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Abstract

A nebulized flame ionization detector interfaced with LC was examined and

found to be more versatile in applications than common LC detectors, such

as UV, RID, ElSD and CAD. The technique can be used for both volatile

and non-volatile analytes. It is compatible with gradient elution and can be

used for the analysis of non chromophore-possessing analytes. The

calibration plots of non-volatile analytes were linear in contrast to other

aerosol-based detectors, such as ElSD and CAD.

The technique was examined in three consecutive stages; optimization of the

FID, testing the response patterns of analytes (volatile and non-volatile) and

applications to the analysis of compounds of diverse functional groups.

The optimum conditions for the operation of the FID were: hydrogen, 157

mLjmin; nitrogen, 250 mLjmin; air, 654 mLjmin; spray chamber internal

diameter, 40 mm, collector internal diameter, 4mm and eluent (water), 1

mL/min.

The calibration plots of all volatile analytes were linear while those of the

non-volatile analytes were linear only when anions (in the form of sulfuric

acid, nitric acid, hydrochloric acid, orthophosphoric acid, sodium sulphate

and ammonium sulphate) were added to the eluent

The separations of diverse analytes (alcohols, aldehydes, ketones, amines,

amino acids, carboxylic acids and sugars) gave detection limits in the low JIg

range.

VI



List of acronyms

AEC-PAD Anion exchange chromatography-pulsed amperometric

detector

Alkali flame ionization detector

Charged aerosol detector

Condensation nucleation light scattering detector

Evaporative light scattering detector

Flow injection analysis

Flow injection analysis-flame ionization detector

Flame ionization detector

Gas chromatography

Gas chromatography-flame ionization detector

High performance liquid chromatography

Liquid chromatography

Liquid chromatography-flame ionization detector

Liquid chromatography-mass spectrometry

Limit of detection

Liquid chromatography-refractive index detector

Liquid chromatography-ultraviolet detector

Mass spectrometry

Polystyrene divinylbenzene

Refractive index detector

Relative standard deviation

Standard deviation

Ultraviolet detection

AFID

CAD

CNLSD

ELSD

FIA

FIA-FID

FID

GC

GC-FID

HPLC

LC

LC-FID

LC-MS

LOD

LC-RID

LC-UV

MS

PS-DVB

RID

RSD

SD

UV

VII



Chapter 1 Introduction

CHAPTER ONE

Introduction

The equipment for the chromatographic separation of a mixture comprises

two major components; the column and the detector. The constituents of a

mixture are separated in the column and are subsequently monitored by a

detector when they exit the column. Detectors can be broadly divided into

two groups, viz., selective and universal. The ultraviolet [UV (direct and

indirect)], fluorescence (direct and indirect) and electrochemical detectors

are examples of selective detectors. As the name implies, they are limited in

their applications. Universality, as a characteristic of detectors, can be

defined in terms of qualitative and quantitative analysis. The former is a

measure of the widespread identification of analytes; the more diverse

analytes that a detector can monitor, the more it is considered universal. If a

detector is quantitatively universal, one calibration standard can be used to

quantify compounds of diverse functional groups. It can also be used to

quantify compounds whose identities are not known (e.g, impurities,

degradants etc) or if there is no pure standard.

Many universal detectors have been developed in order to widen the

applications of liquid-phase separation. Examples of universal detectors

include refractive index detectors (RID), evaporative light scattering

detector (ElSD), charged aerosol detector (CAD) and flame ionization

detector (FID). Alternative coupled detectors, such as LC-MS and LC-ICP-

MS, are sophisticated analytical instruments in their own right but have

limitations and fall outside the scope of the current project. Although they

can provide more information about an analyte, they represent a significant

higher cost [1, 2]. Although, they are more versatile compared to the

selective detectors, they have also been identified as having limitations

which have kept analytical chemists on the search for more versatile

Nebulized FID in HPLC 1



Chapter 1 Introduction

detectors. This current work on liquid chromatography-flame ionization

detection (LC-FID) was born out of this search for a universal detector.

A brief discussion of selected detectors and their limitations is presented in

the following sections.

1.1 Selective HPLCdetectors

These are generally well described in most HPLC texts and only the main

points are discussed here.

1.1.1 UV detector (direct)

An absorption detector (UV) measures the loss in intensity of ultraviolet or

visible light when an optically dense analyte interacts with it It is the most

commonly used detector owing to its analytical capabilities; it is sensitive

(limits of detection, 0.1 - 1 ng) [3] and has a wide linear range. It is also

suitable for gradient elution because of its insensitivity to environmental

factors (temperature and pressure) and to changes in the mobile phase

composition, although it places some limitation on eluents (eluent must

have a suitable wavelength-cut-off) or buffer being used [4].

Absorption takes place at wavelengths above 200 nm, provided the

molecule has at least a chromophore. Some examples of chromophores are

given below [5].

1. a double bond adjacent to an atom with a lone electron pair;

2. bromine, iodine or sulphur;

3. two or more conjugated double or triple bonds;

4. an aromatic ring; and

5. inorganic ions; Br-, 1-, etc.

Nebulized FID in HPLC 2



Chapter 1 Introduction

1.1.2 UV detector (indirect)

The DV detector is limited, in that it cannot detect compounds such as

carbohydrates, lipids or most amino acids because they do not possess a

chromophore [4].Detection of such compounds can be made possible either

by derivatization or indirect detection. Derivatization involves the tagging

of the compound being studied with a chromophore. Common

derivatization reagents for amino acids and carboxylic acids are 'l-fluoro-

2,4-dinitrobenzene and phenacyl bromide, respectively [6]. These

derivatization procedures may require from 4 to 24 hours, involving many

tedious chemical reactions with potential for incomplete reaction and

analyte losses at each transfer step [7].

The indirect detection involves measuring a strong signal from the

background electrolyte, and which is displaced by a weak signal from an

analyte as it passes the detector. The principle can be applied to any type of

detection. An absorbing ion with the same sign of charge as the analyte is

added to the background electrolyte to provide a steady background signal.

When the analyte ion emerges, the concentration of background ion

necessarily decreases, because electro-neutrality must be preserved. If the

analyte ion is not absorbing, the absorbance level decreases when the

analyte emerges and a negative signal is observed; for example, the indirect

ultraviolet detection of chloride anion in the presence of the ultraviolet

absorbing chromate anion. In the absence of the analyte, the chromate ion

gives a steady absorbance at 254 nm. When the chloride ion reaches the

detector, there is less chromate ion present and chloride ion does not absorb;

therefore the detector signal decreases [8]. The indirect detection, which

could be very sensitive, has some inherent limitations; the dynamic range is

much less than when using absorbance in the conventional mode and it can

only be applied to ionizable analytes. Another disadvantage of the indirect

mode is that, the chromatographic system must be thoroughly flushed after

use to remove the background chromophore [4].

Nebulized FID in HPLC 3



Chapter 1 Introduction

1.1.3 Fluorescence detector (direct)

The fluorescence detector responds to the emission of light from a molecule

in an excited state [8]. In order to detect an analyte by this detector, the

analyte must possess a fluorophore and the detector must be set to the

correct excitation and emission wavelengths. Examples of fluorophore

include:

• Aromatic functional groups, especially if held co-planar with ring;

• Compounds containing aliphatic and alicyclic carbonyl structures or

highly conjugated double-bond structures;

• Fusion of benzene rings to simple heterocylic nucleus (pyridine,

furan, thiophene, pyrrole); isolated heterocyclic nucleus do not

fluoresce. Fusion increases the molar absorptivity and decreases the

lifetime of their excited states.

Advantages of fluorescence over UV detection

The fluorescence detector is typically about 1000 times more sensitive than

the UV detector for compounds with a chromophore [5]. This can be

explained in terms of low background signal; it is an .emission technique in

which the background signal in the absence of a fluorophore is zero [9].

Another factor which enhances sensitivity in fluorescence is the dependence

of the fluorescence intensity on the source intensity, that is, the fluorescence

power and hence the sensitivity, can be increased by increasing the intensity

of the light source. This is in contrast with UV because absorbance is

essentially independent of the source intensity.

Fluorescence detector also exhibits higher selectivity than UV because the

detection is based on two wavelengths (excitation and emission) instead of

one (absorbance) in the UV. The selectivity is enhanced because very few

analytes posses the same fluorophore [9].

Nebulized FID in HPLC 4
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Limitations

The fluorescence detector is very limited in respect of the range of analytes

it can monitor. There are several factors which affect the fluorescence ability

of analytes [10]. The fluorescence detector is further limited by these factors;

effect of substitution, structural rigidity, temperature and solvents, pH and

dissolved oxygen [10].

E~ctofsubstitution

• Halogen-substitution decreases the fluorescence; the decrease is more

significant with an increase in the atomic number of the halogen;

• Substitution of a carboxylic acid or carbonyl group on an aromatic

ring generally inhibits fluorescence.

Effea of structural rigidity

The quantum efficiency, which is a measure of fluorescence intensity, for

fluorene and biphenyl are nearly 1.0 and 0.2 respectively under similar

conditions of measurement The difference in fluorescence behaviour

appears to be largely due to the increase in rigidity furnished by the

bridging methylene group in fluorene [10].

Fluorene Biphenyl

Figure 1.1. Structures of fluorene and biphenyl [10).
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Temperature and solvent effects

The fluorescence response of most compounds decreases with an increasing

temperatures because the increased frequency of collisions at elevated

temperature improves the probability of deactivation by external

conversion. The fluorescence of a molecule is decreased by solvents

containing heavy atoms or the presence of other solutes with such atoms in

their structure; carbon tetrachloride and ethyl iodide are examples [10).

Effect of pH on fluorescence

The fluorescence of an aromatic compound with acidic or basic ring

substituent is usually pH-dependent This could be explained in terms of a

change in the degree of ionization with pH [10].

Effect of dissolved oxygen

The presence of dissolved oxygen in the solution often reduces the intensity

of fluorescence in a solution. This effect may be the result of the

photochemically-induced oxidation of the fluorescing species [10].

1.1.4 Fluorescence detector (indirect)

As in UV detection, derivatization is an option for non-fluorescing analytes.

Common derivatization reagents for amino acids and carboxylic acids are 0-

phthalaldehyde and 9-anthryldiazomethane, respectively [6].

Another option for non-fluorescing analytes is indirect detection. The

principles and limitations of the indirect UV detection are applicable to the

indirect fluorescence detection. However, only one difference exists; the

mobile phase additive is a fluorescing ion while that of the UV is an

absorbing ion [10].

Nebulized FID in HPLC 6
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1.1.5 Electrochemical detector

Oxidizable and reducible compounds can be detected by electrochemical

detectors [5]. Oxidizable compounds include phenols (phenol, chlorinated

phenols, hydroquinone, catecholamines, estrogens, morphine), aromatic

amines (aniline, benzidines, hydrazines), heterocyclic compounds (indoles,

tryptophan) etc. The nitro aromatics, diazo compounds and anthraquinones

are examples of reducible compounds [9], but their determination is

hindered by the ready-reduction of atmospheric oxygen. These detectors are

limited to compounds that exhibit electrochemical properties; compounds

that do not have electrochemical properties cannot be detected.

1.2 Universal detectors

Compounds that cannot be detected by the selective detectors (UV,

fluorescence and electrochemical) can be monitored by RID, ElSD, CAD

and FID.

1.2.1 Refractive index detector (RID)

The refractive index detector (RID) is the most popular and least expensive

of the universal detectors. Besides, it is more compatible with

miniaturization than the UV detector [11]. This is because RID is an

intensive property of the medium and does not decrease on miniaturization

whereas absorbance is an extensive property of the optical medium, that is,

the absorbance decreases linearly with the optical path length according to

Lambert-Beer law.

a Principles of operation

A schematic of a refractive index detector is shown in Figure 1.2 [12]. It

works by comparing the refractive index of the mobile phase (in the

reference cell) and sample (in the sample cell). H the separated components

of a sample reach the refractometer flow cell, the composition of the flow

Nebulized FID in HPLC 7
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cell changes with a consequent change in the RI of the solution. The change

in the RI of 'the medium will cause a change in the direction of light

(refraction of light). By keeping wavelength, temperature and pressure

constant, a change in the RI, measured by the refractometer, is due only to a

changing sample concentration; a high concentration of a solute refracts a

beam of light more than a dilute solution. Therefore, high concentrations of

sample yield Jarge peaks.

Reference
Side of

How Ce11

Sample in
Sample Side
of FlolN Cell

""____'--I~t--~ Re erence SidE
of Flow Cell

Incident Light

Figure 1.2. A schematic of the RI detector [12].

b Applications

The analysis of carbohydrates, lipids, proteins, amino adds etc, is difficu1t

with UV because they do not possess sufficiently strong chromophore. The

RID is an option for the analysis of these compounds because their

refractive indices are sufficiently different from the common HPLC mobile

phases [4].

Nebulized FID in HPLC 8
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c Limitations of the RID

Although it is a universal detector, the RI detector exhibits limited

sensitivity, poor selectivity, non-compatibility with gradient elution and it is

extremely sensitive to temperature and pressure fluctuations [13 - 16]. The

non-compatibility with gradient elution precludes the analysis of complex

mixtures.

Sensitivity: The sensitivity of the RI detector is limited by two factors. The

first is the small difference in RI between the mobile phase and the analyte.

A comparison of the refractive index values of a typical eluent and analytes

confirms that the addition of traces of a typical organic compound to a

water-methanol eluent will have only a small effect on the overall refractive

index [9].The second factor is noise. The sensitivity of the RI detector, just

like any other detector, is governed by the signal-to-noise ratio, that is, the

sensitivity decreases as the baseline noise increases. The RI detector exhibits

poor sensitivity (about 1000 times higher than that of the DV detector) [5]

due to a high baseline noise. The major contributors to the baseline noise are

vibrations of the optical system [11]and thermal fluctuations in the flow cell

[17]. The most sensitive refractometers, which are commercially available

(differential diffractometers) for HPLC, offer a short-term RI noise of

approximately 2.5 nRIU (RIU = refractive index unit). Since the temperature

dependence of RI of water is approximately 100 JiRIUrC at 25°C, and as

much as 600 JiRIUrC for organic solvents, it is obvious that such a high

sensitivity RI measurement require extensive thermal equilibration, and in

practice, it is difficult to obtain very high sensitivity.

Selectivity: The RI of most solutes differs only in the second or third decimal

place resulting in poor selectivity [17].

Incompatibility with gradient elution: Since the measurement of response in

this detector is based on the RI of the mobile phase and the analyte, the

Nebulized FID in HPLC 9
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former must be kept constant The mobile phase composition changes in

gradient elution making it impossible to effect measurements as the baseline

shifts [5].

Temperature and pressure: Temperature fluctuations affect the density of

the mobile phase and hence the RI. Back-pressure pulsations from a

dripping waste tube can cause short-term noise cycling and hence the

working of the detector [12].

1.22 Evaporative light scattering detector (ELSD)

The ELSD was developed in the late 1970s and 1980s and it is another

universal detector [14]. Unlike the RID, which is an optical detector, the

ELSDis based on the scattering of light. One advantage of the ELSDis that,

it is relatively an inexpensive alternative method compared to mass

spectrometry (MS) for the detection of non-volatile compounds that do not

absorb UV light It has an advantage over the refractive index detector in

that, its chromatographic baseline is not affected by changes in

environmental factors (temperature and pressure) or mobile phase

composition during gradient elution. For this reason, it can be used for the

analysis of complex mixtures, which requires gradient elution for good

separation [13].

a Principles of operation

The principle of operation involves the pneumatic nebulization of the

column effluent to form an aerosol, followed by solvent evaporation in a

heated drift tube. The droplet cloud emerging from the evaporator is

subsequently passed through a light beam and the amount of light scattered

by the non-volatile droplets is detected by a photomultiplier. Figure 1.3

shows the schematic of the ELSD[18].

Nebulized FID in HPLC 10
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-j ~G ••

Figure 1.3. Schematic of the ELSD [18].

b Applications

It is used for the analysis of compounds that lack a chromophore, such as

many underivatized amino acids, carbohydrates, lipids, polymers,

surfactants, drug substances and natural products [15]. Table 1.1 shows

some practical situations where the EI.SD was applied.

Nebulized FID in HPLC 11



Chapter 1 Introtblction

Table 1.1. Selected application areas of ELSD

Analyte Matrix LOO Reference

Phospholipids main wheat flour [19]

Triacylglycerols human milk [20]

Lipids [21]

Free acids and mono-, and [22]

di- triglycerides

Carbohydrates drinks 0.2 -1.2 Jlg [23]

Fatty acids 0.0001- 0.0110 [24]

mg/mL

Alkoxyglycerols and other [25]

non-polar lipids

Hydrophobic surfactant [26]

proteins

Triglycerides oils and fats 0.2 Jlg [27]

Determination of 1- mulberry leaves 100 ng [28]

deoxynojirimycin

Sulforaphane broccoli samples 0.5 Jlg [29]

.Inorganic anions porous graphitic 50 ppm [30]

carbon

Polyethylene glycol and ug/ml, levels [31]

polyethylene oxide

c ELSD as a toolfor qualitative analysis

The ELSD is a universal detector, that is, it responds to virtually all

compounds provided the volatilities of the compounds are lower than that

Nebulized FID in HPLC 12
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of the mobile phase [32]. Analytes that are too volatile will be lost during the

process of evaporation.

d ELSD as a tool for quantitative analysis

Linearity: One disadvantage of the E15D is that, the response is non-linear

which renders quantification difficult over a wide range of concentration

without an extensive calibration [20, 21, 29, 33 - 36].

This non-linearity could be explained in terms of the particle size

heterogeneity at different concentration levels. As with many aerosol-

forming processes, light scattering depends on the size of the aerosol

particles compared to the wavelength of the incident light. Charlesworth

[37] examined the particle size heterogeneity and detection mechanism of

the evaporative light scattering detector (E15D) and found that a plot of

peak area versus concentration gave a sigmoid curve; the calibration curves

were approximately linear for concentrations of solutes in the range of 7.S x

10-5 to 3.0 X 10-3 g crrr> but above and below this range, the response was

non-linear with an accompanying reduction in sensitivity [37].

The non-linear response was attributed to the interplay of different

mechanisms (Raleigh scattering, Mie scattering, reflection and refraction) of

light scattering at the different concentration levels. The predominant

scattering mechanism at concentration range of 7.S x 10-5 to 3.0 X 10-3 g cm->

is reflection and refraction. Below and above this concentration range, the

predominant mechanisms are Raleigh and Mie scatterings, respectively [37].

The importance of each process is governed by the radius of the particles

compared to the wavelength of the incident light. Raleigh scattering is most

predominant when the particles are very much smaller than the wavelength

of the incident light. In this case the incident light quanta induce oscillating

dipoles in each particle they strike, and these in turn radiate comparatively

Nebulized FID in HPLC 13
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low intensity light in all directions which interferes with the incident light

resulting in reduced response and non-linearity [37].

When the dimensions of the particles are greater than the wavelength of

light, they no longer behave as point sources and Mie scattering becomes

the predominant mechanism. In this process, different points on the same

particle are exposed to the incident light with a variety of amplitudes and

phases and the induced oscillating dipoles produce waves which interfere

with each other. Because of this, the scattered light can have a greater or

lesser intensity than comparable Raleigh scattering, depending on the

angles at which observations are carried out [37].

As the particle sizes approach the wavelength of the incident light, then

reflection and refraction begin to prevail. These two always occur together

and are due simply to the deviations of the light quanta as they encounter

the boundaries between phases. The sum of the intensities of the light

reflected and refracted is equal to the total intensity of the incident light. A

linear plot was observed at this concentration range [37].

In order to address the particle size limitation when the particles are not

sufficiently large to scatter light effectively, an additional step of

condensation nucleation was introduced [31, 38]. In the condensation

process, particles were grown to sizes more effective at scattering light by

first saturating the gas surrounding the particles with the vapours of

condensable fluid and then passing the mixture through a condenser. This

technique is called condensation nucleation light scattering detection

(CNLSD). An improved linearity and lower detection limits were found

with CNLSD compared to the ELSD [31, 38]. The detection limit of CNLSD

was less than 1 ng/ml, which is over two orders of magnitude lower than a

commercial ELSD. An overview of the experimental set up of CNLSD is

shown in Figure 1.4 [38].

Nebulized FID in HPLC 14
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Figure 1.4. An overview of the experimental set of CNlSD [38].

Another effect of particle size limitation was seen in the analysis of volatile

analytes. Volatile analytes give particle sizes that are not effective in

scattering light. In order to improve the particle size for effective light

scattering, non-volatile mobile phase additives could be used. But these

additives could produce a constant background signal resulting in loss of

sensitivity. Because of the undesirable loss of sensitivity associated with the

use of non-volatile additives, ElSD cannot be used to measure volatile

analytes [16].

Precision and limits of detection: Gamache et al. [15] determined the

precision (variability of measurement values) and limits of detection of

glucose, caffeine, propranolol and chlorpromazine. The variability (percent

Nebulized FID in HPLC 15
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relative standard deviation) was measured for 10 replicate injections. The

variabilities obtained were 3.52, 3.61, 2.95, 2.41 for glucose, caffeine,

propranolol and chlorpromazine respectively. The detection limits ranged

from 100 to 150ng.

Universality: Universality in terms of quantitative analysis means an

empirical consistency in response for compounds of diverse functional

groups irrespective of the analysis conditions [15].

Unfortunately, ElSD often generates very different responses for

compounds of the same molecular weight (39). This limitation in

universality is due to its high sensitivity to many operating parameters,

including composition and flow rate of the mobile phase, flow rate of the

nebulizing gas and the temperature of the vaporizing tube [40& 41].

Gamache et al. [15] explained the dependence of the ELSD response on

mobile phase composition in terms of nebulization. They found that the

response was directly proportional to the percentage of organic content in

the eluent; the nebulization efficiency increased with the percentage organic

content. The mobile phase flow rate also influences the nebulization process

[42].

The relationship among detector response, nebulizing gas flow rate and

temperature was studied [42].They found that the response was found to be

directly proportional to the temperature of the evaporation tube and

inversely proportional to the flow rate of the nebulizing gas.

1.2.3 Corona charged aerosol detector (CAD)

The CAD, just like the ElSD, is an aerosol-based detector but it is a more

sensitive version of the latter. It is also compatible with gradient elution

chromatography.
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a Principles of operation

In the CAD, the aerosol particles are not detected by light scattering but

instead, are given an electrical charge by mixing them with a stream of

charged nitrogen (Fig 1.5) [43]. The principle of detection involves the

following steps: pneumatic nebulization of the column effluent into an

aerosol. The coarse particles of the aerosol collide with the impactor and are

drained away and the fine aerosol passes through a drying tube where the

solvent is dried, much as in ElSD. The dried particles are given a positive

charge by mixing them with a stream of a positively charged secondary gas

(nitrogen). Any high-mobility particles are removed by a negatively charged

ion trap and the rest of the charged solute particles are collected and

measured. It generates a signal in direct proportion to the quantity of each

particle [44- 46].

Electrometer
Nebulizer

eluent

Signal out
Signal is directly
proportional to
<J.uantityof anaIyte
in sample

Large
droplets

Collector
Analyte particle s
transfer their charge

~~~IJII:~~~~ Secondary gas stream
positively charged
by a high-voltage
platinum corona wire

analyte particles
by charged opposing
secondary gas stream

Figure 1.5. Schematic of a CAD [43].
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b Applications

It has the same application capability as ELSD in respect of the scope of

analytes, that is, it can be used in the analysis of many underivatized amino

acids, carbohydrates, lipids, polymers, surfactants, drug substances and

natural products.

c CAD as a toolfor qualitative analysis

Just like the ElSD, it responds to all analytes provided they are sufficiently

non-volatile.

d CAD as a toolfor quantitative analysis

Linearity: The response of the CAD is non-linear which can be explained in

terms of Raleigh charge limit and it is valid for liquid particles and loosely-

held agglomerates of solid particles [47, 48]. The Raleigh limit defines the

maximum number of charges a particle can hold before the mutual

repulsion of the excess charge overcomes the cohesive force of surface

tension, tearing the particle apart. This limit also means that the number of

charges, which determines the sensitivity of the CAD, depends on the

particle size and since particle sizes vary at different concentration levels,

linearity will be affected.

Precision and limits of detection: Gamache et al. [15] examined the

variability of the detector and limits of detection of some analytes and

reported that the variabilities of glucose, caffeine, propranolol and

chlorpromazine responses were 1.62, 1.75, 1.14 and 1.48, respectively. The

limits of detection for these compounds were found to range from 5 to 20

ng. The variabilities and limits of detection of these analytes with ElSD

were also reported [15]. An improvement in the limit of detection and a

two-fold improvement in response-variabilities were found in favour of the

CAD. These improvements were attributable to the differences in particle-
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detection technology since the aerosol-formation stage is similar for both

detectors. Light scattering efficiency is dependent upon particle diameter

and involves exponential changes between regimes (Raleigh, Mie, refraction

and reflection). This may have been responsible for the limited sensitivity

and high variability of the ElSD. On the other hand, the response obtained

with electrical aerosol detection technology used with CAD may exhibit

unimodal efficiency over a wider range of particle diameters.

Universality: In contrast to ElSD, the response of the CAD is independent

of chemical structure, in that different compounds of the same molecular

weight generate similar responses provided the analytes are sufficiently

non-volatile and the mobile phase composition is kept constant [44]. A

factor that limits the universality of CAD is the dependence of response on

mobile phase composition, as is known with ElSD. An increase in the

organic content of the mobile phase can improve the transport efficiency of

the nebulizer; this in turn, can result in a greater number of particles

reaching the detector chamber and hence in a higher signal [49].

One way of eliminating the mobile phase composition effect on the detector

response is to make sure that the mobile-phase composition reaching the

detector always remains constant by adding a compensation mixer so that

the overall composition is constant. For example, if the separation starts

with 10% acetonitrile (ACN) in the mobile phase, and ACN concentration

increases to 90% between 2 and 15 minutes, the mobile phase used for

corona CAD signal compensation should contain 90% ACN for the first 2

minutes, and the ACN concentration should decrease from 90 to 10%

between 2 and 15 minutes [49].

Another limitation of the CAD is that, it does not respond to volatile

compounds as they are lost with the eluent during the drying stage, and the

response to compounds of intermediate volatility can be inconsistent. For

example, in preliminary flow injection experiments, butyl paraben showed
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inconsistent responses that were generally lower than expected and varied

from experiment to experiment [49].

1.2.4 Standard flame ionization detector (FID)

The FID is the most commonly used GC detector but rarely used in Le. It

offers so many advantages, viz., its response is not affected by modest

changes in flow, pressure or temperature and does not respond to common

carrier gas impurities, such as carbon dioxide and water under normal

operation [50].

a Principles of operations

A schematic of a typical GC-FID is shown in Figure 1.6 [50]. The carrier gas

from the bottom of the detector is mixed with hydrogen combustion gas

plus an optional make-up gas in the area below the flame jet This mixture is

then burned just above the jet tip in an air flow to produce ions. An electric

field induced by a negative polarizing voltage (applied between the jet tip

and a collector electrode) accelerates ions to the collector and signals are

sent to the electrometer. Depending on the FID design, either the collector or

the jet tip is kept at ground potential. Air, carbon dioxide and water exhaust

gases are vented from the top of the detector body [51].
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Exhaust
CoUector
Electrode

Aame
Jet

==1'+--- Ignitor and Polarizlng
Electrode

IQ~~~~~~+-- /ilJr;::; .__ Hydrogen

, II +-- Makeup
gas

+--- Capillary Column

Figure 1.6. Schematic of the HD [50].

Mechanisln of detection

The processes involved in the ionization mechanism in the FID are shown

below [52 - 55].

carbon-compound FID ) CHO I
name

(a) (b)

In the flame, organic compounds eluting from the column undergo

degradation reactions in the hydrogen-rich region, forming a group of

single carbon species. The single species subsequently react with air to

produce (a) which then reacts with the water produced in the hydrogen

flame to generate hydronium ions which eventually polymerize to produce

(b) and CO. The ion current produced is proportional to the amount of
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carbon compound present The details of the FID mechanism have been

reviewed [53 - 55].

b Applications

In gas liquid chromatography, the Fill is used for the analysis of gaseous,

liquid and volatile solid samples [50].

c FID as a tooLfor qualitative analysis

It is a very versatile detector that responds to all compounds possessing C -

H bond (s) [50].

d FID as a tool for quantitative analysis

It has a linear range of approximately 10-7. It also exhibits limits of detection

as low as 10-D g.C/s [50].

1.2.5 FID as a liquid chromatography detector

The working mechanism of the FID is the same for both modes; gas

chromatography (GC) and liquid chromatography (LC) modes. However,

two differences exist between GC-FID and LC-FID; the column and the

sampling systems. In the LC-FID equipment, the LC columns, which are

more versatile, replace the GC columns. In the GC-FID, the sample is

introduced into an inlet system before the column where it is converted to a

vapour for more sensitive detection. There is no inlet system in the

configuration of LC-Fill equipment; it is replaced with interfaces such as the

transfer detectors, thermospray, eluent-jet etc. These interfaces are discussed

in the subsequent sections.
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1.3 Liquid chromatography-flame ionization detection (LC-

FID) interfaces

This section is basically concern with a review of the evolution of the LC-

FID interfaces. These include those used with hydro-organic mobile phases

(methanol-water, acetonitrile-water etc) and those used with 100% water as

a mobile phase.

1.3.1 Interfaces used with hydro-organic mobile phases

An obvious disadvantage of coupling LC to FlO is the high detector

response of the organic modifiers commonly used in reversed or normal

phase Le. Since the FID responds to the organic components of mobile

phases, there should be a way of removing the organic components from the

effluent before the detector, otherwise the analyte signal will be obscured by

the organic modifier signal [56]. Interfaces such as the transport detectors

and thermos pray, have been identified with this capability.

a Transport detectors

These detectors were the earliest interfaces developed to interface liquid

chromatography to flame ionization detector. A transport detector consists

of a carrier, which can be a metal chain, wire, disc, or similar device which is

continuously moving between the effluent introduction point and the

detector [57]. They work by drying the mobile phase from the carrier

medium before detecting the residue directly or as pyrolysis products [58].

A comprehensive review of these detectors has been reported [59]. In

addition to the capability of removing the organic components of the mobile

phase, they give a similar response for a rather wide range of compounds

[60].

Since the moving object with its speed is an integral part of the detector, it is

important to recall their empirical values. Typical operating conditions for

the wire-transport detector are: wire diameter, 0.4 mm; speed, 5 to 15
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em/min; eluent flow-rate, 10 to 70 ilL/min; carrier gas flow-rate, about 35

mL/min; FID temperature, 200 to 400 "C; air flow-rate, 590 mL/min;

hydrogen, 32 mL/min [61- 64].

In general, the transport detectors are designed to analyze non-volatile

compounds, such as carbohydrates, fatty acids, glyceride esters, steroids,

and phospholipids [61 - 64]. Veening et al. [63] reported detection limits that

ranged from 100 to 400 ng for the carbohydrates.

Since the eluent is dried before detection, their applications are limited to

the analysis of non-volatile analytes. However, the analysis of semi-volatiles

were made possible by the introduction of the Tracor Model 945 LC-FID

system; a modified transport detector.

There are two modes of detection in the transport detectors; detection of

analyte residue and the detection of pyrolysis products.

I Detection of analyte residue

A typical transport detector for use with a flame ionization detector (in this

case, the related alkali flame ionization detector) is shown in Figure 1.7. The

transport mechanism operates as follows. The wire is reeled off from a

storage coil (1), passes via rollers (2, 3) through an activation oven (4) which

is heated to 750°C to remove impurities and led through a coating block (5).

Here, it receives part of the effluent from the column (12). The amount of

liquid carried depends on the speed of the wire feed and mobile phase flow

rate; a typical amount is 0.5%. The wire then passes through a combustion

oven (7) heated to 700 "C. Air is led into the com bustion oven through the

sides and carries the combustion products into the detector (8). The flow-

rates of the gas can be adjusted by needle valves (10) and controlled by

manometers (9) [62].
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Figure 1.7. Schematic of the alkali flame ionization detector with residue detection. (1) wire
storage coil, (2, 3) rollers, (4) activated oven, (5) coaling block, (7) combustion oven (8) AF10
(9) manometer (10) needle valves (12) column (13) membrane sampler (14) effluent [62].

II Detection of pyroLysis products

Veening et aL. [63] examined the Pye Unicam LCM moving wire flame

ionization detector. In this technique, pyrolysis products were detected

instead of the residue. The working principle involved the following: the

moving wire was supplied from a rotating spool and initially passed

through a cleaner oven operated at 850 QCwhere impurities were removed

by oxidation in a stream of air. The wire then moved past the coating block

where the effluent was deposited. After deposition, the wire moved through

an evaporator, set at 180°C - 200 "C, which selectively removed the solvent

in a stream of air. Final1y, the wire passed through the oxidizer tube where

sample components were oxidized at 850°C to carbon dioxide and steam in

a stream of air. The resultant carbon dioxide was mixed with a stream of

nitrogen and hydrogen and was reduced to methane in a reactor (350 "C) in

the presence of a nickel catalyst, which was finally detected by FID. In this

detection mode, the signal was directly proportional to the amount of
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carbon deposited on the wire hence it could be used for quantitative

analysis [56].

Tracor Model945 Le-FID system

Transport detectors are normally limited to the analysis of non-volatile

analytes [53]. But semi-volatile analytes could be analyzed with the Tracor

Model 945 LC-FID system, which was developed [65] and introduced at the

1983 Pittsburgh Conference. The detector consisted of a fibrous quartz belt

at the periphery of a rotating disc enclosed in a heated-air-swept housing.

The total LC effluent was applied as a fine stream onto the rotating porous

quartz belt. As the disc rotated, the solvent was vaporized while the non-

volatile analytes were carried to the FID. A second much hotter flame was

used to clean the belt

Pearson [66,67] modified the Tracor system to accommodate a reduction of

the evaporation block temperature from 150 "C to 68 "c. The modified

system was able to extend the use of the system to the lower molecular

weight alkanes, that is, from C:\2to C24.

Problems of tile transport detectors

Although transport detectors are capable of removing the eluent before

detection [68], some shortcomings have been identified. Generally, they

have only been given limited attention in analytical chemistry because at the

relatively high flow rates used in conventional HPLC columns, only a small

fraction of the column effluent is coated on the moving surface, thus

seriously impairing the limits of detection [63].

Inherently, they are complex designs and loss of volatile analytes is

common during the solvent removal process [57, 58, 69]. A schematic of a

typical moving-wire transport detector, illustrating the complexity of the

design, is shown in Figure 1.7 [62]. Features, such as the wire storage coil,
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rollers, activated oven, coating block manometers which may otherwise

cause analytical problems, are not needed in the recent interfaces such as

thermospray, eluent-jet, nebulizer etc, which will be discussed latter.

Memory effects and poor desorption are also observed with transport

detectors. Marquet et al. [57], Brewer et al. [70] and Combs et al. [TI]

observed 'memory effects' commonly seen as ghost peaks in the use of these

detectors. These detectors were also identified with poor sensitivities,

probably due to poor desorption of non-volatile and polar analytes from the

moving object [71].

These detectors also undergo dimensional changes when heated,

contamination of one part of the wire by structural components, and the

general lack of reliability of the mechanism [68].

Dijk [64] found the tendency of solute to creep during the period of drying,

thus causing the occurrence of irregular intervals of places of extremely high

concentration along the moving chain [64].

Malcolme-Lawes et al. [68] found the limitations of the moving chain in

quantitative analysis. This was attributed to the loss of components from the

chain and the electrical noise generated by the chain mesh. Another

observation made by them was the melting and spreading of non-volatile

analytes over the chain [68].

b Thermospray

In the application of this interface (Fig 1.8) [33], the effl uent from the LC

column is thermally nebulized and/or vaporized by an electrically heated

probe in the presence of a warm carrier gas. The volatile molecules of the

solvent if present and low boiling-point sample molecules in the aerosol are

vaporized and then removed in a counter-current membrane diffusion cell.

The higher boiling-point sample molecules in the form of particles are not
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removed in the membrane and are detected by a downstream flame

ionization detector (FID) [33]. Disanzo et al. [33] used this interface to study

the n-paraffins and found that onJy samples with an initial boiling point

greater than 375 QCcould be detected. The condensate pump could only

remove about 75% of the solvent (hexane), the remainder of the solvent was

removed by the membrane [33]. Disanzo et al. determined aromatics and

found detection limits of approximately 0.5 Jlg under the following

conditions: nebulization temperature, 80 - 85 "C: spray chamber

temperature, 60 - 65°C; membrane temperature, 60 - 65 "C and FID

temperature, 130 -150 ne.

This interface is used for non-volatile analytes [33, 56]. Combs et al. [TI]

identified the possibility of thermal degradation of analytes due to the

heated nebulizer.

Carrier Gas In -~.
Vapourized!.Nebulizer ;'! :-

Thermospray -~fot']~

Spray Chamber'__' ;~:i
Aerosol---+~.':. I

\~."/'
'.(

't 'I .' Out to Vent
'-__.,.-'

. /Condensate OutIPump

LC Effiuent In--.....,

- Carrier Gas+
SampleParticles

_Sweep Gas In

r.t-""""""- Membrane
___ Separator

Figure 1.8. Schematic of thermospray interface [or solvent removal [33].

1.3.2 Interfaces used with 100%water as mobile phase

In order to reduce the eluent signal, one approach is to use 100% water as

the eluent. This aJlows the direct coupling of the Le to the FID because the
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problems of removing the organic components of the mobile phase before

detection are not issues; the aqueous eluent generates no response in the

FID [58,72,73].

Beside its transparency to the FID, 100% water as eluent offers several

advantages; it is not toxic, not flammable and relatively less expensive

compared to common HPLC eluents (methanol, acetonitrile, etc) [74].

Although water at ambient temperature is a weak solvent in reversed-phase

chromatography, it exhibits comparable eluent properties with the usual

reversed-phase eluents (methanol-water, acetonitrile-water etc) when

heated to high temperatures. Water above its normal boiling point up to its

supercritical temperature exhibits reduced viscocity, an increased ability to

dissolve non-polar compounds, and decreased polarity. All of these

properties result in the liquid having properties comparable to an organic

solvent [75].

Several advantages are associated with the use of water (heated to high

temperatures) as an eluent. At these temperatures, it becomes a useful

parameter to enhance chromatographic parameters such as resolution,

efficiency and speed [74, 76 - 83].

a Drop headspace interjace

Bruckner et al. [56] developed a drop headspace interface for FID used with

superheated water chromatography. In this interface, drops of eluent

formed at the tip of silica tubing, fall unobstructed. A controlled-flow of

helium entered the cell via a hole below the level of the growing drop. A

portion of the helium stream flowed upward past the drop, picking up any

organic components evaporating from the drop (Figure 1.9). The analyte-

rich helium then flowed to the detector. Typical eluent and helium flow

rates used in this interface are 0.67 mL/min and 35 ml.Zrnin respectively.
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The interface was used for the analysis of 'l-butanol, l,l,2-trichloromethane,

butanone, chlorobenzene, toluene, ethylbenzene and o-xylene at flow-rates

of 300 mLjmin and 30 mLjmin respectively, for air and hydrogen and the

limits of detections ranged from 0.5 to 9 ppb. A linear dynamic range of 5

orders of magnitude was also reported for l-butanol; this was comparable

to GC-FID.

Its use is limited to the analysis of volatile analytes. Quigley et al. [84]

demonstrated this by using this interface to selectively determine the

volatile alcohols in a mixture of alcohols and phenols. A disadvantage of

this interface was a reduction of column efficiency due to the large volume

of the cell [56].

WRP·LC'
~'t:olumn

Figure 1.9. Schematic of Le with UV absorbance and name ionization detections,
hip,hlip,hUnp, the drop headspace interface that transporu s volatile analytes from the Le
eluent to the FlO [56].

b Eluent-jet interface

The eluent-jet [58] is not based on evaporation or nebulization of the eluent,

but on the formation of an eluent-jet, which consists of a stream of small

droplets. Although, it was originally used in liquid chromatography-mass

spectrometry (Le-MS), the principle of operation is similar for both

applications; LC-FID and LC-MS.
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The liquid introduction process is based on a sharp temperature gradient at

the tip of the fused silica liquid introduction capillary (A) (Figure 1.10) [85].

C 8

Figure 1.10. An eluent-jet interface. A, fused-silicaliquid introduction capillary; B, metal
ring; C, quartz Lube;D, desolvation Lubeand E, induction coil [85].

The sharp temperature gradient is induced by heating a small metal ring (B)

mounted on the top of a small quartz tube providing helium cooling (C).

These parts are inserted in (D), a wider quartz tube. The metal ring is heated

by means of high-frequency induction, which is a non-contact method of

heating electrically conducting materials. The induction heater produces a

radio frequency (900 -1100 kHz) current in the induction coil (E) placed on

the outside of the desolvation tube. This generates an alternating magnetic

field in the desolvation tube, which induces an electrical current in the small

metal ring, developing sufficient heating power [85].

The potential of an eluent-jet interface with J.lLC-FIDwas examined with

test com pounds ranging from highly polar, thermolabile, semi-volatile and

non-volatile compounds like amino acids, organic acids, alkylphosphonic

acids, and carbohydrates. The results showed a linear dynamic range of four

orders of magnitude [58]; an order of magnitude better than a nebulization

interface for less volatile compounds. Probably, this can be explained by the

divergence of the nebulization interface which is much larger than that of

the eluent-jet that produces essentially a straight jet of droplets [85].
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Hooijschuur et al. [58] also reported detection limits that ranged from 0.2 - 5

ng.

c Direct liquid introduction (DU) interface

Miller et al. [40] examined a direct liquid introduction interface in which the

liquid chromatography was connected to the flame ionization detector via a

heated capillary tube (usually 10 - 50 Jim i.d) with a transfer restrictor. This

set up was used in the determination of alcohols and caffeine and a

detection limit of 1 ng was reported at eluent flow rates of 20 - 50 JiLj min

and 5 ng at flow rates of 100 to 200 JiLjmin.

They reported instability of the FID at flow rates greater than 0.2

mLjminutes. This was explained in terms of a volume expansion of the

eluent when it becomes vapour in the FID resulting in the instability of the

analytical flame and sometimes, flame-out.

Besides flame instability, there were some other interesting issues associated

with the direct liquid introduction via a crimped or narrow restrictor

capillary. It was easily clogged because of the crimped part of the restrictor

[86,87]. The clogging problem may be due to the fact that fused silica reacts

with water in the FID at elevated temperatures [87].

Another issue is the distance of the capillary from the tip of the jet. The best

FID stability was obtained when the connecting tube was 3 - 3.5 cm below

the jet tip. When the tube was placed too close to the jet tip, spikes were

produced and when the tube was placed too far from the tip of the jet, the

peak efficiency was reduced [87].

The internal diameter of the jet was yet another issue of concern. Carrier

water flow rates of 100 JiLjmin or higher were compatible with the use of

wide bore FID jet resulting in an improved stability of the FID signal.

However, the FID sensitivity was decreased. Hence, the water flow rates of
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50 JlL/min or lower was used with the standard FID jet instead of the wide-

bore jet [88].

The instability of the FID resulting from the spliUess design can be remedied

either by using a micro-bore column that is compatible with low flow rates

or splitting the effluent. Both measures work by preventing too much eluent

from reaching the FID.

I Micro-bore column

Yang et al. [89] developed a direct introduction interface with a micro-bore

column (0.5 mm internal diameter) at flow rates of 20 - 30 JlL/min. They

made a number of observations. The FID was stable and faster thermal

equilibration of the column was observed compared to the traditional HPLC

columns with a typical internal diameter of 4.6 mm. The linear dynamic

range for leucine and tryptophan was 6 to 6000 ng. They analysed

carbohydrates, amino acids and organic acids and found low limits of

detection ranging from 0.3 to 3 ng for the amino acids. The detection limits

were low because the total effluent was introduced into the FID without a

split.

ii Effluent split

One of the alternative solutions to the FlO flame instability is to split the

effluent before the FlO. Marquet et al. [57] and Conte et al. [90] identified the

need to reduce the effluent flow because the FlO flame has little tolerance

for large volumes of effluent. However, the effluent split resulted in loss of

sensitivity .

Yarita et al. [91] also developed a direct liquid introduction with effluent

split (Figure 1.11). In the experimental set up, a portion of the effluent from

the separation column was split using a T-piece. The split effluent was

introduced into the FID system via a capillary tube (270 mm x 40 urn i.d)
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heated at 150 ·C in order to maintain a stable vaporization of the water in

the FID system. This set up was used in the determination of ethanol in

alcoholic beverages at a flow rate of 7 J.lL/min and detector temperature of

350·C. The mean values of ethanol in their samples were comparable with

those obtained by GC-FID at the same detector temperature.

1"10

/'

HPlC

Figure 1.11. Schematic of direct liquid introdurtion interface with effluent split: 1, fused-
silica capillary lube; 2, healer; 3, FID jd; 4, ion collector [91].

An effluent split interface (capillary tube) was employed in the analysis of

carbohydrates, amino acids and carboxylic acids. The interface was

examined under the following conditions: eluent flow-rate, 0.13 mL/min

with a split ratio of 1:10 (FID:waste bottle); the distance between the

restrictor outlet and the tip of the FID jet was 5 cm; air flow, 350 mL/min;

hydrogen, 135 mL/min; detector temperature, 350 (le. Under these

conditions, the limits of detection of these compounds ranged from 38 to 111

ng; a much higher detection limits compared to micro-bore column analysis.

A linear dynamic range of three orders of magnitude was also reported [92].
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d Pneumatic nebulization interface

This interface, which works by breaking up the liquid stream into an aerosol

by the use of a high velocity gas jet, is one of the most commonly used

liquid sampling methods in inductively coupled plasma mass spectrometry

(ICP-MS) [93] due to its simplicity of design, stability and reliability. In

addition, it is more versatile than the transport detectors, drop headspace,

and thermospray because it can be used for the analysis of both volatile and

non-volatile analytes; transport detectors and thermospray interface are

limited to non-volatile and the drop headspace is limited to volatile analytes

[85].

Despite these advantages, the nebulization interface needs additional care;

the connecting lines and pumping systems should be able to withstand the

high pressures needed for such a pneumatic process and consequently, the

additional cost of using it [94].

Although it is a sampling method commonly employed in ICP-MS, it is

relatively new in interfacing liquid phase separation techniques (HPLC, CE)

to detectors, such as FlO, MS etc. For such coupling, the concern is that, the

interface should not lead to band broadening and hence reduce peak

resolution. In order to achieve the goal of good peak resolution, the interface

(usually a nebulizer-spray chamber unit) should have a low dead volume.

The micro-nebulizers (capable of producing stable aerosol at flow rates in

the order of JlL/min) and miniaturized spray chambers have been identified

with low dead volumes [95 - 103].

The use of the micro-concentric nebulizer (MCN) in separation science was

first reported in 1995 by Olesik et al. [104] when they used a nebulizer-spray

chamber assembly in capillary electrophoresis-inductively coupled plasma

mass spectrometry. Since then, many designs of nebulizer and spray
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chambers have been used by different groups of workers and these have

been reviewed by Taylor et al. [105].

Recently, Taylor et al. [105], designed and examined a micro-concentric

nebulizer (MCN)-spray chamber interface for capillary electrophoresis-

inductively coupled mass spectrometry. The spray chamber was made of

glass, designed with features (the dimple and flow spoiler) such that the

aerosol was under a centrifugal force which served to remove coarse

particles. The interaction of the larger particles with the walls of the

chamber was increased by the dimple resulting in an enhancement of the

removal process. The purpose of the flow spoiler was to stop recirculation of

the aerosol which could cause dispersion, increase sample wash-out times

and band broadening [105].

The MCN-spray chamber interface was recently used for the examination of

a liquid chromatography-flame ionization detection method [106]. They

examined the interface and reported the following findings: The optimum

FID conditions using carbohydrates as test analytes were: hydrogen, 100 -

110 ml.Zmin: air, 320 mL/min; nitrogen, 420 mL/min; detector temperature,

230°C; eluent flow rate, 0.7 mL/min. In addition, detection limits of 5.5 ng,

12 ng, 3.5 ng were reported for D-glucose, amino acids and toluene

respectively. They also examined and compared the thermospray and MCN

interfaces and found that the latter was better. The former was set up as

follows: the effluent from the column was linked to the detector by a

capillary tubing (30 urn i.d., 17.5 cm). Aerosol formation was effected by

heating the transport capillary, which was in the oven, to high temperatures

(150°C - 400°C). Unfortunately, the method did not yield results as

expected due to problems of frequent capillary blockage, instability of the

flame at carrier water flow rate of about 0.18 mL/min. Besides, the method

was found to be irreproducible and non-robust.
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1.4 Anoverview

Selective detectors

The UV detector is the most commonly used detector because it is sensitive

(limit of detection, 0.1 - 1 ng) and easy to use. It is insensitive to

environmental factors such as temperature and pressure. However, it is

limited to UV-absorbing analytes.

The fluorescence detector is more sensitive (0.001 - 0.01 ng) and selective

than the UV detector. Its application is limited in that, fluorescence is

limited by structural (substitution, rigidity) and environmental

(temperature, type of solvent, pH and dissolved oxygen) factors.

The electrochemical detector has limit of detection of 0.01 - 1 ng. It is limited

to the analysis of oxidizable and reducible compounds.

Universal detectors

The refractive index detector exhibits limited sensitivity (LaD, 100 - 1000

ng), poor selectivity, non-compatibility with gradient elution, and it is

extremely sensitive to temperature and pressure fluctuations.

The evaporative light scattering and charged-aerosol detectors are aerosol-

based. Their chromatographic baselines are not affected by environmental

factors such as temperature and pressure fluctuations. Both detectors are

limited to the analysis of non-volatile analytes and exhibits non-linear

response patterns. The limits of detection of the ELSD ranged from 100 -150

ng while that of the CAD ranged from 5 - 20 ng.
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Comparison of LC-FID interfaces

The nebulization and eluent interfaces are compatible with eluent flow rates

of about 1 mL/min, typical of a conventional HPLC whereas the transport

detectors, the thermospray and direct liquid introduction interfaces are

compatible with flow rates of the order of 10 to 200 J1L/min; flow rates

higher than this will cause flame instability. From the discussion, it is

obvious that only nebulization and eluent interfaces can be used for

analyses that inevitably need flow rates of about 1mL/min.

The transport detectors are the most complex interfaces both in design and

operation.

The nebulization and the eluent jet interfaces are the most versatile because

they can be used for the analysis of both volatile and non-volatile analytes;

the transport detectors and the thermospray are limited to the analysis of

non-volatile analytes and the drop headspace is limited to the analysis of

volatile analytes.

1.5 Aims and objectives of the present study

This current work, which examines a-nebulized flame ionization detection

in liquid chromatography, is a continuation of the work of Bone et al. [106].

It is compatible with gradient elution and capable of analyzing non UV-

absorbing and non-volatile analytes without derivatization. Its design will

also examine the linearity and sensitivity.

The development of the method was carried out in two stages; flow

injection analysis (FIA) mode and liquid chromatography (Le) mode. The

former mode is aimed at optimizing the FID to ensure that the eluent (100%

water) flow, the interface (nebulizer-spray chamber unit) and detector

integrate. The latter mode will be concerned with applying the optimized
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parameters to separate non-volatile and non UV-absorbing analytes

representing different functional groups such as alcohols, amines, amino

acids, organic acids and sugars in order to determine the relative responses

of different analyte types.
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CHAPTERlWO

Experimental
2.1 Materials

Acetophenone, anisole, benzoic acid, methyl benzoate, phenylethylamine, 3-

phenylpropanol, 4-phenylbutanol, benzylamine, hexylamine, pentylamine,

cyclohexylamine, l,3-diaminopropane, diethanolamine, ethanolamine,

ethylene diamine, maltose, citric acid, malic acid, succinic acid, acetic acid,

sorbitol, glucose, D(+)-galactose, arabinose and mannitol, valine, isoleucine,

phenylalanine, serine, decyl alcohol, poly (ethylene glycol), glycerol, 4-

hyd roxybenzam ide, 4-hydroxybenzoic acid, benzaldehyde, methanol,

propanol, pyridine, resorcinol, o-methyl-acetophenone, hexanone, 2-

phenylethanol and heptanone were from Aldrich Chemical Company Inc.,

Milwaukee, USA.

Dichloromethane, hexane, ammonium sulphate, sodium sulphate and the

acids (sulphuric, hydrochloric, orthophosphoric, nitric) were from Fisher

Scientific, Loughborough, England.

Propiophenone was acquired from Hopkins & Williams Ltd, Essex,

England. Butyl phenyl ketone and butyrophenone were bought from Koch-

Light Laboratories Ltd, Colnbrook, England. Lancaster, Morecambe,

England supplied benzyl alcohol and diethylamine. Triethylamine and

benzoic acid were supplied by Fisons Chemicals, Loughborough, England.

Cyclohexanol and m-cresol were supplied by Avocado (Morecambe,

England) and Agros Organic (USA) respectively. Aniline was from Alfa

Aesar, Heysham, UK. BOC gases (air, hydrogen and nitrogen) Worsley,

Manchester. De-ionized water was prepared in the laboratory with an

ELGA water purification system, High Wycombe, England.
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22 Sample solutions

2.21 FIAmode

All samples were prepared individually in water.

Optimization of the FlO set-up

Valine, 1.26 mg/rnl.

Volatile Analytes

Methanol, 0.925 mg/mL; propanol, 1.07 mg/mL; hexane, 4 mg/mL and

dichloromethane, 2.34 mg/mL.

Non- Volatile Liquid Analytes

Maltose, 1 mg/mL; valine, 1 mg/mL; ethylene glycol, 1.11 mg/mL; poly

(ethylene glycol), 0.815 mg/mL; resorcinol, 0.9 mg/mL; 4-hydroxybenzoic

acid, 0.66 mg/ mLand 4-hydroxybenzamide, 0.65 mg/ mL.

Glycerol, 4.25 mg/mL and deeyl alcohol, 1.8 mg/mL.

2.2.2 Lemode

Samples were prepared in water as mixtures.

Alcohols

A mixture of alcohols (methanol, 2.93 mg/mL; ethanol, 3.30 mg/mL;

propanol, 2.95 mg/mL; butanol, 3.44 mg/mL; cyclohexanol, 2.00 mg/mL;

benzyl alcohol, 3.82 mg/mL and m-cresol, 3.19 mg/mL).

Aromatic Alcohols/phenol

A mixture with the following composition was prepared: benzyl alcohol,

2.14 mg/mL and m-cresol, 2.94 mg/mL.
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Benzyl alcohol and substituted aryl alcohols

Sample composition: benzyl alcohol, 0.535 mg/mL; 2-phenylethanol, 0.738

mg/mL; 3-phenylpropanol, 0.663 mg/ml, and 4-phenylbutanol, 0.400

mg/mL. 100 Id of neat methanol was added to enhance the solubility of the

mixture in water.

Aldehydes

Sample composition: formaldehyde (37%) 1.112 mg/mL; acetaldehyde

(40%) 1.07 mg/mL and propionaldehyde (97%) 0.428 mg/ml,

Ketones

A mixture of ketones: 2-hexanone, 0427 mg/mL; o-methyl-acetophenone,

0.527 mg/ mL; propiophenone, 0.537 mg/ mL; 2-heptanone, 0.422 mg/ mL

and butyrophenone, 4.16 mg/mL.

Organic acids, amides and an aldehyde

Sample contained 4-hydroxybenzamide (2 mg/mL), 4-hydroxybenzoic acid

(2 mg/mL), benzoic acid (2 mg/mL) and benzaldehyde (0.144 mg/mL).

Sample contained citric acid, 4.14 mg/mL; malic acid, 5.08 mg/mL; succinic

acid, 9.83 mg/mL and acetic acid, 7.98 mg/ml., This mixture was used for

the flame ionization detection. A different mixture was prepared for the

refractive index detection: citric acid, 0.207 mg/mL; malic acid, 0.254

mg/mL; succinic acid, 0.492mgj'ml, and acetic acid, 0.399 mg/rnl,

Aromatic amines

A mixture of amines containing pyridine, 0.37 mg/mL; aniline, 1.40 mg/mL

and benzylamine, 0.7 mg/rnl;
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Aliphatic amines

Sample contained benzylamine, 3 mg/mL; pentylamine, 3 mg/mL;

phenylethylamine,4.17 mg /ml, and hexylamine, 3.05mg/mL.

Amino Adds

Sample contained phenylalanine, 0.5 mg/mL; isoleucine, 0.53 mg/mL;

valine, 0.55 mg/mL and serine, 0.5 mg/ml, A mixture containing lower

concentrations was prepared for the liquid chromatography refractive index

detection; 0.15mg/mL each of valine, isoleucine and phenylalanine.

Sugars

Sample composition for the LC-FID: sorbitol, 2.55 mg/rnl.; maltose, 5

mg/mL; D(+)-galactose, 2.6 mg/mL; arabinose, 3.6 mg/mL; glucose, 3.8

mg/mL; mannitol, 2.4 mg/mL. For the Le-RID mode, the mixture

composed of sorbitol, 0.255 mg/mL; maltose, 0.5 mg/mL; D(+)-galactose,

0.26 mg/rnl; arabinose, 0.36 mg/mL; glucose, 0.38 mg/rnl, and mannitol,

0.24mg/mL.

2.3 Equipment

2.3.1 Columns

PL HiPlex H 8 Jim (300 x 7.7 mm) and PS-DVB(150 x 4.6 mm) were from

Polymer Laboratories, Amherst USA. Xterra RP 8 (3.5 Jim, 4.6 x 150 mm),

Xterra RP 18 (3.5 Jim, 4.6 x 150 mm), Xterra MSC18 (5 Jim, 2.1 x 150 mm),

were supplied by Waters, Ireland. Hewlett Packard HP-5 (Crosslinked 5%

Ph Me Siloxane) 30 m x 0.32 mm x 0.25 Jim film thickness, Texas, USA,was

used for the GC-FID.

The LC-(FID,UV,RID)was constructed using a Varian 3300flame ionization

detector (Walnut, California); Applied Biosystems 757 Absorbance detector
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(Crewe, UK); Waters 2410 Differential Refractometer (Milford, USA);

Hewlett Packard 1050 quaternary pump (Texas, USA); Gilson M313

peristaltic pump (Villiers. Le. Bel. France); Rheodyne injector (Cotati,

California) and Cetac micro-concentric nebulizer (MCN-I00), (Omaha, NE,

USA).

Viglen computer and HP Laserjet 1022 printer. Operations and data

acquisitions were enabled with DataApex Clarity software.

2.3.2 Instrumentation of the Le-FID

The configuration of the LC-FID equipment and its schematic are shown in

Figures 2.1 and.2.2 respectively. Essentially, this set up is different from the

conventional HPLC equipment in two components; the FID (Figure 2.3),

which was mounted on the separate spray chamber oven, but used the GLC

electronics and the nebulizer/spray chamber assembly (Figure 2.4).

Mobile phase

FID

uv
detector

Peristaltic
pump

HPLCpump
Figure 2.1. The Le-FID equipment.
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Injection

Experimental

Air

Hydrogen

Nebullseri SprayI Chamber

Spray Chamber
Compartment

rt1~collector

1bet

Nitrogen

Flame Ionisation Detector

Figure 2.2. Schematic of the LC-FID equipment.

Ignitor

Ignitor probe

Figure 2.3. The FID cross sectional view showing the collector.

The nebu1izer/spray chamber assembly (Figure 2.4) was placed between the

column and the detector (FID). The nebulizer (3) receives mobile phase

containing the sample via (1) and the effluent was pneumatically nebulized

into the spray chamber (4). The fine aerosol was directed to the detector via

Nebulized FID in HPLC 45



Chapter 2 Experimental

(6), which was a 2 mm internal diameter Varian standard metal held in

place with a Swagelok stainless steel tube fitting (Cheshire, UK) and the

condensed, coarse aerosol was drained out of the spray chamber via (5). The

draining action was enhanced by a peristaltic pump.

Figure 2.4. Nebulizer/spray assembly. (1) from HPLC column (2) nebulizing gas (3)
nebulizer (4) spray chamber (5) condensate to drain (6) fine aerosol to detector.

2.4 Methodology and operation of the instrument

Optimization of the FID Set-up

In the laboratory set up, the only modification made to the FID was the

replacement of the existing standard jet with a ceramic tube of 2 mm i.d,

with a metal tip (a total length of 33 mm) to allow the free flow of the gas

through the system.
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The non-optimal conditions used to start off the optimization process were:

collector internal diameter, 4 mm; spray chamber diameter, 30mm; air flow,

650 mL/min; hydrogen flow, 157 mL/min; nitrogen flow, 184mL/min and

carrier water flow, 1 mL/min.

Le-FIO

FID conditions applied were the same for both LC-FID and FIA-FID.

However, appropriate column oven temperatures were applied for the

separation of different compounds on different columns.
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CHAPTER THREE

Instrumentation and the LC-FID method development

3.1 Instrumentation

The essential differences between the gas chromatograph with flame

ionization detector and the LC-FID equipment are the column and the

sampling systems. In the LC-FID equipment, the LC columns which are

more versatile replace the GC columns. In GC, the sample is introduced into

an inlet system where it is converted to a vapour for more sensitive

detection. There is no heated inlet system in this configuration of the LC-FID

equipment; it is replaced with a nebulizer/spray chamber assembly,

incorporated between the column and the detector. The nebulizer turns the

liquid sample into a form (fine aerosol) that is more amenable to treatment

by a flame and improves detection. The spray chamber functions to remove

coarse and coalesced fraction of the aerosol and its subsequent removal

from the chamber. The nebulizer/spray assembly is shown in Figure 2.4.

The body of the nebulizer was built of an inert, Teflon material and hence

can be used for aspirating acids or bases [107].

For an effective adaptation of the LC to the FID, some modifications were

made to the nebulizer capillary and the jet In order to accommodate higher

eluent flows, typical of HPLC, the silica capillary in the standard MCN was

replaced with a-O.009inches stainless steel capillary (from Coopers Needle

Works, Birmingham, West Midlands, UK). Besides the flow-rate

compatibility, the new capillary could aspirate solutions containing

dissolved salts with a reduced probability of getting blocked compared to

the standard capillary [108].
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The standard jet in the FID was replaced with a metal-tip ceramic jet of 2

mm internal diameter to ensure free flow of gases.

3.2 Nebulizer problems

The nebulizer, which is the sampling system, affects the variability of the

FID response to a great extent Keeping the flow-rates of gases and the

detector temperature constant, variability in response can result from the

following: when different nebulizers are used, the nebulizer capillary is

replaced or when the capillary is partially blocked. In this current work, the

first nebulizer was replaced because it was damaged and occasionally the

capillary of the second one had been sonicated when blockages were

observed. These can account for some observed variability in responses. The

separation of the alcohols (methanol, ethanol, propanol, butanol,

cyclohexanol, benzyl alcohol and m-cresol), the amines (aniline,

benzylamine and pyridine) and the mixture containing 4-

hydroxybenzamide, 4-hydroxybenzoic acid, benzoic acid and benzaldehyde

were carried out using the first nebulizer, which was more effective and

gave higher responses. The rest of the data were generated using the new

nebulizer of the same design.

3.3 Le-FID development

The development of the liquid chromatography-flame ionization detection

(LC-FID) method was carried out in three consecutive stages; optimization

of the flame ionization detector (FID), examination of the FID responses to

analytes of different volatility (volatile and non-volatile analytes) and then

optimization of the LC-FID. The first two stages were carried out via flow

injection analysis (FIA) in which no column was placed between the injector

and detector and individual analytes were carried to the detector without

passing through a column. In all the FIA experiments, an old HPLC column

was placed before the injector in order to exert a back-pressure on the
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pump, without which pump pulsation would produce baseline noise and

cause associated analytical problems, such as high detection limits. In the

third stage of the study, sample mixtures were separated on columns before

detection in the FID.

3.3.1 Optimization of the FID set up

Valine, which is non-volatile, was used as the test analyte because volatile

analytes such as methanol gave excessive peak tailing probably as a result of

convective dispersion of the analyte in the spray chamber.

The parameters of the system that could affect the detector response were

optimized. The parameters included the flame gas flows (hydrogen and air),

nebulizing gas (nitrogen) flow and carrier water flow rate. Other parameters

included the physical structure of the detector such as the diameters of the

spray chamber and collector. The initial conditions (un-optimized) were

based on trials made previously and they included: collector internal

diameter, 4 mm; spray chamber diameter, 30 mm; air flow, 650 mL/min;

hydrogen flow, 157 mL/min; nitrogen flow, 184 ml.Zmln and carrier water

flow, 1 mL/min. These parameters were optimized in turn; varying the

parameter being studied and keeping the other initial conditions constant.

Figure 3.1 and Tables 3.1 - 3.5 shows the summary of the results.

The signal strength measured as the peak area (mV.s) decreased as the

carrier water flow rate was increased (Table 3.1). Flow rates of 0.5 mL/min,

1.0 mL/min and 1.5 mL/min were tested; 0.5 mL/min gave the highest

signal (626.7 mV.s) but the top of the peak was noisy. However, 1.0 mL/min

was chosen as the optimum because the peak was smoother. The optimized

flow rate was found to be dependent on the nebulization gas flow rates.

Flows higher than 1.5 mL/min gave increased baseline noise and even

flame-out.
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The optimum collector and spray chamber diameters were found to be 4

mm and 40 mm respectively; they gave the highest signals (fable 3.2). The

shape of the spray chamber plot in Figure 3.1A shows that a diameter of 45

mm could also be used.

The optimization of air flow rate gave the results in Table 3.3. Although,

flow rates of 800 mL/min and 930 mL/min gave larger peak areas, the

baselines were noisy and drifted. A flow rate of 654 mL/min (optimum)

gave a peak area of 411.8 mV.s with a stable baseline. The flat portion of the

air flow plot in Figure 3.1B shows that this optimum is not very critical in

respect of signal size.

The effect of the nebulizing gas (nitrogen) flow on the FID signal is

summarized in Table 3.4. A flow rate of 250 mL/min gave the highest signal

(545.5 mV.s). This flow is critical as depicted in Figure 3.1C.

Table 3.5 summarizes the optimization of hydrogen flow. The optimum

flow rate was found to be 157 mL/min because it gave the strongest signal

(411.8 mV.s). The shape of the hydrogen plot in Figure 3.1D shows that it is

more critical than air in the operation of the FID.

The optimum flame gas flows were found to be 157 mL/minutes for

hydrogen and 650 ml.Zrnin for air. These flow rates correspond to an

approximate ratio of 1:4 for hydrogen and air. In GC-FID mode, a 1:10 ratio

of hydrogen to air is recommended for sensitive detection [109]. Higher

proportion of hydrogen flow (157 mL/minutes) with LC-FID is needed to

keep the flame alight because so much wet aerosol is introduced into the

detector in this set-up (FIA-FID). The need for high proportion of hydrogen

to sustain the flame had been previously observed by Fogwill et al. [110] and

Ingelse et al. [88] in direct liquid introduction to the FID via fused silica tube.

The former used 250 mL/min of air and 100 mL/min of hydrogen while the

latter used 350 mL/min of air and 100 mL/min of hydrogen.
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From these studies, the desirable conditions for the operation of the flame
I

ionization detector were selected to be carrier water flow rate, 1 mL/min;

hydrogen, 157 mL/mini nitrogen, 250 mL/mini air, 654 mL/mini spray

chamber internal diameter, 40 mm and collector internal diameter, 4 mm.

These conditions were used in the rest of the study.

3.3.2 Analyte volatility and FID response

The FID, a common gas-liquid chromatography detector, responds only

weakly to non-volatile analytes but both volatile and non-volatile analytes

give good response in this set up. The current set up was aerosol-based and

aerosol-based detectors, such as ELSD and CAD, are limited to the analysis

of non-volatile analytes and exhibit non-linear response patterns. Since the

current Le-FID set up was intended to analyze volatile and non-volatile

analytes, it was important to examine the response patterns of the FID for

analytes of different volatility. In this section of the study, analytes were

individually injected into the FID via carrier water.

a Volatile analytes

Volatile analytes [methanol (18.5 Jig - 0.07 Jig), propanol (21.4 flg - 0.08 Jig),

hexane (80 ug - 5.0 flg) and dichloromethane (46.8 ug - 2.93 flg)] were

introduced into the detector via flow injection analysis mode and the

calibration plots were generated. All the plots were linear and had

intercepts near zero (Figure 3.2).
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Figure 3.2. Plots showing the linear response of the FlO to volatile analytes. Optimum FlO
conditions as in section 3.3.1 (pg 58).

The high response of dichloromethane is unexpected as halogenated

compounds give low responses inGC-FID due to the short residence time in

the flame which is not sufficient for the breaking of aU carbon-halogen

bonds; so some halogens and carbons atoms split off the molecule together

[111]. The remaining CH-CI radicals are not oxidized and hence the

probability of production of a FID signal is less.

b Non-volatile analytes

The response patterns of non-volatile solid and liquid analytes were also

studied.

Non-volatile analytes [ethylene glycol (22.2 Jig - 2.78 Jig), poly (ethylene

glycol), 16.3 Jig - 2.04 Jig, resorcinol (18.0 Jig - 2.25 Jig), 4 -hydroxybenzoic

acid (13.2 Jig - 1.65 Jig), 4-hydroxybenzamide (13.0 Jig - 1.63 Jig), maltose
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and valine (160 J!g - 1.25 J!g)]were introduced into the FID via the carrier

water. Plots of peak area versus mass injected for these compounds were all

non-linear (Figures 3.3 and 3.4). This non-linear behaviour was attributable

to the non-volatility of these analytes as the plots for the volatile analytes

were linear; probably the volatile analytes were readily transformed into the

gas phase by the nebulization process.
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Ul600>
.§_ 500
tr1
OJ
)il 400

m 300
0..

200

100
0

0 5 10 15 20 25 30 35 40 45 50

Mass injected (microgram)

• Ethylene glycol • Poly (ethylene glycol) • Resor inol
• 4-Hydroxybenzoic acid ~ 4-Hydroxybenzamide

Figure 3.3. Plots showing the response pattern of the FID to non-volatile analytes [eLhyJene
glycol and poly (ethylene glycol), resorcinol, 4-hydroxybenzoic add, 4-hydroxybenzamide].
Optimum FID conditions as in section 3.3.1 (pg 58).

The plots of maltose and valine were linear from 160 to 20 J!g (not through

the origin) but non-linear from 10 - 1.25 J!g (Figure 3.4). A similar non-

linearity was observed but in the higher concentration region for volatile

analytes by Grob et al. [50] in GC-FID. They explained it in terms of detector

saturation; when a large amount of a compound is burned, the hydrogen

flame becomes more like hydrocarbon flame, showing an increase in size. In

such a situation, the ions are generated higher in the collector where the

electric field is weaker, resul ting in a non-linear response and detector

saturation [50]. This explanation of non-linear behaviour might not hold in
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this case because the high oxygen content of these compounds might reduce

the height of the flame.
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R2 =0.9988
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Figure 3.4. Plots showing the response pattern of the FID to maltose and valine. Optimum
FID conditions as in section 3.3.1 (pg 58). Concentration ranges in A and Bare 160 - 20 Ilg
and 10 - 1.25 Ilg respectively.
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In order to improve the linearity of the plots, the effect of voltage, collector

internal diameter (which might alter the position of the flame) and mobile

phase additives were examined.

Effect of voltage on linearity

In the flame ionization detector, ions formed in the flame are propelled by

an electric field induced by voltage [109]. Itwas likely that the voltage could

influence the linearity of the response. Therefore the effect of voltage on

linearity was examined. Three different voltages were examined (170 V, 300

V and 400 V) using valine as the test analyte (20 ug - 1.25 ug). The results

are shown inFigure 3.5. The problem of non-linearity was still observed and

the voltage change had only a small effect on the response.
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Figure 3.5. Effect of voltage on FlD response of valine. Optimum Fill conditions as in
section 3.3.1 (pg 58).
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Effect of collector internal diameter on linearity

Since ions formed in the flame, and propelled by the electric field, are

collected on the surface of the collector [109], the effect of collector (Figure

2.3) internal diameter was studied using valine [20 Jig - 1.25 J1g(Figure 3.6)].
J

Collector sizes used for the test were: 6.27 mm, (i.d), 29.03 mm, length

(designated wide collector); 4.00 mm, (i.d), 29.03 mm, length (designated

narrow collector). The use of the wide collector increased the response

slightly but the problem of non-linearity persisted.
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0
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Mass injected (microgram)

I. Narrow collector. wide collector 1

Figure 3.6. Effect of collector internal diameter on FlD response. Analysis conditions as in
section 3.1.

Effect of carrier water additives on linearity

The detector voltage and collector diameter, which are physical parameters,

had no effect on the FID response pattern and hence, the effect of carrier

water additives was studied.
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FID is sensitive to molecules that are ionized in a hydrogen-air diffuse

flame. As the ions are formed inside the detector, they are impelled by an

electric potential towards an electrode, producing a minute current of the

order of pice-amps [109]. Since the formation of ions is an integral part of

FID, the effect of introducing negative and positive ions into the FID via

carrier water additives was studied using ionizable (valine), non-ionizable

(maltose), long-chain alcohols and the amines as test analytes.

Ionizable (oaline) and non-ionizable (maltose) solid atlalytl'

The test analytes used were valine and maltose representing the solid

analytes whose responses were found to be non-linear in the previous

sections and which could be ionized either positive or negative or be

neutral, respectively.

Three carrier waters were used for the study: 0.0007 M sulfuric acid

(corresponding to pH 3),0.0007 M ammonia solution (corresponding to pH

9) and de-ionized water.

The response patterns for valine and maltose were found to be linear in the

presence of the acid in the carrier water and non-linear in the presence of

ammonia or in water alone (Figures 3.7 and 3.8). It is obvious from the plots

that the presence of both ammonia and sulfuric arid reduced the sensitivity

of the FID signal; the effect was more pronounced with sulfuric add than

ammonia.
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Figure 3.7. Effect of arrier water addiuves on I r spons of valine. ptirnum I
conditions as in se lion .3.1 (pg 58). arri r waters: 0.0007 M sulfuric a id (orr pondinr,
to pH 3),0.0007 M ammonia solution ( orrespondmg to pH 9) and de-ioniz cl wat r.
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Figure 3.8. Effect of carrier water additives on FID response of maltose, Optimum FI
conditions as in section 3.3.1 (pg 58). Carrier water: 0.0007 M sulfuri add (corresponding
to pH 3), 0.0007 M ammonia solution (corresponding to pH 9) and de-ionized water.
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These results show that the linearization ff t was not du to ionization of

the analytes because valine would be ith r positiv or n gativ a ording

to the solution pH but maltose should be n utral in all thr arri r waters.

Linear dynamic range

Previously, valine and maJtos had n xamin d for th ir r pons

patterns at low and high concentrations and th r suits show d lin ar plots

from 160 Jig to 20 Jig but non-lin ar from 0 Jig to 1.25 Jig (Fig .4). Thi te t

was repeated using the lin arization ff t of arri r wat r additiv . Both

plots were linear for th full rang of on ntration und r xamination

(Figure 3.9) and the lin ar dynami rang w r al ulated: th rang sw r

two orders of magnitud for both t st ompound and both ofth plots had

an intercept clos to z roo
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Figure 3.9. Calibration plots of maltose and valine. Optimum FlO conditions as in section
3.3.1 (pp, 58). Carrier water: 0.0007 M su lfuric acid.
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As the presence of sulfuric acid in the luent had b n found to Jin arize

FID response of the solids, other a ids (hydro hloric, nitri and

orthophosphoric) were examined to s if linearization could be obtain d.

The test analyte was valine (20 ug - 2.5 ug), ow v r, a low r sampJ

concentration range was used for orthophosphori a id (5 f..lg- 0.63 ug)

because the acid caused an increas in s nsitivity su h that th d

overloaded with the initial con ntration rang.

tor was

With the presence of each of th s a ids in th arri r wa r, aJI th plots for

valine became linear (Fig 3.10).

120
y - 24.33x - JO.623

R2 - 0.9999

y - 3.2886x + '2.'2..159
R2 -0.9994

y - 2.44 Ix 23. 7
Rt-O.9995

y - 2.1365x - O. 658
R2 -0. 8

o 5 10 15 20 25
Mass in; led (microgram)

Figure 3.10. Effect of carrier water additives on th FlO respons of valine. Optimum FlD
conditions as in section 3.3.1 (pg 58). Carrier water 1 = O.OO25M P04, carri r water 2 =
O.OO225M HN03, carrier water 3 =O.OOlM HO and carrier waler 4 = O.OOO75MH2SO4,.

The presence of sulfuric and hydroehJori a ids r du d th bas lin nois

from 0.2 to about 0.1 mV, but that of th orthophosphoric acid iner as d th

baseline noise from 0.2 to about 1 mV. How v r, th signal iner ased only

by 2 fold with the orthophosphori acid. The in Tease in 001s level ould be

attributed to the chemistry of orthophosphorie acid at eJ vated

temperatures such as the levels obtained in the flame. Orthophosphoric is
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very stable and has essentially no oxidizing properties below 350"C - 400 "c.
At elevated temperatures, pyro-orthophosphoric acid is produced (see

equation below) which is fairly reactive towards metals (reduces it) and also

attacks quartz [112] and could therefore had altered the surface of the

collector.

H~PO 4 -"",sen~2";';":~~";';":o~~~;.;_t___.) H4 P20 7 -....;st,;_";,;..;.ti2r,~"~~~;.;_t~) (H PO.1 ) n

Pyrophosphoric acid mclaphoHphoric ucid

Although all the four acids used as carrier water additives linearized the

FID response, only sulfuric acid gave an intercept near zero; nitric and

hydrochloric acids gave large positive intercepts and orthophosphoric add

gave a large negative intercept.

The linearization of the FID response of solids in the presence of sulfuric

acid, nitric acid and orthophosphoric acid suggested the idea of examining

the FID response using sodium sulphate and ammonium sulphate, which

do not furnish protons in water, as carrier water additives. The aim of this

test was to find out whether the linearization effect was due to the protons

(or other cations) or the anions (sulphate, nitrate and phosphate). The

calibration plots of valine were linear (Figure 3.11) in the presence of both

additives indicating that the linearization effect was due to the anions and

not the protons or cations; protons, sodium and ammonium ions did not

cause significant differences in sensitivity and pH was therefore not the

critical factor in achieving a linear response. This is probably one reason

which the effect was seen with maltose as well as valine.
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Figure 3.11. Effe t of arrier water additive (salts) on th PI respons of valine. ptimum
FlD conditions as in se Lion 3.3.1 (pg 58). Carri r water: 1 = O.OOO75MH2 4J 2 = 0.005 M
Na2S04 and 3 = 0.005 M (NH4hS04.

Following the conclusion that lin arization was d u to th anions su h as

phosphate and suLphate, it was n xamin th of

concentrations need d to obtain lin arity and th r produ ibility of th

linearization effect. Diff rent con ntrations of ammonium sulphab and

orthophosphoric acid were used as th carri r wa r for th le t (Tabl 3.6).

The tests were repeated at diff rent tim s; at in rvaLs of on and tw nty

four hours. Test concentrations of valin w 200 J.lg to ]2.5 ug and J 20 J.lg

to 7.5 ug respectively for ammonium sulphat and orthophosphori a id.
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Table 3.6. Effect of different concentrations of carrier water additives on the
FID response and precision. Optimum FID conditions as in section 3.3.1 (pg
58).

Additive Concentration Noise (mV) correlation R2

equation

Orthophosphoric acid

0.0025 M 1.1 253.51x -193.44 1

After 24 hours

0.0005 M 0.2 75.77x + 25.56 0.9987

0.00125 M 0.3 51.95x - 25.73 0.9992

0.0025 M 0.7 76.81x - 76.97 0.9982

Ammonium sulphate

0.00025 M 0.07 11.785x + 0.666 0.9999

0.001 M 0.-10 -17.492x- 26.17 1

0.0025 M 0.10 12.788x - 4.9525

After one hour

0.001 M 0.08 15.579x -13.677 0.999

After 24 hours

0.001 M 0.08 16.583x - 15.432 0.9992

From Table 3.6, as little as 0.0005 M and 0.00025 M of orthophosphoric acid

and ammonium sulphate respectively were needed to improve the linearity

of the FID response of valine. With the orthophosphoric acid, two analyses

carried out at an interval of 24 hours gave a 3-fold reduction in sensitivity

(noise reduced by 1.6 fold), possibly indicating a deactivation of the

collector surface. Using ammonium sulphate as additive was more

reproducible than orthophosphoric acid; there was no significant change in

sensitivity [slope of regression (peak area vs mass injected) equation)

between the two runs carried out at an interval of 24 hours.

---:-----:--------~=----- ._---------------------
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Long-chain alcollols

The response patterns of non-volatile liquid analytes (deeyl alcohol and

glycerol) were examined. The plots of both analytes were non-linear and

curved like the plots of the other non-volatile analytes previously seen. The

non-linear behaviour of the FID towards these compounds was attributable

to their low-volatility; they do not readily go into the gas phase during the

pneumatic nebulization as was the case with the solid analytes.

The calibration plot of deeyl alcohol was curved without an acid-additive in

the carrier water [Fig 3.12A, plot 1 (36.0 Jig - 2.25 Jig)]. However, using

0.00075 M of sulfuric acid as carrier water (Fig 3.12 A, plot 2) and the

addition of 20 JiL of 39.2% sulfuric acid to the sample (Fig 3.12 A, plot 3)

linearized the plot

The calibration plot of glycerol was also curved [Fig 3.12 8, plot 1 (58 Jig -

0.91 J.lg». Using 0.00075 M of sulfuric acid as the carrier water suppressed

the signals of the five lowest concentration levels such that only the two top

levels were measured and so, calibration could not be made. But the

addition of 20 JiL of 39.2% sulfuric acid to the sample linearized the plot

[Figure 3.12 B, plot 2 (62 Jig - 7.75 Jig)].

-----------------_._------_ ...__ .__ .... -...
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Figure 3.12. Plots showing the respon e pall rns of the FID to non-volaulo liquid analytes.
Optimum FID conditions as in se Lion 3.3.1 (pg 58). De yl al ohol (A): I, eluent without
add additive; 2, eluent with add additive and 3, add in sample. Glycerol (6): 1, elu nt
without add additive and 2, add in sample.

Since decyl alcohol and glycerol are mod rately volatil I it b am

analytically important to examine the effect of th se carrier water additiv s

on the sensitivity of the FID towards mor volatil analyt s such as m-er sol

and benzy1 alcohol. On this reasoning, alibration urv sw r g n rated for
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benzyl alcohol (85.6 ~g - 21.4 ~g) and m-cresol (85.6 ~g - 21.4 ug) using

carrier water with or without sulfuri acid. Th r suits show d no

significant difference in sensitivity (Figure 3.13).

The result indicates a probability of th arri r water additiv (sulfuri a id)

affecting the nebulization; the analytical flam might not be aff t d. If th

additive affected the analytical flam, th s nsitivity of th m r 01 and

benzyl alcohol would redu as it was in th as of d yl al ohol and

glycerol.
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Figure 3.13. Effect of carrier water addiLiv (sulfun add) on the response of moderalely
volatile analytes. Optimum FLOconditions as ill se Lion3.3.1 (pp. 58).
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Aliphatic amines and amino alcohols

A number of aliphatic amines and amino alcohols gave unexpected

responses, that is, the FlU calibration plots were non-linear using 0.00075 M

sulfuric acid as the carrier water (Figure 3.14). Another surprising issue was

the peak shapes of the amines; the peak shapes of all the long-chain amines

were better (Figure 3.16) than those of the short-chain amines (3.15).

Comparing these figures, it is obvious that peak shape improved with an

increase in the carbon-to-basic nitrogen ratio. Since the analysis was done in

the FIA mode, independent of analyte-colurnn interactions which might

result in poor peak shape, the poor peak shapes might be due to

interferences with the FlO mechanism.

----_._--_._----_._---._----------_ .._---
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Figure 3.14. Calibration plots of amines. Carrier water, 0.00075 M sufuric Cl nd. Optimum
FrO onditions as in se lion 3.3.1 (pg 58).
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3.3.3 Columns study for the LC-FID system

In section 3.1, the FID was optimized via FIA; the variables were optimized

without an integral part (the column) of the LC-FID system. In this stage of

the optimization, the column was included. The retention properties of three

columns (Xbridge C18, Xterra RP 18 and Xterra RP 8) were studied using

both aryl and alkyl alcohols.

a Xbridge C18 column

The consecutive trial analyses of a mixture of benzyl alcohol and m-cresol

by LC-FID on a Xbridge C18 (3.5 um, 4.6 x 150 mm) column at a

temperature of 100 ~C and eluent (water) flow-rate of 1 mL/min showed

dramatic changes in retention times. The mixture was injected three limes;

the retention times for benzyl alcohol and m-cresol in the first two analyses

were 5 minutes and 11 minutes respectively. The third analysis showed a

dramatic decrease in retention times, that is, both analytes eluted in about 2

minutes.

The marked loss of retention could be caused by either a permanent change

in the chromatographic properties of the column or de-wetting of the

stationary phase of the column (a temporary change in column properties).

The former cause may be confirmed by generating van t' Hoff plots (log

retention factor versus absolute temperature). A change in the slopes of

these plots will indicate a permanent change in the chromatographic

properties of the column. The latter cause may be confirmed by flushing the

column with an eluent of high percent organic solvent and if the loss of

retention is restored by the flushing, then de-wetting is the culprit

van t' Hoff plot

The relationship between the retention factor, k , and the temperature is

given by the van't Hoff equation:

k = _(.M-rl/ RT) + (.1S0 I R) + In <l»
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The equation predicts that a plot of In k versus liT will be a straight line

with a slope of -(AHo I R)and an intercept of [(ASo I R) + In Cl», provided that

In cI>(phase ratio, defined as the ratio between the volume of stationary

phase and the volume of the mobile phase) is independent of temperature.

If the stationary phase or the analyte undergoes changes in conformation at

a certain temperature, the enthalpy and entropy of the retention properties

will change, and the van't Hoff plot will show a change in the slope and the

intercept at the transition temperature [49, 113).

The study was conducted by analyzing different analytes under different

column temperatures while the retention factors were calculated. The first

set of analytes used for the study included methyl benzoate, acetophenone,

anisole, propiophenone. The second set of analytes included butyl phenyl

ketone and butyrophenone. Temperatures used for the study ranged from

60 "C to 100 "C except for the second set of analytes (100 ne tol60 "e). The
van't Hoff plots and the regression equations are shown in Figure 3.17 and

Table 3.7 respectively.
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Figure 3.17. van't Hoff plots of alkyl aryl keton s and aromatic analyles on Xbridg 18 (
3.5 urn, 4.6 x 150 mm). Test temperatures for methyl benzoate, acetophenone, anisole
propiophcnone ranged from 6O·C to 100· . Test temperatures for butyl phenyl ketone and
butyrophenone ranged from 100· to 160· . Flow rate of lu nt, 1ml.Zmin. ptirnurn PI
conditions as in se lion 3.3.1 (pg 58).
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Table 3.7. Change of retention factor with temperature for analytes on
Xbridge C18 column. Data based on Figure 3.7. Optimum FID conditions
as in section 3.3.1 (pg 58).

Analyte R2 Regression equation

Butyl phenyl ketone 0.9993 y = 2.18x - 4.29

Butyrophenone 0.9984 y = 2.mx - 4.30

Methyl benzoate 0.9971 y = 1.04x - 2.21

Acetophenone 0.9991 y =1.39x - 3.93

Anisole 0.9998 y = 1.02x - 2.03

Propiophenone 0.9999 y = 1.18x - 2.61

The van't Hoff plots were all linear which demonstrated that the retention

mechanism was the same throughout the temperature ranges under

investigation and therefore elevated temperature was not the cause of the

loss of retention.

Column regeneration by flushing

Since the van t' Hoff plots were linear, suggesting a de-wetting of tho

stationary phase or phase collapse to a stable condition, the effect of solvent

was examined.

The column was regenerated by flushing with 50% methanol on a

conventional HPLC system for 3 hours and then with 100% water forI hour

at room temperature. After this column regeneration process, the test

mixture was injected three times at a column temperature of 100 "C and

eluent flow of 1 mL/minutes. Benzyl alcohol and m-cresol were eluted

between 10 and 20 minutes in the first run (Figure 3.18). The retention times

decreased in the second run; the analytes eluted between 5 and12 minutes

-------------------_._ ..__ ..•_. __ .._---_ .. _ ..
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(Figure 3.19). The analytes eluted in about 2 minub s in th third run

(Figured 3.20).
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Figure 3.18. Chromatogram of benzyl at ohol, m-ere 01 on Xbridge 18,3.5 urn, 4.6 x 150
mm - first run. Oven temp rature, 100 "C, lu III (100% wat r) now, 1 m / min, Optimum
Fm conditions as in section 3.3.1 (pp. 58). Peak idenlity: 1 = benzyl al ohol and 2 = m- 'sol.
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Figure 3.19. Chromatogram of benzyl alcohol, m-cresol on Xbridge CIS, 3.5 um, 4.6 x 150
mm - second ron. Oven temperature, 100 "C. Eluent (100% water) flow, 1 mL/min.
Optimum FID conditions as in section 3.3.1 (pg 58). Peak identity: 1 = benzyl alcohol and 2
=m-cresol
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Figure 3.20. Chromatogram of benzyl alcohol, m-cresol on Xbridge C18, 3.5 JIDl-, 4.6 x 150
mm - third ron. Oven temperature, 100 "C, Eluent (100% water) flow, 1 mL/min. Optimum
FID conditions as in section 3.3.1 (pg 58). Peak identity: 1 = benzyl alcohol and 2 =m-cresol.
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Since the loss of retention was restored (Figures 3.18 and 3.19) after flushing

the column with 50% methanol, the loss of retention was probably caused

by either de-wetting or phase collapse. Notably the peak shapes did not

broaden even as retention decreased.

De-wetting refers to a situation where the highly aqueous mobile phase is

excluded from the hydrophobic pore system due to surface tension. The loss

of wetted surface results in a decrease in accessible interaction sites for the

solute and leads to a loss in retention [113, 114].

Loss of retention could also be explained in terms of orientational

distribution of the alkyl chains of a C18 chromatographic surface. The

chains are depicted as lying flat on the surface for an aqueous mobile phase

but are extended toward the surface normal in the presence of a wetting

mobile phase such as methanol [114 - 116]. When the alkyl chains are lying

flat, the hydrophobic interaction of the analytes and the chains is reduced,

resulting in the loss of retention. Montgomery et al. [115] also made similar

observation of loss of retention with octadecylsilylated silica particles.

The restoration of loss of retention when the column was flushed with

hydro-organic eluent (methanol-water) is consistent with the observation

made by Walter et al. [114]. They reported that increasing the organic

content of the eluent can reverse loss of retention.

b Kterra RP 18 column

In the previous section, de-wetting was observed in the separation of a

mixture of benzyl alcohol and m-cresol on an Xbridge column. The same

mixture was examined to see if the de-wetting would be observed with the

Xterra RP 18 (3.5 Jim, 4.6 x 150 mm) column.

Before the analysis of the alcohols, the chromatographic status of the

column was investigated by injecting benzyl alcohol, 2-phenyl ethanol, 3-

phenyl propanol and 4-phenyl butanol individually. The analyses were
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carried out under the following conditions: column temperature, 100°C and

eluent (water) flow, 1 mL/min. The peaks of all the analytes were sharp,

indicating that the -columnwas in good condition (Figure 3.21).
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Figure 3.21. Chromatograms of benzyl alcohol and substituted aryl alcohols on Xterra RP
18,3.5 pm, 4.6 x 150 mm. Oven temperature, 100 "C, Eluent (100% water) flow, 1 mL/min.
Optimum FID conditions as in section 3.3.1 (pg 58). Peak identity: 1 = benzyl alcohol, 2 = 2-
phenyl ethanol, 3 = 3-phenyl propanol and 4 = 4-phenyl butanol.

Following the confirmation of the good status of the column, the mixture

(benzyl alcohol and m-cresol) was injected twice. The conditions of analyses

included: column temperature, 100 °C and eluent flow, 1 mLI minutes. The

first chromatogram recorded good peak shapes for both analytes (Figure

3.22). The peak shapes were poor and the retention times decreased in the

second run (Figure 3.23).

The poor peak shapes in Figure 3.23 were suspected to be due to a partial

de-wetting of the stationary phase in aqueous mobile phase. After the

column was flushed with 50% methanol for 3 hours and then 100% water
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for 1 hour, the pre-heating coil (the coiled tube before the column) was

removed so that the eluent would reach the column colder. The mixture was

injected four times at an interval of thirty minutes and the resulting

superimposed-chromatograms are shown in Figure 3.24. The result showed

repeatability in peak shapes and retention times for the four injections.
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Figure 3.22. Chromatogram of benzyl alcohol, m-cresol on Xterra RP 18, Xterra RP 18, 3.5
pm, 4.6 x 150 mm (first run). Oven temperature, 100 'C, Eluent (100% water) flow, 1
mL/min. Optimum FlO conditions as in section 3.3.1 (pg 58). Peak identity: 1 = benzyl
alcohol and 2 =m-cresol
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Figure 3.23. Chromatogram of benzyl alcohol, m-cresol on Xterra RP 18, Xterra RP 18, 3.5
pm, 4.6 x l50mm (second ron). Oven temperature, 100 "C, Eluent (100% water) flow, 1
mL/min. Optimum FID conditions as in section 3.3.1 (pg 58). Peak identity: 1, benzyl
alcohol and 2 =m-cresol
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Figure 3.24. Chromatogram of benzyl alcohol, m-cresol on Xterra RP 18 with no preheating
coil3.5 pm, 4.6 x 15Omm. Oven temperature, 100 "C, Eluent (100% water) flow, 1 mL/min.
Optimum FID conditions as in section 3.3.1 (pg 58). Peak identity: benzyl alcohol and 2 =
m-cresol

Nebulized FID in HPLC 87



ChapterJ Instrumentation and the LC-FID method development

The poor peak shapes seem to have improved with the removal of the pre-

heating coil which is consistent with the finding of Nagae et al. [117].They
demonstrated that for C18 and C30 bonded phases, retention losses increase

with an increasing temperature [117].

c Xterra RP 8 column

Higher temperatures are needed to reduce the retention times of polar

analytes in superheated water chromatography. However, such applications

are limited by the limited temperature-tolerance of columns; this is a

limitation of superheated water chromatography. An alternative to

superheated water in the analysis of polar analytes is to use columns of

shorter length of alkyl chain

In order to reduce analyte retention capacity of the column, an Xterra RP 8

column with shorter chain length was examined. A mixture of benzyl

alcohol, m-cresol and cyclohexanol was separated on Xterra RP 8 (3.5 urn,

4.6 x 150mm) column and compared to Xbridge C18 (3.5 Jim,4.6 x 150mm)

at 100QC.Eluent flows were 0.7mL/min and 1 mL/min on the Xbridge and

Xterra columns respectively. The resulting chromatograms are shown in

Figure 3.25. The three analytes were baseline separated on the Xterra

column and no loss of retention was observed as against the case with

Xbridge C18 which showed overlap. The result in the chromatogram is

consistent with the observation made by Walter et al. [114] that retentions
are lower with decreases in alkyl chain length. Another observation was

that, m-cresol and cyclohexanol peaks were reversed on the Xterra column.
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Figure 3.25. Chromatograms of benzyl alcohol, m-cresol and cydohexanol on Xbridge C18,
3.5 um, 4.6 x 150 mm. Eluent flow, 0.7 mL/min. Xterra RP 8, 3.5 um, 4.6 x 150 mm. Eluent
flow, 1 mL/min. Oven temperature, 100 DC. Eluent, 100% water. Optimum FlO conditions
as in section 3.3.1 (pg 58). Peak identity 1 = benzyl alcohol, 2 = m-cresol and 3 =
cydohexanol.

3.4 An overview

From the results of this section, the following conclusions can be made.

Hydrogen is more critical than air in the operation of the FID. A mutual

dependence exists between the flame gas flows and the nebulizing gas flow

and the latter depends on carrier water flow (interactive effects). The

proportion of hydrogen flow was higher than that recommended and

usually used for gas liquid chromatography in order to keep the flame lit;

this observation is consistent with the findings previously made by different

researchers [88,91, 110].

The most critical part of the set-up is the nebulizer-spray chamber unit; the

interface between the liquid chromatography and flame ionization detector.

The nebulizer should spray well so that the eluent can be transformed into
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fine aerosol for sensitive detection. Problems with nebulization can range

from "noisy baseline' to 'no peaks'.

The plots of volatile analytes (methanol, propanol, hexane and

dichloromethane) were all linear (with intercepts close to zero), probably

because they were readily transformed to the gas phase during the

nebulization process. The FID responses to the involatile analytes [ethylene

glycol, poly (ethylene glycol), resorcinol, 4-hydroxybenzamide, 4-

hydroxybenzoic acid, decyl alcohol and glycerol] were non-linear. The

effects of collector internal diameter, voltage and mobile phase additives on

linearity were examined in attempts to improve the linearity. Itwas found

that only mobile phase additives (sulfuric acid, hydrochloric acid, nitric

acid, sulfuric acid, hydrochloric acid, nitric acid and orthophosphoric acid)

linearized the plots; collector and voltage had no significant effect

Sulfuric acid gave an intercept close to zero, hydrochloric and nitric acids

gave positive intercepts and oorthophosphoric acid gave a negative

intercept However, the linearization effects were accompanied with

different levels of reduction in sensitivity; sulfuric acid > hydrochloric acid

> nitric. Ammonium and sodium sulphates also exhibited the linearization

effect with reductions in sensitivity; ammonium sulphate> sodium sulphate

> sulfuric acid suggesting that anions were more significant than cations

and pH in the linearization process. The reduction in sensitivity could be

due to poor aerosol production in the presence of the anions; this is

consistent with the observation (acid-induced reduction in aerosol

production) made by Grotti et al. [96].

The reproducibility of the linearization effect was studied at a time

difference of 24 hours with orthophosphoric acid and ammonium sulphate.

The sensitivity reduced from 253 mV.s to 76 mV.s, with the former additive

and approximately 17 mV.s to 16 mV.s with the latter additive. Although
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the use of ammonium sulphate gave lower response, it gave more

reproducible results than orthophosphoric acid.

A similar pattern of linearization effect was observed with involatile liquid

analytes (decyl alcohol and glycerol). However, when the responses of more

volatile liquid analytes (m-cresol and benzyl alcohol) were examined with

and without additives, the plots were all linear and there was no significant

difference in sensitivities indicating that the linearization effect might be

due to an enhancement in the nebulization when additives were used.

The calibration plots of the amines were non-linear even with acid in the

carrier water. Besides, the peak shapes were found to improve with an

increase in the carbon-to-basic nitrogen ratio.

Changing the configuration of the system from FIA-FID to LC-FID did not

affect the working of the FID; the optimized conditions for the FID were still

effective. However, loss of retention was observed in some cases in the LC-

FID optimization process; loss of retention was separation problems and not

detector problem.
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CHAPTER FOUR

Applications of the LC-FID method

In chapter three, the FID operating conditions were optimized via the FIA-

FID. It was found that the detector responses were linear for the volatile

analytes but the responses for the non-volatile analytes were linear only in

the presence of selected anions in the eluent Having established the

conditions for the general operation of the LC-FID, the methods were

applied to the separation of analytes of different functional groups in the

LC-FID mode; different analytes (aliphatic alcohols, substituted aryl

alcohols, amines, amino adds, organic adds and sugars) were separated on

suitable columns. The relative responses of the different functional groups

were also compared with those of the GC-FID responses especially the

alcohols.

4.1 Alcohols

The sensitivities of GC-FID and LC-FID were compared using the alcohols.

4.1.1 Separation of aliphatic and aromatic alcohols by GC-FID

A set of alcohols, from methanol to m-cresol was examined by GC-FID and

found that all seven analytes were baseline resolved (Figure 4.1) at a

temperature programme of 30°C - 160 °C; 10 ·C/min. Calibration studies

were carried out and the resulting plots are shown in Figures 4.2 and 4.3. A

summary of the limits of detections [calculated by (3*standard error in y-

axis)/sensitivity] are shown in Table 4.1. This formula for limits of detection

was used in the rest of the study.
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Figure 4.1. GC-FID chromatogram of aliphatic and aromatic alcohols. Conditions: column,
HP-5 (Crosslinked 5% Ph Me Siloxane) 30 m x 0.32 mm x 0.25 J.IDl film thickness; hydrogen
flow, 55 mL/min; air flow, 375 mL/min and carrier gas (helium) flow, 0.44 mL/min;
injector temperature, 250 ·C and detector temperature, 200·C. Temperature programme, 30
·C -160·C, 10 <C/minutes. Peaks: 1 = methanol; 2 = ethanol; 3 = propanol; 4 = butanol; 5 =
cydohexanoI; 6 = benzyl alcohol and 7 =m-cresol.
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Figure 4.2. Calibration plots of aliphatic alcohols. GC-FID data. Analysis conditions as in
Fig4.1.
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Figure 4.3. Calibration plots of aromatic alcohols. GC-FID data. Analysis conditions as in
Fig4.1.

Table 4.1. LaDs for GC-FID analysis of aliphatic and aromatic alcohols +
regression (peak area vs mass on column) data based on Figures 4.2 and 4.3.
Analysis conditions as in Fig 4.1

Analyte Regression equation LOD (JIg)

Methanol 0.9998 y = 21.388x - 0.2227 0.03

Ethanol 0.9999 Y= 2S.686x - 0.2787 0.03

Propanol 0.9994 Y= 29.289x + 0.0327 0.05

Butanol 0.9997 Y= 33.781x - 0.3478 0.04

Cyclohexanol 0.9999 Y= 42.498x - 0.0724 0.02

Benzyl alcohol 0.9997 Y= 47.62Sx - 2.0143 0.04

m-Cresol 0.9999 y = 47.731x - 1.0307 0.02

LaD = limit of detection = [(3 *standard error in y-axis)/ sensitivity]
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4.1.2 Analysis of aliphatic and aromatic alcohols by LC-FID

The sample mixture of alcohols used for the GC-FID was analyzed by using

LC-FID and Le-UV on a PS-DVB column (Figure 4.4). Because of the wide

range of polarities among the analytes, a temperature gradient (120'C - 180

'C, 7 'CI min) was used. The FID displayed its wider universality by

detecting all the seven alcohols in the mixture while the UV detected only

benzyl alcohol and m-cresol (chromophore-possessing) only; methanol,

ethanol, propanol, butanol and cyclohexanol were not detected by the DV

because they do not possess a chromophore. Figure 4.4 also displays one of

the advantages of the LC-FID over refractive index detector; it is compatible

with temperature-gradient elution (120 "C to 180 'C) whereas with RID the

temperature change would cause a big shift in baseline.

The analysis of these alcohols by GC-FID was faster [Fig 4.1 (run time = 10

min)] and more efficient than Le-FID.
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Figure 4.4. Chromatograms of aliphatic and aromatic alcohols on PS-DVB (4.6 x 150 mm
column). Oven temperature, 120·C to 180 "C at 7 ·C/minutes. Eluent (100% water) flow, 1
mL/min. Detection, FID and UV (A= 220 nm). Optimum FlO conditions as in section 3.3.1
(pg 58). Peak identity: 1 = methanol; 2 = ethanol; 3 = propanol; 4 = butanol; 5 = benzyl
alcohol; 6 =m-cresol and 7 = cydohexanol.
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Calibration studies were carried out on the two detectors; FID results are

shown in Figures 4.5 and 4.6 and DV results are shown in Figure 4.7. The

regression lines were reasonably linear (regression coefficients greater than

0.99) except, surprisingly the UV line for benzyl alcohol. Detection limits for

these analytes were about 1.2 Jig for both detectors; the GC-FID limits of

detections (Table 4.1) were about 10 fold lower than those of LC-FID (Table

4.2). The slopes (sensitivities) increased with the number of carbon as

expected with FID; from methanol to butanol (Table 4.2). The sensitivity of

benzyl alcohol (about 35) is lower than that of cyc1ohexanol (about 102). This

is expected because the FID sensitivity reduces with aromatic compounds

[50].
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Figure 4.5. Calibration plots of aliphatic alcohols using Le-FID. Analysis conditions as in
Fig 4.4. Optimum FID conditions as in section 3.3.1 (pg 58).
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Figure 4.6. Calibration plots of cyclohexanol and aromatic alcohols using LC-FID. Analysis
conditions as in Fig 4.4. Optimum FID conditions as in section 3.3.1 (pg 58).
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Figure 4.7. Calibration plots of aromatic alcohols using LC-UV at 220 nm. Analysis
conditions as in Fig 4.4.
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Table 4.2 LODs of aliphatic and aromatic alcohols + regression data based
on Figures 4.5 - 4.7.Analysis conditions as in Fig 4.4

Analyte R2 Regression equation LOD (pg)

Rame ionization detection

Methanol 0.9995 y = 42.58x- 28.02 0.78

Ethanol 0.9990 y = 70.29x-11.38 0.60
Propanol 0.9997 y = 115.11x- 4.91 0.32
Butanol 0.9997 y = 152.16x- 4.60 0.30
Benzyl alcohol 0.9996 y = 35.37x- 1.96 2.15

m-cresol 0.9992 y = 41.95x-12.75 1.04

Cydohexanol 0.9990 y = 102.44x+ 45.3 1.26
UV detection

Benzyl alcohol 0.9734 y = 'l2.77x + 199.49 17.01

m-cresol 0.9995 y = 203.83x+ 1.77 0.83

4.2 Benzyl alcohol and substituted aryl alcohols

A mixture of benzyl alcohol and three substituted aryl alcohols (2-phenyl

ethanol, 3-phenyl propanol and 4-phenyl butanol) was separated on Xterra

RP 18 column with FID and UV (254nm) detectors connected in series. The

resulting chromatograms for the analysis are shown in Figure 4.8. All the

analytes eluted in 59 minutes. 100 J.1Lof methanol was added to the sample

in order to enhance the solubility of the analytes in water; hence the

methanol peak is seen in the FIDchromatogram.

Calibration studies were carried out and the resulting plots are shown in

Figure 4.9 (FID) and Figure 4.10 (UV). A summary of the regression

equations and detection limits are shown in Table 4.3. Both detectors have

comparable detection limits for these analytes, reflecting the weak,
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unconjugated phenyl chromophore, although it is not clear why the

response for 2-phenyl ethanol should be so much lower.
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Figure 4.8. Chromatograms of benzyl alcohol and substituted aryl alcohols on Xterra RP 18
(3.5 J.1ID., 4.6 x 150 mm). Oven temperature, 100 "C.Eluent (100% water) flow, 1 mL/min. UV
wavelength, 254 nm. Optimum FID conditions as in section 3.3.1 (pg 58). Peak identity: 1 =
methanol; 2 = benzyl alcohol; 3 = 2-phenyl ethanol; 4 = 3-phenyl propanol and 5 = 4-phenyl
butanol.
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Figure 4.9. Calibration plots of benzyl alcohol and substituted aryl alcohols. LC conditions
as in Fig 4.8. Optimum FID conditions as in section 3.3.1 (pg 58).
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Figure 4.10. Calibration plots of benzyl alcohol and substituted aryl alcohols. UV detection
at 254 nm. Le conditions as in Fig 4.8.

Table 4.3. LODs of benzyl alcohol and substituted aryl alcohols + regression
(peak area vs mass on column) data based on Figures 4.9 and 4.10. Le
conditions as in Fig 4.8

Analyte R2 Regression equation LOO (Jig)

Flame ionization detection

Benzyl alcohol 0.9998 y = 126.89x - 54.78 0.23

2-phenyl ethanol 0.9995 y = 117.39x - 58.80 0.46

3-phenyl propanol 0.9996 y = 134.25x - 29.76 0.39

UV detection

Benzyl alcohol 0.9988 y = 90.70x +6.67 0.53·

2-phenyl ethanol 0.9994 y = 46.84x - 8.16 0.61

3-phenyl propanol 0.9996 y = 99.74x - 32.77 0.38
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4.3 Separation of carbonyl compounds

4.3.1 Aliphatic aldehydes

Aliphatic aldehydes, such as formaldehyde, acetaldehyde and acrolein were

reported to be carcinogenic [118], hence their analysis is important Another

reason for their analysis by LC-FID is that formaldehyde responds only

weakly in GC-FID.

Various attempts were made to separate formaldehyde, acetaldehyde and

propionaldehyde but were not successful because they were not sufficiently

retained (retention times about 2 minutes) on the Xbridge C18 column at 80

°C and eluent flow rate of 0.7 mL/min, on the Xbridge RP 18 at 40°C and

eluent flow rate of 1 mL/minute, on the Xterra MS CIS at 80°C and eluent

flow rate of 1 mL/minute and on the Xterra RP 8 at 40°C and eluent flow

rate of 1 ml.Zminute, The weak retention and hence lack of selectivity of

these columns can be attributed to their polarity.

However, these compounds were baseline separated on PS-DVB column at

reasonable retention times (Figure 4.11) because PS-DVB is more

hydrophilic compared to alkylated C18 columns with a higher effective

carbon loading.
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Figure 4.11. Chromatogram of aliphatic aldehydes on PS-DVB, 4.6 x 150 mm column at 160
"C, Eluent (100% water) flow, 1 mL/min. Optimum FID conditions as in section 3.3.1 (pg
58). Peak identity: 1 = formaldehyde; 2 = acetaldehyde and 3 = propionaldehyde.

The compounds were detected without derivatization, demonstrating one of

the advantages of Le-FID over common HPLC detectors like DV and

fluorescence. The compounds lack strong DV-or fluorescence-absorbing

groups which call for derivatization before detection by DV or fluorescence.

LC-FID also has an advantage over GC-FID in respect of formaldehyde

analysis because it has been reported that GC-FID has a low response for

formaldehyde [119].

Calibration plots were generated by serial dilutions and the plots are shown

in Figure 4.12. The sensitivity increased with an increase in carbon number

as expected and the sensitivity of formaldehyde is very low; the same

observation made in GC-FID. Detection limits were also calculated (Table

4.4).

Nebulized FID in HPLC 102



Chapter4 Application of the LC-FID method

8000

6000

2000

o~~~~~==r=~~~==~==~==~~~
o 5 10 15 20 25 30 35 40 45

Mass on column (microgram)

I.Formaldehyde • Acetaldehyde • Propionaldehyde I
Figure 4.12. Calibration plots of aliphatic aldehydes. Le conditions as in Fig 4.11. Optimum
FID conditions as in section 3.3.1 (pg 58).

Table 4.4. LODs of aliphatic aldehydes + regression (peak area vs mass on
column) data based on 4.12. Conditions as in Fig 4.11

Analyte Regression equation LOD (JIg)

Acetaldehyde 0.9992

y = 9.92x - 5.84 0.21

Y = 78.60x - 106.34 0.83

Formaldehyde 1

Propionaldehyde 0.9990 y = 854.95x - 615.71 0.38

4.3.2 Ketones

A mixture of ketones containing aliphatic (2-hexanone, 2-heptanone) and

aromatic (o-methyl-acetophenone, propiophenone, butyrophenone) was

separated with 0.00075 M sulfuric acid as the eluent on Xbridge C18 column.

Both flame ionization detection (FJD) and UV detection at 254 nm were

employed for the analysis (Figure 4.13). 2-Hexanone and 2-heptanone are

not seen on the UV chromatogram because at the measurement wavelength,
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DV cannot detect them as they have a negligible chromophore. Methanol

peak is also seen on the figure because 100 JlLof methanol was added to the

mixture to enhance the solubility of these analytes inwater.
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Figure 4.13. Chromatograms of aliphatic and aromatic ketones on Xbridge C18, 3.5 Jl.ID, 4.6
x 150 mm. Oven temperature, isothermal at 130 "C, Eluent (0.00075 M sulfuric add) flow, 1
mL/min. Optimum FID conditions as in section 3.3.1 (pg 58). Peak identity: 1 =methanol; 2
= 2-hexanone; 3 = o-methyl-acetophenone; 4 = propiophenone; 5 = 2- heptanone and 6 =

butyrophenone.

Calibration study was carried out for this analysis; both with FID and UV.

Since the analytes have low volatility, sulfuric add was added to the eluent

to linearize the FID plots. The plots were reasonably linear [Figures 4.14

(FJD) and 4.15 (UV)] and a summary of the detection limits are given in

Table 4.5. From the table, the UV detector is more sensitive than the FID as

evident from the slopes of their calibration plots. The values of their

sensitivities also show that the FID responses of the aromatic compounds

are less than those of the aliphatic ones.
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Figure 4.14. Calibration plots for aromatic ketones. Conditions as in Fig 4.13. Optimum
FID conditions as in section 3.3.1 (pg 58).
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Figure 4.15. Calibration plots for aromatic ketones, UV detection. Conditions as in Fig 4.13.
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Table 4.5. LaDs of aliphatic and aromatic ketones + regression (peak area
vs mass on column) data based on Figures 4.14 and 4.15. Le conditions as in
Fig 4.13

Analyte R2 Regression equation LOO (pg)

flO detection

2-Hexanone 0.9997 y = 104.39x - 107.96 0.25

o-Methyl-acetophenone 0.9996 y = 86.742x - 74.631 0.33

Propiophenone 0.9976 y = 61.692x - 48.454 0.85

2-Heptanone 0.998 y = 134.45x - 137.92 0.62

Butyrophenone 0.999 y = 33.121x -169.93 4.17

UV detection

0-Methyl-acetophenone 0.9999 y = 524.56x - 432.13 0.17

Propiophenone 0.9999 y = 588.52x - 463.89 0.14

Butyrophenone 0.9997 y = 194.33x - 1497.60 2.33

4.4 Organic acids

4.4.1 Separation of aromatic carboxylic acids, a ketone and an
amide

A mixture containing 4-hydroxybenzamide, 4-hydroxybenzoic acid, benzoic

acid and benzaldehyde was separated on a polystyrene column (PS-DVB)

under temperature-programmed elution which is not possible with

refractive index detector. Chromatogram A in Figure 4.16 was obtained with

100% water as eluent (no acid additive). The peak shape of benzoic acid was

poor, probably due to its ionization in water. The eluent was adjusted to pH

3 with sulfuric acid so that the benzoic acid could be pre-protonated in the

eluent before getting to the detector. The peak shape of benzoic acid

improved with the acidified eluent (Figure 4.16 B). All the analytes eluted in

25 minutes. Figure 4.16 also showed that benzaldehyde ran faster in the

acidified eluent
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Figure 4.16. PS-DVB (4.6 X 150 mm) column. Oven program: 120 ·C for 2 minutes, increased
to 180·C at 4 ·C/min. A: Eluent, 100% water. B: Eluent (water adjusted to pH 3with sulfuric
add). Flow, 1 mL/min. Optimum FID conditions as in section 3.3.1 (pg 58). Peak identity: 1
= 4-hydroxybenzamide; 2 = 4-hydroxybenzoic add; 3 = benzoic add and 4 = benzaldehyde.

The calibration plots and the summary containing regression equations and

limits of detection are shown in Figure 4.17 and Table 4.6 respectively. The

table shows that the sensitivities of 4-hydroxybenzamide, 4-hydroxybenzoic

acid and benzoic acid are lower than that of benzaldehyde. This could be

explained in terms of volatility because au the analytes are solids except

benzaldehyde.
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o 5 10 15 20 25 30 35 40 45
Mass on column (microgram)

.4-Hydroxybenzamide .4-Hydroxybenzoic acid ~ Benzoic acid • Benzaldehyde

Figure 4.17. Le conditions as in Fig 4.16. Optimum FlO conditions as in section 3.3.1 (pg
58).

Table 4.6. LODs + regression (peak area vs mass on column) data based on
Figure 4.17. Le conditions as inFig 4.16

Analyte R2 Regression equation LOD (JIg)

4-Hydroxybenzamide 0.9989 y = 22.71x + 1.7 1.79

4-Hydroxybenzoic acid 0.9911 y = 28.27x + 17.02 1.44

Benzoic acid 0.9910 Y= 31.60x - 87.03 5.03

Benzaldehyde 0.9984 Y= 279.36x + 2.75 0.77
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4.4.2 Separation of aliphatic organic acids

Low molecular weight organic acids (citric, malic, succinic etc) constitute an

important group of compounds in biochemical and food samples. They can

be found in grape juices and wines where they influence properties like

organoleptic quality (flavour, colour and aroma). They also playa role in the

stability and microbiologic control of beverages [120, 121]. The analysis of

aliphatic organic acids is normally a problem inHPLC because they possess

only weak chromophores and hence RID is often used for their detection.

Figure 4.18 shows the results of the separation of organic acids by LC-FID

and LC-RID using 0.00075 M sulfuric acid as the eluent and at a flow rate of

0.5 mLjmin. All the analytes eluted in less than 19 minutes on a PL HiPlex 8

Jim H column at 60°C.
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Figure 4.18. Chromatograms of organic adds on PL HiPlex 8 JID1- H (300 x 7.7 mm) column.
Oven temperature, 60 "C; eluent (0.00075 M sulfuric add) flow, 0.5 ml.Zmin, Detection, Fill
and RID. Optimum FID conditions as in section 3.3.1 (pg 58). Peak identity: 1 = citric acid; 2
=malic add; 3 = succinic add and 4 = acetic add.

Nebulized FID in HPLC 109



Chapter4 Application of the LC-FID method

Figures 4.19 and 4.20 are the calibration plots for the FID and RID

respectively. The summary of the limits of detection are shown in Table 4.7.

The FID sensitivities are low because they have very low carbon-to-oxygen

ratios and all are solids. Malic and acetic acids are even lower because they

have lower carbon-to-oxygen ratios compared to citric and succinic acid. In

GC-FID, formic and acetic acids also give weak relative responses for the

same reason.
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Figure 4.19. FID calibration plots of organic adds. Le conditions as in Fig 4.18. Optimum
FID conditions as in section 3.3.1 (pg 58).
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Figure 4.20. RID calibration plots of organic adds. Le conditions as in Fig 4.18.

Detection limits were calculated for the FID and RI detectors. The RID limits

were surprisingly about 100 fold lower than those of the FID (Tab1e 4.7);

mainly reflecting the low baseline noise of the RI detector.

Similar RID responses were obtained by Chinnici et al. [122] for organic

acids and sugars in fruit juices by ion exclusion liquid chromatography with

RID. The UV detection limits reportedby Fabio et al. for the acids ranged

from 0.007 - 0.102 Jig. Mato et al. [120] determined organic acids and found

detection limits of 0.001 - 0.006 Jigwith UV detection at 185 nm.
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Table 4.7. LODs of organic acids using FID and RID + regression (peak area
vs mass on column) data based on 4.19 and 4.20. LC conditions as in Fig 4.18

Analyte R2 Regression equation LOD(pg)

Flame ionization detection

Citric acid 0.9993 y = 13.53x + 4201 3.63

Malic acid 0.9993 y = 7.52x - 31.20 4.25

Acetic acid 0.9999 y = 5.46x - 23.57 2.66

Succinic acid 0.9999 y = 14.45x + 8.13 2.38

RI detection

Citric acid 0.9996 y = 49765x - 1282 0.03

Malic acid 0.9985 y = 44840x + 387.45 0.03

Acetic acid 0.9991 y = 22233x + 303.48 0.03

Succinic acid 0.9995 y = 50267x - 732.67 0.01

4.5 The amines

4.5.1 ~ERatic
A mixture of pyridine, aniline and benzylamine was analyzed isothermally

at 180°C by LC-FID on PS-DVB column (Figure 4.21).

The calibration plots and limits of detection are shown in Figure 4.22 and

Table 4.8 respectively.
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Figure 4.21. Chromatogram of aromatic amines on PS-DVB (150 x 4.6 mm) column. Oven
temperature, isothermal at 180°C. Eluent flow, 1 mL/minutes. Optimum FID onditions as
in section 3.3.1 (pg 58). Peak identity: 1 = pyridine; 2 = aniline and 3 = benzylamine.
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Figure 4.22. Calibration plots of benzylamine, aniline and pyridine. Le conditions as in Fig
4.21. Optimum FID conditions as insection 3.3.1 (pg 58).
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Table 4.8. WDs of benzylamine, aniline and pyridine + regression (peak
area vs mass on column) data based on Figure 4.22 Le conditions as in Fig
4.21

Analyte Regression equation LOO (JIg)

Benzylamine 0.9993

Aniline 0.9994

y = 640.60x - 387.95 0.52

Y= 275.51x - 133.50 10.23

Pyridine 0.9945 y = 124.74x - 458.58 3.83

4.5.2 Aliphatic

Although aryl amines could also be detected by DV, aliphatic amines have

no chromophore and can only be detected by the FID.

The results of the analyses of a series of aliphatic and phenyl alkyl arnines

(benzylamine, pentylamine, hexylamine and phenylethylamine) on Xbridge

C18 column are presented here. However, the peak shapes were poor and

this was suspected to be a result of the ionic interaction between the

ionisable amines and the silanol groups on the surface of the stationary

phase. In order to avoid such undesirable interactions, the eluent (100%

water) was adjusted to different pHs to keep either the analytes neutral or

the silanol groups neutral. In all the analyses, the column temperature (100

DC) and the eluent (1 mL/min) flow rate were kept constant

The first run was carried out with 100% water as the eluent without an

additive and the peak shapes were poor (Figure 4.23 A). The poor peak

shapes could be explained in terms of the ionic interaction between the

partially protonated amines and residual silanol groups at pH (6.50) of the

eluent [123].

The second run was carried out in an acidic eluent (adjusted to pH 3 with

sulfuric acid); the result is shown in Figure 4.23 B. The sample was made up
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in the eluent in order to avoid distortion of peak shapes that could result

from difference in mobility between sample and eluent Since these analytes

have pKa of over 8, use of low pH should eliminate the ion-exchange

interaction between the silanol and analytes because at this pH, the silanol

groups should be sufficiently neutral and the analytes positively charged

[124]. The chromatogram was found to be worse.

The persistence of the poor peak shapes with eluent at low and intermediate

pHs suggested an option of separating these analytes in an eluent adjusted

to pH 11. The pH of the eluent was adjusted with ammonia which is

permitted with Xbridge material and the sample mixture was constituted in

the eluent At this pH, the silanol groups and the analytes should be

negatively charged and neutral respectively, thereby eliminating the

possibility of the undesirable interaction between the silanol groups and

analytes. The peak shapes were still poor (Figure 4.24 A).

The pH of the eluent was then adjusted to 11 with sodium hydroxide

(NaOH) instead of ammonia and the sample made up in the eluent. The

peak shapes were poor (Figure 4.24 B) but better than those generated with

the eluent at pH 3. The peak shapes were similar to those generated with the

eluent at intermediate pH (4.23 A) but the retention times were longer.
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Figure 4.23. Chromatograms of amines. Xbridge C18, 3.5 um, 4.6 x 150 mm. Column
temperature, 100 "C, A = eluent, 100% water; B = eluent at pH 3 and sample in eluent.
Optimum FID conditions as in section 3.3.1 (pg 58). Peaks: 1 = benzylamine, 2 =

phenylethylamine, 3 = pentylamine and 4 = hexylamine.
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Figure 4.24. Chromatograms of amines. Xbridge C18, 3.5 um, 4.6 x 150 mm. Column
temperature, 100 "C, A = eluent at pH 11 and sample in eluent; B = eluent [200 mL water +
200 J.LL(0.02 M NaOH)] and sample in eluent. FID conditions and peak identification as in
Figure 4.23.

Inall the eluents used, either the ionization of the silanol groups or analytes

should have been suppressed, eliminating the possibility of ionic interaction

between the former and the latter. Since these measures did not improve the

peak shapes, the poor peak shapes could be explained in terms of sample
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overload [125, 126] caused by the repulsion of similarly charged solute ions

on the hydrophobic column surface.

Poor peak shapes may be seen in 'Type B' columns such as Xbridge C18

with increasing mass of solute when using mobile phases of intermediate

pH (6-8), indicating an overload process which can be independent of the

presence or absence of ionized silanols [125 -129]. Although the peak shapes

were poor, but were better than those generated with the eluent at pH 3

which' is consistent with the findings of Buckenmaier et al. [130] who

reported that much higher loading capacities could be obtained by using a

mobile phase at pH 7, where at least 10 - 20 ~g could be injected without a

substantial deterioration in efficiency.

At pH 3, all aliphatic amines should be positively charged but no discernible

peak was observed except for benzylamine (Fig 4.23 B). McCalley [128]

explained such poor peak shapes in terms of overloading (the repulsion of

similarly charged solute ions on the hydrophobic column surface).

At pH 11 (adjusted with NaOH), the peak shapes were poor (Fig 4.24 B) but

better than those generated by using the eluent adjusted with ammonia. The

improved peak shapes with NaOH in the eluent could possibly be explained

in terms of the competitive interactions of Na" ions with ionized (negatively

charged) silanols, giving the reduced tailing [127].

Using the eluent adjusted to pH 11 with NaOH, two detectors were

connected in series for monitoring the analysis; FID and UV at 254 nm

(Figure 4.25).
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Figure 4.25. Chromatograms of amines on Xbridge C18, 3.5 !!ID, 4.6 x 150 mm. Column
temperature, 100 "C, Sample diluted in eluent. Eluent (200 mL water + 200 ul, [0.02 M
NaOH]) flow, 1 mL/min. Optimum FID conditions as in section 3.3.1 (pg 58). Peaks: 1 =
benzylamine, 2 = phenylethylamine, 3 = pentylamine and 4 = hexylamine.

The FID calibration plots for benzylamine was linear but those of

pentylamine and hexylamine were curved (Figure 4.26). No calibration was

carried out for phenylethylamine because the response (peak) was too low.
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Figure 4.26. FID calibration plots of benzyl amine, pentylamine and hexylamine. Conditions
as inFig 4.25. Optimum FID conditions as insection 3.3.1 (pg 58).

Since the FID calibration plots of the amines were non-linear, hexylamine

calibration was repeated with the addition of sulfuric acid to the mobile

phase to make it linear but the plot was still non-linear. Surprisingly, the

plot became linear (Figure 4.27) when 20 ~L of 39.2% sulfuric acid was

added to the sample (hexylamine).
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Figure 4.27. Linear plot of hexylamine inacidified water. Other condition.s as in Figure 4.25.

The UV calibration plots for benzylamine and phenylethylamine are shown

in Figure 4.28; both plots were linear and the detection limits for

benzylamine and phenylethylamine were 0.74and 3.98 ug respectively.
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Figure 4.28. UV calibration plots of benzylamine and phenylethylamine. Conditions as in
Fig4.25.

4.6 Amino Acids

The analysis of amino acids in body fluids, such as urine and blood is

important in the diagnosis and treatment of some diseases. In the food

industries, amino acid levels are measured in order to check the quality of

the final products. The compositional analysis of amino acids in proteins

and peptides is essential in the study of the primary structures in

biochemistry [131]. Most amino acids lack a chromophore and cannot be

detected by UV detectors without derivatization.

This section presents the results of the separation of selected amino acids;

serine, valine, isoleucine and phenylalanine (Figure 4.29); the acids are non-

chromophore-containing compounds except phenylalanine. The analysis

was carried out under the following conditions: column, Xterra RP 8 (3.5

urn, 4.6 x 150 mm); oven temperature, 50°C; eluent (0.00075 M sulfuric acid)

flow, 0.7 mLjmin. Monitoring detectors were FID, DV at 206 nm and the
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refractive index. Figure 4.30 shows the results of the analysis. The acids

were eluted in 5 minutes and were baseline resolved.

OH",
1\'"~N'"

Serine Valine

Isoleucine Phenylalanine

Figure 4.29. Structures of amino adds (serine, valine, isoleucine and phenylalanine).

On the UV trace (Figure 4.30 A), the phenylalanine peak went off-scale

because at 206 nm, UV is very sensitive to phenylalanine. The serine, valine

and isoleucine peaks are very small because they are weakly absorbing at

this wavelength. Valine was not included in the mixture for the Le-RID

analysis because it could not have been resolved from the serine peak

(Figure 4.30 B).

No calibration study was carried out for the UV detector. The calibration

plots for the FID and refractive index detector are shown in Figures 4.31 and
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4.32 respectively. Table 4.9 shows the regression equations and limits of

detections for the amino acids.
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Figure 4.30. Chromatograms of amino adds. Xterra RP 8, 3.5 um, 4.6 x 150 mm. Oven
temperature, SO "C. Eluent (water adjusted to pH 3 with sulfuric add) flow, 0.7 mL/min.
Detection: UV at 206 nID, FID and RID. Optimum FID conditions as in section 3.3.1 (pg 58).
Peak identity inA: 1 = serine, 2 = valine, 3 = isoleucine and 4 = phenylalanine. Peak identity
inB: 1 = serine, 2 = isoleucine and 3 = phenylalanine.
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Figure 4.31. FID calibration plots of amino adds. Le conditions as :in Fig 4.30. Optimum
FID conditions as :in section 3.3.1 (pg 58).
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Figure 4.32. RID calibration plots of amino adds, Le conditions as in Fig 4.30.
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Detection limits were calculated for the FID and RI detectors (Table 4.9).

Limits for the RID were about 10 fold lower than those of the FID. As with

earlier studies, these analytes respond fairly weakly in FID because of high

heteroatom substitution.

Table 4.9. LODs of amino acids + regression (peak area vs mass on column)
data based on Figures 4.31 and 4.32. LC conditions as in Fig 4.30

Analyte R2 Regression equation LOD (pg)

Flame ionization detection

Serine 0.9997 y = 8.94x -16.76 0.91

Valine 0.9995 y = 18.85x + 13.72 1.24

Isoleucine 0.9977 y = 20.24x + 21.52 2.64

Phenylalanine 0.9997 y = 24.46x - 14.74 0.91

RI detection

Serine 0.9986 y = 6280.8Ox-670.52 0.16

Isoleucine 0.9986 y = 6335.30x - 481.72 0.16

Phenylalanine 0.9999 y = 7182.70x + 270.09 0.04

Petritis et al. [132] compared the LC detection limits of underivatized amino

acids using different commercial detectors:

Detection limits in ug:

• Evaporative light scattering detector

• Conductivity detector

• Refractive index detector

• Chemiluminescent detector

(0.02 - 0.2)

(0.02 - 0.5)

(1)

(0.0066 - 0.014)

(0.004 - 0.1)

(2 -10)

• Mass spectrometry

• Nuc1ear magnetic resonance detector
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However, detection limits for amino acids by GC after derivatization are

even lower. Silva et al. [133] and Nojal et al. [134] analyzed derivatized

amino acids by GC-FID and reported detection limits of 0.001 - 0.0023 Jig

and 0.0029- 0.0090f.lgrespectively.

4.7 Sugars

In the food industries, colour and aroma are formed by high-temperature

roasting of sugar-containing food. However, during this process of roasting,

potentially harmful substances, such as acrylamide, are produced [135].

However, these compounds are not volatile and do not possess a

chromophore making them difficult to be detected by gas chromatography-

flame ionization detection (GC-FID) or high performance liquid

chromatography-DV respectively. Determinations by these techniques

require derivatization [136].

Derivatization is undesirable in many aspects; it is time-consuming and

samples could be lost before analysis. Therefore the analysis of sugars,

without derivatization, was carried out by liquid chromatography-flame

ionization detection (LC-FID) and liquid chromatography-refractive index

detection (LC-RID) under the following conditions: PL HiPlex 8 Jim H

column; oven temperature, 50 °C and eluent (water adjusted to pH 3 with

sulfuric acid) flow, 0.3 mL/min. Figure 4.33 shows the result of the

separation of typical sugars. All the analytes eluted in less than 24 minutes.

The peaks were not baseline resolved; mannitol and sorbitol even co-eluted.

But for the purpose of validating the method for linearity, the analytes were

injected individually; Figures 4.34 and 4.35 are the calibration plots for the

FID and RI detectors respectively, and linear responses were obtained in

each case.
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Figure 4.33. Chromatograms of sugars. PL HiPlex 8 um H column (300 x 7.7 mm). Oven
temperature, 50°C. Eluent (0.00075 M sulfuric add) flow, 0.3 mL/min. Detectors: FlD and
RID. Optimum FID conditions as in section 3.3.1 (pg 58). Peak identity: 1 = maltose; 2 = D
(+)-galactose; 3 = glucose; 4 =mannitol + sorbitol and 5 = arabinose.
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The calculated RI detection limits were lower than those of the FID; about 4

fold lower for maltose and about 10 fold lower for the other analytes [D(+)-

galactose, mannitol, arabinose and glucose]. The results are shown in Tabl

4.10.

Chinnici et al. [122] determined derivatized sugars by ion exclusion liquid

chromatography with UV detection and found detection limits of about 1.5

J.lg. The highest sensitivity was found by Markovi et al. [135] who

determined sugars by anion exchange chromatography with puls d

amperometric detector (AEC-PAD) and reported detection limits of 0.008 -

0.044 J.lg.
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Table 4.10.LODs of sugars + regression (peak area vs mass on column) data
based on Figures 4.34 and 4.35. LCconditions as in Fig 4.33

Analyte R2 Regression equation LOO (pg)

Flame ionization detection

Maltose 1 y = 6.62x -1.91 0.47

Mannitol 0.9992 y = 9.03x + 5.43 1.85

D(+)-Galactose 0.9999 y = 7.12x + 0.56 1.85

Glucose 1 Y= 7.73x + 1.68 0.41

Arabinose 0.9999 Y= 7.07x + 0.56 0.56

RI detection

Maltose 0.9998 Y = 445.55x - 53.79 0.10

Mannitol 0.9997 Y= 358.15x + 16.34 0.11

D(+)-Galactose 0.9999 y = 449.28x + 4.51 0.06

Glucose 1 Y = 406.85x - 7.59 0.01

Arabinose 1 Y= 411.17x -78.84 0.05

4.8 An overview

a Comparing GC-FID and LC-FID

The LC-FID peaks of the alcohols were less efficient compared to those of

the GC-FID probably due to band broadening. The major contributors to

band broadening include the packed column, the spray chamber and the

wide aerosol path which was a Varian standard metal tube (6 cm, length; 2

mm, internal diameter). Besides, the standard jet (0.450 mm, internal

diameter) for packed column in GC-FIDwas replaced with a ceramic jet of 2

mm internal diameter in this set up.
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The carbon-count capability of the FID was seen in both modes (GC and

LC); an increase in sensitivity with an increase in carbon number. For

example, the sensitivity trend for the alcohols was: methanol < ethanol <

propanol < butanol and that of the aldehydes was: formaldehyde <

acetaldehyde < propionaldehyde (fable 4.11).

The GC-FID detection limits for the alcohols were about 10 times lower than

those of the LC-FID. This can be explained in terms of the phase of the

analyte in the flame and sample losses. The FID responds to analytes in the

gas phase; the inlet in the GC-FIDmight be more efficient in transforming

the analytes to the gas phase than the nebulization process in the LC-FID.

Also, the nebulization exhibits inevitable sample losses as it is designed to

remove coarse particles.

b Heteroatom (oxygen)-containing compounds and sensitivity

Normally, the sensitivity of the FID depends on the carbon-to-heteroatom

(oxygen, chlorine, nitrogen etc) ratio; compounds of high ratios give high

FID response and vice versa. Some examples of compounds, their carbon-

heteroatom ratios and sensitivities are given in Table 4.11. Compounds of

low sensitivities due to low ratios include the amino acids (serine, valine,

isoleucine, phenylalanine), the sugars (maltose, mannitol, D (+)-galactose,

glucose, arabinose) and the aliphatic acids (citric, malic, acetic and succinic).

The reduction in sensitivity could be explained in terms of the difficulty of

these compounds to undergo one or more of the stages (cracking, oxidation

and finally chemi-oxidation) in the mechanism of detection [111,137- 140].
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c Aromatic compounds and sensitivity

Table 4.11 shows that the aromatic compounds (o-methyl-acetophenone,

propiophenone, butyrophenone, 4-hydroxybenzamide, 4-hydroxylx·nzok

acid, benzoic acid) gave low responses compared to the aliphatic

compounds. Again, this can be explained in terms of the diffkulty of lht'S('

compounds to undergo the stages in the mechanism of the FID (Ill, 137 -

140].

d VoLatiLityand sensitivity

Another factor which may contribute to the low responses of tilt'

compounds being discussed in 'b' and 'c' is volatility. As tho boiling point

increases, the compound becomes increasingly diffkult to evaporate, and

the part reaching the detector becomes smaller, and so does the FID signal

produced [137].

e Limits of detection

In this work, a linear dynamic range (LOR) of two orders of magnitud« and

detection limits (OL) ranging from 0.5 flg to 4 flg have been reported for the

solid analytes. However, a LOR of four orders of magnitude and Dl.s

ranging from 0.0002 flg to 0.005 flg for an eluent-jet inlt'rfan' had been

reported previously [58]. Hooijschuur et al. [58] also reported that eluent-jet

interface gave a LOR of one order of magnitude higher than th('

nebulization interface. For other aerosol-based detectors, Gamache ct al, 1151
reported OLs of 0.1 to 0.15 flg and 0.005 to 0.02 Jig respectively for El .."it) and

CAD.

However, Yang et al. [89] reported lower DLs for non-volatile analvtes such

as amino acids using a direct liquid introduction interface: o.ooen 10 0.003

ug, This wide difference in DLs between the aerosol-based detectors and till'
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direct liquid introduction interface could be explained in terms of loss of

analytes during the aerosol-formation process (nebulization) in the former

detectors.

f Universality

It can also be concluded that the FID is not a universal detector because

compounds of different functional groups gave different responses. For

example, an injection of 8 J1g each of propanol, propionaldehydo and

propiophenone gave approximate responses of 115 mV.s, 854 mV.s and 445

mV.s respectively.
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CHAPTER FIVE

Conclusions

The development of the LC-FID method was carried out in two modes: FIA

and LC modes.

The FID operating parameters were optimized in the FIA mode and the

optimum conditions were: hydrogen, 157 mt/min; air, 650 mL/mill and

nitrogen, 230-250 mL/min. The most critical parameter was tho

nebulization; eluent flow rate, collector and spray chamber dtameters Wl'fl'

not so critical in the operation of the FID.

On the aspect of linearity, detector responses for volatile analytes (methanol,

propanol, hexane and dichloromethane) wen' linear and ran through the

origin whereas the responses for non-volatile analytes [ethylene gIYl'ol, poly

(ethylene glycol), 4-hydroxybenzoic acid, 4-hydroxylx)n7..amid(', resorcinol,

decyl alcohol and glycerol] were only linear (but with an aCfompctnying

reduction in sensitivity) when the anions in 112S04, I-INO" fiel, Na.lSO..,

(NI-Lt)2S04 were added to the carrier water; the presence of protons and

cations were not necessary for the linearization effect.

In the LC mode, compounds of different functional groups wrfl' separated

using the optimum operating parameters of the FIll The results showed

that the FID is not a universal detector; responses wen' markedly different

for different compounds.

The LC-FID could not match the sensitivity of the GC-FID by 10 fold for

volatile analytes. The GC separation also showed higher (,ffidcmry and

shorter run times.

Nebulized FID in HPI,JC 136



(1aapter5 ('ollcl".dtll"~-......!.....----------------------.-----~.--- ~-..-.

The detection limits of isolated chromophore, involatile analytes such as m-

cresol, benzyl alcohol, 2-phenyl ethanol, 3-phenyl propanol, 0-

methyl acetophenone and propiophenone, were comparable for both LC-FIl)

and LC-UV.

Surprisingly, the LC-FID detection limits were, approximately 1 - 100 fold,

poorer than those of the LC-RID.

The nebulized LC-FID method is capable of analyzing volatile, non-volatile

and non UV-absorbing analytes. It has been demonstrated to give linear (Ro!

about 0.999) responses for all test analytes [alcohols, carbonyl compounds

(aldehydes and ketones), organic acids, amines, amino acids and sugars).

Future work

Attempts were made to analyse compounds such as ctnnamir add and

cinnamaldehyde but did not give good results because they an' insoluble in

water. In order to enhance the solubility of these compounds in water,

methanol was added to the sample and the separation was repeated.

However, only a very broad methanol peak was seen; the peaks of the

analytes were not observed.

Besides, the FID detection limits for analytes having low carbon-to-

heteroatom ratios were unexpectedly higher than those of RID. These two

shortcomings have suggested a future work of optimizing the system in

order to make the LC-FID technique more versatile. One possible way of

improving the sensitivity is to miniaturize the system, mcluding the

nebulizer and the spray chamber.

-------------_._--_._---_ ... __ .._ .
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Appendix A:
APPENDICES

Calibration data for chapter three

Mass denotes mass injected in J1gand area denotes peak area in mV.s

a. Volatile analytes

Methanol Propanol Hexane Dichloromethane

Mass Area Mass Area Mass Area Mass Area

18.50 68.77 21.40 177.15 80.00 435.19 46.80 767.28

9.25 34.89 10.70 85.41 40.00 217.59 23.40 383.64

4.63 17.33 5.35 43.11 20.00 116.72 11.70 181.88

2.31 10.82 2.68 22.84 10.00 58.89 5.85 90.37

1.16 7.08 1.34 13.00 5.00 29.44 2.93 45.19

0.58 5.30 0.67 8.15

0.29 3.90 0.33 5.00

0.14 3.74 0.17 4.26

0.07 3.42 0.08 3.62

b. Non-volatileanalytes

Ethylene glycol Poly (ethylene glycol) Resorcinol

Mass Area Mass Area Mass Area

22.20 39.54 16.30 40.74 18.00 50.69

11.10 23.65 8.15 27.87 9.00 30.11

5.55 11.22 4.08 18.34 4.50 17.25

2.78 5.16 2.04 10.69 2.25 9.56

4-ydroxybenzoic 4-hydroxybenzamide

acid

Mass Area Mass Area

13.20 57.56 13.00 49.65

6.60 39.48 6.50 35.18

3.30 24.63 3.25 24.58

1.65 15.26 1.63 16.04
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Mass Area
Maltose Valine

160.00 160.00 518.52

80.00 80.00 269.26
40.00 40.00 129.63
20.00 20.00 64.81
10.00 10.00 42.41

5.00 5.00 31.20
2.50 2.50 21.10
1.25 1.25 15.05

36.00

18.00

9.00

4.50

2.25

Decyl alcohol
Mass Area

Water Sample in add Eluent + acid

110.48 85.44 97.88

68.97 42.72 45.97

34.49 19.36 22.99

17.02 8.68 11.49

7.47 4.34 5.75

Glycerol
0.91 62.24 294.06 7.75

1.81 90.89 428.15 15.50

3.63 168.26 672.82 31.00

7.25 263.55 1163.56 62.<Xl

14.50 379.58

29.00 594.85

58.00 883.53
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AppendixB: Calibration data for chapter four

a. GC-FID of alcohols

Methanol Ethanol Propanol Butanol

Mass Area Mass Area Mass Area Mass Area

1.47 30.99 1.65 42.01 1.48 43.00 1.72 57.60

0.73 15.65 0.83 21.01 0.74 21.95 0.86 28.87

0.37 7.76 0.41 10.60 0.37 11.34 0.43 14.72

0.18 3.SS 0.21 4.86 0.18 5.15 0.22 6.47

0.09 1.64 0.10 2.24 0.09 2.42 0.11 3.17

Cydohexanol Benzyl m-Cresol

alcohol

Mass Area Mass Area Mass Area

1.00 42.35 1.91 88.54 1.60 75.00

0.50 21.21 0.96 44.34 0.80 37.09

0.25 10.86 0.48 20.92 0.40 18.46

0.13 5.17 0.24 8.76 0.20 8.25

0.06 2.39 0.12 3.61 0.10 3.55
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b. LC-FID of alcohols

Methanol Ethanol Propanol Butanol

Mass Area Mass Area Mass Area Mass Area
26.60 1136.52 15.00 1057.85 14.00 1620.78 14.00 2137.41

13.30 542.35 7.50 611.63 7.00 844.19 7.00 1107.72

6.65 280.63 3.75 296.18 3.50 423.82 3.50 556.29

3.33 141.48 1.88 153.51 1.75 211.70 1.75 276.91

1.66 67.67 0.94 59.62 0.88 120.36 0.88 154.34

0.83 34.06 0.47 39.85 0.44 63.51 0.44 74.89

Cydohexanol Benzyl alcohol m-Cresol

31.60 3275.54 85.60 3031.00 29.40 1236.33

15.80 1759.11 ·42.80 1576.41 14.70 655.73

7.90 903.32 21.40 776.05 7.35 342.72

3.95 504.01 10.70 390.06 3.68 161.78

1.98 241.33 5.35 191.33 1.84 77.70

0.99 127.55 2.68 124.50 0.92 40.47

c. LC-UV of alcohols

Benzyl alcohol m-Cresol

Mass Area Mass Area
85.60 2045.45 29.40 6003.33

42.80 1331.54 14.70 3264.52

21.40 805.30 7.35 1627.27

10.70 468.27 3.68 789.92

5.35 251.64 1.84 377.98

2.68 132.08 0.92 186.33
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d. Le-FIO data of benzyl alcohol and substituted aryl alcohol

Benzyl alcohol 2-Phenyl ethanol 3-Phenyl propanol

Mass Area Mass Area Mass Area

1.34 116.72 3.69 169.73 1.66 120.62

2.68 267.35 7.38 329.89 3.32 310.67

5.35 484.47 14.76 685.68 6.63 630.18

10.70 977.71 13.26 1287.24

e. Le-uv data benzyl alcohol and substituted aryl alcohol

Benzyl alcohol 2-Phenyl ethanol 3-Phenyl propanol

Mass Area Mass Area Mass Area

1.34 122.96 1.85 169.90 1.66 181.83

2.68 281.98 3.69 373.97 3.32 414.33

5.35 614.02 7.38 786.92 6.63 880.84

10.70 1307.61 14.76 1682.75 13.26 1741.71

f. Le-FIO of aldehydes

Formaldehyde Acetaldehyde Propionaldehyde

Mass Area Mass Area Mass Area
42.60 416.93 21.40 1570.66 8.56 6747.75

21.30 204.91 10.70 753.89 4.28 2959.80

10.65 100.55 5.35 291.92 2.14 1149.38

5.33 46.69 2.68 112.02 1.07 402.19
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g. LC-FID of ketones

2-Hexanone o-Methyl-acetophenone Propiophenone

Mass

8.54

4.27

2.14

Area

785.89

330.75

119.61

Mass
10.54

5.27

2.64

Area

837.04

390.27

148.76

Mass Area

10.74 609.44

5.37 296.88

2.69 107.83

2-Heptanone Butyrophenone

8.44 989.43 83.20 2598.03

4.22 451.73 41.60 1170.94

2.11 130.93 20.80 543.62

h. LC-UVof ketones

o-Methy-acetophenone Propiophenone

Mass Area Mass Area

10.54 5104.78 10.74 5863.91

5.27 2307.CJ7 5.37 2675.19

2.64 966.27 2.69 1130.47

i. LC-FIDdata

Butyrophenone

Mass Area

83.20 14710.60

41.60 6465.27

20.80 2625.06

4-OHBenzamide 4-OHBenzoic acid Benzoic acid Benzaldehyde

Mass Area Mass Area Mass Area Mass Area
40.00 917.93 40.00 1087.68 40.00 1209.29 14.40 3989.10

20.00 443.89 20.00 618.68 20.00 492.63 7.20 2104.9:\

10.00 215.73 10.00 234.27 10.00 183.55 3.60 966.14

5.00 120.11 5.00 121.10 5.00 88.86 1.80 544.27

2.50 70.77 2.50 44.42 2.50 39.52 0.90 203.52
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j. LC-FID of aliphatic organic acids

Citric acid Malic acid Acetic acid Succinic acid

Mass Area Mass Area Mass Area Mass Area
82.80 1158.24 101.60 735.99 196.60 1049.34 159.60 2317.86

41.40 615.46 SO.80 342.43 98.30 517.41 79.80 1152.29

20.70 313.40 25.40 165.58 49.15 242.39 39.90 590.92

k. LC-RID of aliphatic organic acids

Citric acid Malic acid Acetic acid Succinic acid

Mass Area Mass Area Mass Area Mass Area

0.98 47407.41 0.51 22212.53 0.80 17353.73 0.41 19967.83

0.49 23703.71 0.25 11342.77 0.40 8701.64 0.21 9952.40

0.25 10973.30 0.13 5534.41 0.20 4325.17 0.10 4400.11

0.12 4510.11 0.06 2070.29 0.10 1672.22 0.05 1768.58

1. LC-FIDdata

Pyridine Aniline 8enzylamine

Mass Area Mass Area Mass Area

7.40 1913.29 28.00 2996.49 14.00 8557.84

3.70 873.61 14.00 1400.76 7.00 4187.86

1.85 356.94 7.00 489.98 3.SO 1737.04

0.93 144.87 3.SO 339.28 1.75 781.08

m. LC-UV of amines

8enzylamine Phenylethylamine

Mass Area Mass Area

60.00 2024.68 83.40 44SO.67

30.00 857.99 41.70 2020.83

15.00 292.53 20.85 656.12
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n. LC-FID of amino acids

Serine Valine Isoleucine Phenylalanine

Mass Area Mass Area Mass Area Mass Area

40.00 342.21 44.00 840.34 42.00 860.82 40.00 960.01

20.00 158.59 22.00 430.86 21.00 463.67 20.00 480.82

10.00 74.85 11.00 231.81 10.50 250.50 10.00 235.28

5.00 28.13 5.50 111.56 5.25 118.25 5.00 98.55

2.50 7.86 2.75 61.17 2.63 61.20 2.50 47.00

o. LC-RID of amino acids

Serine Isoleucine Phenylalanine

Mass Area Mass Area Mass Area

3.00 18326.43 3.00 18681.75 3.00 21849.40

1.50 8337.97 1.50 8690.40 1.50 10933.47

0.75 4195.59 0.75 4158.52 0.75 5769.85

0.38 1787.26 0.38 2178.35 0.38 2930.15
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p. Le-FID of sugars

Maltose Mannitol D (+) galactose

Mass Area Mass Area Mass Area
53.60 353.08 45.00 409.02 46.00 328.55

26.80 176.03 22.50 215.28 23.00 163.12

13.40 85.65 11.25 105.96 11.50 84.49

6.70 43.23 5.63 53.30 5.75 40.55

Glucose Arabinose

53.20 412.39 40.00 283.95

26.60 208.05 20.00 140.33

13.30 105.12 10.00 71.50

6.65 52.06 5.00 36.60

q. Le-RID of sugars

Maltose Mannitol D (+) galactose

Mass Area Mass Area Mass Area
5.36 2445.91 4.50 2028.77 4.60 1666.26

2.68 1234.00 2.25 1007.91 2.30 829.49

1.34 664.66 1.13 514.94 1.15 442.77

0.67 348.384 0.575 215.832

Glucose Arabinose

5.32

2.66

1.33

2268.~ 4.00

1166.64 2.00

629.61 1.00

1635.21

820.68

414.86
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AppendixC: First year report

Analysis of Bioactive Compounds in Fallopia japonica

CHAPfERONE

Introduction

Biologically-active constituents of plants have served as sources of

inspiration for generations of medicinal and organic chemists. In addition to

the biologically active plant-derived secondary metabolites which have

found direct medicinal application as drug entities, many other bioactive

plant compounds have been proven useful as 'leads' ormodel compounds

(templates) for drug synthesis or semisyntheses. This research work

(Analysis of Bioactive Compounds in Fallopia japonica) got its direct

inspiration from the preceding facts [1].

1.1 Background to the Study

1.1.1 Negative Attributes of the Plant

Fallopia japonica is the most invasive plant in Britain. For this reason the

Wildlife Act 1990 makes it an offence to plant Fallopia japonica "or otherwise

cause it to grow in the wild". It is now being listed as an injurious weed

under the Weeds Act 1957 [3-5].

Specific problems caused by Fallopia japonica are [2 - 6]:

• Damage to paving and tarmac areas,

• Damage to flood defence structures,

• Damage to archaeological sites,

• Reduction of biodiversity through out-shading native vegetation,

• Restriction of access to riverbanks for anglers, bank inspection and

amenity use,

• Reduction in land values,
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• Increased risk of flooding through dead stems washed into river and

stream channels,

• Increased risk of soil erosion and bank instability following removal

of established stands in riparian areas,

• Accumulation of litter in well established stands, and

• Aesthetically displeasing.

1.1.2 Cost of Control

The recent British Government Review of Non-native Species Policy gives

an estimate of the costs to control Fallopia japonica countrywide of £1.56

billion which, although unfeasible, gives an indication of the extent of the

problem and the high costs associated with control were it is to be

attempted. Swansea is one of the worst affected areas [4] with the following

consequencies:

• £140,000 for planning and treatment of established populations over

the last 6 years

• Using quoted figures of £1 per square meter for spraying and £8 for

landscaping estimates for completely treating the current infestation

in Swansea cost around £9.5 million

• At the current rate of treatment (2 ha/ yr), the current infestation will

take 50 years to treat without accounting for its rapid spread (more

than 2 hajyr)

• The cost of removal from development sites is very large - one 30m x

30m site cost developers an extra £52, 785 to deal with the Fallopia

japonica on the site [4].

1.1.3 Medical Attributes of Fallopia japonica

A variety of constituents have been isolated from Fallopia japonica. The

chemical components are classed as anthraquinones, dianthrones, stilbenes,

anthocynins, flavonoids, anthraglycosides, polyphenols, essential oil,
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organic acids, chromene, chromone glycosides and vitamins [8] in which

anthraquinone derivatives including emodin, aloe-emodin, rhein, physcion,

chrysophanol and their glycosides are the accepted important active

components. The matrix chemical structure of these hydroxyanthraquinones

are similar (Fig. 1.4) and substituents R1 and R2 are shown in Table 1.1.

OH o OH

Fig. 1.4: Matrix chemical structure of hydroxyanthraquinones

Table 1.1: Substituents

Compound Rl R2

Aloe-emodin H CH20H

Rhein H COOH

Emodin OH Cfu

Chrysophanol H Cfu

Physcion OCH3 CH3

Fallopia japonica contain compounds called stilbenes and anthraquinones.

Stilbenes are aromatic hydrocarbons having the general formula C14HI2.

They include resveratrol, piceid and polydatin [8]. Antioxidants are used to

preserve foods by retarding discoloration, rancidity, or deterioration due to
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auto-oxidation. However, synthetic antioxidants have been reported to be

carcinogenic [9), hence several attempts to replace synthetic antioxidants

with natural antioxidants have been developed. The antioxidant properties

(Table 1.2) of anthraquinones were studied by Yen et al. [10].

Table 1.2: Properties of anthraquinones

Anthraquinone Reducing pouer Chelating ability Scavenging effect

on iron(II) on OH radicals
Anthrone Yes No Yes

Alizarine Yes No No

Aloe-emodin No No Yes

Rhein No No No

Emodin No No Yes

Chrysophanol No No No

These results suggest that the antioxidant mechanism for both emodin and

aloe-emodin, possibly depends on scavenging hydroxyl radicals. The strong

activity shown by anthrone could be due to its reducing power and the

scavenging effects on hydroxyl radicals. The pro-oxidant activity exhibited

by chrysophanol might be due to the enhanced production of free radicals

[10, 11].

Physiological and biochemical processes in the human body may produce

oxygen-centered free radicals and other reactive oxygen species (e.g.,

superoxide radicals, hydroxyl radicals, and hydrogen peroxide) as by-

products. Over-production of such free radicals can cause oxidative damage

to biomolecules (e.g. lipids, proteins, DNA), eventually leading to many

chronic diseases, such as atherosclerosis, cancer, diabetes, aging, and other

degenerative diseases in human [12-13].
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Plants (fruits, vegetables, medicinal herbs, etc) may contain a wide variety

of free radical scavenging molecules, such as phenolic compounds (e.g.

phenolic acids, flavonoids, quinones, coumarines, lignans, stilbenes,

tannins), nitrogen compounds (alkanoids, amines, betalains) vitamins,

terpenoids (including carotenoids), and some other endogenous

metabolites, which are rich in antioxidant activity [14 -16]. Epidemiological

studies have shown that many of these antioxidant compounds possess anti-

inflammatory, antiatherosclerotic, antitumor, antimutagenic,

anticarcinogenic, antibacterial, or antiviral activies to a greater or lesser

extent [8, 17]. The chern i-preventive properties of the anthraquinones are

summarized in Table 1.3.

Natural antioxidants have been identified with reduced risks of cancer,

cardiovascular disease, diabetes, and other diseases associated with ageing

[18-20]. The search for potent natural antioxidants, especially from plant

sources, as nutritional supplements, health food, and/ or phytomedicine has

become an important research issue at a world-wide level.
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Table 1.3: Chemopreventive properties of anthraquinones

Source References
Resveratrol

Piceid

Resveratrol
and piceid

Polydatin

Emodin

P.cuspidatu
m

Activity
• Inhibits the growth of several bacteria and

fungi
• Exhibits cancer chemopreventive activity

by acting as an antioxidant, antimutagen
and anti-inflammatory agent

• Inhibits protein-tyrosine kinase, which
catalyses the phosphorylation of tyrosine

• Inhibits lipoxygenate products which are
enzymes found in leukocytes in the heart,
brain, lung and spleen

• Inhibits the deposition of triglycerides
and cholesterol in the liver of mice

• Reduce the elevation of aspartate
transaminase and alanine transaminase
by inhibiting lipid peroxidation in the
livers of rats

• Inhibits platelet aggregation after
treatment with c1onidine, an
antihypertensive drug

• Inhibits the motor activity of a parasitic
Schistosoma species. It has antineoplastic
and antimutagenic activities

• Promotes healing of bums by enhancing
immune system and cardiac functions

[21]

[22]

[23]

[24-25]

[26]

[27]

[28-29]

[30]

[31]

Nebulized FID in HPLC 163



Appendices

Table 1.3: (Continued)

Source Activity Ref~_ces_
[32]Naphthoquinones

and
anthraquinones

Polygonum
hypoleucum
Ohwi
Emodin

Anthraquinones

Emodin and
water extracts of
Polygonum
cuspidatum
Emodin and the
crude extracts of
Rheum
palmatum,
Polygonum
cuspidatum
Anthraquinones
and flavonoids

• Inhibited mutagenicity induced by 2-
amino-3-methylimidazo[4,5-f]quinoline
in Salmonella typhimurium

• Inhibits tumor cell proliferation [33]

• It showed antiprotozoal activity against
both Trypanasoma species and P.
falciparum

[34]

• Showed in vitro antiplasmodial activity [35]

• Markedly decreased the mutagenicity of [36]
l-nitropyrene (I-NP)

• Decreased the mutagenicity of benzo[a] [37]
pyrene(B[a]P), 2-amino-3-methyl
imidazo[4,5-f]quinoline and 3-amino-l-
methyl-SH-pyrido[4,3-b]indole

• Exhibited antioxidant properties against [38]
1,I-diphenyl-2-picrylhydrazyl (DPPH)
and superoxide radical

1.2 Aims and Objectives

The project was set out to provide answers to the following research

questions:

• Does distribution affect the chemical constituents of FaUopia japonica?

• Are there differences in the chemical constituents among different

species (such as F. japonica var. japonica, F. japonica var. compacta, F.

saahalinensis and F. bohemica)?
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A p-cyclodexmn modified capillary electrophoresis method will be used for

the analysis in order to achieve the aims and objectives of this work as

represented by the research questions. Prior to analysis by this technique,

extraction will be carried out with a solvent combination of H2SO4,CH2Ch

and CfuOH using reflux.
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CHAPTER TWO

Literature Review

21 Analysis Procedures for Anthraquinones

Because of the medical attributes of the anthraquinones, different methods

have been developed for their determination. Table 2.1 is a summary of few

of such methods.

Table 21. Methods for the analysis of anthraquinones

Techniqnpfmethod Reference

(s)

CD-MEKC. Phosphate buffer (pH, 10.4), 20 mM sodium

dodecyl sulphate, 20 mM sodium cholate and 10 mM beta-

cyclodextrin. Voltage, 20 kV.

MEKC. 15 mM sodium tetraborate/15mM sodium

dihydrogenphosphate buffer (pH, 8.6), 30 mM sodium

deoxycholate, 17 vol. % acetonitrile. Voltage, 28 kV.

CE: 30mM sodium borate (pH =10.56) and acetonitrile (9:1). [43]

[39,40]

[41,42]

Voltage, 20 kV. HPLC: gradient elution with 20 mM

KH2P04:0.05% orthoorthoorthophosphoric acid (pH=2.91)

methanol

CD-CZE. 0.03 M borate sulphate (Ph, 10.5), 0.005 M alpha [44]

cyc1odextrin, 10% acetonitrile. Voltage, 20 kV

CD-CZE. 0.1 M borate buffer (pH, 9), 0.05 M hydroxypropyl- [45]

gamma-cyc1odextrin, 10% acetonitrile. Voltage, 20 kV.

MEEKC

CEC

[46]

[47]

HPLC [48,49]
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CHAPTER THREE

Experimental

3.1 Chemicalsand Reagents

Rhein, emodin and heptakis, (2,6-di-o-methyl)-beta-cydodexmn were

bought from Sigma, UK. Chrysophanic acid was supplied by Aldrich, UK.

Fisher Scientific Company, UK supplied HPLC grade methanol and

dichloromethane. Fisons Scientific Equipment (UK) supplied Potassium

dihydrogen orthophosphate and di-sodium tetraborate. Fused silica

capillary (75 ....m id, 375 ....m o.d) was bought from Composite Metal Services

LTD) (UK).

3.2 Equipment

Capillary electrophoresis separations were carried out with a P/ ACE 2050

System (BECKMAN) equipped with UV detector (photodiode). Capillary

tubing of the following dimension was used: 75 ....m with an effective length

of 50 cm and a total length of 57 cm. Operations and data collections were

enabled with an mM 433/DX microcomputer with Beckman System Gold

personal chromatograph software.

3.3 SamplePreparation

The method employed was developed by Li et al. [50]. 19 of powdered

Fallopia japonica rhizome was hydrolysed with 1M tetraoxosulphate (VI) acid

in 20 mL dichloromethane for 35 minutes. Reflux was stopped, extraction

solution neutralised and 60 mL of methanol added. Reflux was resumed

and continued for 2 hours. The extract was evaporated to dryness with a

rotary evaporator. Residue was dissolved in 70%methanol to make the final

extract Portions for injections were made by diluting the final crude extract

in 70%methanol (1:4).
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3.4 Methodology

New capillary was treated using a rinse-cycle of 1 M sodium hydroxide for

30 minutes, 70% methanol for 30 minutes and water for 10 minutes. Prior to

an injection, the capillary was always flushed with the buffer for at least 30

minutes.

The crude methanolic extract was divided into four aliquots, One aliquot

was injected directly. The other three aliquots were spiked respectively with

the reference compounds; 150 pg/mL of emodin, chrysophanol and rhein.

All the four separations were carried out under the same optimized

conditions: 20 mM potassium dihydrogen orthophosphate, 20 mM

tetraborate (pH = 10.4), 3 mM (2,6-di-o-methyl)-beta-qclodextrin and an

applied voltage of 15 kV.Detection was made at a wavelength of 254 nm.

•
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CHAPTER4

Results and Discussion

4.1 IdentificationofPeaks

The methanolic extract of the Fallopia japonica was divided into four aliquots.

The four aliquots of the extract were analyzed; the control portion (without

spiking) and the other three aliquots which were spiked respectively with

emodin, chrysophanol and rhein. The resulting electropherograms are

shown in Figures 4.1- 4.4; 4.1 for the control, 4.2, 4.3 and 4.4 for the aliquots

spiked respectively with emodin, chrysophano and rhein respectively. A

comparison of the Figure 4.1 with Figures 4.2, 4.3 and 4.4 showed that only

emodin was present in the extract; its peak increased without shouldering

(Figure 4.2)

•~
Fig. 4.1: Crude extract. Optimized conditions: 20 mM potassium dihydrogen orthophosphate 20mM
tetraborate,3 mM (2,6-ili-O-methyl)-beta-cyclodextrin. pH=1O.4, capillary length 57 cm (50 cm to
detector) x 75 micrometer id Applied voltage, 15kV, wavelength, 254 om.
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Emodin
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Fig. 4.2: Sample spiked with 150 ug/ml, of emodin. Emodin identified at 11.13 minutes. See
Figure 4.1 for experimental conditions.
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Fig 4.3: Sample spiked with 150 ug/ml, of Chrysophanol. Peak not identified. See
Figure 4.1 for experimental conditions.
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Fig 4.4: Sample spiked with 150 J1g1mL of rhein. Peak not identified. See Figure 4.1
for experimental conditions.
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CHAPTER FIVE

Conclusion and Termination of the Project

In the qualitative analysis of the crude extract of FaUopia japonica, only

emodin was identified; chrysophanol and rhein were not identified.

Precision tests (intra- and inter-day) showed that the method was not

repeatable and reproducible. The lack of precision was probably caused by a

batch-to-batch variability in buffer preparation, poor temperature control in

the system and fluctuations in the applied voltage.

The project was set out to examine a capillary electrophoresis method for

the speciation of anthraquinones in Fallopia japonica. This would have

involved the identification of these bioactive compounds, quantification and

a comparative study of the quantities across species, origin and seasons.

Unfortunately, the project was discontinued for several reasons. The species

of interest were not available. The other reasons were instrumental that

resulted in non-repeatable and non-reproducible electropherograms; the

most probable problems were changes in the surface chemistry of the

capillary after few injections, poor thermostating system and fluctuations in

the applied voltage.
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AppendixD: Professional development courses attended

Comse Date

HPLC method development (3 M Healthcare)

Plagiarism, citation and managing your references

Powerpoint for clericalf secretarial staff

Teaching skills

Ocl10,20M

Nov. 10,2004

Dec. 16, 2004

• PartA
April 26, 2005

• PartB May 3, 2005

• Part C: Supervising practical activities June 8,2005

Factor Analysis

Measures of analysis of variance (ANDVA)-part A and

B

April19, 2005

13 and 20 April,
2005

Discriminant Analysis

Excel (parts A and B)

Analytical Chemistry Forum (organized by R5C)

HPLCjLC-MSjSPE Seminars, Sheffield

April 12, 2005

17 and 31 March,
2005
March 22, 2005

March 8, 2005

28 February and 7
March,2005
July 18-20, 2005

April 27, 2005

Overview of regression

Hypothesis testing

SPSS (parts A and B)

Types of data and experimental design March 7, 2007

Getting articles published March 6, 2007

Introduction to the job of lecturer for postgraduates and April 17,2007
research assistants
Viva-what happens March 3, 2007

Designing and producing conference posters

What is Literature Review

Report Writing

ARF conference, Glasgow

March 13, 2007

June 19, 2007

May 22, 2007

16 - 18 July, 2007
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