all compounds have a longer migration time than the
electro-osmotic flow. The absolute value of the mobilities of the compounds are presented
in figure 27.

Electrophoretic mobility [m2*V-1*s-1]

3,10E-08
3,00E-08
2,90E-08
2,80E-08
2,70E-08
2,60E-08
2,50E-08
2,40E-08
GP_138

GP_134

GP_137a

GP_137b

GP_151

GP_108

Compound

Figure 27. The absolute values of the calculated electrophoretic mobilities of each compound.

The molecular weights of the compound were presented in table 4. When the electro-osmotic
flow is compared with the molecular weight of the compound, it can be seen that the
compounds with the largest molecular weights are migrating first and the lightest compounds
are migrating last. In this system, reversed polarity was applied. The system is running from
cathode to anode. The smallest molecules with a positive charge (GP_108 and GP_151) resists
the movement towards the detector the most and are therefore migrating last and the largest
positively charged molecules (GP_138 and GP_134) are least capable of resisting the
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movement towards the detector and are therefore migrating first after the EOF. All studied
compounds have a single positive charge; therefore, in this case the size determines the
migration order.

11.2 Detection and quantification of acetate in ionic liquid samples.

The effect of the sample matrix and the sample injection time was tested. Acetic acid samples
were prepared in both BGE and water. Better peak shapes were obtained for those samples
that were prepared in water. Therefore, it was chosen to prepare all samples in this study in
water. Two injection times were tested, 10 s and 15 s. The longer injection time gave better
peak shapes, so it was used for further studies. Figure 28 shows the electropherogram
obtained from a sample containing 0.1 mg/mL [MTBDH][OAc] standard and 0.05 mg/mL
propionic acid as the internal standard.
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Figure 28. The electropherogram of a sample containing 0.1 mg/mL [MTBDH][OAc] standard
and 0.05 mg/mL propionic acid. Capillary 30.0 cm/38.5 cm, voltage: -10 kV, BGE: 20 mM 2,3PDC and 0.3 mM MTAH in 10:90 methanol:water, pH 9.0. 1 = [MTBDH][OAc], 2 = propionic
acid.
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Peak areas of acetic acid and propionic acid were manually integrated, and the corrected area
was calculated. AVG, SD, RSD, and uncertainty were calculated for each concentration using
equations (16), (17), (18), and (19). The uncertainty of the calibration points ranged from 1.95
% for the highest concentration at the calibration curve to 19.3 % for the smallest point at the
calibration curve. The calculated data for each calibration point is summarized in table 13.

Table 13. The calculated data for the calibration curve of acetate.
Concentration
[mg/mL]

Average
corrected area

SD

RSD [%]

Uncertainty
[%]

0.0025

0.06

0.01

9.67

19.3

0.005

0.11

0.01

8.22

16.4

0.01

0.20

0.01

3.50

7.01

0.05

0.92

0.02

1.92

3.84

0.1

1.97

0.07

1.24

2.49

0.125

2.49

0.06

1.76

3.52

0.15

2.99

0.03

1.08

2.16

0.175

3.48

0.03

0.79

1.58

0.2

4.01

0.04

0.97

1.95

The average corrected area of each point was plotted against concentration and a linear fit
was applied. The linear equation obtained was y = 19.983x - 0.0131 and R2 = 0.9997. The
calibration curve is presented in figure 29.
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Figure 29. Calibration curve for acetate. The error is ± 1 x SD

11.3 Analysis of monosaccharides from ionic liquid containing samples.

11.3.1 Solid phase extractions

It was possible to extract both [MTBDH][OAc] and [BMIM][OAc] with the Strata X-C 33 µm
Polymeric Strong Cation extraction cartridges from Phenomenex®. The other cartridges were
not performing well and they were not used further in the study. Several different samples
containing both standard samples of [MTBDH][OAc] and [BMIM][OAc] and industrial samples
of [MTBDH][OAc] and [BMIM][OAc] were extracted and analyzed for ionic liquid and sugar
residues. Samples containing xylose in water were also prepared and extracted to check that
the sugar is not retaining in the extraction sorbent. The sugar signal was detected from the
xylose standard sample extracts and the ionic liquid sample extracts that were spiked with
xylose prior to extraction. The ionic liquid signal was also monitored. The extractions and
observations are summarized in table 14.
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Table 14. The extracted samples, the used extraction cartridge, and the observations.
Sample

Extraction

Observations

[MTBDH] [Oac] 7 mg/mL

60 mg/3 mL tubes

Small IL-signal occasionally
detected. No sugars detected

[BMIM] [Oac] 7 mg/mL

60 mg/3 mL tubes

No IL-signal detected. No
sugars detected

[BMIM] [Oac] 7.5 mg/mL

60 mg/3 mL tubes

Small IL-signal detected. No
sugars detected

Xylose 1 mg/mL

60 mg/3 mL tubes

Sugar signal detected

Xylose 0.1 mg/mL

60 mg/3 mL tubes

Sugar signal detected

[MTBDH] [Oac] 7 mg/mL + 60 mg/3 mL tubes
xylose 0.1 mg/mL

Sugar signal detected

[BMIM] [Oac] 7 mg/mL + 60 mg/3 mL tubes
xylose 0.1 mg/mL

Sugar signal detected

[BMIM] [Oac]117 mg/mL

500 mg/3 mL tubes

No IL-signal detected. No
sugars detected

Xylose 1 mg/mL

500 mg/3 mL tubes

Sugar signal detected

[BMIM] [Oac] 117 mg/mL + 500 mg/3 mL tubes
xylose 1 mg/mL

Sugar signal detected

Xylose 1 mg/mL

500 mg/3 mL tubes. Dry Sugar signal detected
sorbent

Xylose 1 mg/mL

500 mg/3 mL tubes. Dry Sugar signal detected
sorbent. Wash HCl in
H2O

Xylose 1 mg/mL

500 mg/3 mL tubes. Dry No sugar signal detected
sorbent. Wash HCl in
MeOH

From the extraction studies it was concluded that the capacity of the sorbent to extract both
[MTBDH][OAc] and [BMIM][OAc] was approximately 0.23 mg ionic liquid per 1 mg of sorbent.
There was no significant difference between the industrial samples and the standard samples.
Still, it was notified that the ionic liquid signal appeared more often for the standard samples
than the industrial samples at the same concentration. This suggests that there are some
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interactions between the ionic liquid and the sample matrix in the industrial ionic liquid
samples, which are not present in the ionic liquid standard samples.
No sugars were detected from the industrial ionic liquid samples when maximum
concentration of ionic liquid for the cartridge containing 60 mg of sorbent was used. Studies
were continued with a cartridge containing 500mg sorbent and the amount of ionic liquid in
the samples was increased from 7 mg/mL to 117 mg/mL. Even though the later cartridge had
eight times higher extraction capacity, no sugars were detected with CE from the extracts.
Especially for the 500 mg cartridges, the amount of water remaining in the sorbent after
conditioning and wetting turned out to be a problem. The amount was so large that the
extracted sample was extensively diluted. This was not desirable, since the sugar amount in
the samples was expected to be very low. The detection results did not significantly improve
when the extraction sorbent was let to dry before sample load. This was also a use against the
guideline given by the manufacturer of the extraction cartridge. A xylose standard sample was
prepared and extracted through a conditioned and dried extraction cartridge. An attempt was
made to wash out the retaining xylose from the extraction sorbent using HCl in water and
methanol. A sugar signal was detected from the wash solution containing HCl in water, but it
was not quantitative. No sugar signal was detected when the extraction sorbent was washed
with HCl I methanol.

11.3.2 Calibration curve for xylose

The electro-osmotic flow was calculated and it was on the average 2.43*10-6 m2V-1s-1. The
average electrophoretic mobility for xylose was 7.61*10-7 m2V-1s-1. The peaks were manually
integrated, and the corrected area was calculated. Six repetitions of each concentration were
run and AVG, SD, RSD, and uncertainty were calculated for all measured concentrations. The
data obtained from the concentration series is presented in table 15.
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Table 15. The data calculated for the calibration curve of xylose.
Concentration
[mg/mL]

Average corrected
area

SD

RSD [%]

Uncertainty
[%]

0.05

0.367

0.0182

4.95

9.89

0.1

0.755

0.0312

4.13

8.26

0.5

3.99

0.270

6.77

13.5

1.0

10.4

0.429

4.14

8.28

1.5

12.7

0.277

2.18

4.36

2.0

17.2

0.464

2.70

5.41

3.0

26.9

1.38

5.15

10.3

The average of the corrected area was plotted against the concentration and a linear fit was
applied. The smallest concentration (0.01 mg/mL) was rejected due to its high uncertainty.
The points corresponding to 1.25 mg/mL and 5 mg/mL were also rejected because they
deviated significantly from the line. The final calibration curve consisted of seven measuring
points ranging from 0.05 mg/mL to 3 mg/mL. The calibration curve is presented in figure 30.
The linear equation obtained for xylose was y = 8.8816x - 0.023 and the R2- value was 0.9942.
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Figure 30. The calibration curve for xylose. The error is ± 1 x SD.
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12. CONCLUDING REMARKS

This work is an overview of several different detection alternatives for mono-, di-, and
oligosaccharide analysis with CE. As carbohydrates are an extremely versatile and large group
of compounds, there are no easy rules for choosing the most suitable detection method.
Carbohydrates are key species in several different areas, e.g. foodstuff, biochemical science,
medicine, paper and pulp industry and archeology. The sample amounts and matrix
composition vary widely depending on the research area, which may be limiting in the choice
of detection. Different applications also have varying demands on separation capacity,
detection limits, linear range, and matrix tolerability. Although there have been methods for
the detection of carbohydrates with CE for at least 30 years, there are still possibilities for
improvement. Mass spectrometry is winning ground in analytical chemistry over all but the
lack of reliable and convenient interfaces for CE and MS has led to a delay in the development
of CE-MS applications. However, there are now interfaces commercially available for CE-MS,
but they still need development and improvement to lift CE-MS to the same performance level
as HPLC-MS.

In the second part of this work, CE with direct UV detection and indirect UV detection was
utilized for a versatile analysis of novel ionic liquids. It was shown that ionic liquids with small
structural differences can be baseline separated with CE-UV. Furthermore, a method for the
quantification of acetate utilizing CE with indirect UV detection was optimized. The method
was successfully used for the quantification of ionic liquids having acetate as their counter ion.
Finally, a method was developed for the quantification of xylose in ionic liquid samples utilizing
CE with indirect UV detection. Solid phase extraction was used to extract the ionic liquid from
the sample matrix prior to the analysis and the behavior of the sugar in the extraction sorbent
was studied. Indirect UV detection was not sensitive enough to detect the small sugar
amounts assumed to be present in the diluted and extracted industrial IL samples. The
extraction procedure needs further optimization. Especially when using the cartridges with
higher extraction capacity, it seemed that also other compounds than cations retained in the
sorbent. A thorough washing would have resulted in a huge chemical consumption and way
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too diluted samples. In addition, with the smaller extraction cartridges, sample dilution
seemed to be a problem. Aid et al.’s method for the determination of sugars in biomass
degradation products was presented earlier in the literature part of this work. In Aid’s method,
there was no sample extraction prior to the CE analysis. Their approach seemed to be more
reasonable, because the sugar levels in the original IL samples were expected to be very low
and unnecessary sample dilution should therefore be avoided. In this work, CTAB was used as
a surfactant. Aid et al. used a different surfactant, which might be more compatible with ionic
liquids. Utilization of cellulose is one avenue in the development of sustainable materials and
ionic liquids have shown great potential in their cellulose dissolving capacity. As a conclusion,
there are still lots of information to be obtained and a need to develop more sensitive and
reproducible analytical methods in this research area.
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APPENDIX

Appendix I

Calibration curves for GP_134, GP_138, GP_108 and GP_151. The error bars in the figures
represent ± 1 x SD.

Calibration curve GP_134
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Calibration curve GP_138
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Calibration curve GP_108
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Calibration curve GP_151
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APPENDIX II

Figures from the robustness tests.

GP_138 concentration series run 1st time from smallest to
highest concentration
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GP_138 concentration series run 2nd time from smallest to
highest concentration
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GP_138 concentration series run 3rd time. Concentrations run
in random order
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