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In the name of Allah, Most Gracious, Most Merciful

“Verily, all things have We created in proportiomal
measure”

The Holy Qur’an, 54:49

“And We send down water from the sky according t¢)
measure, and We cause it to soak in the soil; and W
certainly are able to drain it off (with ease)”

The Holy Qur’an, 23:18

“It is He Who has let free the two bodies of flovgrwater:

one palatable and sweet, and the other salt antelpjtyet

has He made a barrier between them, a partition tthe
forbidden to be passed”

The Holy Qur'an, 25:53



Abstract

1,4-Dimethylnaphthalene (1,4-DMN) is a pesticideedidor inhibiting the sprouting of
stored potatoes, and therefore prolonging the géotime. It is registered for commercial
use in different parts of the world (e.g. USA anelNZealand) and its registration process
in the EU is at an advanced stage. Limited infaiomais available regarding the
behaviour and fate of this pesticide in the enviment, and therefore, various studies are
required in this field. In such studies, analyticathods for the determination of 1,4-DMN

in the different environmental samples are a ctament.

This work aims to contribute to the knowledge abthi$ pesticide, particularly in the
analytical and environmental aspects. Several oustivere developed in this work for the
determination of 1,4-DMN in environmental sample?LC was selected for the final
separation and quantification. The development®EE separation methods for 1,4-DMN
and other related compounds were achieved by tigal step-by-step approach, the use
of chromatographic-simulation software, or by a bomation of the two approaches. A
mixture of seven dimethylnaphthalene isomers ahérotelated naphthalene compounds
was used to study the behaviour of these compotowed the different chromatographic
conditions in reversed-phase HPLC with UV detectidinis study provides a good
understanding of the effect of different chromaggdric conditions on the HPLC
separation of the compounds studied, and formsckgbaund for the subsequent work in
method development. Optimised methods for the sdiparof this mixture were finally
achieved which provide good separation of moshefrixture’s components. In the light
of the above study, an HPLC-UV separation methoddatine analysis of 1,4-DMN was
developed and validated. This method provides dioedrity (F > 0.999) in the range 0.2
—300 pg/ml, and good precision with %RSD value3.45 % and 0.37 % for 0.02 (method
LOD) and 50 pg/ml levels. The method was found & dzcurate by comparing it
statistically to a gas chromatographic method. e methods were found to produce
results which were not significantly different {he 5% level) by using a regression test.

Several extraction procedures were then compareth&r efficiency in extracting 1,4-
DMN residues in potato samples, and also for theitability for routine HPLC analysis.
A final HPLC method (TMP/Heat method) for the arsadyof 1,4-DMN residues in potato
samples was then achieved and validated. This mathbased on extracting 1,4-DMN
from potato peel with a mixture of ethanol and £2imethylpentane (7:3) by heating at

50 °C. A liquid-liquid extraction is achieved (in tharse extraction flask) with the water
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derived from the fresh peel, to end up with 1,4-DMidncentrated in the 2,2,4-
trimethylpentane layer. The evaluation of the vaduwf this layer, in addition to the
correction of any loss of 1,4-DMN during the an@yswas achieved by using 2-
methylnaphthalene as an internal standard. 2-mepiithalene was selected as a suitable
internal standard for 1,4-DMN analysis after comait with several other compounds
(2-ethylnaphthalene, 1-ethylnaphthalene and n-batyene) for the similarity of their
behaviour to 1,4-DMN in the extraction and chrongaéphic separation processes. An
aliquot of the 2,2,4-trimethylpentane layer wasntranalysed directly by HPLC. This
method was validated in the range 0.015 to 3 pbfwptato fresh weight. It was found to
have adequate speed, detection sensitivity (LO@.@15 pg/g of potato fresh weight),
accuracy (recovery between 90.3 to 106 %) and giet(%RSD between 1.7 to 10.5 %)

for routine analysis of 1,4-DMN residues in treapedatoes.

For the determination of natural 1,4-DMN in potao@ new analytical method was
developed for the extraction and quantificationlgf-DMN at trace levels. The method
(ACN/PROP method) uses the advantage of injectargel volumes (100 pl) of the
extracts containing 1,4-DMN directly to the HPLCasneans of enhancing the detection
sensitivity. This advantage was achieved by usingixdure of acetonitrile : 2-propanol
(7:3) as the extraction solution, which is compatiwith the mobile phase and miscible
with the water derived from potato peel. The resgltextracts were ready for direct
analysis with HPLC with no further clean up. In dideh, a high ratio of sample : solvent
(1:1) was used for further enhancement of the tietesensitivity. This method was
validated at 7.5 and 15 pg/kg of potato fresh weitjlwas found to be adequate for trace
analysis of 1,4-DMN in potatoes with a limit of aquidication of 4.5 pg/kg of potato fresh
weight, recovery values between 86.4 to 87.1 % amurecision expressed by %RSD
between 4.0 to 7.9 %.

The ACN/PROP method was used for the determinatiahe natural levels of 1,4-DMN

in potato peel and flesh, in addition to some otplant materials. A small peak was
detected in the chromatogram of potato peel exdyadtthe right retention time for 1,4-
DMN, with an area equivalent to a level of abouytglkg of potato fresh weight. However,
it was not possible to confirm the identity of tlpeak due to its low level and the high
background noise. There was no sign of the presehtgl-DMN in any of the rest of the
plant materials analysed which were potato flegiples, orange, celery, spring onion,
carrots, rhubarb and poppy seeds. A headspace dhethd preliminary work using

Soxhlet extraction were also examined for the datmmtion of natural 1,4-DMN in
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potatoes. However, some shortcomings in the dexmetop of the methods obstructed the

achievement of adequate results.

The ACN/PROP method was also optimised for rapidine analysis of the residues of
1,4-DMN in treated potatoes. The optimised methad walidated in the range of 0.03 to 3
Kg/g of potato fresh weight, and found to providedjaccuracy (recovery between 89.6 to
93.2 %) and precision (%RSD between 1.6 to 7.31Boaddition, it is a rapid, easy and
straightforward procedure. Because of its advastathes method was used for different
applications regarding the distribution and remowél 1,4-DMN residues in treated

potatoes.

To investigate the distribution and removal of DMIN residues, potato tubers treated and
stored for about 18 weeks under commercial stocagelitions were analysed for 1,4-
DMN residues. 1,4-DMN residues in individual tub&rsre in the range of 0.63 to 1.16
png/g fresh weight after 18 weeks of storage witbvavariability factor of about 1.5. The
residues were found to be concentrated in the lpgel of the tuber and have relatively
even distribution across the different parts oftttger surface. Washing 1,4-DMN-treated
potatoes with water and some other solutions wasddo remove insignificant amounts
of 1,4-DMN residues from potato tubers. In contrasiating the peel of 1,4-DMN-treated
potatoes in an oven at 75 £G removed up to 96 % of 1,4-DMN residues..
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Chapter 1: General introduction

1.1 The potato crop

The potato is the fourth most important food crnophie world, after maize, wheat and rice.
The homeland of potatoes is the western regionoottfSAmerica. Potatoes were brought
to Europe by Spanish explorers, and from Europg tere then spread to the rest of the
globe. The total world production of the potatormwas 314.37 million tonnes in 2006.
With about 80 % of the world’s production in 20@&ia and Europe are the world’s major
potato producers. In Europe, a total of 7.35 millleectares of harvested area produced
126.33 million tonnes of potatoes in the year 208680, 2007). The home supply of
potato crop in the UK in 2006 was, in total, ab685 million tonnes with 0.42 million

tonnes from the previous season and the rest fencurrent crop (BPC, 2007).

Potato tubers contain an average of about 24 %yofrdtter, with the remaining 76 %
being water. Starch is the main constituent of thieer's dry matter, with a mean
percentage (of the tuber’s fresh weight) of abait%d, followed by proteins (2-2.5 %),
fibres (1-1.8 %) and fatty acids (0.15 %) (FAO, 20Qisinska and Leszczynski, 1989).

Because of this high nutritional value, potatoeswamed for various purposes.

The main use of potatoes is for human food. Just 68 % of the world’s production of
potatoes in 2005 was for human consumption in idiffeforms (fresh and processed). The
rest were used for animal feed, seed tubers ostndupurposes (FAO, 2007). In the UK,
the total human consumption of potatoes in 2006 ammut 73 % of the total supply of
7.57 million tonnes. However, only about 52 % of tiUK potatoes for human
consumption was consumed as fresh produce. Thewastconsumed as processed
products, with about 31 % as frozen or chilled pidd, 13 % as crisps and 4 %
dehydrated and other products (BPC, 2007).

Another major use of potatoes is for animal feadsdme parts of the world, up to half of
the potato harvest is used for animal feed (FAQ)720In addition, potato-processing

wastes (peel and other potato materials) are imadity used for animal feeding.
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Potatoes are also used as a source of starch, wghachimportant material for a variety of
industries. Starch (or its modified materials) sed in the food industry, the textile
industry, the wood and paper industry, and in tleauhacturing of glues. It is also widely
used in the medical and pharmaceutical fields isish and Leszczynski, 1989; FAO,
2007).

Potato is a seasonal crop, and therefore someeohdhvested crop has to be stored or
imported from other countries, to maintain contiasisupply for all the above types of

potato demand.

1.2 Potato storage

Being a seasonal crop, potato production is limitgalimatic conditions. The main factor
affecting the cultivation of potatoes is climatenfeerature. Mean daily temperatures of 18
to 20 °C are required for optimum yields, while night tesmgtures below 15C are
necessary for tuber initiation (FAO, 2007). In tb&, potatoes are planted in the late
winter (early potatoes) or spring (main crop) armivhsted in late summer or autumn.
After harvesting, potato tubers start a period @intancy where no visible growth of any
plant structure occurs. The length of the dormagrenjod is fairly variable. It is affected by
both genetic and environmental factors. Differestiapo cultivars have different dormancy
durations. In addition, environmental conditionsicfs as temperature, photoperiod and
water supply) pre- and post-harvest have an impbrédfect on dormancy duration.
However, most cultivars grown for the potato preaes industry have short dormancy
periods, and therefore it is necessary to usegddechniques to ensure continuous supply
(Sonnewald, 2001; Suttle, 2007).

At the end of the dormancy period, potato tubeaxst $v develop sprouts. Sprouting is one
of the main problems that can affect the qualitgtofed potatoes and cause major loss. To
preserve the quality of stored potatoes, sproutagyto be effectively controlled. Sprouting
control can be achieved by storing tubers at lawpkeratures or with the use of chemical
sprout suppressants. However, low storage temperabuses the degradation of potato
starch into reducing sugars. The accumulation esehsugars is correlated with the dark
fry colour which is not acceptable in the potatogassing industry (Sonnewald, 2001;
Kalt et al.,, 1999). Therefore this storage techeaiga not commonly used for potatoes

prepared for the processing industry.
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The use of chemical sprout inhibitors is the conuiadly preferred option for successful
long-term storage of potato tubers, particularky times used for the processing industry. It
is estimated that 52 % of ware potatoes storethenUK from the 2004 harvest received
chemical pesticide treatments (Anderson et al.6200he primary method for controlling
sprouting of stored potatoes is by the applicat@nthe sprout-inhibiting chemical
chlorpropham (Anderson et al., 2006; Kleinkopflet2003).

Cl

Figure 1.1 Chemical structural formula for chlorpropham

Chlorpropham  (Figure 1.1) [Isopropyl 3-chlorocaritete, Isopropyl N-(3-
chlorophenyl)carbamate, Chlor-IPC or CIPC] is atgwsvest sprout inhibitor used
successfully for controlling sprouting in storedtggoes for more than 40 years. It is
commonly applied to stored potatoes as an aerogp(diluted in an organic solvent) at
rates of 17 to 22 ppm (mg/kg) to bulk potatoes. Tdte may vary based on the potato
cultivar, storage temperature, and the length teided storage. Two applications may be
required when the storage period required is muaa 8 months (Kleinkopf et al., 2003).
However, some other formulations are used suchuas gbwder as in Greece (Lentza-
Rizos and Balokas, 2001). In the UK, 95 % of thaltware potatoes treated in stores (2.1
million tonnes) in 2004 was treated with chlorpraphusing a total of 72.88 tonnes of
chlorpropham (Anderson et al., 2006). This woulceQaivalent to an average treatment of
34.70 g of chlorpropham per tonne of ware potatbke. maximum total dosage in the UK
is 63.75 g of chlorpropham per tonne of potatoea gtorage season. Up to 4 treatments
per season may be applied with a minimum inter¥aSodays between applications and
the latest time of application is 21 days beforaoeal from store for sale or processing
(Product label of “MSS SPROUT NiR a 100 % chlorpropham formulation).

Despite the successful use of chlorpropham fortposéorage, its availability may be
restricted in the future (Lewis et al., 1997). Daehe increasing safety and environmental
concerns regarding this synthetic chemical, mamunties have started to reassess the use
of chlorpropham, and limits of the allowable levelschlorpropham residues (MRL) in

potatoes entering the market place have been seaiy countries. A maximum residue
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limit of 10 mg/kg was approved in the EU countreedd is in place since 2007 (PRC,
2007a). In the USA, the tolerance value is 30 m@kginkopf et al., 2003). The concerns
regarding levels of chlorpropham residues anditgity have contributed to an interest in

finding safer and more natural sprout inhibitors.

A wide range of compounds and materials has beehest as potential sprout inhibitors.
Several natural compounds were found to be effedprout inhibitors, including several
monoterpenes (e.g. carvone), spearmint and peppieaifs, purified extracts from clove
and substituted naphthalenes (Kleinkopf et al. 328aughn and Spencer, 1991; Meigh et
al., 1973; Beveridge et al., 1981a; Beveridge et1881b). Many of these natural sprout

inhibitors are commercially marketed in differenuatries.

Naphthalene and some of its alkyl-substituted camgs have been identified as natural
volatiles produced by potatoes (Meigh et al., 19B8ttery et al., 1970; Nursten and
Sheen, 1974; Coleman et al., 1981; Oruna-Conchal.e®001). Dimethylnaphthalene

(DMN) isomers are a group of naphthalene-substitidempounds in which 2 methyl

groups substituted two hydrogen atoms in the nabérle ring. Ten isomers of

dimethylnaphthalene have been identified (Shinboalet 2000; Shinbo et al., 1998;

Alexander et al., 1983). Some of them, such asl{e and 1,6- isomers, have shown
potato sprout inhibiting effects (Beveridge et 4981a; Meigh et al., 1973; Filmer and
Rhodes, 1985).

1.3 The sprout inhibitor 1,4-dimethylnaphthalene

1,4-dimethylnaphthalene (1,4-DMN) was extractedrfrpotato peel as a natural volatile
and was shown to be an effective sprout inhibith whibition activity comparable with
that provided by chlorpropham (Beveridge et al3119 Meigh et al., 1973). 1,4-DMN is
used as a sprout inhibitor on potatoes in ordenamtain their quality during storage and
transport. It has been recently introduced to theket in the United States and some other
countries such as New Zealand. It is marketed withcommercial names 1,4SIGHT
1,4SHIP and 1,4SEEB. The introduction of 1,4-DMN to the European maskis at an

advanced stage.

1,4-DMN is a pale-yellow liquid chemical at roommgerature with a petroleum distillate
odour. It has low water solubility with a value If.4 mg/l at 25C. It has a melting point

of 7.6 °C and a boiling point of 268C. Its vapour pressure at 26 is 0.0214 mm Hg

(SRC, 2005). The chemical structure of 1,4-DMNegidted in Figure 1.2 below.
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CH,

CH,

Figure 1.2. Chemical structural formula for 1,4-dimethylna  phthalene

Because it is in a liquid phase, 1,4-DMN can beliagpo potatoes without dilution with
an organic solvent, which removes concern regarttingsafety of using such solvents. In
addition, the high volatility of 1,4-DMN helps taqvide a more even distribution of this
sprout inhibitor through the potato store. Thisdtdohelp in ensuring effective control
with lower levels and less variability of the rasés$, and therefore less risk to consumers.
Another advantage of 1,4-DMN as a sprout inhibitothat 1,4-DMN is a natural potato
volatile and therefore has been considered in tBA t be a biopesticide (USEPA, 1997)
and has been exempted from the requirement ofatoter when applied post-harvest to
potatoes (USEPA, 1995). Furthermore, the effectl, diDMN as a sprout inhibitor is
reversible which makes it suitable for seed powitewis et al., 1997; Beveridge et al.,
1981b).

Although 1,4-DMN is used successfully for sproutibition, its mode of action is not well
known, but it is thought to inhibit sprouting thgiu hormonal action (Kleinkopf et al.,
2003; Knowles et al., 2005).

1,4-DMN can be applied as a thermal fog or as & with a recommended label rate of 20
ppm (ml of 1,4-DMN per tonne of potatoes). Reamilan may be required in the case of
extended storage periods; however, a maximum dotsg of 80 ppm must not be exceeded
in a storage season (1,4SIGHproduct label). After application, some 1,4-DMMickies
can remain in the stored potatoes despite theilotdtaracteristics of the compound. With
the proper use of 1,4-DMN for controlling sproutiilg stored potatoes, residues in the
range of 0.5 to 1.5 mg/kg (potato fresh weight $lasan typically remain in commercially
treated potato tubers (John Forsythe, personal eommation).

The use of 1,4-DMN as a commercial sprout inhibitequires some investigation
regarding the safety of the compound and its enwental fate. The level of 1,4-DMN in
stored potatoes needs to be monitored to asswetied sprout suppression and to avoid

applying unnecessary quantities of the compounadufition, 1,4-DMN residues need to
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be monitored prior to introducing the potatoes le butlets to ensure the consumer’s
safety and avoid the risk of intake of hazardoumsgh levels of 1,4-DMN. In addition to
the possible risk to humans, the use of the chénoicaa commercial scale should be
accompanied by the assessment of the possible tisktke environment. The wastes
produced after processing potato tubers treateud Iyt-DMN (particularly at a large scale
In potato processing plants) such as peel wastdsnsnts and waste wash water can pose
an environmental risk. All the above monitoring edijves require reliable and rapid
analytical methods for the analysis of 1,4-DMN iotgioes and the other different

environmental samples.

1.4 Analytical methods for the analysis of pesticid esin
environmental samples

The analysis of pesticides in environmental samptesi best be achieved by
chromatographic-based methods. The analysis oframwiental samples is often a
complicated procedure and normally has many omeratiThis usually includes selection
of sampling strategy, the storage of the samplepta pre-treatment, sample extraction
and, if required, extract clean up and/or pre-cotre¢ion, and at the end, the
determination of the pesticides in the extractdrigéf summary of the different processes
in pesticide analysis in environmental samplesejgorted in the next sections. For the
purpose of this discussion, the different procesgese categorised into three sections:
sampling and sample storage; extraction and clpaand the chromatographic techniques

used for pesticide determination.

1.4.1 Sampling and sample storage

For any analysis, it is important to set the obyest clearly and draw up a plan for

achieving them. Sampling is an important step #hatuld be carefully planned to ensure
the achievement of the analysis’ objectives. Samyptiontributes largely to the validity of

the analysis. The main objective of sampling stiais to get a representative portion of
the total population which is analysed, and thdyd@devel in this portion is assumed to be
the same in the whole population. Sampling is mregubecause it is not possible in most
cases to analyse the whole population, and therefetl-planned sampling should provide

an accurate and precise estimate of the total ptpaol

In most cases, the analyte level differs from tmitinit in a population and, therefore, the
level of representation required to achieve thdyars objective has to be well defined.

The analysis’ objective therefore controls the damgpstrategy required. For example, in
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the analysis of pesticides in produce, sampledearollected from different locations in a
field, different plants and different positionsarplant. In addition, samples can be mixed

to give representation of all levels, or samplesaith level can be analysed separately.

Sampling time (i.e. when to take a sample) is aimportant factor in planning a
sampling strategy. For example, in sampling posatfme the analysis of post-harvest
pesticide residues, samples can be collected farelift times after the application of the
pesticide to study the various aspects of residuels.

Another important aspect that should be consideseeh planning for sampling is how to
take a representative sample out of a populati@ually, a number of individual units is
taken from the population with random or systemapproaches and mixed well to
provide the representative sample. The required beunfor good representation is
dependant upon different factors such as the #et, sndividual unit size and the nature of
the unit (e.g. produce, meat, liquid material,)et€Composite sampling method is used for
evaluating the pesticide residue levels in foodstahd assures its consistency with the set
regulatory limits. However, the analysis of indiwa units is sometimes required to
evaluate the risk of acute dietary intake. In ttése, representative samples should be

prepared from the different parts in the unit asaty

After deciding the optimum method for sampling, pées have to be taken in a proper
container and might be stored before the analyf$is. correct sampling container should
be carefully selected. For example, in samples evtie analyte is a volatile compound, a
sealed container should be used to minimise thatilieation of the analyte during the
transportation of the sample, or during sampleagf@r In addition, it is important to select
the right material for the sampling containersiidary to minimise the contamination of the
sample by compounds from the container materiath(sas some plastics) and also to
minimise the adsorption of the analytes in the amatr walls, particularly at low levels of
the pesticide. In the EU guidelines for pesticidsidue analysis, it was stated that sample
transportation must be in clean containers or ropaskaging. Polyethylene bags were
considered acceptable but low-permeability bagsh(ss nylon film) need to be used for

residues of fumigants (European-Commission, 2006).

When samples arrive at the laboratory, they shtweldanalysed as soon as possible to
minimise any changes in the sample componentseoanthalyte level. However, this is not
practical in many cases. Therefore, samples needetostored correctly. Storing

environmental samples is commonly conducted bygefating them at 4C or freezing
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them. Using this technique, the breakdown of thalydes due to microbial activities is
normally minimised. However, some other processay still pose a risk of losing the
analyte, such as the adsorption process, partiguédrlow levels of the analyte. In
addition, some samples are photodegradable, sa¢lgeyre to be stored in dark containers
or places. Therefore, it is important to conduet &8malysis as soon as applicable to avoid

the adverse effects of these processes on thesampl

1.4.2 Extraction and clean up methods

Sample extraction aims mainly to remove the comgoah interest (analyte) from a

complex matrix to a simpler matrix with an optimwreld and selectivity. In many

determination techniques, such as most chromatbgragchniques, samples must be in a
liquid state in order to be analysed. Liquid masienay be directly determined, or after
some treatment such as filtration, solvent exchaolgan up or concentration. However,
for solid samples, solvents are normally used tivaek the analytes and bring them to
liquid solutions. The solutions containing analyéee then separated from solid residues
by decanting, filtration or centrifugation. Therefle solutions may need some form of

clean up or concentration prior to the chromatolgi@pgetermination.

Pesticide analysis in plant materials normallydai the above general scheme for the
solid sample analysis. Many different methods aported in literature for the analysis of
pesticide residues in plant materials. They usualtjude an extraction step for removing
the pesticides from the sample matrix, a cleantep ® remove interfering co-extractives,

and possibly a step for concentrating the extaget it ready for instrumental analysis.

In the area of method development for pesticiddyamain plant materials, much effort
has been put into the separation of pesticide wesidrom the plant tissues (Tekel and
Hatrik, 1996). Different extraction techniques airged for extracting pesticide residues
from plant materials. Some of these methods haen lused for more than a hundred
years while others are recently applied to pestieidalysis. Most of these techniques are
based on the release of the pesticide due to atienawith a selected solvent (or mixture
of solvents). Solvent extraction techniques areciaily affected by sample matrix
characteristics, chemical characteristics of thalyge and solvent, temperature, pressure
and extraction time (Colmsjo,1998). A brief destap of the most common extraction

technigues used in pesticide analysis is summahbskxv.

The simplest and least instrumentally demandingfof extraction methods is the called

pure solvent extraction method. In this method,lydea are extracted by adding the
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solvent to the sample in one particular vessel. &kteaction can be achieved by simply
soaking the sample for several hours or sometimags. &haking (manually or automated)
and/or heating are commonly used to speed upythes @f extraction. In this method, the
sample should be finely divided to help the leaghprocess. In addition, the analytes need
to be highly soluble in the solvent used, in ortiermaintain the highest equilibrium
concentration of the analytes and minimise the idem of the analytes by the solid
surfaces. An example of this method was reportedisyhway and co-workers for the
analysis of a fungicide residues in fruit and vebtts (Bushway et al.,, 1998). In this
method, a food sample of 5 or 10 g was extractéml an30-ml polypropylene bottle by
hand shaking with 20 ml of methanol for 10 min. Alquot was then centrifuged and
analysed by HPLC. A similar technique has been atsml by Navickiene and colleagues
(Navickiene et al., 1999).

Sonication or ultrasonic extraction is another sanmethod of extraction. It applies

acoustic vibrations, with frequencies above thegeadetected by the human ear, to the
sample immersed in the extraction solvent. Thie sefe and more rapid method compared
to some other methods. Ultrasonic extraction igptEd by many regulatory agencies (e.g.
USEPA method 3550B) for extracting non-volatile a®ini-volatile organic compounds

from solids. An example of this method for pestcahalysis was reported by Escuderos-
Morenas and co-workers for the extraction of thneebicide residues in potato samples
(Escuderos-Morenas et al., 2003). They extractBdyaf potato samples in a 40-ml tube
by shaking in an ultrasonic bath with 8 ml of meitblafor 30 s. Some clean up processes

followed the extraction prior to the analysis by .GC

Homogenisation is another form of solvent extractib is based on extracting pesticides
from the plant materials by blending the plant slempith the extraction solvent in a

blender. By this method, the plant sample is caedemto a finely homogenised state,
which speeds up and enhances the efficiency oéetxtig the pesticides by increasing the
surface area of the sample that will be in contadth the extraction solvent.

Homogenisation is one of the most frequently regmbrnethods of extraction of pesticide
residues from plant material. Many publications énagported the use of this extraction
method (Fernandez-Cruz et al., 2004; Boulaid e2805; Moreno et al., 2006; Lagana et
al., 1997). This method has frequently been usedhi® extraction of pesticides used for
controlling potato sprouts. An example is a methebrted by Dias and Duncan (1999a)
for the extraction of maleic hydrazide residuegpdato products. In this method, maleic
hydrazide was extracted from potato chips by homisgeg 40 g of potato sample with 80
ml of hexane for 90 s. Another example was repdntetdentza-Rizos and Balokas (2001)
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for the extraction of chlorpropham (CIPC) residiresn potato tubers. Chopped potatoes
(25 g) were homogenised with 25 ml of propan-24atl &0 ml of toluene for 3 min

followed by filtration and clean up prior to theadysis with GC.

As a development of the pure solvent extractiofiuxang of the solvent at its boiling
temperature was introduced by Franz von Soxhletnioance the extraction efficiency.
Samples are extracted dynamically by fresh hotestlin an all-glass device. This method
has been used for many years and has proved tadpréngh yield of analytes. The
Soxhlet method is accepted by many regulatory agerfe.g. USEPA method 3540C) and
is used as a standard method to which other swtidation methods are compared
(Snyder et al., 1997). Many examples of methodsyapp Soxhlet extraction for pesticide
analysis in plant materials can be found in pulelishterature, for example (El-Nagar et
al., 2005; Chu et al., 2006; Quan et al., 2004).

Soxhlet extraction has also been used for extmaotibthe residues of sprout control
chemicals from potato tubers. Baloch (1999) rembiemethod for the extraction of
chlorpropham (CIPC) residues from potato tubersSbyhlet extraction. This method is
based on extracting a 30-g representative subsashpleopped potato tubers with 150 ml
of hexane in the Soxhlet device. Anhydrous sodiufptsate (10 g) is added to adsorb the
water derived from the potato tissues. Samplesedhaexed for 2 h and cooled down prior
to concentration by rotary evaporation. The deteation of CIPC is carried out by GC-
FID. This method, with slight modification, is $tilsed for the analysis of CIPC residues
in our laboratory in Glasgow. It has also been uBmdthe analysis of other sprout

inhibitors including 1,4-dimethylnaphthalene.

More modern techniques have also been used faciesanalysis in plant materials such

as microwave-assisted extraction (Barriada-Peretraal., 2005; Singh et al., 2004;

Barriada-Pereira et al., 2007), supercriticaldlaxtraction (Nunes et al., 2002; Rissato et
al., 2005; Stuart et al., 1999; Ono et al., 200%) pressurized liquid extraction (sometimes
called accelerated solvent extraction) (Blascol.et2805; Adou et al., 2001; Cho et al.,

2007). The use of these methods aims to avoid suintiee disadvantages of traditional

methods such as the large use of solvents andiigeextraction time. However, modern

methods need more sophisticated instruments anceguoes which raise the cost of

extraction compared to traditional methods.

Microwave-assisted extraction (MAE) uses the eteotignetic radiation with a frequency

at 2.45 GHz to heat solvents in contact with a darmporder to desorb the analytes from
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their sample matrices (Dean, 1998). The extradsararried out in open-vessel or closed-
vessel systems. In the open-vessel system, indivisemples are extracted sequentially.
The extraction vessel in this type is in principimilar to the Soxhlet device. The sample
is placed in a glass vessel connected to a condémgmevent solvent and analyte loss
through evaporation. In close-vessel systems, up2t@ample vessels can be extracted
simultaneously at elevated temperatures. In a &y@gtraction, sample sizes in the range
0.5 to 10 g are normally extracted with 10 to 30ahkhe solvent in 15 to 30 minutes
(Sparr Eskilsson and Bjorklund, 2000; Buldini et @002). The main advantage of this
technique is the rapid heating of the sample-sala@rture which increases the extraction
throughput with, in most cases, improved recoveaied reproducibility compared to the
conventional extraction methods (Sparr EskilssahBjorklund, 2000).

Supercritical fluid extraction (SFE) is another rmodmethod which is reported frequently
for the extraction of pesticides from different n@s. In this technique, samples are
extracted with a fluid above and relatively closeits critical temperature and pressure.
The critical temperature is defined as “the temppeeaabove which a gas cannot be
liquefied by an increase of pressure” (Isaacs.efl@b9). Consequently, critical pressure is
the pressure of a fluid when it is at its crititminperature and critical volume (Isaacs et al.,
1999). Supercritical fluids combine some propertésoth gas and liquid. They have
good diffusivity through solids, good solvating pemand minimal surface tension (Dean,
1998). These properties make them ideal for sohexitaction. Supercritical carbon
dioxide (CQ) is the most widely used solvent in this technidpgeause it is non-toxic,
non-flammable and has low critical values and |dwemical reactivity. However, an
organic solvent, such as methanol, acetone or @ité® is sometimes added to
supercritical CQto improve the recoveries of some polar analytst¢hashi et al., 2000;
Buldini et al., 2002). In this technique, samplasdqut 1-3 g) are placed in a small cell and
extracted in static, dynamic or recirculation modie.the static mode, extraction is
achieved by filling the cell with the supercritidalid, applying pressure and allowing the
mixture to equilibrate. In the dynamic mode, a cwrius flow of fresh supercritical fluid
is passed through the sample cell. In the ciraujathode, the same supercritical fluid is
passed through the sample for a number of cyclesd@umping to the collection vial
(Buldini et al., 2002). Supercritical fluid extraa has the advantage of generating cleaner
extracts with fewer co-extractives compared to emtional organic solvent extraction, in
addition to concentrating the analyte in the fieatract (Lehotay, 1997; Buldini et al.,
2002).
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Pressurized liquid extraction (sometimes calledguwazed fluid extraction or accelerated
solvent extraction) uses organic solvents at hreghpierature (between 80-280) and high
pressure (between 10 to 20 MPa) to extract theysafrom sample matrices. The high
temperature disrupts the interaction between thalysn and sample matrix. It also
decreases the viscosity and surface tension obtbanic solvents, and increases their
solvation and diffusion. At these conditions, thetr&ction rate increases. The high
pressure keeps the solvent in a fluid state (Buktial., 2002; Dean, 1998). The extraction
is conducted in a special cell (normally constrdcta stainless steel) designed to
withstand the high pressure and temperature. Theplsais placed in the cell and the
organic solvent is then pumped through. The cdlhén heated under pressure in an oven
and maintained static when reaching the requiratlibons, to allow for the analyte
diffusion from the matrix to the solution. The edt is then flushed with another solvent
portion and finally the solvent is flushed into i@alMnormally 40 or 60 ml) with nitrogen
gas (Ezzell, 1999). The extraction time requiregriessurized liquid extraction is normally
between 15 and 20 minutes (Buldini et al., 2002).

In many cases, extraction methods of pesticides fptant materials are followed by a
separate clean up step. The clean up step is commamied out to remove co-extractive
compounds that may interfere with the analytes ndurthe determination by the
instrumental equipment. The most frequently rembitiechniques for the clean up of
extracts of plant materials in pesticide analyses Aquid-liquid partitioning or extraction

(LLE) (Lentza-Rizos and Balokas, 2001; Ishii et @006; Lekkas and Nikolaou, 2006),
column chromatography (Hirahara et al., 1997; Wilsb al., 1981) and, more recently,
solid-phase extraction (SPE) (Barriada-Pereird. e2@05; Lee et al., 2001).

In clean up by liquid-liquid partitioning, the salaps partitioned between two immiscible
phases of solvents in which the analyte and maisive different solubilities. One of the
two phases is usually aqueous and the other isgamic solvent. Hydrophobic compounds
will be concentrated in the organic layer while throphilic ones prefer the aqueous
layer. By selecting the right solvents for the gteimatrix system, good isolation of the
analyte from the co-extractives can be achievedtidesalts are normally added to aid the
separation of the two phases and reduce the siyubilthe hydrophobic analytes in the
aqueous phase. In addition, shaking is also usdteho in speeding up the partitioning
process. At the end of the partitioning procesg Idyer containing the analytes is
separated from the other layer for the determinatior it may be concentrated or
evaporated to dryness and the solvent changednara suitable one for the determination
technique. Although in many cases the extractsimddarom the liquid-liquid partitioning
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can be analysed directly by the chromatographicrigcie, further clean up steps might be
required in some cases. For this purpose, adsargtitumn chromatography and solid

phase extraction are possible choices.

Adsorption column chromatography is one of the ols@mple clean up techniques. A
tabular column is packed with a gel material inlti®ratory or bought pre-packed from a
supplier. The most common materials used in thi tgre inorganic packings such as
silica, alumina and Florisil (Snyder et al., 199The sample is placed on the top of the
column and pushed down with an organic solventgusixternal pressure, or by gravity.
The fraction including the analytes is then colectat the end of the column for the

determination.

Solid phase extraction (SPE) is a newer versiocotdmn chromatography for sample
clean up. However, it is prepared in small careglgdisks or as coated fibres. The
cartridges are the most common form of SPE de\i8agder et al., 1997). The inorganic
packing materials used in adsorption column chrography are also available in SPE.
However, silica particles coated with bonded orgamiterials are used more often. In
SPE, the liquid extract is passed through the idgerthat retains the analyte and some
other co-extractives that interact with the packnagterial. Many of these co-extractives
can be either washed off the cartridge beforergjutne analyte or left behind after eluting

the analyte depending on the combination of thiel gdlases and eluting solvents used.

Although the clean up steps are separated fronexkmction step in many cases, some
recent methods have combined these steps. An dasmipthis situation was reported by
Steinwandter (1990) for the analysis of phosphonmesticides in produce samples. The
method developed by Steinwandter (1990) omits ittratfon and separate partitioning in

separation funnel, and minimises the use of sadvaffith a minimum use of solvents and
glassware, the method aims to overcome the distatyes of the common extraction and
clean up methods that require large amounts okstdvand laborious work. The extraction
and clean up steps are combined into one stepadiixtn is based on homogenising
produce samples with a mixture of organic solvemd clean up is driven by the salting-
out effect of added salt. Five grams of samplesateacted by homogenising with 20 ml of
a mixture of acetone/dichloromethane (1:1) andd? godium chloride (NacCl) in a small

glass vessel using a probe homogenizer for 15-3hes.homogenate is then left to stand
for 5 min, after which the organic extract is palfato a 50-ml beaker and dried with

anhydrous sodium sulphate @$&y) for 5-10 min with stirring. An aliquot of 10 mf ¢he



Mohammed D. Y. Oteef, 2008 Chapter 1, 34

extract is reduced to 1 ml by rotary evaporatiod diluted with hexane and evaporated
again twice. The final extract is made up to 1 méivolumetric flask for GC analysis.

The main advantage of this method is the combinatd the extraction and the
partitioning clean up in one vessel, in additionth® minimum use of solvents and
glassware. This combination saves a great dedieofiine and effort needed for sample
preparation.

Another recent method which combines the extractind clean up in one vessel was
introduced by Anastassiades and co-workers (2@B3€ analysis of pesticide residues in
food samples. The method is called “QUEChERS” whitdnds for quick, easy, cheap,
effective, rugged and safe. This method is basedexiracting pesticide residues in
acetonitrile (10 ml) by vortex shaking of 10-g saenfresh fruits or vegetables) for 1 min
in a 40-ml Teflon centrifuge tube. The extractisnfollowed by liquid-liquid partitioning
formed by the addition of 4 g of anhydrous magnessulphate (MgS¢) and 1 g of
sodium chloride salt and mixing for 1 min. Thesdtssare added to induce phase
separation of the organic and aqueous layers. ynal of 1 ml of the acetonitrile extract
is then transferred to a 1.5-ml centrifuge tubetaimmg 150 mg anhydrous Mg3@nd 25
mg of primary-secondary amine sorbent and vorteakeh for 30 s to remove residual
water and clean up of the co-extractives. Aliqudtehe clean extracts are then analysed by
GC-MS. This method has been found to produce geodvery and precision with quick,
easy, cheap, effective, rugged and safe analysaddition, the use of vortex shaking for
the extraction of incurred pesticides was compaoethe standard blending method and
found to produce similar results (Anastassiadeal.et2003). The 1:1 sample to solvent
ratio provides concentrate extracts and elimintdtesneed for solvent evaporation, which

is @ common practice in many pesticide analyticethods.

The QUEChERS method has been evaluated, modifieédised for different matrices by
many researchers since it was published in 2003 {€wet al., 2007; Wang et al., 2007;
Diez et al., 2006; Hercegova et al., 2006; Pah. £2@06; Plossl et al., 2006).

1.4.3 Chromatographic techniques for pesticide determination

The use of chromatographic techniques has revaoiggd the field of pesticide analysis.
This revolution started in the late 1960s with ititeoduction of gas chromatography (GC).
Liquid chromatography (LC) has also contributedhis revolution with the rapid growth

of its use for pesticide analysis since its intrichn in late 1970s (Tribaldo, 2006). In

addition to GC and LC, some other chromatograptubniques are also used in the field
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of pesticide analysis such as thin layer chromafolgy and supercritical fluid
chromatography (Toribio et al., 2004; Dost et 2000).

In gas chromatography, the vaporised sample isecaimto a chromatographic column by
an inert gas (the mobile phase). The sample conmperibat are carried in the mobile
phase are separated through their partitioning éatwhe gaseous mobile phase and the
stationary phase in the column at elevated tempest Because of the gaseous nature of
the mobile phase in this technique, the analytesraquired to have a high enough
volatility. These are normally compounds with lowlecular weight and low polarity. In
addition, they need to be thermally stable in otddre volatilised at the high temperatures

used in this technique without adverse changdseio hature.

In liquid chromatography, the mobile phase is aitigsolvent which carries the sample
components to a column packed with the station&igse. The sample components are
separated by partitioning (among some other meshanisuch as adsorption, size
exclusion, etc.) between the liquid mobile phasd #me stationary phase. In liquid
chromatography, a wider range of compounds candparated because samples are
carried in a liquid mobile phase at low temperaurne addition, the wide variety of
separation modes (Reversed Phase, Normal PhasePdoimng, etc.) contributes to
widening the applications of this technique. Theref many of the compounds that are not
suitable for GC separation, such as the ones withviolatility or thermal instability, are
normally separated using the LC technique. Nowaddlys LC technique is being
extensively used in the analysis of many pesticittemn different classes including
carbamates, phenylurea herbicides, triazines, opf@sphorus, quaternary ammonium
salts and benzoimidazolic fungicides (Torres etl#196; Pico et al., 2000).

The diversity of the LC and GC detectors contelouiargely to the spread of the

applications of these two techniques. In LC, thesthsommonly used detectors are the UV
detectors, diode array detectors (DAD), fluoreseeand mass spectroscopic detectors;
whereas in GC, the flame ionization detector (Flig nitrogen phosphorus detector
(NPD), the electron capture detector (ECD) andntiass spectroscopic detectors are the

most commonly used ones.

Supercritical fluid chromatography combines soméhefbest features of GC and LC. The
mobile phase in this technique is a supercritidaldf normally supercritical carbon
dioxide. The columns containing the stationary phean be similar to the capillary GC

columns or to the ones used in partitioning HPLQ®e Tdetection of the separated
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compounds in this technique can be achieved by M5, UV, Fluorescence, DAD and
other detectors (Skoog et al., 1998).

In addition to the chromatographic techniques, lEapgi electrophoresis is used for
pesticide determination. Capillary electrophoresia relatively new separation technique
used for charged species. In this technique, amabyts are separated according to the
difference in rates at which they migrate, acrossirdace or through a column, under the
influence of an electric field. Capillary electraphsis has the advantage of high
separation efficiency and resolution power, lowlgsia time, and low consumption of
sample and reagents. However, it has some limitation the reproducibility and

sensitivity, but these can be solved by severalaguhes (Ravelo-Perez et al., 2006).

1.5 Distribution and removal of pesticide residues in
produce

Pesticides are extensively used in modern agri@ifar various applications. Agriculture

and food storage and shipping use about 90 % @feslicides worldwide (Cunningham et
al., 2003). Despite the precautions taken to misenthe level of pesticides in produce,
about 50.5 % of fruit and vegetable samples (1 &pées) collected from retail sources
in the UK in 2006 was found to contain pesticidsidaes, including about 3.3 % with

residues higher than the allowable limits (PRC,72)0The presence of a pesticide with a
certain risk level is not the only factor in evdlng the actual risk for consumers. It is also
important to know the quantity, location of the fi@de in the produce, accessibility and

who is exposed to that pesticide.

Many countries and organisations have set up celitaits (such as Maximum Residue
Limit values) to control the risk levels of pesties. In the evaluation of pesticide residue
levels in produce samples, composite samples csagpof 5 to 10 individual units are
routinely used (Rawn et al., 2006). However, trede level in a single unit of a fruit or
vegetable can be higher than the average residtigeitot estimated by the analysis of
composite samples (Hamilton et al., 2004; Hill &elynolds, 2002; Rawn et al., 2007;
Lentza-Rizos and Balokas, 2001). The pesticidedvesilevel can be acceptable in a
composite sample because of averaging the leveiseinndividual units comprising the
composite sample. However, because of the vatialbdund between individual units, all
of the residues may concentrate in a few unitseshgps, theoretically, in only a single
unit of the composite sample (Hamilton et al., 200Bhe level of pesticide residues

present in single or few units can exceed the dabéplevel of residues and may cause a
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risk for the consumer. As an example, during thtipele residue monitoring programme
conducted by the UK Pesticide Residues Committgmtato sample was found to have a
residue level of the sprout inhibitor chlorprophaim47 mg/kg, which is more than four

times the Maximum Residue Limit (MRL) recently $et this compound (PRC, 2007a).

Therefore, the concept of the variability factorswiatroduced as an indicator for the
variability of pesticide residues.

The variability factor was first defined as “thaghest residue level found in any one crop
item divided by the level found in a composite skmipom the same batch” (Harris,
2000). This definition was then refined for a csgmple taken from a controlled trial as
“an upper percentile (97"5percentile) of the residue levels found in indiadl units (or
single serving portion for large or small unit cspplivided by sample mean” (Harris et al.,
2000). Variability factor describes the relatiomsbetween the unit with high level and the
average residue of the lot, which is best estimbietthe measured residue concentration in

a composite sample (Hamilton et al., 2004).

A typical value of the variability factor is arourlto 3 (Hamilton et al., 2004; Lentza-
Rizos and Balokas, 2001; Caldas et al., 2006). faudevalue of 3 was concluded as a
good estimate for the variability factor in the 80@int meeting of the FAO and WHO

experts on pesticide residues (FAO and WHO, 20@¥wever, wider range from 1.4 to

up to 19 has also been reported (Hill and Reyn@@82; Rawn et al., 2006).

The causes of variability in pesticide residuesvieen individual crop units were discussed
only in the last few years. Harris (2000) reviewsaVeral possible causes of pesticide
variability in carrots, including carrot size orriey, position of the top of the carrot in
relation to the soil, and the mode of action of presticide, but no correlation was found
between these factors and the variability in theelleof pesticides. Hill and Reynolds
(2002) investigated the residue levels of 36 pegcin 11 different fruit and vegetables
and calculated the variability factors for the prdeés in the different commodities. They
found no correlation between the variability facamd the commodity, country of origin,

residue concentration or the physicochemical chariatics of the pesticide.

Variability in pesticide residues among individeabp units was primarily attributed to the
pesticide application method and conditions (Haetial., 2000; Hamilton et al., 2004; Hill
and Reynolds, 2002; Lentza-Rizos and TsioumpleliZf@l). Application method and
conditions affect the quantity of pesticide inityaleceived by the crop unit at or about the

time of treatment. Therefore, improving the apglaa method and conditions to provide
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more even distribution of pesticides among thewiddial crop units should reduce the
variability levels. However, a major improvement tims direction is not likely to be
achievable in near future (Hill and Reynolds, 200®)erefore, the risk of consuming a

crop unit with high pesticide residue will continizeexist and needs to be minimised.

Washing fruit and vegetables with water and/or othiashing solutions was reported to

reduce the levels of residues of many differentipiées in produce as summarised below.

Jamieson (1988) studied the residue levels of tst-Iparvest fungicide thiabendazole in
potatoes. Potato tubers (Record variety) wereyspravith thiabendazole and mixed well
before storing in 10-kg boxes for four months &C8 Washing tubers was conducted by
hand with cold water prior to preparing samplestha analysis. A significant amount of
84 % of thiabendazole residues was found to be vethdue to washing, compared to the
unwashed tubers. This was thought to be an indicatf the little movement of
thiabendazole into the tuber. The same experimastrepeated after 6 months of storage.
There was no significant difference between theaghed tubers (control) after 6 months
and the ones after 4 months. However, washing eztloaly 76 % of the residues after 6
months of storage. This may indicate that storagpe thas an effect on reducing the

available pesticide for washing removal.

Tsumurahasegawa and co-workers (1992) studied éselue levels of dichlorvos,
chlorpropham and pyrethrins in post-harvest-trepi@@toes during storage or processing
into starch. The effect of washing treated tubarstite residues of the pesticides was
investigated, as washing tubers is a step in tbegss of producing starch. Potato tubers
were sprayed with emulsified solutions of the médéis and stored at € for six weeks
prior to processing. Washing was conducted by ptatieated tubers in a beaker with 5
times their weight of distilled water and shaken fomin in a shaker at a speed of 120
shake/min. Water was replaced and samples wereeshadain for 2 minutes. This last
step was again repeated for a third time. Using tigiorous washing with water, 96 % of
dichlorvos, 88 % of chlorpropham and 20-71% of fheethrins were removed from

treated potatoes.

Cabras and co-workers (1998) investigated the uesievels of several pesticides during
prune processing. Prunes were grown and spraydd digizinon, bitertanol, iprodione,
phosalone, and procymidone in an experimental fielal. Samples were taken for
processing and analysis after harvesting followdfaiglays of pre-harvest time after the last

application. One subsample was washed with wateb fimin and another subsample for
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20 min to evaluate the effect of solubilisation timee removal of pesticide residues.
Washing prune samples for 5 min caused a reduatidthe residues by a factor of 2 for
iprodione and a factor of 3 for phosalone, whil¢ affecting the residue levels of the rest
of the pesticides detected. The prolonged waston@® min did not result in any further
reduction in the residue levels of the pesticideslisd. The reduction of the residues of
iprodione and phosalone in the first 5 min of waghivas thought to be attributed to the
removal of the dust adsorbing the pesticides dutimegwashing process. To explain the
ineffectiveness of the prolonged washing after firee 5 min wash, the pesticides were
assumed to penetrate the epicuticular layer anctukiele of prunes after the treatment,
which prevented the contact between the wash veaugithe pesticide, therefore avoiding

the solubilization.

Baloch (1999) studied the distribution and envirental fate of chlorpropham in potatoes
stored in commercial stores. Potato samples wdlected from box and bulk commercial
stores. Samples from the box store were colleatath Wifferent sites and heights of the
store to check the variability of chlorpropham des levels. The effect of washing on the
residue levels was studied by rinsing treated whbender running cold tap water
sometimes with slight brushing to remove attacheill residues. The effectiveness of
washing on removing chlorpropham residues was faandgry according to the store type
(bulk or box), storage conditions (cold 3@ or conventional 8-18C) and position of the
tubers in the store. In general, washing accorttinthe above method was considered to
be ineffective in removing considerable amounts cbforpropham residues because
chlorpropham residues were thought to be tighthachited to tuber surfaces, with an
exception where surface deposition occurred. Tlghdst reduction of chlorpropham
residues was found to be in the cold box store wéitentages in the range 48-90 % for
the top box and 29-31 % for the bottom box in ttees The lowest reduction due to
washing was reported to be in the tubers storeg14 °C in the conventional box store
with percentages between 0-18 % and 0-14 % forajp@nd bottom boxes respectively.

Krol et al. (2000) examined the effect of the siempbusehold technique of rinsing with
tap water in reducing pesticide residues in prodiR®duce samples (14 fruits and
vegetables) were grown in a field for the experimand treated with a mixture of
pesticides, or collected at local farms and groctoyes. The samples were rinsed in a
plastic colander under running cold tap water f65+3D seconds with gentle rotation by
hand, to mimic actual household food preparatiorsi®ie levels were found to be
reduced for nine of the twelve pesticides studiea aesult of the short rinse with cold tap
water. The reduction of pesticide residues wascooklated to the water solubility of the
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pesticides. It was thought that the majority of fhesticides resided on the surface of

produce and the removal was achieved by the mecdlaagtion of the rinsing.

Lentza-Rizos and Balokas (2001) studied the eféavater washing on the residues of
chlorpropham in potato tubers. Potato tubers (Lazetariety) were treated with

chlorpropham formulated as dust powder. Tubers warhesampled for washing and
analysis after 10 and 28 days after applicatiorbefsi were hand washed individually
under running cold tap water for 20 s then analyBwdresidues. Using the above
application and washing technique, chlorprophanduoes in potato tubers were reduced
by 33 % and 24 % for the 10 days and 28 days gasteation sampling respectively. This
seems to suggest a decline in the washable radasethe storage period after the

application increased.

Soliman (2001) studied the effect of washing anché@greparation on the residue levels of
several organochlorine and organophosphorous st potatoes. Potato samples were
collected from local retail outlets and the residerels of the detected pesticides were
evaluated. The samples were washed with tap wataegweous solutions of acetic acid or
sodium chloride at concentrations of 2,4,6,8 andd.0The washing procedure was not
clearly described. Tap water was reported to rentmteveen 12-23 % of the residues of
the different pesticides. Reduction percentagethénresidues of the different pesticides
were reported to be 18-98 % and 17-90 % for aaatid and sodium chloride washes
respectively. The reduction percentage was founéhdoease with the increase in the

concentration of both acetic acid and sodium cti®m the washing solutions.

Pugliese and co-workers (2004) evaluated the eftéctvashing nectarines with 10
different aqueous solutions on the reduction oftipele residues in the fruit samples
compared to simple tap water washing. Nectarinepgzsnwere brought from an organic
farming source and dipped in a mixed solution cftipedes for one minute. The samples
were left for 24 hours at room temperature in adgumood prior to the washing process.
For each aqueous washing solution, treated samy#es washed by immersing in the
washing solution for 3 min after which they wereas@d with cold (16-20C) tap water
for 15 s with gentle rotation by hand. The aquesalstions studied were citric acid (5 %
w/v), ethanol (70 % v/v), glycerol (15 % v/v), hydren peroxide (3 % v/v), potassium
permanganate (25 mg/l), sodium metabisulfite (5%)wgodium laurylsulfate (5 % w/v),
sodium hypochlorite (70 mg/l), and urea (15 % whvaddition to a mixture of ethanol,
glycerol and sodium laurylsulfate. Using the ab&reatment and washing procedure, the

authors reported a reduction of 30-60 % of pesticiesides in nectarines when washed
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with ethanol (most effective), glycerol and soditauarylsulfate. The rest of the solutions
used gave washing effect comparable to washing tafthwvater which removed between
7-34 % of the residues. The effectiveness of a imgs$olution in removing the residues of
a pesticide was thought to be related to the pdst®olubility in the washing solution. In

addition, the reduction of pesticide residues dueashing was also found to be related to
the water solubility of the pesticide and its ocdtwater partitioning coefficient (as all the

washing solutions used were aqueous solutions)ie®egnd co-workers pointed out what
seems to be a discrepancy in the literature regariie effectiveness of water rinsing in
the removal of pesticide residues. They related thiegularity in results to the many

different factors affecting this process, such dfemnces in pesticide application (post-
harvest, in-vitro or in-field conditions) and wastjimode (immersing, spraying, water

temperature, etc.).

Boulaid and co-workers (2005) investigated the atfief household processing on the
residues of the pesticides pyrifenox, pyridaberd &malomethrin in treated tomatoes.
Tomatoes were grown in an experimental greenhooddraated twice with the pesticides
during a period of 5 weeks. Several samples wdteated after each treatment at different
times up to 21 days and subsampled for the diffggeatessing steps. A tomato subsample
was intensively washed with tap water (no more ideteeported for the washing
procedure) and further dried with absorbent papaviluate the effect of washing on the
pesticide residue levels. The intensive washingl wss found to have a negligible effect
on the residues of the three pesticides studied.mé&an washing factors (calculated as the
ratio between the pesticide level in the washedo$a@nd the mean value of the pesticide
levels in the unprocessed samples) were found td.be 0.9 and 1.2 for pyrifenox,
pyridaben, and tralomethrin respectively. The ieetiveness of washing was thought to be
justified by the quick adsorption and strong ratanpf the three pesticides by the waxes
of the tomato skin, due to the high liposolubilitfythe three pesticides as indicated by the

octanol-water coefficients.

Radwan and co-workers (2005) compared the effectanibus washing solutions and
household processing on the residues of the pastariofenofos in field-grown pepper and
eggplant. The plants were grown in an experimefigld and sprayed once with
profenofos. Samples were examined for the residm®vals (by washing) on the"l@nd
7™ day after treatment for the pepper and eggplasyestively. To examine the effect of
washing, samples were soaked in a jar filled witix af the solutions examined for 1 min
and left to dry on a paper towels. The washingsmered were tap water, potassium
permanganate (0.01 %), acetic acid (2 %) soap (1séaium chloride (1 %) and sodium
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hydroxide (0.1 %). Reduction values were reporteldetween 52 % to up to about 100 %
removal of pesticide residues due to washing wWithdifferent solutions for the different

samples. Tap water reduced the residues of prajeneith a percentage of 81 %, 85 %
and 99 % for hot pepper, sweet pepper and eggmapectively. Acetic acid reduced the
residues of profenofos with a percentage of 61 8%8and about 100 % for hot pepper,
sweet pepper and eggplant respectively. The efééctvashing was found to vary

depending on the type of crop. The removal of profes residues from eggplant was in

general higher than from the pepper samples fodifferent washing solutions.

Randhawa and co-workers (2007) studied the effidsbosehold processing on the residue
levels of the pesticides chlorpyrifos and 3,5,6Hioro-2-pyridinol (TCP) in six vegetables
including potatoes. The vegetables were either griovma supervised field trial or collected
from a local farmer’s field. The vegetables grownthe supervised field were sprayed
twice or 3 times with the pesticides and harvestitelr 7 days from the last application.
Sample washing was conducted in a plastic colandéer running tap water for 30 s with
gentle rotation by hand, and dried with paper tew&his washing technique was found to
reduce the residues of chlorpyrifos significantlithhna percentage reduction of between
10-33 % in all the tested vegetables (24-30 % fuafoes). In contrast, the residues of
TCP were not affected by the washing process. ®Hsearches reported that water
solubility was not found to be the most importaettbr in reducing pesticide residues in
vegetables during the washing process. Howevem su@eneralisation needs to be

supported by studying more than two pesticides.

A summary of the brief review of the above literatuegarding the effect of washing fruit
and vegetables with water and/or other washingtisolsi can be made. The effectiveness
of washing produce in removing pesticide residus$eg from one experiment to another.
The effectiveness of washing is affected by marffidint factors including the nature of
the pesticide and its physicochemical propertiesyne of the produce surface, nature of
the washing solution, washing process nature amdtida, and the final factor is the

storage time after application.

The levels and effect of washing on 1,4-DMN resglue potatoes treated with the
chemical was studied in a private project sponsdsgdDormFresh Ltd., Glasgow,

Scotland, and performed by Inveresk Research ladtnaes, Tranent, Scotland (Gubert et
al., 2003). Potato tubers (Russet Burbank and @wdyieties) were treated with 1,4-DMN
using mist application technique. Six applicatiovere conducted at 30-day intervals. A

set of tubers was washed and air dried (which igh®common way performed at home)
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at ambient temperature before sampling at diffetiem¢ intervals starting from 42 days to
72 days after the last application to study theafiof these treatments on the residue
levels of 1,4-DMN. Samples were collected for thalgsis at 0-30 days after washing (42-
72 days after last application). The residue levels1,4-DMN were found to be
comparable for the two varieties with no noticeatiféerence. The residue levels of 1,4-
DMN were found to increase steadily from each efshx applications. 1,4-DMN residues
were found to have a very slight decline over tlhedays after the last application.
Washing and airing tubers as explained above wasdfdo reduce the residues of 1,4-
DMN to levels between 19-55 % and 33-50 % for Rirdhd Russet Burbank varieties

respectively, with no clear trend for time peridteawashing.

Despite the fact that water washing was widely tbtmbe effective in removing pesticide
residues from produce, several commercial washingyzts for fruit and vegetables are
appearing on market shelves with claims that threynaore effective than washing with
water alone. Some of these products claim to beertian 92 % more effective than water
(Juiceland-Limited, 2007).

Michaels and co-workers (2003) compared one ottmmercial produce cleaners (brand
not specified) with tap water washing and some roglteduce cleaning methods for the
removal of gross dirt, wax and environmental comtamts (including pesticide
residues)(Michaels et al., 2003). Various combaretiof produce cleaner (used as directed
by manufacturer), water rinse, produce cleaningheea or paper towels were evaluated.
Among the various combinations examined, wateringnsvith paper towel drying was
found superior to all the other methods testedaddition, wiping produce with paper
towels was found to increase the effectivenessngf teeatment compared to the same

treatment without the use of paper towels.

Krieger and co-workers (2003) compared the usé@fcommercial product EitFruit &
Vegetable Wash to tap water washing for the remo¥alesticide residues in fruit. The
study aimed to evaluate the manufacturers claimhttteproduct is 98 % more effective
than water in removing the residues of pesticidestntommonly found in produce.
Captan and the relatively more water-soluble pelticnethomyl were the two pesticides
studied. The crop used was not reported as it wasidered “not material to relative
measurements of residue reduction”. However, indiseussion of the possible causes of
the variation in the reduction of pesticide resglughe authors mentioned the
characteristics of the produce surface as a pessiblse. Therefore, crop type is an

important element which should be mentioned in sialies. Produce samples placed in a
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colander were soaked for 30 s in a bowl contaigifigyes of water or water with added 58
ml of Fit® Fruit & Vegetable Wash. Samples were then geirtised with water four times
at successive 30-second intervals, before a finaérfor 5 s in 2 litres of fresh tap water.
The samples were then drained on paper towelsp&teentages of the reduction in captan
residue levels using water wash and the solutioRit5fwash were 39 % and 45 % for a
residue level of 6.7 mg/kg and 81 % and 90 % for52 mg/kg residue level. Despite the
significant reduction of the residues by the twoskiag methods compared to the
unwashed samples, captan residues in the sampiedvay Fit Fruit & Vegetable Wash
were not significantly different to the samples e with water only. For methomyl,
both water-rinsed (18 % reduction) and detergaerged (39 % reduction) produce had
residues with no significant difference from theideies in the unwashed samples. The
difference between the two pesticides in their remhdehaviour was attributed to the
surface nature of captan residues and the highmeatiadion ability of methomyl into plant

cuticular waxes.

Angioni and co-workers (2004) studied the effectlomestic washing with tap water and
a commercial vegetable detergent (Fresh & Cleamnrspabn the residues of the pesticides
azoxystrobin, fenhexamid and pyrimethanil in stramies following field treatments.
Strawberries were grown in a field-experiment areghted with a mixture of the three
pesticides. Mature fruits were collected and weshih either tap water or the detergent
before the analysis. For the detergent washing, Jamples were hand-shaken in a plastic
tray containing a water solution of the detergédrb,(w/v) for 3 min after which they were
rinsed twice with about 2 litres under running tagter for 10 s. The samples were then
left to dry at room temperature before freezingilutite analysis. The water washing
method was not clearly described. The authors tegothat washing with tap water
significantly reduced the residues of fenhexami@l ¥d) and azoxystrobin (no percentage
reported) while no effect was noticed for the maater-soluble pesticide pyrimethanil.
Based on this, the authors concluded that the deer@n the residues of pesticides after
water washing is not correlated to their water Bifily, but it was thought to be caused by
the removal of dust and soil particles adsorbirng plesticides. The use of the vegetable
detergent was reported to reduce the residues thealthree pesticides with an average
value of about 50 %. The authors concluded thathimgswith the detergent removed
greater amounts of the residues. This was attbtwethe ability of the detergent to
dissolve epicuticular waxes trapping the pesticidigerefore removing the trapped

pesticides which are not removed by water washing.



Mohammed D. Y. Oteef, 2008 Chapter 1, 45

In most of the above studies, washing produce waker and/or other washing solutions
contributed to removing some of the residues of ynpesticides. This highlights the
importance of washing produce before consumptiomegucing the levels of pesticide
residues in the consumers’ diet. Because of thiasinature of many pesticides and the
accumulation of residues in the outer surface efptoduce, removing these layers should
contribute significantly in reducing the risk ofethntake of pesticide residues on the
consumers’ health. In the case of fruit and vedesathat are normally consumed without
the skin, peeling was found to reduce the residuel$ of many pesticides by about 80 %
to undetectable levels (Lentza-Rizos and Baloka812Mondy et al., 1992; Boulaid et al.,
2005; Orejuela and Silva, 2004; Fernandez-Cruzl.et2804; Randhawa et al., 2007,
Fernandez-Cruz et al., 2006; Dalziel and DuncaBQ18raish, 1990; Jamieson, 1988).

Many researchers have studied the penetrationiatrtbdtion of different pesticides in the
outer layers of different fruit or vegetables bymaaring the residue levels in the peel to
the rest of the fruit or vegetable. However, soesearchers evaluated the penetration and
distribution of the pesticide into the differentotles of the fruit or vegetable.

Jamieson (1988) evaluated the penetration of thiddmole into the layers of a large potato
tuber (about 80 mm diameter) by comparing the tesiddetected in four layers with 10-
mm depth. Thiabendazole residues were detectedionhe first 10 mm layer at level of
5.2 mg/kg while no residues were detected in athefother three layers. The inhibition of
the movement of the moderately-polar compound #ndhzole into the inner layers of
potato tuber was thought to be attributed to therdyhobic nature of the suberin

surrounding the tuber.

Kraish (1990) studied the levels of trifluralinpotato peel, the first centimetre of the flesh
and the rest of the flesh. The researcher found #fiaresidues of trifluralin were
accumulated in the peel (at levels of 12.3-19.2kgigand no residues were detected
(LOD= 2 ng/kg fresh potato weight) in the rest loé tother tuber layers. The absence of
trifluralin in the sub-peel layers was thought ®related to its low water solubility which

prevented the penetration of trifluralin into thater-rich flesh.

Dias and Duncan (1999) studied the distributionfreé and bound residues of maleic
hydrazide in potato tubers. Unlike other sproutpsapsants, maleic hydrazide is applied to
the potato crop in the field before harvesting, anthen translocated from the foliage to
tubers. To study the distribution of the pesticighin-tuber, washed tubers were

fractionated into three layers: peel, first 10-nayelr of the flesh, and the rest of the flesh.
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The distribution of maleic hydrazide was found ® Umniform throughout the different
layers of the tuber - in contrast to the other {h@svest sprout suppressants - which was
thought to be related to the application of maleidrazide on the crop and not directly on
the tubers. Free maleic hydrazide was found torbduglly converted to bound form with
time after treatment, as indicated by the substhathount of maleic hydrazide released
after acid hydrolysis from older tubers compareth®onewly-treated ones.

Using radiolabelled pesticides is a valuable teginaiin studying the distribution of
pesticides in crops. Coxon and Filmer (1985) sulidire fate and distribution of
chlorpropham by applying radiolabelled chemical potato tubers. To study the
distribution of the pesticide within-tuber, potagamples were divided into four layers:
attached soil to the tuber surface, 1-mm peel |ayst 10-mm layer below the peel and
the rest of the tuber. Chlorpropham was found taceatrate on the peel layer and little
penetration was found beyond this layer even &taronths of storage. The researchers

reported that there was evidence of bound non-etzioée chlorpropham residues.

Spackman and Cobb (2000) investigated the uptakke distribution of radiolabelled
imazethapyr in potato tubers(Spackman and Cobbp)20énazethapyr was found to
penetrate the tuber periderm, as some residuesdeézeted beneath this layer. However,
minimal residues were detected further into thetub the cortical layers. Penetration was
found to be slow, but over a prolonged time coursmuld be significant. Imazethapyr

penetration was found to be affected by the pHinazethapyr is a weak acid.

The distribution of 1,4-DMN residues in potato tudbes evaluated in Chapter 8. In
addition, an investigation was conducted to study eéffect of washing and some other
treatments on the removal of 1,4-DMN residues.

1.6 Development of HPLC separation methods

The development of separation methods is a magy st any analytical method which
uses chromatographic techniques for the determomaif the analytes. One of the main
goals for HPLC method development is to find thé&ropm experimental conditions that

produce the required separation of the sample caeiie in a reasonable run time.

In reversed-phase HPLC (RP-HPLC), the separatioa ofixture of compounds can be
improved by optimising the different effective faxd such as mobile phase composition,

column characteristics and column temperature.
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Mobile phase composition (or solvent strength) play important role in RP-HPLC
separation. In general, compounds are less retam&P-HPLC columns when using a
stronger (more non-polar) mobile phase. The typerganic solvent and its percentage in
the mobile phase define the strength of the mqtiilase. Acetonitrile (ACN), methanol
(MeOH) and tetrahydrofuran (THF) are commonly-usetvents for RP-HPLC. All the
three solvents are miscible with water and withheather. In addition, they have low UV
cutoff (lowest usable wavelength) of 190, 205 ad@ 2or acetonitrile, methanol and
tetrahydrofuran respectively. Miscibility of the bite phase components ensure the
homogeneity of the mobile phase, which is requitedavoid deterioration of the
separation, and UV cutoff has a clear effect onehee and sensitivity of UV detection in
HPLC. Any of the aforementioned solvents is norgnatlixed with water at different
percentages to provide the required mobile phasagth for a separation. Mixtures of
acetonitrile/water provide good mobile phases fdf détection at low wavelengths. This
mixture is the best initial choice for the mobilleage during method development (Snyder
et al., 1997). A higher concentration (%B) of AQNthe mobile phase is a good start for
the first run of a new separation as it provideglkjuesults. The separation can then be
optimised for the mobile phase composition by réuydhe percentage of the organic

solvent in the mobile phase.

In many cases, an HPLC column packed with a statjophase of C18-bonded silica is a
common start for a new RP-HPLC separation of a waahge of organic compounds. This
type of column and mode of HPLC separation araribst widely used for the analysis of
different types of pesticides (Tadeo et al., 2000 C18 stationary phase provides strong
retention in RP-HPLC, particularly for non-polarngpounds such as naphthalene and its
alkylated substituents such as 1,4-DMN. Columnshwat C18 stationary phase are
nowadays produced by many manufacturers in diffgpants of the world. C18 columns
from different manufacturers, but with the same dexh phase, may provide different
separation selectivity for a certain separation ponents (Snyder et al., 1997). Even
differences between column production batches ftbensame manufacturer have been

reported to affect the separation (Dolan et aD20

Several column parameters control the separatioa afixture of compounds in C18
columns. Column dimensions, silica substrate pt@gserand bonded stationary phase
characteristics are the main ones. The use oadiased packing is favoured in most of the
present HPLC columns due to several physical chematics. Silica substrates are
available in spherical or irregular shapes andbmprepared with different surface areas,
pore sizes and particle sizes, which make thermaldeitfor most HPLC applications.
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Totally porous silica particles with 5 um diamepeovide the desired characteristics for
most HPLC separations (Snyder et al., 1997).

The surface of silica particles can be modified ébyariety of bonded ligands. These
ligands are bonded to the silica surface by a i@madietween the surface silanol and a
silane reagent. C18 columns are usually prepared ublng mono- , di- or

trichlorooctadecylsilane reagents (Snyder et 8971 Poster, 1998). The use of different
reagents and reaction conditions affects the ftharacteristics of the bonded phase. The
use of monofunctional silanes in the reaction wgitlta surface, under certain conditions,
forms single bond linkage with the silica as showfigure 1.3. Phases prepared with this

technique are called monomeric phases.

CH,

— 0O — Si—(CH,),;,CH,4

CH, + HCl

CH,
Cl— Si—(CH,),,CH, —>

CH, —OH

Figure 1.3 Monomeric stationary phase ligand binding in C1 8 columns

In contrast, the reaction of silica surface with dr trifunctional silanes under certain
conditions forms a polymerised surface layer onsiliea surface as shown in Figure 1.4.

The phases in this case are called polymeric pi{&sester, 1998; Snyder et al., 1997).

CH,

Cl— Si—(CH,),,CH, —>

Cl

—O CH,
\ /
Si + 2HCI

AN
_o / (CH2)17CH3

Figure 1.4 Polymeric stationary phase ligand bindingin C1 8 columns

Separation characteristics of these two types oidbd phases of C18 (monomeric and
polymeric) may differ remarkably in many applicaso In general, polymeric C18
columns can provide better overall separations swimers and other mixtures of

structurally similar compounds compared with monom€18 columns (Poster, 1998).
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At the end of the reaction with the silane reageaitaost 50 % of the silanol on the silica
surface remains unreacted (Snyder et al., 199'8sd nreacted groups may interact with
appropriate solutes causing problems in their séjosr such as peak tailing. To reduce the
number of unreacted silanol groups, column manufact use a process called
endcapping. In this process, a subsequent silamzataction of the bonded packing is
conducted with a small-molecule reagent such amethylchlorosilane (Jandera and
Novotna, 2006).

Column temperature is another condition that playsmportant role in controlling the
level of separation in RP-HPLC. By selecting thghticolumn temperature, the separation
of many samples can be enhanced. Using a highemcotemperature helps in reducing
system backpressure by decreasing mobile phasesitigcwhich in turn should allow the
use of longer columns with higher separation edficy. However, with many samples, an
overall loss of resolution between mixture compaseas expected by increasing column
temperature (Dolan, 2002b). The optimum temperatsirtargely dependant upon the
nature of the mixture components in a specific sgmm, and therefore different
temperature values should be tested during theadetbvelopment to obtain the optimum
temperature. In many cases, changes in column tamojpe affect the separation less than
changes in mobile phase composition (Greibrokk Andersen, 2003; Dolan, 2002b).
However, combining both factors in the optimisateam provide a very powerful effect in

enhancing the separation.

Resolution in chromatographic separations is a tijjaséiie measurement to define the
degree of separation of two adjacent peaks (D@@62a; Snyder et al., 1997). In liquid
chromatography, resolution is defined by three nfaictors: retention, selectivity and
efficiency. As a rough approximation, the threetdag may be considered as independent
from each other and changes in one of them mafiett the other factors. Conditions
that provide higher retention of compounds in tbkimn (i.e. longer retention times, e.g.
decrease in mobile phase strength) usually impreselution. An increase in selectivity
(e.g. by changing column stationary phase or stdventhe mobile phase) moves bands
apart, and therefore increases resolution sigmifigaEfficiency affects the peaks’ width
without changing their relative positions in theahatogram. Higher efficiency (e.g. by
using columns with smaller particle sizes) producagower peaks and therefore higher
resolutions. Retention and selectivity are gengraflore affected by changes in the
composition of the mobile phase or stationary phvasere these changes have less effect
on efficiency. Changes in conditions that affecthbgetention and selectivity are a good
start in method optimisation. Efficiency is affettenore by column conditions such as
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column length and particle size, and also by tbe ftate. These conditions are changed at
a later stage in method optimisation. Temperatare affect the three factors but has a

more direct effect on retention and selectivityy@ar et al., 1997).

Resolution values can be measured practically myr @air of peaks in a chromatogram

using the following equation:
Rs=2(t2 - t1) / 1.7(wl + w2)

Where t1 and t2 are the retention times of the &rgl second peak in the pair of interest
and wl and w2 are their bandwidths at half of teakpheight as shown in Figure 1.5.
Baseline bandwidths can also be used in measussglution. However, resolution
measurements based on half-height bandwidth are scmmmonly used by data systems
because it is easier to measure half-height bartdwhén baseline width (Dolan, 2002a).

wl 50% Peak Height [W?2 50% Peak Height

tl t2

v

Retention Time

Figure 1.5 Peak characteristics required to measure there  solution

A resolution value of Rs>1.5 (Figure 1.6) describaseline separation of peaks with a
similar size. However, for a robust method thabvati for small changes in conditions or
when peak sizes are not similar, a resolution valfu2.0 or greater is a desirable target
(Snyder et al., 1997).
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Rs=0.9 Rs=1.5 Rs=2.0 Rs=3.0

Figure 1.6 Two adjacent peaks with different resolution va  lues

Optimising a separation for adequate resolutioa neasonable run time can be achieved
through different procedures. One of these proasius the practical step-by-step
approach. In such an approach, systematic chamgetromatographic conditions are
made, and the effect of each change is studiedrdefwmving to the next step. This
approach is useful in minimising the total numbleexperiments required for samples that
are easy to separate. Although acceptable HPLGatépa in most cases, can be achieved
easily with a few number of experiments, some sajmar problems require a considerable
amount of experimentation (Snyder et al., 1997)r Bee more complex samples,
computer-assisted method development can providstar and less laborious approach

for getting the targeted method.

Computer-assisted method development can be hefcticularly in situations in which
two or more variables are required to be optimi{&dyder et al., 1997). Chromatographic
simulation software (such as Dryl%bcan be used to predict separations for different
conditions, by calculation, after loading data fraan small number of well-chosen
experiments to the software. The software is basethe fact that many of the rules and
relationships that relate separation to a chang®mditions are quantitative, and therefore
it will be possible to carry out accurate calcudat to make a better prediction of
conditions based on the loaded experimental datgd¢S et al., 1997).
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The use of chromatographic simulation software gthad development helps to reduce
the time, effort and materials needed to generate meliable methods and therefore more
reliable scientific results. This in turn will reckithe cost of developing a new method, and
also contributes to reducing environmental polltioChromatographic simulation
software can also help to give a better understgndf the highly complex relationships
that control chromatographic separations by vigustiowing the effect of the different
variables on the resulting chromatogram (Molnaf2@®nyder et al., 1997).

1.7 Validation of chromatographic methods

Any developed analytical method needs to be exaimiaerove that it fits the intended
purpose of use. Many definitions and criteria foethod validation are set by different
regulatory organisations and in different sectofsamalytical chemistry. Validation is
defined by the the International Organization fearlardization (ISO) as “verification,
where the specified requirements are adequate fom@nded use”, where the term
verification is defined as “provision of objectiegidence that a given item fulfils specified
requirements” (ISO/IEC, 2007). In the field of peiste analysis, method validation is
defined according to the EC guidelines for pestididsidues analysis as “the process of
characterising the performance to be expected ohedhod in terms of its scope,
specificity, accuracy (bias), sensitivity, repedigb and reproducibility” (European-
Commission, 2006). This definition includes chagastics that are typically evaluated
during the process of method validation for peddcanalysis. Most of the different
characteristics required in method validation ae@egally well defined. However, few
criteria are available to define the acceptabiiitya method. This, in part, may be due to
the wide range of purposes served by analyticalhotst and a broad overview of
validation cannot address the differing requirersenit each area of analysis (Hill and
Reynolds, 1999). In the next paragraphs, a briefinsary is provided of the different
characteristics that are frequently reported invikedation of quantitative methods, with

particular concentration on the field of pesticadalysis.

1.7.1 Applicability and scope of a method

When validating any analytical method, its applitgband scope should be defined
before starting the validation process. This cautte defining the analyte (or analytes),
the sample matrices, the analyte concentrationeradgscription of the equipment and

procedures, and the validation level and critezgguired.
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A description of the analytes’ identity and thekpected range of concentration is
essential. The validated range is defined by IUPAE “the interval of analyte
concentration within which the method can be regdrds validated” (Thompson et al.,
2002). This range does not have to be the higmestaavest possible levels of the analyte
that can be determined by the method. Insteadydhdated range should be defined on
the basis of the intended purpose of the metholll §Hd Reynolds, 1999). Most methods,
in practice, are validated at only one or two comicgion levels, and the validated range
may be defined as a reasonable extrapolation seéttveo levels on the concentration scale
(Thompson et al., 2002).

In addition to the identification of the analytéise sample matrix (e.g. potato tubers, saill,
water, etc.) in which the analytes are going talétermined should be defined sufficiently.
Ideally, method validation would be carried out dref use for every analyte-matrix

combination, but this is unlikely to be practicHlil{ and Reynolds, 1999). Some changes
in sample matrices require re-validation of thelgieaal method, whereas other changes
can have minor effects on the method performandetlzgrefore can be accepted without
re-validation. For example, in the analysis of pedts, different varieties of fruit or

vegetables, different parts or different manufaaduvariants may be generally (though not
invariably) represented by a single variant. Howew®me variants may be known or
suspected to have a different effect on the meflestbrmance than the general effect of
the other variants. In this case, the method neede revalidated for such variants (Hill

and Reynolds, 1999). In contrast, major changethé sample matrix will of course

require re-validation, or, in many cases, furthevedlopment of the method. For example, a
method validated for the analysis of a pesticidgpatatoes may not be suitable for the

analysis of the same pesticide in animal tissue.

The analytical procedures and equipment should lzsdefined clearly in any method to
be validated. Procedures may include sampling, Eampmcessing, extraction and the
determination process. Major changes in these pdwes may affect the method
performance and therefore require method validatmme of the examples of these major
changes in the analytical procedure are: a chamgextraction solvent with significant
difference in polarity or chemistry, a change irtragtion temperature that may affect
solubility and/or partitioning, major changes iretklean up process such as using a
different principle, adsorbent or omitting the cleap step entirely. In addition, major
changes in the equipment such as the detectiomitpeh or changing to a very different
chromatographic separation system will require etre-validation (Hill and Reynolds,
1999).
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Taking all of the above issues into considerattba,level of validation required has to be
set carefully. The method can be validated for asea screening (qualitative), semi-
quantitative (e.g. above 5, below 10 ppm) or quative method. In addition, it can be
validated for use on single equipment, differentipapent in the laboratory, different
laboratories or even for international use at d#ife climatic and environmental
conditions. The criteria of each type of validatismll of course be different with the

validation level required (Thompson et al., 2002).

1.7.2 Selectivity and specificity

Selectivity and specificity are two terms that aefined variously in literature in the
context of method validation. They are sometimesdusiterchangeably to describe the
same concept in method validation. There has bedebate for decades on the proper
definitions and uses of both terms, and many patiios have attempted to define and
distinguish between the two terms (Vessman et28Q1; Danzer, 2001; Aboul-Enein,
2000; Stone, 1994; Ward, 1991; Denboef and Hulan&g3).

Selectivity of a measuring system (analytical mdthothis context) is defined by the 1ISO
as “property of a measuring system, used with eaibpeé measurement procedure,
whereby it provides measured quantity values fa&&@ on more measurands such that the
values of each measurand are independent of oteasurands or other quantities in the
phenomenon, body, or substance being investigatedieasuring system was defined as
a “set of one or more measuring instruments arehadther devices, including any reagent
and supply, assembled and adapted to give infoomaised to generate measured quantity
values within specified intervals for quantities sgecified kinds” and a measurement
procedure as a “detailed description of a measumenaecording to one or more
measurement principles and to a given measuremettioth, based on a measurement
model and including any calculation to obtain a sse@ment result” (ISO/IEC, 2007). No

definition of specificity has been provided in th&0 report.

In the EC guidelines for analytical methods fortmede analysis, the two terms have been
defined. Selectivity was defined as “The ability thfe extraction, the clean-up, the
derivatisation, the separation system and (espgcthe detector to discriminate between
the analyte and other compounds”. Specificity weated more to the detection technique
used instead of the whole analytical method, and defined as “The ability of the
detector (supported by the selectivity of the eottom, clean-up, derivatisation or

separation, if necessary) to provide signals whetfectively identify the analyte”.
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However, only the term specificity has been usethase guidelines in the definition of
method validation and reported to be the requitearacteristic that has to be evaluated
during method development, with no mention of thlemt selectivity (European-

Commission, 2006; European-Commission, 2004).

IUPAC defined selectivity as “the extent to whidtetmethod can be used to determine
particular analytes in mixtures or matrices withouerference from other components of
similar behaviour”. The use of the term ‘selectivifor the above purpose was
recommended to be promoted. In contrast, the ugbkeoferm specificity to describe the
same concept of selectivity was considered incgrescspecificity is an absolute term and
cannot be graded, i.e. a method is either spamifitis not. This use of specificity instead
of selectivity was recommended to be discouragpdcificity was considered the ultimate

of selectivity. Therefore, only a few, if any, metts are specific (Vessman et al., 2001).

The Codex Alimentarius Commission followed the [UPA definition and
recommendations and defined method selectivityths &xtent to which a method can
determine particular analyte(s) in mixtures or meas without interferences from other
components of similar behaviour”. Codex stressex RWPAC recommendation to use
selectivity as the term for expressing the extentliich a particular method can determine
analyte(s) in the presence of interference fronelottomponents. It was also emphasised
that the use of specificity to describe the sammeept of selectivity is to be discouraged as
it often leads to confusion. However, the same nteypged specificity instead of selectivity
as one of the general validation criteria requii@dthe selection of a method of analysis
(Codex, 2006).

The ambiguity and the tendency to mix up thesetemms can cause confusion. Therefore,
it is important to emphasise the discussion ofdiecept required for method validation

apart from the terminology debate.

During method validation, it is necessary to demmats that the method is capable of
providing a unique detected response attributabtbd analyte and free from interferences
from other compounds present in the sample matdgally, the method should be
evaluated for every important interference thatikely to be present in the sample.
However, this may not be practicable and therefasea general principle, the method
should be sufficiently capable of distinguishing @nalyte to the extent that the effect of

any potential interferent can be ignored.
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Potential interference can be caused by the equipmeagents or natural constituents of
samples. The analysis of reagent blanks shouldtifgdetie source of equipment and
reagent interference, and then they should be rethov at least minimised. To estimate
the effect of sample interference, blanks contaisample extracts with the absence of the
analyte should be used. In this case, changeseircldan up or determination technique
might be required if the interferent signal is dapping with that of the analyte
(European-Commission, 2006; Hill and Reynolds, 3999

The various steps in the analytical method fromdarg to detection can be evaluated and
adjusted to provide a unique detected responsbuttble to the analyte and free from
interference from other compounds present in tingpgamatrix. The effect of the various
major steps will be briefly discussed in the contek analytical methods for pesticide
analysis. Sampling can help to reduce the intemfsr@resent in the final extract. For
example, it is sometimes appropriate to selecp#res of the plant (e.g. potato peel instead
of whole tuber) where the analyte is concentratetiavoid other parts that may add more
interferents. Sample extraction may have an impontale in reducing interferences. The
characteristics of the extraction solvent used arelear example. Some solvents can
extract more compounds from the sample matrix tb#rers. The selection of the
appropriate solvent that has good extraction ofahalyte with minimum extraction of
interfering compounds is desirable. Acetonitrile; €xample, has the merit of extracting
less of the lipophilic plant materials such as fatel waxes, which helps in obtaining
extracts with only a minor load of co-extractivebekel and Hatrik, 1996). After
extraction, the sample may require a clean up tetepmove co-extractives. The clean up
technigue used can be adjusted to remove manyegdfdtential interfering compounds, for
example, by selecting the appropriate solvent quidl-liquid partitioning or the right
adsorbent in solid-phase extraction. A further ceidm of the potential interference can be
achieved by chromatographic separation prior todétection of the analyte. By careful
adjustment of the chromatographic conditions, tBmaining co-extractives that may
interfere with the analyte determination can usubk separated from the analyte. The
detector type and operation will largely contra thvel of adjustment required in the other
preceding steps in the analysis because these afkees the detectable response of the
sample components including the analytes and patenterferences. Some detectors such
as refractive index detectors can respond, at thastetically, to any compound present in
the sample. Despite the need for such detectarsriain cases (such as impurity detection
in a new material), this type is inappropriate wlprcific analytes need to be determined.
The flame ionisation detector (FID), which is theosh widely used detector in GC,

responds to most organic compounds and therefama&nitbe considered less generic than
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refractive index detectors. Fewer compounds cadebected by the UV detectors used in
LC as they respond only to compounds that absorlight, and therefore provide a less
generic response compared to the preceding detedawde array detectors (DAD) are
based on the same principle of absorbing UV ligit, they can produce UV spectra for
the sample components. Therefore, they can be tepeed different wavelengths in the
same run and certain interferences can be elindratat lease minimised. In addition, UV
spectra can be used as a tool for the identifinatiounknown peaks by comparison with
spectra of analyte standards. Coupling GC or LChwichniques such as mass
spectroscopy (MS) or nuclear magnetic resonancetrggeopy (NMR) provides very
powerful tools for identifying the analytes in colep sample matrices, to the extent that
sometimes only minor clean up and chromatograppaations are required. The use of
LC-MS-MS, for example, allows the analyst to quigntaccurately two or more
compounds coeluted in a single peak in the chrognato without the need for

chromatographically separating them.

1.7.3 Accuracy and precision

Errors in experimental measurements are dividenl timtee types: gross error, systematic
error and random error. Gross error is a seriows #rat ruins the experiment and requires
the repetition of the experiment from the start.ofeakdown of the instrument used,
serious contamination of a standard or using &ifft chemical to prepare a standard, are
some examples of this type of error. This type wbreis easily identified (Miller and
Miller, 2005).

The second type of error in experimental measurénernthe systematic error, which is
defined as a “component of measurement error thaeplicate measurements remains
constant or varies in a predictable manner” (ISO/IE007). Systematic errors and their
causes may be known or unknown. When known, a ciwre can be applied to

compensate for their effect (ISO/IEC, 2007). Saxamples of systematic errors include:
using volumetric glassware at temperatures thderdgignificantly from the calibration

temperature (equipment systematic error), slowrmssncomplete reactions when a
method is based on complete reactions (methodregsite error) or the systematic error
caused by the analyst’s judgment of the liquid levigh respect to the graduation in a

burette (analyst systematic error) (Skoog et 806).

Random error is the third type of error in expemta¢é measurements. It is defined by the

ISO as a “component of measurement error that plicege measurements varies in an
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unpredictable manner” (ISO/IEC, 2007). Errors af ttype cause the replicate results to
spread around the average on both sides. Theyyratfielct the precision of an experiment
(Miller and Miller, 2005). Some examples of thipéyof error include small variations in

temperature, slight uncertainty in weight and vadumeasurements, or fluctuations in the

electrical supplies for analytical instruments.

Accuracy of measurement is defined by the Inteomali Organization for Standardization
(ISO) as “closeness of agreement between a meagqueadity value and a true quantity
value of a measurand”. Accuracy is a qualitativarahteristic that cannot be expressed as
a numerical value. However, it is stated quantiyi in terms of bias which is an
“estimate of a systematic measurement error”. Siomest accuracy is understood as
closeness of agreement between measured quanitiigsvéhat are being attributed to the
measurand (ISO/IEC, 2007). According to this d&fni, the accuracy of a single result
may be influenced by both random and systematar®rkVhen applied to the average of a
set of test results, accuracy is more a measutbeokystematic error. Accuracy has an
inverse relation to both random and systematicersehere higher accuracy means lower

errors (Miller and Miller, 2005; European-Commissi@006).

Precision is defined by the ISO as “closeness agkagent between indications or
measured quantity values obtained by replicate uneagents on the same or similar
objects under specified conditions” (ISO/IEC, 200Based on the conditions selected
under which the precision is evaluated, three kweélprecision can be characterised. The
first level of precision is called repeatabilityhi is evaluated when the same analyst
conducts repeated analysis of the same sampleaosteort period of time, using the same
procedure and instrument in the same laboratoryuaér the same operating conditions.
The second level of precision is intermediate gieni This level is achieved when the
same sample is repeatedly analysed over an extepeieod of time using the same
analytical procedure in the same laboratory, buly nmclude changes in the other
conditions such as the analyst, instrument, cabibsaand reagents, and operation
conditions. The third level of precision is repueibility. In this level, different analysts
analyse the same sample in different laboratorigagupossibly different analytical
procedures (Jenke, 1998; ISO/IEC, 2007). In additprecision can be divided based on
its source within the procedure. For example, sygpeecision will include the evaluation
of only the instrument performance, whereas metftredision will include the evaluation
of the analytical method as a whole, including slamgp sample preparation and

instrumental determination (Jenke, 1998).
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Repeatability is the precision level that is uspalaluated during method validation,
particularly in the field of pesticide analysis. it normally expressed as the relative
standard deviation (RSD) of repeated measuremdnés reference material, or during
recovery experiments as discussed below. EC guoekelifor analytical methods for
pesticide residues recommend that repeatabilitgl Ieaxpressed as %RSD) should not, in
general, exceed 20 % for each commodity and levahalyte concentration (European-

Commission, 2004).

Accuracy of an analytical method can be evaluaiethb analysis of reference materials,
comparing the method to a reference method or etiethods, or by spiking and recovery

studies.

A reference material is defined as a “materialfisightly homogeneous and stable with
reference to specified properties, which has beebbshed to be fit for its intended use in
measurement or in examination of nominal prop€rti@SO/IEC, 2007). Reference
materials can be analysed for the levels of cegl@ments or compounds, and the level of
these substances accompanied by the measuremestaimiees is then reported in a
certificate issued from an authoritative body. TEhevaterials are called “Certified
Reference Materials”. Reference materials are fittiby analysing the homogenous
sample using a “definitive or primary” method (atheal of high precision for which all
sources of bias have been rigorously investigatethlysis using two or more independent
and reliable methods, or by analysing the sampfesh® lot in several laboratories
participating in a multi-laboratory comparison eise (Wise et al., 2006). Certified
reference materials are primarily used for valolatf the accuracy of analytical methods.
However, because of the homogeneity and stabifithese materials, they are ideal for
assessing the precision of analytical methods. HEreyalso useful for analytical method
development for compounds which are present butvfoch no certified values have been
assigned (Wise et al., 2006; ISO/IEC, 2007).

Many certified reference materials are currentlpil@ble for different applications that
require reliable measurements. In environmentalyaisa there are a number of certified
reference materials available for many organic mmmiganic compounds and elements,
and in different matrices including air, water,|sgediments, plant and animal tissues.
However, because of the huge number of analytesmawmbinations required in
environmental analysis, certified reference makerae offered in “typical” matrices for
analytes of global interest. For organic trace ysig) the range of environmental certified

reference materials is more limited and, usualgstricted to compounds regarded as
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persistent organic pollutants (POPs) such as pldsicated biphenyls (PCBs),
polyaromatic hydrocarbons (PAHS), polychlorinatéloedzo-p-dioxins and dibenzofurans
PCDD/Fs, and organochlorine pesticides (OCPs) ({tHb2006).

Analysis of a reference material and comparisorhef results obtained by the method
under validation to the value stated for the refeee material is the ideal means for
validation (Hill and Reynolds, 1999). Statisticaingparison methods such as significance
tests are recommended to evaluate the differentmeba the results of the method

validated and the values assigned for the referenaterial (Thompson et al., 2002).

However, due to the limitation in the availableereince materials that can be used for
pesticide analysis, alternative methods of evalgaie accuracy of analytical methods are

more commonly used.

The second method used to evaluate the accuraay ahalytical method under validation
is to compare it to a reference method or othevipusly validated methods. A reference
method or more generally a “reference measuremeategdure” is defined as a
“measurement procedure accepted as providing measut results fit for their intended
use in assessing measurement trueness of measuwartity) values obtained from other
measurement procedures for quantities of the samdke ik calibration, or in characterizing
reference materials” (ISO/IEC, 2007). To evaluae accuracy of a method by comparing
it to another method, both methods are used toysmah number of typical samples,
preferably with analyte levels covering the regdirange, and then statistical tests (e.g.
paired t-test or regression graphs) are used tgpamthe results of the two methods. By
making this comparison, analysts aim to identifyy aystematic error that might be
produced by the new method (Miller and Miller, 200Bompson et al., 2002). In the field
of pesticide analysis, some examples of using rifeshod of evaluating the accuracy of
new analytical methods are found in literature zaReyes et al., 2006; Rodil and Popp,
2006; Walorczyk, 2007).

The third and probably the most common method @luating the accuracy (and also
precision) of an analytical method under validatisnthe use of spiking and recovery
studies. Recovery studies are a crucial comporfeheovalidation and use of all analytical
methods. Different practices are found in the arethe estimation and use of recovery,
with the differences most obvious in the field bktdetermination of veterinary drug
residues and pesticide residues in complex matriseeh as foodstuffs, and in
environmental samples. The spiking-recovery metisod less costly expedient and one

that is very commonly applied (Thompson et al.,99%he EC guidelines for the analysis
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of pesticides require the use of spiking and repgowstudies for evaluating accuracy in
validating analytical methods. Recovery is defiasdthe proportion of analyte remaining
at the point of the final determination, followirtg addition (usually to a blank sample)
immediately prior to extraction” (European-Commisgi 2006). Using this method,
specific amounts of the analyte are added to a epumbblank samples (a sample matrix
known to contain no detectable levels of the aeqlghd then analysed according to the
analytical method under validation. The recoverthen calculated as the ratio (usually as
a percentage) of the concentration of analyte fawnthat stated to be added. When the
recovery is significantly different from the unifpr 100 %) it indicates that a bias is

affecting the method.

In the EC guidelines for analytical methods for #malysis of pesticides residues in plants
and plant products, five spiked samples are requode analysed at concentration levels
equivalent to the method limit of quantificationd), and at ten times this limit or the
maximum residue level (MRL) of the pesticide whers ihigher than the 10x LOQ. Mean
recovery within the range 70-110 should be dematesir by the analytical method at

validation (European-Commission, 2006; European-@asion, 2004).

Some considerations need to be borne in mind whig $piking and recovery to evaluate
the accuracy and precision of an analytical methidee first is that the recovery and
precision can be affected by the concentrationl|l®fethe analytes and may differ
substantially between high and low levels of thalge. This is particularly clear at low
levels where some of the analyte can be adsorbedensibly to the adsorption sites in
surfaces. The effect of adsorption should be Ippau@nt at high levels of the analyte, as
all the adsorption sites will be occupied by a $rfraction of the analyte. This effect of
analyte concentration on recovery should be ingattd and taken into consideration
during the validation of analytical methods (Thompset al., 1999; Thompson et al.,
2002). Secondly, the spiking-recovery proceduredeftned by the EC guidelines and
described above, evaluates any bias that may dffe@nalyte from the point of adding the
spike to the point of measuring its level by thetinment. The native analyte may not
necessarily be affected to the same extent aptke added. Although it is not a guarantee

of accuracy, high recoveries are a good indicatifaihe accuracy of the analytical method.

1.7.4 Calibration and linearity

The output of chromatographic instruments is nolynaloduced as peak areas or height

related to the analyte amount received by the unstnt detectors. The instrumental



Mohammed D. Y. Oteef, 2008 Chapter 1, 62

response is related to the analyte mass or comt@mirthrough some type of calibration
within the same chromatographic run or in differams. Three main standard calibration
methods are commonly used in chromatographic asalyhese are external standard

calibration, internal standard calibration andrihethod of standard addition.

In external standard calibration, standard solstiointhe pesticide in an organic solvent (or
extract of blank samples) are prepared at diffecemicentrations covering the required
range for the analysis. These standards are adabyséhe chromatographic method and
the peak areas (or height) are plotted againshdin@nal concentrations of the pesticide in
the standards. The samples are then analysed lephtbmatographic instrument in exactly
the same manner as the standards, and the conimentufthe pesticide is then determined

from the calibration plot graphically or by calctites.

When using external standard calibration, the atagsumes that all the procedural steps
(e.g. extraction, partitioning, clean up, precamdion by evaporating solvents, etc.) prior
to the detection by the chromatographic technigaeeha negligible effect on the analyte
level. However, this is not true in many cases.skessof the pesticide can occur at various
stages during sample preparation due to incomgbetiaction of the pesticide from the
sample, adsorption of the pesticide on surfacessel® during the partitioning of the
pesticide between solvent phases, incomplete regalging different clean up methods
or losses during preconcentrating the extractsaddition, some variation (caused by
matrix mismatch for example) may occur during theomatographic separation that may
affect the level of the pesticide in the extern@ndard and in the sample differently.
Losses of up to 90 % have been found to occur wisemg traditionally recommended
procedures for the solvent extraction of pesticidesm samples combined with
quantitative analysis by the external standardbcatiion (Ostroukhova and Zenkevich,
2006).

The above effects of sample preparation on theigudstlevels are normally evaluated
during method validation, particularly recovery goecision studies. When the effect is
consistent (high precision), the recovery data lmamused to apply a correction factor for
the results to compensate for the effects of sarppéparation. Another approach to
overcome the effect of the sample preparation enatfialyte level when using external
calibration is to pass the calibration solution®tigh all the sample preparation procedure
exactly as the real samples. With this treatmdrd, different sample preparation steps
affect the analyte in both the calibrators andréba samples in the same way and should,

therefore, minimise the effect of the sample prafian. However, this approach adds cost
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and labour, and is more time consuming. The thipppr@each that can be used to
compensate for losses during sample preparatitm use internal standard calibration or

the method of standard addition.

In the method of internal standard calibrationpanpound different from the analyte but
with very similar behaviour (the internal standaislladded to both the samples and the
calibration standards. Based on the point in tleeguture where the internal standard is
added, the effect of various processes in the acalymethod can be compensated for.
When the internal standard is added to the sangiléise start of sample preparation, it
should compensate for losses during the differentgsses in sample preparation in
addition to the chromatographic determination byliag the internal standard to the
calibration solutions. However, it should be notkedt although the internal standard can
be selected to mimic the analyte during the difieprocesses in the sample preparation, it
may express some differences in the adsorption/geso behaviours compared to an
analyte that has been in contact with the samplemaafor a significantly longer period
of time. The internal standard is usually addedh® samples and calibrators at fixed

concentration, preferably close to the expectetiysnkevels.

The selection of a suitable internal standard foargitative chromatographic analysis is
often a difficult prediction, particularly when theethod includes sample preparation or
clean up before the chromatographic determinationthis case, the internal standard
should behave similarly to the analyte in any sangpéparation procedure (Wieling et al.,
1992). In addition to this criterion in selecting eternal standard candidate, some other
criteria should be available in the internal staddased in chromatographic methods

including:

= Commercially available in pure form

* Not detected in the original sample

= Has similar chemical behaviour to the analyte

= Stable and not subjected to any reaction excepgdmple preparation procedure
= Well-resolved in the separation method from thdydeand any other peaks

= Detectable under the same conditions as the an@wgder et al., 1997; Wieling et
al., 1992).
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= Deuterated analogues of analytes are commonlyingsthal standards when using
mass detection - e.g. in LC-MS-MS, as they canifferdntiated from the analytes
based on their molecular weight.

Perhaps the most challenging requirement is thesséy for the internal standard to
mimic the analyte in any sample preparation sted, & the same time be well separated
from all compounds in the chromatographic sepamatsmilarity between the analyte and
the internal standard in their physicochemical props is favourable for tracking the
analyte during sample preparation. However, thslarity is not normally favourable for
chromatographic separation, particularly in HPLE tlae retention is known to correlate
with the physicochemical properties of the substangarticularly with partitioning
coefficients (Li, 2004; Snyder et al., 1997). THere, it is important to find a balance
between the two challenges.

The third calibration method used in chromatograpmalysis is the standard addition
method. This method is required, in particular, wilee analyte is originally present at
detectable levels in the sample to be analysethisnrmethod, known amounts of the same
analyte are added to the same sample at diffemrtentrations sufficient to construct a
calibration line. The original concentration of tealyte present in the sample can then be
obtained by extrapolating the calibration line. S'imethod can also be used in samples
where the analyte is not originally present in ortke overcome the effects of sample
preparation on the analyte levels. However, it iegumore time, resources and effort
compared to the other calibration methods, as i@raéibn plot has to be generated for

each sample.

The linearity of the calibration curve is essenttal obtain instrumental responses
proportional to the analyte concentrations. Lingashould be evaluated firstly by visual
examination. Then, statistical approaches can leel igr numerical evaluation of the
linearity. Peak areas (or heights) of the calibrastandards are usually plotted in the y-
axis against the nominal standard concentratiod,tha linearity of the plotted curve is
evaluated through the value of the correlation ficiehts () which can be obtained from
the software (e.g. Exc®lor Minitab®) used to generate the calibration plot. Generally,
value of f >0.998 is considered as evidence of an accepfitblef the data to the
regression line (Shabir et al., 2007). Linearity tbé calibration curve is required to
determine the useful range at which the instrumieasponse is proportional to the analyte
concentration. This is normally conducted as pdrithe validation of the analytical
method. However, in routine analysis, repeated paioit calibration can be used when it

has been demonstrated (during the validation)ttfeatalibration curve is linear and passes
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through the origin (i.e. has zero intercept) areldalibration values are not affected by the
sample matrix (Thompson et al., 2002). The sigaifoe of the deviation of the intercept
of the calibration line from the origin value ofraecan be evaluated statistically by
determining confidence limits for the interceptngelly at the 95 % level (Miller and
Miller, 2005). These limits can easily be obtainedm software such as Ex&elor
Minitab®.

1.7.5 Limit of detection and limit of quantification

The limit of detection (LOD) and limit of quantiition (LOQ) are two parameters which
are frequently reported as part of analytical metkalidation. Various definitions and
approaches are reported in literature and set fiflgreint regulatory organisations for these
two terms. Limit of detection is defined as the éstvamount of an analyte in a sample
which can be detected with acceptable certaintiynbtinecessarily quantified as an exact
value with acceptable precision. The limit of quigcdtion is defined as the lowest amount
of analyte (concentration or mass) in a sample lwban be quantitatively determined with
suitable precision and accuracy (European-Commmis&i006; ICH, 1994).

There are different approaches used for the detation of these two limits for analytical

methods. Signal-to-noise approach is common folyaoal methods that use instruments
which exhibit baseline noise such as chromatogcapdthniques. Using this approach,
LOD is defined as the analyte amount that giveg@asto-noise ratio of 1:3 and LOQ is

the analyte amount that gives a signal-to-noise at1:10 (ICH, 1994). This approach is

useful for chromatographic methods in which the @anis clean enough to have a clear
chromatogram baseline for evaluating the signaldise ratio. However, in most

environmental methods this approach is not oftesctpral due to background peaks
around the analyte peak.

Another approach for determining the LOD and LO®ased on the use of the standard
deviation of detector response, which is then caedeto mass or analyte concentration by
using the slope of the calibration line. In thisthosl, the two terms are calculated as
follows: LOD= 3.3 SD/S and LOQ= 10 SD/S where Shhe standard deviation of the
detector response and S is the slope of the cathréine. Using 3.3 times the standard
deviation for defining the LOD should give an erodronly 5 % in the probability that the
sample does not differ from the blank, when in fadbes. However, many analysts use 3
times SD which gives a probability of error of 7 & a reasonable definition of LOD

(Miller and Miller, 2005). The detector SD can Istimated practically in several ways. It



Mohammed D. Y. Oteef, 2008 Chapter 1, 66

can be based on analysing replicate blank samptésalculating the standard deviation of
the responses (ICH, 1994). However, this methodesifmating the response is not
applicable for most quantitative chromatographicthods as the response is usually
expressed by a peak area which is not measurabt@sh blank samples. Instead of using
a blank sample, a spiked blank (or a real samgled Bw concentration level can be
analysed in replicates, and the standard deviatiothe peak areas is obtained and
converted to concentration of the analyte by ushegcalibration line (Yang et al., 1995;
Hartmann et al., 1998). Another way of estimatimg detector response SD is by using the
residuals standard deviation of the calibratiorresgion line (ICH, 1994). It is important
to use a low calibration range close enough toLil®® for this estimation (Peters and
Maurer, 2002).

Miller and Miller (2005) describe a statistical metl of estimating the limit of detection of
an analytical method using the calibration appro&dsed on this method, the limit of
detection is defined as the concentration of tredyd® that gives a peak area significantly
different from the blank or the background pealaafEhe estimation of the analyte peak

area which is significantly different from the bkapeak area is based on the equation:
LOD peak area=g/+ 3 $

where ¥ is the blank peak area anglis the standard deviation of the blank peak drea.
practice, the value ofgyand g can be estimated from the calibration graph atlaiaeer
range by using values from the regression anabysigariance. The value ofgycan be
replaced by the intercept value of the regressiqunagon of the calibration graph.
Similarly, the term g can be replaced by the residuals standard dewjatvbich is the
square root of the error mean square. Both ternms ezsily be estimated using the

regression function in Excekoftware.

All the above approaches for the determination @DLand LOQ are based on using
standard solutions or spiked blanks and extrattes@ methods will therefore measure the
LOD and LOQ of the chromatographic separation netheed (with or without the

sample matrix effect) but not the whole analytipabcedure including extraction. The

LOD and LOQ values obtained for the chromatogragejgaration method can, in many
cases, be adjusted for the dilution effect andtedldback as a concentration value of the
original sample. However, the values obtained hy #djustment may not necessarily be

identical to the ones used to characterise the mmpnalytical method
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A more practical approach for determining the LO@he whole analytical procedure is to

use a recovery and precision experiment to deterthia lowest concentration of a sample
that can still be quantified with acceptable recgweithin the range 70-120 %, and with

precision not exceeding 20 % (%RSD) (Peters andréta@002; Bansal and DeStefano,
2007; Pizzutti et al., 2007). The LOD can be thstn@ated by dividing the resulting LOQ

by 3.

1.8 Analytical methods for 1,4-DMN analysis in pota  toes

1,4-DMN is a relatively new sprout inhibitor foraug the potato storage industry. There is
very limited information about analytical methods the analysis of 1,4-DMN residues in
potatoes. Some of these methods date back tantieedf evaluating 1,4-DMN for its
sprout control properties, such as the method tegdry Beveridge (1979). Beveridge
method was a modification of a method used by BbIFI978) for the analysis of the
residues of the sprout inhibitor tecnazene in pettThe extraction of 1,4-DMN residues
from potato tubers was achieved by homogenisirgpeesentative sample with ethanol in
a blender followed by the addition of hexane. 1MNDwas partitioned into the hexane
layer by liquid-liquid extraction. The hexane layeas then cleaned up by alumina
column. The clean extract was concentrated by yawaaporating the solvent to a known
small volume. 1,4-DMN concentration in the finatraxt was determined by GC-FID.

Beveridge (1979) also proposed a spectrophotometthod for the detection and
quantification of 1,4-DMN. It was reported that -DMN has a strong absorbance of UV
light at 228 nm which enabled the detection of¢cbmpound at levels of 0.1 pg/ml in the
solution. However, the presence of interfering pleesidues was a major drawback of
using the proposed spectrophotometric method fdrDMN quantification in potato

extracts.

The GC method reported by Beveridge (1979) foretkteaction and determination of 1,4-
DMN residues in potato samples was used by O’'H4@88a1) with further modification.
The alumina clean up was replaced by a solid-pbasaction and the rotary evaporation
conditions were optimised for better recovery af-DMN. The final extract was finally
analysed by GC-FID.

O’Hagan (1991) also reported an HPLC method forahalysis of 1,4-DMN residues in
potato samples. The method was a modification method developed for the analysis of

the herbicide trifluralin [2,6-dinitro-N,N-dipropy-(trifluoromethyl)benzenamine]. The
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extraction of 1,4-DMN residues from potato tuberaswachieved by homogenising a
representative sample with methanol in a blendére Extract was partitioned with
methylene dichloride and the methylene dichloriggel was reduced to about 4 ml. The
extract was then cleaned up with a silica SPE idgdrand an aliquot was analysed by
HPLC with UV detection at 230 nm. The separatiors wanducted on a C18 column with
the mobile phase composed of a mixture of methaabtdt (7:3) with the addition of

acetic acid.

All the above methods reported for the analysid,dfDMN residues in potato samples
include lengthy procedures with the use of largeimes of solvents. These methods will
not be the right choice for routine analysis of -DMIN residues in potatoes and

environmental samples.

A slightly less laborious method for the analydid @-DMN residues in potato samples is
currently used in our laboratory at Glasgow Uniitgrior routine analysis. This method is
a modification of the method reported by Baloch9@®for chlorpropham (see Section
1.4.2) which uses Soxhlet extraction with hexard @@-FID for the determination of 1,4-
DMN in the extracts. The main modification is theeuof potato peel for the analysis
instead of whole chopped potatoes in the originathod, as most of 1,4-DMN is
concentrated in the peel as is the case with mémgr pesticides (Dalziel and Duncan,
1980; Lentza-Rizos and Balokas, 2001; OrejuelaZihg, 2004). Potato peel samples are
extracted by refluxing with hexane for two hourgtef cooling, extracts are concentrated
by rotary evaporation and made up to a known sumdlime prior to the analysis by GC-
FID.

Another method for the routine analysis of 1,4-DMékidues in potato sample was
developed in 1,4Group laboratories in Idaho, USAisT method (will have the
abbreviation of ‘TMP/Heat method’ throughout thies$is) involves the extraction of 1,4-
DMN with a mixture of ethanol : 2,2 4-trimethylpane (TMP) 7:3 v/v containing 2-
ethylnaphthalene as an internal standard. Theatirais carried out in a water bath at 50
°C for 15 min. The extract is then cleaned up buitigiquid partitioning induced by the
addition of NaCl solution and centrifugation. Angalot of the resulting TMP extract is

then analysed by GC-FID (John Forsythe, persomahmonication).

As shown in the above brief review of the accessllterature for 1,4-DMN analytical
methods, most of the methods use gas chromatogajphlame ionisation detection as

the determination technique. The use of GC (pddrbu with FID) in analysing plant
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tissue extracts requires, in most cases, a cleateppand a concentration step prior to the
injection of the extract to the GC. These stepsharenally laborious and time consuming.
Sample clean up might be more important for theRHZ-analysis due to the sensitivity of
the FID detector towards a broad range of organmpounds. However, in UV detection
fewer matrix compounds respond to the UV light.sTim turn will provide much cleaner
chromatograms. Therefore, it might be possiblelitoieate the clean up step in order to
save considerable time, effort and therefore coste analysis. In addition, the ability to
inject larger volumes of extracts in HPLC (up t®%4 or more) than what can be injected
in GC [10° pl for capillary columns and from few tenths of fol 20 pl for ordinary
analytical columns (Skoog et al., 1998)] providesaluable and easy means of increasing
detection sensitivity. Therefore, it would be pbsito save more time and effort by
eliminating the pre-injection concentration steptsas the rotary evaporation used in the
Soxhlet method. For the above reasons, HPLC shprogide a powerful and more

convenient technique for the analysis of 1,4-DMNnvironmental samples.

The separation behaviour of 1,4-DMN (and otherteelacompounds) was investigated
using HPLC in the revered-phase mode during thiskwbhis investigation is detailed in
Chapter 2. Based on the information obtained frdms investigation, a quantitative
separation method was developed and validatedhranalysis of 1,4-DMN in potato

extracts.

The extraction methods that have been originallyettged for GC analytical methods
were then evaluated for its suitability for usehMiPLC as the determination technique.
This evaluation was the main objective of Chapted Z&and 5. Two of the most recent
methods which have been used for the routine aisabfsl,4-DMN residues in potato
samples were evaluated. The first was the methed ws our laboratory at Glasgow
University which uses the Soxhlet extraction wigxane and the second method is the
method developed and used in 1,4Group laboratasedescribed above. In addition to
these two methods, ultrasonic extraction was ateonéned as a replacement of the heating

at 50°C in the second method.

The extracts obtained by the Soxhlet extractiorhogttan be directly analysed by HPLC-
UV (using the routine separation method reportefeantion 2.3) without any modification

in the extraction procedure. The amount of 1,4-Diidsent in the final extract can be
easily calculated as the final extract is made aw@ tknown volume. In contrast, some
modifications are necessary for the second metaod &lso the sonication method). This

method is based on using 2-ethylnaphthalene astamal standard for the calculation of
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the final extract volume in addition to the correntof any losses of the analyte during the

extraction procedure.

2-ethylnaphthalene has a good separation from MM GC. However, due to the close
properties of the two compounds, 2-ethylnaphthalisnaot easily separated from 1,4-
DMN by HPLC. Therefore, it was necessary eithedéwelop an HPLC chromatographic
method which provides a baseline separation ofetit® compounds in order to use 2-
ethylnaphthalene as an internal standard, or telsdar another suitable internal standard
which has a baseline separation from 1,4-DMN atiable HPLC conditions for a rapid

routine method.

In Chapter 3, the first option of developing an HPIseparation method capable of
providing baseline separation for 2-ethylnaphthalélom 1,4-DMN was evaluated. The
main conclusion from that evaluation was that 1MNDis not easily separated from 2-
ethylnaphthalene in a reasonable time suitablerdotine analysis. Therefore, it was
decided to move to the other option, which wasdarch for another internal standard
suitable for routine HPLC analysis.

For the purpose of selecting a replacement intestaaddard for 2-ethylnaphthalene, three
internal standard candidates were initially selédie compare their properties and, in
particular, their extraction behaviour to that g-DMN by comparing their relative

recoveries (yield) to that of 1,4-DMN. In orderdompare the relative recoveries of 1,4-
DMN and the three internal standard candidatessddition to 2-ethylnaphthalene (the
original internal standard in the GC method whichsvadded for comparison), an HPLC
separation method capable of separating the fivepooinds had to be developed. The
development of this method was aided by Dryt ahromatographic-simulation computer
software, as detailed in Chapter 3. The method |ldped provides good separation for
quantitative analysis of 1,4-DMN and the four intrstandards. Basic validation of this
separation method was also described in Chapter &ddition to the above method for
1,4-DMN and the four internal standards, the dgwelent of a method for separating the
internal standard 1-ethylnaphthalene from 1,4-DMider suitable conditions for routine

analysis was also described in Chapter 3. This odetvas successfully developed with the

aid of DryLalf software.

In Chapter 4, several recovery experiments werewcted to evaluate the similarity in the
extraction behaviour of 1,4-DMN and the internanstard candidates in addition to 2-
ethylnaphthalene in the TMP/Heat method. Thesevexgoexperiments used the HPLC
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separation methods developed in Chapter 3 andotitene separation method reported in
Chapter 2. The most suitable internal standard gntioz ones examined was then selected
for the final modified TMP/Heat method for the aysa$ of 1,4-DMN residues in potatoes
by HPLC.

In Chapter 5, the modified TMP/Heat method was camag to the Soxhlet extraction
method, which uses hexane as the extraction sqlaadtto the extraction by shaking in an
ultrasonic bath with the same EtOH/TMP mixture #melsame internal standard, as a third
extraction method. The three methods were comfardtieir extraction efficiency of 1,4-
DMN from potato samples which were treated with-MN and stored under
commercial storage conditions for weeks. Based fmn evaluation of the methods
compared, the final TMP/Heat method for the routieéermination of 1,4-DMN residues

in potato samples was selected.

For the purpose of investigating the natural lewdld,4-DMN produced by potatoes, a
new analytical method (ACN/PROP) was developed magfer 6. This method uses a
mixture of acetonitrile/2-propanol as the extrattahich is compatible with the mobile

phase used. This compatibility allowed the injattad large volumes into the HPLC as a
means of enhancing the detection sensitivity facdranalysis. The ACN/PROP method
was also optimised and validated for routine anslgé 1,4-DMN residues in potatoes
because it is an efficient, rapid, simple, strdmgttard and less laborious procedure.

In Chapter 7, the ACN/PROP method for trace analysis used to investigate the natural
levels of 1,4-DMN in potatoes and other plant matser In addition to the ACN/PROP
method, a dynamic headspace and a Soxhlet extnaotethod were also tried for the
purpose of investigating the natural levels of DMN in potatoes.

In Chapter 8, the ACN/PROP method for routine asialyvas used for investigating the
distribution and removal of 1,4-DMN residues inrstb potatoes. The variability of 1,4-
DMN residues between-tubers and within-tuber waaluated. The effect of washing
potatoes on the reduction of 1,4-DMN residues wagstigated by analysing potato
samples for 1,4-DMN residues before and after wegshiith tap water and several other
washing solutions. The removal of 1,4-DMN residéresn potato peel by oven-drying
was also investigated in this chapter.
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1.9 Thesis objectives

Published data about 1,4-DMN as a post-harvestcmisstis very limited, as many of the
studies related to this relatively new pesticideravearried out under confidential
conditions and very few are accessible. Becausthisf limitation, this work aims to

provide publishable information regarding this pedée, which is on its way to becoming a

replacement candidate for other commercial sprthibitors in many countries.
The main objectives of the work in this thesis wasdollows:

1. To study the separation behaviour of 1,4-dimethyhthalene and related
compounds in HPLC with reversed-phase mode. Thdysintended to provide a
good understanding of the effect of the differdmomatographic conditions on the
separation of the studied compounds, to form a cb#ésickground for the
development of the required HPLC separation metimotise following parts of the

work.

2. To develop and validate an HPLC separation metlwdrdutine quantitative

analysis of 1,4-DMN in environmental samples, prilggotato extracts.

3. To review and compare the current extraction methad for the analysis of 1,4-
DMN residues in potatoes in order to select thetrappropriate one for routine
analysis, or develop a modified one if required.

4. As 1,4-DMN is present naturally in potatoes at drdevels, it was aimed to
compare extraction methods for trace levels of nahtli,4-DMN and modify or

develop a new one if required.
5. To investigate the natural levels of 1,4-DMN ingtoes and other plant materials

6. To investigate the levels and distribution of 1,MHD residues in treated potato

tubers.

7. To investigate the effect of different domesticsihiag methods on the residue
levels of 1,4-DMN in treated potato tubers.

8. To investigate the effect of different methodsr@moving 1,4-DMN residues from

peel wastes and evaluate their applicability folustrial use.
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Chapter 2: HPLC separation methods for
dimethylnaphthalene isomers and related

naphthalene compounds

2.1 Introduction

Naphthalene and some of its alkyl substituted camde have been identified as natural
volatiles produced by potatoes (Meigh et al., 19B8itery et al., 1970; Nursten and
Sheen, 1974; Coleman et al., 1981; Oruna-Conchhl, &001).

Dimethylnaphthalene (DMN) isomers are a group dfssituted-naphthalene compounds
in which two methyl groups substituted two hydrogeoms in the naphthalene ring. Ten
isomers of dimethylnaphthalene have been reportetitarature (Shinbo et al., 2000;
Shinbo et al., 1998; Alexander et al., 1983). Sahéhem have shown potato sprout
suppressing effects such as 1,4- and 1,6- isonBerge(idge et al., 1981a; Meigh et al.,
1973; Filmer and Rhodes, 1985).

1,4-DMN is used as a sprout inhibitor on potateesrder to maintain their quality during
storage and transport. As with other pesticides fdlot that 1,4-DMN residues can remain
in treated potato tubers poses a potential corfoerronsumers. In addition, the use of 1,4-
DMN on a commercial scale in the potato storageistny poses the risk of introducing
certain amounts of the chemical into the environmienorder to monitor the levels of 1,4-
DMN residues in potatoes and other environmentaipdas routinely, a valid and fast

analytical method is required.

The current method used in our laboratory for thdine analysis of 1,4-DMN residues in
potato samples applies GC for the final separaimhquantification of 1,4-DMN in potato

extracts after a 2-hour Soxhlet extraction with drex followed by concentrating the
extract by rotary evaporation of most of the sotvesee Section 1.8 for more details).
Although GC has been widely used for pesticide rd@teation in vegetables, many of the
most recent publications have reported the use BEGHto be a valuable choice in

overcoming the problems associated with GC proed(andic et al., 2005; Pous et al.,
2001; Orejuela and Silva, 2004; Granby et al., 20@# et al., 2001; Nunes et al., 2002;
Obana et al., 2003; Obana et al., 2002; Singh ,e2@04).
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Two objectives were established for the work irs tbhapter. The first was to study the
HPLC separation behaviour of 1,4-DMN and some efdther related compounds under
different chromatographic conditions. This studignded to provide a good understanding
of the effect of the different chromatographic cibinds on the separation of the studied
compounds. This understanding of the various condit should help in the future

developments of methods for 1,4-DMN analysis iniemmental samples.

The second objective was to develop and validateRIoC separation method for routine
analysis of 1,4-DMN in potatoes. The HPLC sepamatitethod developed in this chapter
is the first step in developing a simple, fast,umate and precise method for the routine
analysis of 1,4-DMN residues in potato samples. dther steps which are concerned with

sampling, extraction and clean up procedures williscussed in the following chapters.
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2.2 HPLC separation of dimethylnaphthalene isomers

and other related naphthalene compounds

2.2.1 Introduction

Most of the early methods for the separation ofhtlaglene and its substituted compounds
used gas chromatography (Meigh et al., 1973; Cafestaal., 1981; Alexander et al.,
1983). However, difficulties were reported in seigdg some isomers, such as 2,6- and
2,7-dimethylnaphthalene whose separation is ditfitumany analytical methods due to
their very similar physicochemical properties (Rutan and Soerawidjaja, 2004; Meigh et
al., 1973; Kim et al., 2001; Shinbo et al., 1998).

The separation of isomeric compounds is generatigendifficult than that of non-isomeric
compounds due to their extreme structural simyafbnyder and Dolan, 2000). In
reversed-phase HPLC, the separation of isomerigpoomds - like other compounds - can
be improved by optimising the different effectivacfors such as mobile phase
composition, column characteristics and column tmafore, as discussed in the

introduction in Section 1.6.

In general, compounds are less retained in RP-HEWMns when using a stronger (more
non-polar) mobile phase. An HPLC column packed wilica-based C18 stationary phase
is a common start for a new RP-HPLC separation. Udgee of this type of column was
found to enhance the separation of some structis@iners of PAH compounds
(naphthalene and its substituents are consideredngnthis family of compounds)
(Kayillo et al., 2006). The excellent separatioficefncy of PAH isomers by RP-HPLC on
C18 columns contributed to the popularity of tleshnique for PAH separations (Poster,
1998).

Two types of C18 bonding chemistries (monomeric palymeric) are used in preparing
HPLC columns (see Section 1.6 for details). Semaratharacteristics of these two types
of bonded phases of C18 may differ remarkably innynapplications. In general,

polymeric C18 columns can provide better overalbasation of isomers and other
mixtures of structurally similar compounds compat@dnonomeric C18 columns (Poster,
1998). Column temperature is another condition piegs an important role in controlling

the separation in RP-HPLC separations. By seledtuegright column temperature, the

separation of many samples can be enhanced.
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Shinbo and co-workers (1998 and 2000) used two demeloped HPLC columns (packed
with cyclophane bonded-silica stationary phase)tlier separation of DMN isomers (10
isomers) and some other aromatic compounds (Shenlad., 2000; Shinbo et al., 1998).
They also compared the new columns to a commeygmatiduced C18 column and to a
phenyl column. The new cyclophane columns wererteddo be able to separate most of
the examined substituted-naphthalene compounderliken the other two columns. They
also examined the effect of temperature on theragpa of alkylated naphthalenes using
the new columns and compared that to the C18 caldémrexample was provided for the
pair 2,6- and 2,7-DMN which were not separatedigy®DS column at any temperature,
but were well separated by the new cyclophane caduat low temperatures (<2C).
However, these columns are not yet commerciallyilabvia (T. Shinbo, personal

communication).

The work in this section aimed to study the RP-HRgparation behaviour of 1,4-DMN
and some of the other related compounds underreiiffechromatographic conditions in
order to provide a good understanding of the efdédifferent chromatographic conditions
on the separation of the studied compounds. Thidystvas conducted using the available
columns in the laboratory, and adjusting the odfer variables that can affect the

chromatographic separation.

1,4-DMN absorbance was measured on a UV spectroptatér to obtain the wavelength
that gives the highest absorbantem#x) which was then set up as the detector waviieng
throughout the method development. UV absorbance seected in the detection of the
present mixture components as it provides extrersehsitive and selective detection for
such compounds (Poster, 1998).

An initial separation was conducted to obtain aarexew of the retention of the mixture
components. In the light of the initial separatieeyeral experiments were conducted to
optimise the separation by using three columns, eptimising the mobile phase

composition and column temperature.

2.2.2 Materials and methods

2.2.2.1 Materials and standards

The mobile phase was prepared by mixing certainmek of acetonitrile (ACN) (HPLC
grade, Fisher Scientific, UK) with deionised waterget the required concentration of
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ACN (% v/v). The mixture was then degassed by sdi@n in an ultrasonic bath (Sonicor
SC120T) for at least half an hour.

The development of HPLC separation methods for Diddiners and the other related

compounds was achieved by using a mixture of comg®lsted in Table 2.1.

Table 2.1 Some characteristics of the mixture components used for the development of an
HPLC method for the separation of DMN isomers and t he other related naphthalene
compounds

Melting | Boiling

Abbreviation Molecular . .
Compound Name in the Thesis Structure Weight P?mt Pc?lnt
(°C) °C)
Naphthalene Naph () 128.2 80-82| 218

CH,
2-methylnaphthalene 2-MeNaph 142.2 34.4 241

C2H5
2-ethylnaphthalene 2-EtNaph 156.2 7.4 258

CH;
1,4-dimethylnaphthalene  1,4-DMN 156.2 7.6 268
CH;
S CHU
2,3-dimethylnaphthalene 2,3-DMN f I 156.2 103-104 269

iy ol
2,6-dimethylnaphthaleng 2,6-DMN Hsc’Ef/K;r 156.2 106-110| 262

1%

LR+ B
2,7-dimethylnaphthaleng 2,7-DMN Uj 156.2 94-97 263

1%

A stock solution of each component was prepared abncentration of 100Ag/ml in
acetonitrile. The mixture was prepared by dilutwith acetonitrile to a concentration of 2
pug/mi.

2.2.2.2 Equipment

The water used to prepare the mobile phase wasneldtérom an Elga Purelab Option

Deioniser.
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The HPLC system used consisted of a Gilson 234 -My&ztor, a Severn Analytical
SA6410B solvent delivery system and a Severn AicaiytSA6500 UV/Vis absorbance

detector connected to a ChromJet integrator.

The characteristics of the HPLC columns used at&ldd in Table 2.2.

Table 2.2 General characteristics of the HPLC columns use

isomers and the other related naphthalene compounds

Chapter 2, 78

d for the separation of DMN

. . . , Carbon
Column Packing | Dimensions| Particle Loadin Endcapoin
Manufacturer | Material (mm) Size (um) (%) 9 bping
Spherisorh
Jones ODS-2 250 x 4.6 5 11.5 Fully

Spherisorh 115

Supelco ODS-2 250 x 4.6 5 Fully
Supelcosil , .

Supelco LC-PAH 150 x 4.6 5 High Load Fully

* The value was not specified in the manufactgrerébsite or column datasheet.

The effect of the column temperature on the sejparaif DMN isomers and the other
naphthalene compounds has been studied by plawgngadlumn in a glass jacket full of
running water from a water bath at°@ and 12°C and compared with the ambient

temperature.

2.2.3 Results and discussion

2.2.3.1 Initial separation of 1,4-DMN isomers and o ther related

compounds

The starting conditions were chosen to give a qoiaview of the retention behaviour of

the mixture components. The following conditiongeviitially chosen for this purpose.

= Column: Jones Spherisorb ODS-2

= Mobile phase: 70 % acetonitrile : 30 % water

=  Flow rate: 1.5 ml/min

= Injection volume: 10 pl

= Runtime: 15 min
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= Temperature: ambient (~2Q)

= Detector wavelength: 228 nm

The separation of the mixture of DMN isomers areldther related compounds under the
starting chromatographic conditions is shown iruFég2.1. This initial separation gives an
idea of the retention and UV absorbance behavibtineomixture components. 1,4-DMN
has been reported to have a strong UV absorbareevavelength of 228 nm (Beveridge,
1979). This wavelength was also confirmed herehgy dpectrophotometric scanning of
1,4-DMN standard. Therefore, this wavelength wasiusere.

As shown in Figure 2.1, all the compounds examinad good retention in the column
selected under the initial conditions. In additihre mixture components showed good UV
absorbance at thenax of 1,4-DMN, which supports the use of this wamgth in the rest

of the separation method development for this méxtu

2-ethylnaphthalene
1,4-dimethylnaphthalene
2,3-dimethylnaphthalene
2,7-dimethylnapthalene

b.10
/n

B .42

2-methylnaphthalene

C— 2,6-dimethylnaphthalene

63

[R

Absorbance at 228nm
Naphthalene

Time (min’
Figure 2.1.The separation of the mixture of DMN isomers an  d the other related compounds

under the starting chromatographic conditions

Peak identification was achieved by comparing ttention times of the peaks in the

mixture to those of pure standards containing glsicompound and run under the same
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chromatographic conditions. In addition, furthemfionation was obtained by running

four other mixtures in which a compound from theloted compounds was excluded.

The first two peaks were naphthalene and 2-metp¥itealene respectively, and the last
peak was for 2,6-DMN. The other four compounds veereluted and appeared as a single
peak at 7.75 min in the chromatogram. The four caumps were identified as 1,4-DMN;
2,3-DMN; 2,7-DMN and 2-ethylnaphthalene.

This initial separation revealed the need for oing the chromatographic conditions to

achieve better separation for the mixture compaent

It is normally easier and more effective to staptimising a separation by changing the
solvent strength (mobile phase composition). Tieesf several experiments were
conducted to study the role of this factor in opsimg the current separation.

2.2.3.2 Optimising the separation on the Jones ODS- 2 column by using

different solvent strengths

Using the Jones ODS-2 column, several concentatd®ACN in the mobile phase were
examined. The concentrations tested were at 10tétvals, i.e. 60 %, 50 % and 40 %
ACN mixtures in water. Flow rate was 1.5 ml/minah of theses runs, except at 40 %
where 2.0 ml/min used to speed up the separati@udition to providing less broadened

peaks at the higher flow rate.

At 60 % and 50 %, resolution increased only betwden peaks that were already
separated at 70 %, but no improvement was achigvedparating the coeluted peaks of
the four compounds 1,4-DMN; 2,3-DMN; 2,7-DMN ana@ylInaphthalene.

The coeluted peaks started to separate at 40 % &by, as shown in the chromatogram
in Figure 2.2.
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2,3-DMN
+
2,7-DMN

X 2-ethylnaphthalene

2-methylnaphthalene

\

Absorbance at 228 nm

Naphthalene
e J -
o 10 20 30 40 50 60 70 80 90

Time (min)

Figure 2.2.The separation of the mixture of DMN isomers an  d the other related compounds
on Jones ODS-2 column using 40 % ACN/water at 2.0 m  I/min and ambient temperature (~20
OC)

However, this degree of separation of the four coumgs was not sufficiently
encouraging to continue using this column. The smparation efficiency of this column
was thought to be due to the age of the column¢hvhad been used for a long time prior
to this separation. Therefore, the Jones columnreplaiced with a brand new and more

modern Supelco Spherisorb ODS-2 column.

2.2.3.3 Optimising the separation on Supelco ODS-2  column by using

different solvent strengths

This column was packed with a Spherisorb ODS-Zastaty phase and had a length of
250 mm. The separation optimisation on this colwstarted with optimising the mobile

phase strength. The same conditions used with JO1&S-2 were repeated here to
compare the efficiency of this column in separatimg mixture compounds. Mobile phase
compositions of 70 %, 60 %, 50 % and 40 % ACN/watere examined.

The separation profiles of the mixture componentstitos column at 70 % and 60 %
ACN/water were similar to the ones obtained by gsihe Jones column. However,
slightly narrower and more symmetrical peaks wdrwaioed on the Supelco column. It
was considered that this improvement in peak spapeéded the basis for enhancing the
separation of the coeluted peaks, particularlpatl concentrations of ACN in the mobile

phase at which the peaks are normally broader.

At 50 % ACN/water, the 2-ethylnaphthalene peaktstato be resolved from the other

three compounds that appeared as a single peak.Wds a clear improvement in the
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separation at this concentration of ACN comparedh® Jones ODS-2 column. The
separation of the mixture component at 50 % AC8hewn in Figure 2.3.

1,4-DMN + 2,3-DMN +
2,7-DMN

2-ethylnaphthalene

Absorbance at 228 nm
2-methylnaphthalene

naphthalene

2,6-DMN

M L,

0 10 20 30 40
Time (min)

Figure 2.3. The separation of the mixture components on Su  pelco ODS-2 at 50 % ACN/water
with a flow rate of 1.5 ml/min and at ambient tempe  rature

The best separation of the mixture components @ dblumn among the conditions
examined was achieved at 40 % ACN/water with a ftate of 2.0 ml/min and ambient

temperature. This separation is shown in the chtognam in Figure 2.4.

2,3 DMN
2-methylnaphthalene
2,7- DMN 2-ethylnaphthalene

1,4-DMN 2,6-DMN
Naphthalene \ /
2, A AN /\

0 10 20 30 40 50 60 90
Time (min)

Absorbance at 228 nm

Figure 2.4.The best separation of the mixture components 0 n Supelco ODS-2 column.

Conditions: 40 % ACN/water, 2.0 ml/min and ambient  temperature

Four compounds out of the seven comprising the urgxtvere completely resolved. In

addition, 1,4-DMN was patrtially separated. The arlution occurred for 2,3-DMN and
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2,7-DMN, which might be related to the very closgysicochemical properties of the two

isomers.

By comparing the chromatograms in Figure 2.2 amliféi 2.4, it can be clearly noticed
that the peaks produced by Supelco ODS-2 columnarewer and less tailed. This better
peak shape contributed to enhancing the separafidid-DMN and 2-ethylnaphthalene
from the other coeluted DMN isomers. In additioine thigher retention of the mixture
components on the Supelco ODS-2 column gave mme for the mixture components to
be separated. Tailed peaks and a decrease inioaetané commonly noticed with heavily
used columns and are signs of column degradatioydés et al., 1997). This seems to be

the case with the Jones column.

The main drawback of the separation shown in Fig@udds the long run time required for
the separation. This was expected from a columih wWits length at the low solvent
strength used. However, this should not be a prnolite a method which is not designed

for routine analysis.

In a search for shorter run times with good separah addition to comparison of more

columns, the LC-PAH column was selected and sineikgreriments conducted.

2.2.3.4 Optimising the separation on Supelco Supelc  osil LC-PAH

column by using different solvent strengths

The third column chosen to be used to optimisestépgaration of DMN isomers and the
other related naphthalene compounds was a Supelgelc®sil LC-PAH (5 pum particle
size, 150 mm x 4.6 mm). This column was designeztifipally for the separation of
polyaromatic hydrocarbons, which include the conmatsuin the current mixture. The high
carbon load of this column should provide morecgfficy in the separation of such

mixtures.

The separation optimisation on this column stameth optimising the mobile phase
strength. The same conditions used with the JorgS-P® and the Supelco ODS-2 were
repeated here to compare the efficiency of thisurool in separating the mixture
compounds. Mobile phase compositions of 70 %, 66046 and 40 % ACN/water were

examined.

The mixture components eluted faster in the LC-P&iHumn than in the previous two

columns. This was to be expected, as the lengtheoEC-PAH column was only 150 mm.
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At 70 % all the mixture components were elutedesslthan 5 minutes on the LC-PAH

column, but with four compounds coeluted.

A total of only four peaks appeared in the chromgetm at 60 % ACN/water, which
indicated a coelution of four compounds in a singgak. However, despite the shorter
length of this column - which was expected to caloseer resolution of the mixture
components - the four coeluted compounds starteshéov a sign of separation at ACN
concentration as high as 60 %. The shape of th& pmaresenting the four coeluted
compounds appeared to have a shoulder to theBlgfowering the ACN concentration in
the mobile phase to 50 %, this shoulder was furskeparated as another peak which had a
shoulder as well. The new peak was identified 4<DIVIN and 2-ethylnaphthalene, which
was separated from the peak representing 2,7-DMN2a8-DMN. The chromatogram in
Figure 2.5 shows the separation of the mixtureDacbACN/water.

2-ethylnaphthalene 2,3-DMN + 2,7-DMN

1,4-DMN

2,6-DMN

Absorbance at 228 nm
2-methylnaphthalene
cAsey

—

o - %naphthalene

T T T T
8 10 12 14 16 18 20

Time (min’

(o]
N
N

Figure 2.5.The separation of the mixture components on Sup  elco Supelcosil LC-PAH at 50
% ACN/water with a flow rate of 1.5 ml/min and ata  mbient temperature (~20 °C)

At a mobile phase concentration of 40 % ACN/wate4;DMN had better separation as a
single peak from the rest of the three other comgdsuwhich formed a peak with a

shoulder corresponding to 2-ethylnaphthalene. $&paration is shown in Figure 2.6.
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2-ethylnaphthalene

2,3-DMN + 2,7-DMN

1,4-DMN

Absorbance at 228 nm
2,6-DMN

2-methylnaphthalene

naphthalene

— Il

0 10 20 30 40

Time (min)

Figure 2.6.The separation of the mixture components on Sup  elco Supelcosil LC-PAH at 40
% ACN/water with a flow rate of 2.0 ml/min and ata mbient temperature (~20 °C)

Despite the shorter length of the LC-PAH columrshibwed high separation efficiency in
the separation of the current mixture of naphthedenThis high efficiency could be
attributed to the special design of its C18 bonglegise in addition to its high carbon load.
The Supelcosil LC-PAH packing material was chands¢e as having a polymeric phase,
which has better efficiency for the separation é&HPisomers and other mixtures of

structurally similar compounds (Poster, 1998).

Because of the promising results obtained withGePAH column, it was decided to use
it to study the effect of column temperature on $kearation of the current mixture. In
addition, the short length of this column makesuitable for examining the separation at
lower temperatures, which are accompanied by aedserin the mobile phase viscosity

and therefore an increased system backpressure.

2.2.3.5 Temperature effect on optimising the separa  tion on Supelco
LC-PAH column
The effect of the column temperature on the sejparaif DMN isomers and the other

naphthalene compounds was studied by placing tluencoin a glass jacket full of running

water from a water bath at’@ and 12C and compared with the ambient temperature.

As noted from studying the effect of solvent stitbnon the LC-PAH, mobile compositions
of 50 % and 40 YACN/water provided promising results for the separatibthe mixture
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components. Therefore, these two concentration® wetected to study the effect of
column temperature on the separation of the mixtareponents.

There was a significant effect of column tempemtur separating the mixture of DMN
isomers and the other related compounds. Thistefet be clearly noticed by comparing

the chromatogram in Figure 2.7 to that in Figuge 2.

1,4-DMN +
2-ethylnaphthalene

2,3-DMN + 2,7-DMN

h

2,6-DMN

Absorbance at 228 nm
naphthalene
2-methylnaphthalene

J

14 16 18 20 22 24 26 28 30

o
N
N
(e
e
N
o
N
N

Time (min)

Figure 2.7.The separation of the mixture component on Supe  Ico Supelcosil LC-PAH at 50 %
ACN/water with a flow rate of 1.5 mi/minand at4 °C

Both chromatograms were obtained at 50 % ACN/wated 1.5 ml/min. The only
difference between the conditions used was thenwoltemperature. Column temperature
was about 26C in the separation in Figure 2.5 where it was leggo about 4C for the
separation in Figure 2.7. By lowering the colummperature to 4C, the separation of
1,4-DMN from the other DMN isomers was enhancedweler, 2-ethylnaphthalene
formed a single peak with 1,4-DMN as a result afddng the temperature. The single
peak of the two compounds was completely resolvenh fthe single peak representing

2,7-DMN and 2,3-DMN as a result of the low coluremperature.

Sub-ambient temperatures have been found to enlthacgeparation of complex isomer
mixtures of PAHs using various C18 columns (Saradet Wise, 1989). Shinbo and co-
workers have also achieved better separation of Dddhhers at sub-ambient temperatures
on their laboratory-prepared columns with cyclopdtonded stationary phases (Shinbo et
al., 2000; Shinbo et al., 1998).
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Because 2-ethylnaphthalene had some separationtfi@rh,4-DMN peak in Figure 2.5 at
20°C whereas the two are completely coeluted %, 4 temperature between the two was
examined to try to optimise the separation of 3detiphthalene. It was thought that such a
temperature may cause 2-ethylnaphthalene to elutieei middle between 1,4-DMN peak
and the peak representing 2,7-DMN and 2,3-DMNufa temperature was adjusted to
12 °C with all of the other conditions fixed. Howevethere was no significant
improvement in the separation of the mixture congm® 2-ethylnaphthalene still
completely coeluted with 1,4-DMN, and 2,7-DMN an@-DMN still forming a single

peak in the chromatogram.

It was then decided to investigate the effect dfimm temperature on the separation of the
iIsomers using a mobile phase consisting of 40 % AW2kér. The chromatogram in Figure
2.8 shows the separation of the mixture componaind® % ACN/water with the column

temperature set at°€.

2,3-DMN + 2,7-DMN

2-ethylnaphthalene

1,4-DMN

2-methylnaphthalene
Naphthalene ﬁ 2,6-DMN

AMJI‘ /‘\\»\‘\*,_JL | k
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Absorbance at 228 nm
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Figure 2.8.The separation of the mixture component on Supe  Ico Supelcosil LC-PAH at 40 %
ACN/water with a flow rate of 1.5 mI/minand at4 °C

Using these conditions, 2-EtNaph started to sepdram 1,4-DMN showing a slightly
longer retention time. In comparison to Figure 2hrs slight separation between the two
peaks was attributed to lowering the solvent stienas it was the only condition which

was changed.

The separation was then examined af@2n a trial to enhance the resolution between 2-

EtNaph and 1,4-DMN. This separation is shown indfm®matogram in Figure 2.9.
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Figure 2.9.The separation of the mixture component on Supe  Ico Supelcosil LC-PAH at 40 %
ACN/water with a flow rate of 1.5 ml/min and at 12  °C

Using these conditions, both 2-EtNaph and 1,4-DMtenbetter resolved from each other
and from the peak of 2,7-DMN and 2,3-DMN. These dibons of mobile phase
composition, temperature and flow rate were th@mph practical conditions achieved for

separating the mixture components on this column.

2.2.3.6 Summary and application of the best separat ion method

The Jones ODS-2 column used gave insufficient séiparof the DMN isomers and the
other related naphthalene compounds. It producedy fdroad and tailed peaks,
particularly at low solvent strengths. The age @odsible degradation of the column

seemed to be responsible for this low separatificiexicy of the mixture.

In contrast, the Supelco ODS-2 column providedaveer and more symmetrical peaks,
even at low concentrations of ACN in the mobile ggharhese advantages contributed to
producing a good separation of the mixture comptmerhe best separation on this
column was achieved at the conditions used to géméne chromatogram in Figure 2.4, as

follows:

= Column: Supelco Spherisorb ODS-2 (250 x 4.6 mm)

= Mobile phase: 40 % acetonitrile : 60 % water

=  Flow rate: 2.0 ml/min

» Injection volume: 10 pl
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= Run time: 85 min
= Temperature: ambient (~2Q)
= Detector wavelength: 228 nm

The Supelco Supelcosil LC-PAH column is specificalesigned for PAH compounds,
which includes the present mixture components. €olamn has the advantage of being
short, which should reduce the separation time. ¢d@w longer columns with the same
specifications should provide better separationthesy will allow more time for the
separation to be developed. By optimising the teophase compositions and column
temperature, the LC-PAH column provided very googpasation of the mixture

components, as shown in Figure 2.9.

For the best separation of the mixture componéwis,combinations might be used. The
first is the use of Supelco ODS-2 column with 40A%N/water at a flow rate of 2.0
ml/min and at ambient column temperature. The séjosr was achieved in about 85
minutes. The other alternative is the use of Swup&apelcosil LC-PAH with 40 %
ACN/water at 1.5 ml/min and at column temperaturé°C. The separation time using
these conditions was about 75 minutes. Both conibma provided a good separation of
the mixture components, with only two isomers cteelu However, the optimum
separation achieved on the Supelco ODS-2 columnawasnbient temperature without
any need for column temperature control, which ceduthe effort and time needed for
setting up the right temperature. These savingisna and effort may overcome the 10 min
difference in the separation time between this moluand the LC-PAH column,
particularly when bearing in mind that this separatwas not designed for a routine
method.

The separation method using Supelco ODS-2 colunmapalied to examine the presence
of any of DMN isomer or any of the other naphthaleexamined in a commercial product
of 1,4-DMN sprout inhibitor called 1,4-SHipproduced and used in the United States. In
addition, a potato extract (extracted based onSieehlet method used in our laboratory
which is described in Section 1.8) of tubers tréatith the commercial 1,4-DMN sprout

inhibitor was also examined.

Figure 2.10.a-d show chromatograms of the mixtdré,4-DMN isomers and the other
naphthalenes (a), a 1,4-DMN standard in ACN (golation of a commercial product of
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1,4-DMN sprout inhibitor (1,4-Shff) diluted appropriately in ACN (c), and a
representative chromatogram of an extract of pqiagd (in hexane) for tubers treated with
the commercial sprout inhibitor 1,4-DMN (d). Thera@matograms show no presence of
any of the mixture components used in developirgsiparation method other than 1,4-
DMN. This should help in the further developmentafoutine method for the analysis of
1,4-DMN residues in potato extracts by consideanty the isomer 1,4-DMN.
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Figure 2.10. Chromatograms obtained by the best separation method for DMN isomers and

the other related compounds a) A mixed standard of the DMN isomers and the other

naphthalene compounds. b) A 1,4-DMN standard in ACN . c) a diluted solution of a

commercial product of 1,4-DMN sprout inhibitor (1,4 -Ship) in ACN. d) A representative

chromatogram of an extract of potato peel (in hexan  e) for tubers treated with 1,4-DMN.

Chromatographic conditions: Supelco Spherisorb ODS- 2 (250 x 4.6 mm), 40 % ACN/water,
2.0 ml/min, 10 pl injection volume, 85 min run time , ambient temperature and detector

wavelength of 228 nm



Mohammed D. Y. Oteef, 2008 Chapter 2, 92
2.3 HPLC separation method for routine analysis of 1,4-

dimethylnaphthalene residues in potato samples

2.3.1 Introduction

The analysis of 1,4-DMN in potato samples is cdroet largely by gas chromatographic
methods (Beveridge, 1979; Boylston et al., 200Ha0an, 1991; Knowles et al., 2005). In
many of these methods, a lengthy sample preparaioormally required. The extracts
containing 1,4-DMN need a multi-step clean up pdoce in addition to concentrating the
final extract by evaporating most of the organilvent. During this step, some loss of 1,4-
DMN has been reported (Beveridge, 1979).

Very limited information is available for method#ieh apply HPLC for the determination
of 1,4-DMN residues in potato samples. An HPLC rodtlfor this purpose was reported
by O’'Hagan (1991). The method was a modificatiora gfrevious method developed for
the analysis of the herbicide trifluralin [2,6-dno-N,N-dipropyl-4-(trifluoromethyl)
benzenamine]. The method modified by O’Hagan (199dudes a lengthy extraction and
clean up procedure prior to the analysis by HPLCR-HPLC separation method was
used for the determination of 1,4-DMN in the fieatract. The separation was achieved on
a C18 column with the mobile phase composition ethanol/water (70:30) mixed with
acetic acid. The flow rate was 2.0 ml/min and tke&dtion wavelength was 230 nm. The
use of acetic acid was thought to enhance the agpaiof 1,4-DMN. However, there was
no reason reported for this. Acetic acid may afteet separation of a chemical such as
trifluralin which has some functional groups thaght be affected by the pH of the mobile
phase. However, no such functional groups are ptesel,4-DMN and therefore, the use

of acetic acid might not be appropriate.

In Section 2.2, valuable information was obtained the RP-HPLC separation of 1,4-
DMN and the other naphthalene compounds examindeDWMN was found to be retained
well on C18 columns. The Supelco ODS-2 column wamd to provide good peak
shapes. This column in conjunction with the ihitanditions (see Section 2.2.3.1) was
selected for the development of the routine sejarahethod for 1,4-DMN residues in

potatoes.

The HPLC separation method reported in this workeal to provide a simple, fast,
accurate and precise separation for the routindysieeof 1,4-DMN residues in potato

extracts.
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2.3.2 Materials and methods

2.3.2.1 HPLC equipment and chromatographic conditio  ns

The same HPLC equipment described in Section 2.2vas used here. Chromatographic

conditions were set as follows:

=  Column: Supelco Spherisorb ODS-2 (5 pm particle,s2560 mm x 4.6 mm)

= Mobile phase: 70 % acetonitrile : 30 % water

=  Flow rate: 1.5 ml/min

» Injection volume: 10 pl

= Runtime: 10 min

= 1 4-DMN retention time : ~8 min

» Temperature: ambient

Detector wavelength: 228 nm

2.3.2.2 Stock solution and standards

A stock solution of 1,4-DMN was prepared at a comicgion of 1000 pg/ml in
acetonitrile. The rest of the standards were pegpény diluting the stock solution with
acetonitrile to the required concentration. Allig@ns were stored at°€.

2.3.2.3 System precision

The system precision was examined by analysingcedpl injections (n=7) of 1,4-DMN

standards at the lowest concentration examine@ (@gdml) and at 50 pg/ml 1,4-DMN.

The relative standard deviation (%RSD) was caledldbr each level as follows:

%RSD = 100 Standard deviation of peak areas/Meak geea
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2.3.2.4 Linearity assessment

Linearity was tested in two ranges, with five camtcation levels for the low range and 15
levels for the high range. The lower range was-A.® pg/ml and the higher range was 20
- 300 pg/ml. Two series of calibration standardusohs were prepared for this test.
Aliquots of these solutions (10 ul) were injectetbithe HPLC system in triplicate and the
detector response (peak area) plotted against ¢dhealaconcentration to generate the
calibration graphs. The linearity of the graph wsatistically assessed using EXcel

software.

2.3.2.5 Limit of detection

The limit of detection (LOD) of the separation madhwas calculated statistically based on
the data from the lower range calibration, follogvia method described by Miller and

Miller (2005) and summarised in the introductiorSection 1.7.5. The limit of detection is

defined, based on this method, as the concentrafigdhe analyte that gives a peak area
significantly different from the blank or the backgnd peak area. The calibration curve at
low levels of 1,4-DMN was used to statisticallyiestte the 1,4-DMN peak area that was
significantly different from the blank peak aredeTequation used to estimate this peak

area was:
LOD peak area=gy+ 3 $

Where ¥ is the blank peak area anglis the standard deviation of the blank peak drea.
practice, the value ofgyand g can be estimated from the calibration graph atlalaeer
range by using values from the regression anabfsi@riance. Therefore, the value ¢f y
was replaced by the intercept value of the regrassguation of the calibration graph of
1,4-DMN at the lower range of 0.2 - 1.0 pug/ml. $amy, the term g was replaced by the
residuals standard deviation, which is the squaoé of the error mean square. Both terms
were estimated using the regression function ineExsoftware. The concentration of the
analyte corresponding to this peak area was thma&tstd LOD of the separation method.

The estimated value of LOD was examined experinignisy replicate injections of a

standard containing the 1,4-DMN at that value.

2.3.2.6 Assay accuracy

The accuracy of this HPLC separation method wasnexed by comparing the values
produced by the HPLC method of 1,4-DMN in potatdracts to those obtained by the
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standard method used in our laboratory which agely chromatography. The extracts
used here were in hexane and prepared by Soxhhaicegn of potato tubers treated with
1,4-DMN. A brief description of the Soxhlet methoded for preparing these samples is

found in Section 1.8.

Twenty two samples were analysed by both methodstlhea results were plotted and
statistically evaluated following the method ddsed by Miller and Miller (2005) as
detailed in the discussion below.

2.3.3 Results and discussion

2.3.3.1 Chromatographic conditions

This method was designed for the routine quantgatietermination of 1,4-DMN in
environmental samples, in which the speed, accuaadyprecision are the most important

elements.

The Supelco Spherisorb ODS-2 column was chosethéoroutine method due to its good
performance shown in Section 2.2. It has been showarovide narrow and symmetrical
peaks which help to provide better resolution faxtare components. The importance of
high column efficiency is apparent for separatingr@MN in potato extracts which, may

contain a variety of other naturally interferingygoounds.

The mobile phase composition was chosen to be 7AC¥/water with flow rate of 1.5
ml/min, as it has been shown (in combination wité dther conditions) to provide a good
enough peak shape with a fast elution of 1,4-DMNicW is required in a routine method.
In addition, the use of partial loop filling withnty 10 pl of injection volume should

contribute to speeding up the separation methagdycing the injection time cycle.

The detection wavelength was set at 228 nm whitheisvavelength that gives the highest
absorbance of the UV light by 1,4-DMN moleculesnéx). This should enhance the
sensitivity of the method, particularly at low centrations of 1,4-DMN. This wavelength

was used by Beveridge (1979) in a proposed spéduaitometric method for the detection

and quantification of 1,4-DMN. It was reported tig4-DMN has a strong absorbance of
UV light at this wavelength which enabled the detecof the compound at low levels of

0.1 pg/ml in the solution.
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2.3.3.2 System precision

The first step in validating the separation methas to examine the suitability of the
HPLC instrument to generate results with sufficigmécision. System precision was
examined by analysing replicate injections (n=7jhaf 1,4-DMN standards at the limit of
detection (LOD) (see Section 2.3.3.4) of 0.02 pgémtl at 50 pg/ml 1,4-DMN. The

precision was expressed by the relative standavétitn (%0RSD) of peak areas in the
replicate injections. %RSD value was 3.45 % at @2&nl, which is good at this very low

concentration of 1,4-DMN. Better precision was agkd at higher concentrations as
indicated by the %RSD at 50 pg/ml 1,4-DMN with dueaof only 0.37 %. These values

demonstrate that the method is able to provideiggeand consistent results.

2.3.3.3 Linearity assessment

The linearity was tested to verify a proportion@lationship of the detector response to
1,4-DMN concentrations. Figure 2.11 and 2.12 shbis telationship for the low range
(0.2 — 1.0 pg/ml) and the high range (20 — 300 l)gh 1,4-DMN concentrations

respectively.

Calibration Line of 1,4-DMN Standards
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Figure 2.11.Calibration graph for the low range (0.2 -1.0  pg/ml) of 1,4-DMN
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Figure 2.12.Calibration graph for the high range (20 - 300  pg/ml) of 1,4-DMN

The equations of the regression lines for the taoges are shown in the calibration
graphs. The correlation coefficients obtained foe two regression lines r >0.999)
demonstrate the excellent linear relationship betwepeak areas and 1,4-DMN
concentrations. Generally, a value 6f¥0.998 is considered to be evidence of acceptable
fit of the data to the regression line (ShabirletZz007). The y-intercepts of the regression
lines in the two graphs are less than 2 % of thedhaiof the range in each graph. These
values fit well in the acceptable range for thesiogpt of calibration lines, which should
not exceed a few percent of the response obtaoreithd analyte at the target level (Shabir
et al., 2007; Bruce et al., 1998). The wide rangknearity examined here provides high

flexibility in developing methods for various apgtions of 1,4-DMN analyses.

2.3.3.4 Limit of detection

The statistical method described by Miller and Btil(2005) for estimating the limit of
detection of analytical methods based on the eldm curves was used here. The
calibration curve in the range of 0.2 - 1.0 pg/rhilg:-DMN was used here. An Ex&el
spreadsheet with the aid of the regression functias used to estimate the required

statistical values shown in Table 2.3.
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Table 2.3 Summary of the statistical values used in the e  stimation of the limit of detection of
the routine HPLC separation method

Statistic Value
Slope 145800
Intercept (estimation forgy 412
Residuals standard deviation

o 1234
(estimation for g)
Peak area for LOD 4115
LOD (pg/ml) 0.02

The slope and the intercept of the calibration ewuat/the low range were used to replace

the two terms in the equation:

LOD peak area=g/+ 3 $

The peak area corresponding to the LOD was thenuleakd using the above equation and
finally the LOD as a concentration (ug/ml) was a#ted from the calibration line
equation. As shown in Table 2.3, a concentratioh,4fDMN of 0.02 pg/ml was estimated
as the LOD. This value was examined experimentallyeplicate injections of a standard
containing 0.02 pg/ml of 1,4-DMN in ACN, as desedhn the system precision sections.
A representative chromatogram is shown in Figui8.2.
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Figure 2.13. A representative chromatogram of 1,4-DMN stan  dard at the LOD of 0.02 pg/ml
analysed according to the conditions of the routine method

The chromatogram in Figure 2.13 shows a 1,4-DMNtkat can be clearly distinguished

from the background noise, which agrees with tHendien of the limit of detection.
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2.3.3.5 Assay accuracy

Several procedures are reported in literature lier dssessment of method accuracy as
detailed in the introduction in Section 1.7.3. Qrighese methods is based on comparing
the results of the proposed method to those otanskreputable method which is widely
accepted (Jenke, 1998; Miller and Miller, 2005). lBgking this comparison, analysts aim
to identify any systematic error that might be proed by the new method. The values
obtained by the two methods are plotted in a regvasgraph with one axis used for the
results obtained from the new method, and the cdlvex for the results from the other
method. The use of this regression method in comganalytical methods is widely used
due to the valuable information it provides abdgt hature of any differences between the
two analytical methods. By evaluating the slope antdrcept of the regression line, the
analyst can obtain valuable information about theire of any systematic errors between
the two methods. In addition, the value of the @ation coefficient (f) for the regression
line generated to compare the two methods can geovaluable information of the
precision of the two analytical methods. The idsi&liation is when the two methods
produce identical results. In this model situatibe regression graph will have a line with
a slope of 1, a correlation coefficient of 1 andimtercept of zero. However, this never
happens in practice due to the various errors dammnor possibly systematic - associated
with analytical procedures. Therefore, statistias be applied to evaluate the significance
of the deviation of the regression line from theabdsituation (Miller and Miller, 2005).
The precision of each of the two analytical methoda be evaluated as described in
Section 2.3.3.2. The significance of the deviatadnthe slope and the intercept of the
regression line from the ideal values can be evatliay determining confidence limits for
the slope and the intercept, generally at the 96\ (Miller and Miller, 2005).

For the current comparison of the HPLC and GC nuth&xce? was applied to plot the
regression line of the data obtained for the twdwnty samples, and also to calculate the

required statistical values through the regreskiontion available in the software.

The comparison of the two methods is illustrateBigure 2.14.
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1,4-DMN CONCENTRATIONS IN POTATO EXTRACTS OBTAINED BY GC and
HPLC
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Figure 2.14.Comparison of 1,4-DMN values in potato extract s obtained by HPLC routine
method and by GC method. The solid line shows the r  egression line (best fit) and the
dashed one represents the equality line

The graph in Figure 2.14 shows the regressiondirie4-DMN concentrations obtained by
the two analytical techniques in 22 samples. The®&data covered a wide range of 1,4-
DMN concentrations between less than 10 pg/ml tval®0 pg/ml of 1,4-DMN in potato
extracts. The HPLC data were plotted on the y-arid the GC results on the x-axis. The
regression line shows a very good agreement betteetwo methods. This agreement
was described well by evaluating the statisticdues obtained from the Ex&ebutput

which are summarised in Table 2.4.

Table 2.4. Summary of the statistical values obtained fro  m Excel ® for the regression line of
the comparison between HPLC and GC methods

Statistic Value

Correlation Coefficient @) 0.9992

Intercept 0.1726

Intercept 95 % Confidence Interval -0.6727 to 1917
Slope 0.9932

Slope 95 % Confidence Interval 0.9752t0 1.0112
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The high correlation {r>0.999) between the data points in the graph ineicéhe high
precision of the two methods. The 95 % confidemterval of the intercept and the slope
of the regression line includes the ideal value® @ind 1 respectively. These statistical
values confirm that there is no significant difiece between the two analytical methods

and therefore illustrates the accuracy of the neuHPLC separation method.

Despite the good agreement in quantification, céffiees were noticed in the quality of the
GC chromatograms compared to the HPLC chromatograsashown in Figure 2.15 for

the same potato extract sample analysed by bothothet

1,4-DMN

Detector Response
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Figure 2.15.An extract (in hexane) of potato sample treate  d with 1,4-DMN analysed by two
methods. a) GC chromatogram. b) HPLC chromatogram.
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Figure 2.15.a shows a GC chromatogram for an extfggotato sample treated with 1,4-
DMN. The analysis time was 15 minutes with 1,4-DMiluted at 8.6 minute. The
chromatogram has several other peaks before ard thit 1,4-DMN peak including a
large solvent peak (and possibly some other velatbmpounds) at the start of the

chromatogram.

In contrast, HPLC chromatogram contains fewer peaksaind the 1,4-DMN peak, as
shown in Figure 2.15.b. This lower number of peakght be expected with UV detection,
as fewer compounds respond by absorbing the UY &éigh specific wavelength compared

to the wide range of compounds responding to #radlionisation detectors in GC.

Because of the cleanness of the chromatogramcplanry from late eluted compounds, a
shorter run time of only 10 min is required for tHELC separation compared to 15 min in
GC. In addition, the less noisy baseline with theklof interfering peaks around the 1,4-
DMN peak enables the quantification of lower coricaions of 1,4-DMN. Therefore, it
might be possible to analyse potato extracts dyredter the solvent extraction without the
need for concentrating the extracts by evaporathey solvent which was found to
contribute to the loss of some 1,4-DMN from therasts (Beveridge, 1979).

From all of the above results, the HPLC separati@thod proved to be fast, accurate and

precise enough for routine analysis of 1,4-DMN atgbo samples.
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Chapter 3: Separation and extraction methods for
1,4-DMN and internal standards - HPLC separation

methods

3.1 Introduction

The development of separation methods is a magy st any analytical method which
uses chromatographic techniques for the deternomatf analytes. Two main approaches
can be used for developing HPLC separation methbls.first is the practical step-by-
step approach, where systematic changes in chrgnagitic conditions are made and the
effect of each change is studied before movinghto riext step. The other approach is
computer-assisted method development, where chogregthic simulation software is

employed.

Several chromatographic-simulation software packaaye currently available. Some of
them are stand-alone programmes while others &¥grated with the system controller or
data systems of HPLC instruments. The combinatfdheotwo modes are also available in
some programmes (Snyder et al., 1997). The packalgesdiffer in their capability and
features. Some packages are limited to predictiegseparation as a function of only one
retention variable each time, while others allomwdtaneous optimisation of more than
one variable (Hoang et al., 2003; Jupille et 8002 Snyder et al., 1997). The ability to
predict separation for changes in column paramdegs dimensions, particle size, flow
rate) and gradient conditions is also differentfrone package to another (Molnar, 2002;
Snyder et al., 1997).

DryLab® is the most published software for method develpn{Dolan et al., 1989;
Snyder and Dolan, 1998). Many published studiese haported the use of DryL&b
during method development for optimising separationditions. DryLaBl was used to
optimise the different factors that affect HPLC agpion including solvent gradient
(Dolan et al., 1998; Eeva et al., 2004; Krauze-Baveska et al., 2004), percentage of the
organic component in the mobile phase (%B) in sticrseparations (Hartman et al.,
2003; Hoang et al., 2003; Krauze-Baranowska e28D4), column temperature (Dolan et
al., 1998; Hoang et al., 2003), pH (Hartman et2003; Hoang et al., 2003) and column
parameters (Hoang et al., 2003).
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DryLab® software is available in both stand-alone andesgsntegrated versions. It is
capable of optimising separations based on changasy two variables (e.g. percentage
of organic component in the mobile phase, gradigme, temperature, and pH)
simultaneously. Moreover, it can predict separafmmany changes in column parameters
(e.g. Column diameters, size of packing particled flow rate) (Hoang et al., 2003; Jupille
et al., 2002; Molnar, 2002; Snyder et al., 1997).

The main objective of this chapter is to developLBRseparation methods for 1,4-DMN
and some internal standard candidates for the T&/khethod that is described briefly in
Section 1.8 (experimental details in Section 5.2t5)as aimed to develop three methods.
The first method was designed for the separatiorl,4fDMN and 2-ethylnaphthalene
which is the internal standard used in the origi@@ method. This method was intended
to be used for routine analysis of extracts coimgiri,4-DMN and 2-ethylnaphthalene as
the internal standard. The second method was deseléor the separation of 1,4-DMN
and four internal standard candidates. The targetatture contains 1,4-
dimethylnaphthalene (1,4-DMN), 2-methylnaphthal¢@eMeNaph), 1l-ethylnaphthalene
(1-EtNaph), 2-ethylnaphthalene (2-EtNaph) and rfbenzene (BuBenz). This method
was intended to be used for the simultaneous etiafuaf the extraction behaviour of the
four internal standards compared to 1,4-DMN exioactbehaviour. The third HPLC
separation method was developed for the routiné/sisaof extracts containing 1,4-DMN

and 1-ethylnaphthalene as the internal standard.

The development of the second and third methods aidesd by the chromatographic-
simulation software DryLdh whereas in the first method practical experimevese used

in the development. The simulation model, develapedugh DryLal3, for the separation
of the mixture in the second method was used ttuateathe usefulness and accuracy of

DryLab® software in HPLC method development.

3.2 Materials and methods

3.2.1 Chemicals and solvents

The chemicals used during the development of theetmethods are listed in Table 3.1
with some main characteristics. The ethanol andiZrimethylpentane used in preparing
standards were HPLC grade from Fisher Scientifi€, Uhe acetonitrile used in preparing
the mobile phase for HPLC analysis was HPLC grade fFisher Scientific, UK. The
water used in the mobile phase was deionised veditiined from a PURELAB Option
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deioniser from ELGA. The solvents used to prepheermobile phase were degassed by

Chapter 3, 105

sonication in an ultrasonic bath (Sonicor SC12@r et least half an hour.

Table 3.1 Some main characteristics of the chemicals used

Compound 1,4-DMN 1-EtNaph| 2-EtNaphh 2-MeNaphBuBenz
o CoHs CH, CH, CHy
Structure =

Molecular Weight 156.2 156.2 156.2 142.2 134.1

Melting Point (°C) 7.6 -13.9 -7.4 34.4 -87.9
Boiling Point (°C) 268.0 258.6 258.0 241.1 183.3

Water Solubility (mg/l) 11.4 10.7 8.0 24.6 11.8

Octanol/Water
Coefficient-Log Ko/w 4.37 4.40 4.38 3.86 4.38

[Values obtained from SRC PhysProp Database (SB@)2

3.2.2 Equipment and software

Equipment: The HPLC system used consisted of a Merck-Hithehi00 pump, a L7200
autosampler and L4500 Diode Array Detector. Thaeaignd UV spectra were processed

by Merck-Hitachi Chromatography Data Station sofeva

Simulation Software DryLab® 2000 Plus, Chromatography Optimization Software,
Version 3.6.1, Rheodyne LLC, California, USA.

3.2.3 Separation method for 1,4-DMN and 2-ethylnaphthalene

The starting point in the development of this mdta@as a method reported in Chapter 2
(see Section 2.2.3.3 and Section 2.2.3.6) for #pmamtion of 1,4-DMN and some other
related naphthalene compounds including 2-ethyliiegdéne. Practical step-by-step
optimisation was followed by changing mobile phasemposition (percentage of
acetonitrile in the mobile phase) and column temfuee, and studying the effect of each
change. The separation was conducted on a SuppleariSorb ODS-2 (5 um, 250 mm x

4.6 mm) column.
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3.2.4 Separation method for 1,4-DMN and four internal standards

3.2.4.1 UV spectra for 1,4-DMN and four internal st andards

To check the UV characteristics and to have a laiothe retention behaviour of the five

sample components, a 10 pg/ml standard of each aamipwas prepared from a 1000
pag/ml (in ethanol) stock by dilution with 2,2 4rtrethylpentane (isooctane). 10 ul of each
standard were injected to the HPLC-DAD instrumettromatographic conditions were

set as described in Section 2.3.2.1 for the routisthod [Supelco ODS-2 (5 um 250 x 4.6
mm), 70 % ACN/water, 1.5 ml/min and 26]. The diode array detector (DAD) was set to
get the spectrum of the eluted peak in the ran@e4PD nm with a bandwidth of 4 nm.

3.2.4.2 Preliminary optimisation experiments

These practical experiments aimed to get an owenoé the separation of the five
components in a mixture. Different combinationsrafbile phase composition (percentage
of acetonitrile in the mobile phase, abbreviated«), flow rate and column temperature

were studied for their effect on the separatioshasvn in Table 3.2.

Table 3.2 Chromatographic conditions for the preliminary optimisation experiments.
Column used was Supelco Spherisorb C18 5 um particl  es (250 x 4.6 mm). Solvent A = water,
B= acetonitrile.

% B Flow Rate (ml/min) T°C
70 15 25
70 1.50 20
45 1.50 20
40 2.00 20
37 1.50 20
37 1.50 30
50 1.00 15

3.2.4.3 Instrument checks required for DryLab  © software

The instrument checks conducted here aimed to ctieckuitability of the instrument to
generate accurate data for Dryffagoftware. Several gradient performance checks were
conducted following a method described by Gilroyd abDolan (2004) with slight
modifications. Three performance checks were comdusince the pump used was a low-
pressure mixing system. The checks started witdigna proportioning-valve (GPV) test

followed by a linearity test and lastly, a stef.tes

Before starting the checks, the HPLC column wasoresd and replaced with about 50 cm

of 0.005-inch internal diameter tubing to get siéint backpressure for the pump to
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operate properly. Solvent reservoir A was filledhwi00 % water, whereas a 0.2 % or 1 %
acetone/water solution was in solvent reservoiftig flow rate was set at 2.00 ml/min and
the detector at 265 nm.

Gradient proportioning-valve (GPV) test

The gradient pump used consisted of four solvestesys or channels (a, b, ¢ and d).
Therefore, all the combinations of the four profmming valves were tested. The inlet lines
for a and b were placed in a reservoir containiredew and ¢ and d in a reservoir of
acetone/water solution. A series of two-minute ste@s programmed as described in
Table 3.3.

Table 3.3 Gradient pump programming for the GPV Test

Time (min) Water Reservoir Acetone/Water Reservoir

a (%) b (%) c (%) d (%)

0.0-2.0 50 50 0 0
2.1-4.0 90 0 10 0
4.1-6.0 50 50 0 0
6.1-8.0 90 0 0 10
8.1-10.0 50 50 0 0
10.1-12.0 0 90 10 0
12.1-14.0 50 50 0 0
14.1-16.0 0 90 0 10
16.1-18.0 50 50 0 0

Gradient linearity test

This test was performed by placing the inlet of$bbsent line a in the water reservoir and
b in the acetone/water reservoir. The pump wasrpromed to generate a linear gradient
from 0 % b to 100 % b in 10 minutes with a holdL@0 % b for 5 minutes. All the other

combinations of the four solvent systems in the puwere examined with the same

procedure.

Gradient step test

The different combinations of the four solvent sys$ (a to d) were examined here. For
each two systems, one inlet line was placed inviater reservoir and the other in the
acetone/water reservoir. The pump was programmeernerate a series of 4-min steps in
10 % increments of the acetone/water concentraiiosan extra step at 45 % and at 55 %.
A 4-min hold was added to get a clear plateau & % acetone/water. The pump

programme is shown in Table 3.4 for the solventesys a and b.
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Table 3.4 Pump programme for the gradient step test for s olvent systems a = water, b=
acetone/water.

Time (min) a (%) b (%)
0.0-4.0 100 0
4.1-8.0 90 10

8.1-12.0 80 20
12.1-16.0 70 30
16.1-20.0 60 40
20.1-24.0 55 45
24.1-28.0 50 50
28.1-32.0 45 55

32.10-36.0 40 60

36.1-40.0 30 70
40.1-44.0 20 80
44.1-48.0 10 90
48.1-56.0 0 100

3.2.4.4 Input data collection for DryLab  © software

Dwell volume measurements

The experimental method of determining system dwellume followed here was

described in the “help” topics of DryL&tsoftware and also described by Gilroy and Dolan
(2004). System dwell volume was determined from pitegs generated for the gradient
linearity test for solvent systems a and b, as ri@e=t in the discussion section. The

reported value is the mean for three replicate.runs
Gradient scouting run: Gradient or isocratic?

This scouting run was used to determine whethecragic or gradient elution is
recommended for this separation. The method usesl lias described by Snyder et al.
(1997) and also in DryL&bnotes on the website of the software’s companye¢@ine,
2005).

A mixture of the five compounds (1,4-DMN and theifanternal standards) was prepared
in 2,2,4-trimethylpentane at 10 pg/ml. Mobile phasévents were 100 % water (solvent
A) and 100 % acetonitrile (solvent B). A gradienhrfrom 5 — 100 % acetonitrile in 60
min gradient run time & at 35°C was conducted using a Supelco Spherisorb ODf+2 5

(250 x 4.6 mm) column and 1.5 ml/min flow rate.
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Input experiments for simultaneous optimisation ofpercentage organic solvent in the

mobile phase and temperature using DryLaf}

The DryLal¥ model selected for aiding the separation of thveecit mixture was a model
for the simultaneous optimisation of the percentaigéne organic component (acetonitrile
here) in the mobile phase (%B) and column tempezafli). Four isocratic runs at two
different %B and two different T values had to laeried out experimentally with all the
other conditions remaining the same for all ther fmuns (Rheodyne, 2004). The four runs
were conducted using an ACE C18 5 um (250 x 4.6.iimg solvents used in the mobile
phase were water (A) and acetonitrile (B) at a flae of 1.5 ml/min. The four different

%B and T values were:

50 % B at 20C

60 % B at 20C

50 % B at 40C

60 % B at 40C

The retention data out of these experiments weed ts generate the DryL&8Isimulation
model. The preparation of the Dryl%lnodel for this separation and the technical help
was kindly provided by Stephen Ball, a Dry[faBupport Specialist in Hichrom Limited,

UK.

3.2.4.5 Evaluating the output results from the DryL  ab® software

Evaluating the output results on the ACE 5 pntolumn

The output of the model generated based on theriexgetal data described above was
evaluated by studying the resolution maps, reswiutables, result tables and the predicted
chromatograms for the effect of changes in thegeege of the non-polar component in
the mobile phase (%B) and for changes in tempexatur

Optimum separation on the ACE 5 pmcolumn

The optimum conditions for the separation of thextore of 1,4-DMN and the four
internal standards on the ACE column were then loded in the light of the DryLdb
output. These optimum conditions, along with selvether simulated conditions, were

applied experimentally to evaluate the accuradmyt.ab® predictions.
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Comparing different 5 um columns at the optimum predicted conditions

In a search for better resolution for the mixtuoenponents at the optimum separation
predicted by DryLaB, four other 5 pm C18 columns were compared. Tlaattteristics
of the columns compared are listed in Table 3. @fromatographic conditions were 51
% ACN/water at flow rate of 1.5 ml/min and i@.

Table 3.5 Main characteristics of the columns compared at the optimum chromatographic
conditions predicted for the separation of the mixt ure of 1,4-DMN and the four internal
standards

Dimensions Particle | Surface | Carbon
Column (mm) Size Arzgea Load
(m) | (mTg) | (%)

ACE C18 250 x 4.6 5um 300 15.5
Dionex Acclaim 120 250 x 4.6 5pum 300 17.9
Hypersil HyPurity Elite 250 x 4.6 5um 200 13.(

Waters Spherisorb ODS-2 250 x 4.6 5um 220 115
Phenomenex

Sphereclone ODS-2 250 x 4.6 5um 200 12.0

[Source: Columns datasheets and manufacturersitesh
Optimising the separation on a column with 3 um paticles

The optimisation was carried out on a TechSpher& GDum (250 x 4.6 mm) column
manufactured by HPLC Technology Ltd. Several chrtogw@phic conditions were
predicted by the DryLdb model to select the optimum simulated conditions the
separation on a 3 um column. The optimum conditfreslicted by the software, which
reached a balance between the resolution and thaiqality of the chromatographic
conditions (such as affordable system backpresswelje concluded. These optimum
predicted conditions were examined practically. ldear, more practical optimisations
were conducted to get the final separation conustion the TechSphere ODS 3 um

column. The conditions of the experiments conduaredshown in Table 3.6.
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Table 3.6 Chromatographic conditions examined during the optimisation of the separation
of 1,4-DMN and the four internal standards onthe 3 um column
% B T °C Flow R_’ate
(ml/min)
50 20 1.00
47 20 1.00
45 20 0.90
45 25 1.00
46 23 0.90

3.2.4.6 Final method and basic validations

The conditions for the final method for the separabf 1,4-DMN and the four internal

standards were selected based on the understaaflitige separation behaviour of the
mixture components concluded from the combinatiérthe DryLaly simulations and

practical optimisation experiments. Basic validatchecks were carried out on the final
separation method. System precision and linearitythe detector response for each
component were the main ones. For the system predisst, five replicate injections of 10
pl of 10 pg/ml mixed standard of the five compoundse carried out and the %RSD of
the resulting peak areas were calculated for eawhponent. For the linearity test,
duplicate injections of 10 pl were made of standandhe range 2-20 pug/ml (2, 4, 6, 8, 10,
15 and 20 pg/ml). Peak areas were plotted agdmesthominal concentration of each

component.

3.2.5 Separation method for 1,4-DMN and 1-ethylnaphthalene

The aim of this method was use in routine analgbimixtures containing 1,4-DMN and 1-
ethylnaphthalene. The optimum conditions for th@asation were predicted by the
DryLab® model and applied practically. Several other ctims around the optimum
conditions were examined to evaluate the ruggedoésthe separation method. The
conditions that were examined practically are shownTable 3.7 with the optimum

conditions at the first line.

Table 3.7 Chromatographic conditions for the practical ex periments examined for the
separation of 1,4-DMN and 1-ethylnaphthalene

Flow Rate
%8B T(0) (ml/min)
65 18 1.50
65 25 1.50
67 25 1.50
62 25 1.50
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3.3 Results and discussion

3.3.1 Separation method for 1,4-DMN and 2-ethylnaphthalene

In the TMP/Heat method which was briefly describbe&ection 1.8 (details in Chapter 5),
2-ethylnaphthalene was used as the internal stdndaethylnaphthalene has a good
separation from 1,4-DMN in GC. However, this miglot be the case in HPLC, as can be
predicted from the experiments in Section 2.2. Taig of the work aimed to develop and
optimise a separation method for mixtures of 1,4NDMnd 2-ethylnaphthalene, and
evaluate the applicability of using the method foutine analysis of extracts containing

the two compounds.

The starting point was a method reported in Chaptéee Section 2.2.3.3 and Section
2.2.3.6) for the separation of 1,4-DMN and someepttelated naphthalene compounds

including 2-ethylnaphthalene. The conditions ot thathod were as follows:

» Column: Supelco Spherisorb ODS-2 (5 um, 250 mn6xn)
= Mobile phase: 40 % acetonitrile: 60 % water

=  Flow rate: 2.0 ml/min

» Injected volume: 10 pul

* Runtime: 85 min

= 1,4-DMN retention time : ~ 67 min

= 2-Ethylnaphthalene retention time: ~74 min

= Temperature: ambient (~2Q)

= Detector wavelength: 228 nm

This method provided good separation for 2-ethyihtiaglene from 1,4-DMN. However, it
Is not suitable for routine quantitative measuretselue to the very long run time. Some
optimisations of the mobile phase composition aoldiran temperature were conducted

practically in an attempt to reduce the run time.

It was noticed from these optimisation experimehest the resolution between the two
peaks increased with the decrease in the percenfaggetonitrile in the mobile phase. It
was also noticed that lower temperatures enharfeeddparation, but to a lesser extent.

However, lower solvent strength of the mobile ph@seer percentage of acetonitrile) and
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lower temperatures lead to longer retention tinTdge best achievement was under the

following conditions:

» Column: Supelco Spherisorb ODS-2 (5 um, 250 mn6xn)
= Mobile phase: 37 % acetonitrile: 63 % water

= Flow rate: 1.5 ml/min

= Injection volume: 10 pl

= Run time: 55 min

= 1,4-DMN retention time: ~ 47 min

= 2-Ethylnaphthalene retention time: ~50 min

= Temperature: 36C

= Detector wavelength: 228 nm

A representative chromatogram of the separatioh4DMN and 2-ethylnaphthalene in a

standard solution according to the above conditisssiown in Figure 3.1.
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Figure 3.1 A representative chromatogram of the separation of 1,4-DMN and 2-

ethylnaphthalene in a standard of 30 pg/ml. Conditi  ons: Supelco Spherisorb ODS-2 5 um
(250 x 4.6 mm), 37 % acetonitrile: 63 % water, 1.5 ml/min, 30 °C and 228 nm

Although the run time has been reduced to 55 ms(tempared to 86 minutes in the
starting point) and the two compounds have goodrs¢ipn (Rs>2), the method is not
suitable for routine quantitative measurementsvds concluded that 2-ethylnaphthalene
cannot be easily separated from 1,4-DMN in suit@bleditions for a routine method and
therefore other compounds should be evaluated Herr tapplicability to function as

internal standards for the TMP/Heat method.

3.3.2 Separation method for 1,4-DMN and four internal standards

This method was intended to be used for the simettas evaluation of the extraction
behaviour of four internal standards compared &ektraction behaviour of 1,4-DMN in
the TMP/Heat method (see Chapter 4 for the usén@fmiethod). The targeted mixture
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contains 1,4-dimethylnaphthalene (1,4-DMN), 2-méthghthalene (2-MeNaph), 1-

ethylnaphthalene (1-EtNaph), 2-ethylnaphthaleneEtf®aph) and n-butylbenzene
(BuBenz). The method aimed to provide reproducéid rugged separation of the five
compounds with a minimum resolution of at least Rder any pair of peaks. This

resolution value or greater is a desirable targetniethod development (Snyder et al.,
1997).

The first step in any method development is calhgctlata about the nature of the sample.
The present sample consists of four substitutetithafene compounds, three of which are
structural isomers, in addition to a benzene sulieti compound. Although acceptable
HPLC separation, in most cases, can be achievetdly emgh a small number of
experiments, some separation problems require sidenable amount of experimentation
(Snyder et al., 1997). One of the main challenggsnd HPLC method development is
finding the optimum experimental conditions thabguce the required resolution in a

reasonable time (Hoang et al., 2003).

Because UV absorbance detection was the detecttimooh selected, the spectrum of each
compound was generated by the Diode Array Dete¢@kD) and stored in the

chromatographic software’s library for future idénation of the compounds.

Preliminary experiments were conducted to get aa @bout the nature of the separation.
From these experiments, it was indicated that oltgithe optimum separation for this
mixture may require a considerable amount of timd axperimentation. Therefore, to
assist in finding the optimum conditions, Dryl®abhromatographic-simulation software
was employed. The accuracy and usefulness of tlitevese were evaluated as an
additional objective.

Before starting the optimisation of the separatising DryLalf, some instrument checks
had to be performed. Gradient performance checésdarell volume measurements were

the main ones.

A scouting gradient run of 5-100 % acetonitrile veamducted for the prediction of the

suitable elution mode (Gradient or Isocratic) fustseparation.

Four practical experiments were then conducteceteate the input data for the Dryffab
simulation model. DryLabwas used to study the simultaneous effect of #regmtage of
organic component in the mobile phase (%B) and moluemperature (T) on the
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resolution of the five peaks for the mixture comgats. The optimum chromatographic

conditions for separating this mixture were theedgsted.

The optimum predicted conditions along with someeotpredicted conditions were then
applied experimentally and the resulting resolutiand retention times were then

compared to the predicted ones, to evaluate theacy of DryLalf predictions.

All the previous experiments were based on theofisen ACE C18 5 um (250 x 4.6 mm)
column, which was not able to provide the targeg=mlution for this separation (Rs2).
Therefore, five other columns with the same patgize were tested before moving to

lower particle sizes, which should provide bete=alution.

A C18 column with 3 pm particle size was then usedrder to obtain higher efficiency
(plate number) and therefore better resolutions Effect of lowering the column particle
size was studied by DryL&to discover the optimum conditions for such a soiywhich

was then applied experimentally.

Some adjustments had to be carried out experintgntsd the optimum conditions
predicted by DryLaB for a 3 pm column to get the final separation métfor the mixture

of 1,4-DMN and the four internal standards. Thedgisiments were required mainly
because of using a column with a C18 packing nstelifferent from the ACE C18
packing material used to generate the DryLatodel.

After getting the optimum conditions for the fimalethod using the 3 um column, basic
validation tests were carried out on the final mdtbefore using it to study the suitability
of the four candidates to work as internal stansléod 1,4-DMN in the TMP/Heat method.

The details of each stage summarised above are givbe following sections.

3.3.2.1 UV spectra for 1,4-DMN and the four interna | standards

This experiment aimed to check the UV charactesstind to take a look at the retention
behaviour of the five compounds in the sample metThe spectra of 1,4-DMN and the

four internal standards are shown in Figure 3.2.
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Figure 3.2 UV spectra for 1,4-DMN and the four internal st andards in the range 200-400 nm
with a bandwidth of 4 nm

As shown in Figure 3.2 and Table 3.8, all the samg@mponents show strong UV
absorbance at the optimum wavelength for 1,4-DMR2& nm except n-butylbenzene that
has very weak absorbance at this wavelength. ridmritgene has a better absorbance at
about 210 nm.

Table 3.8 Retention times and the wavelength for maximum absorbance ( Amax) for 1,4-DMN
and the four internal standards in single-component standards. Chromatographic
conditions: Supelco ODS-2 (5 pm 250 x 4.6 mm), 70 %  ACN/water, 1.5 ml/min and 25 °C

Compound Name Retention Time (min) Amax (nm)
2-methylnaphthalene 5.70 223
1-ethylnaphthalene 6.85 224
1,4-dimethylnaphthalene 7.21 228
2-ethylnaphthalene 7.22 224
n-butylbenzene 7.87 210
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Fortunately, the DAD can easily be used to genemaiéi-wavelength chromatograms
based on the suitable wavelength for each comp@umgioup of compounds), which will

help to detect all the five components in this sientqy setting the wavelength at 210 nm
for n-butylbenzene and 228 nm for the rest of tbengounds. However, to make a
wavelength change for detecting n-butylbenzenerethas to be enough of a gap to
measure a baseline before its peak. Therefore,'Best Chromatogram” option with

double wavelength was set for the rest of the chtograms that included a BuBenz peak.

Retention times of 1,4-DMN and the four internaarstards when analysing single-
component standards are also listed in Table 3Me®aph (k =5.70 min) and BuBenz

peaks (k =7.87 min) were expected to be well-separated fitoeother peaks if a mixture

of the five compounds was run under the same donditIn contrast, the retention times
of 1-EtNaph (k=6.85 min) and 1,4-DMN ({ =7.21 min) are too close which may cause
some overlapping. The case might be worse withNeapgh peak, which had almost the
same retention time of that for 1,4-DMN peak astheonditions. This experiment indicate
that the separation of the three isomers (1,4-DiHEtNaph and 2-EtNaph) might be the

most challenging part of this separation.

3.3.2.2 Preliminary optimisation experiments

The experiments conducted here were based on aicptaatep-by-step method to give an
overview of the nature of the separation and imia to optimise the separation. Some
useful information about the nature of the sepanatvas achieved by running a mixture of
the five compounds at different chromatographicditions. The experiments started with
running the mixture of the five compounds at thedittons used for the routine separation
method reported in Chapter 2 (see Section 2.3.@ith some adjustment of the

temperature and wavelength. The resulting chromatogs shown in Figure 3.3.
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Figure 3.3 Chromatogram of the mixture of 1,4-DMN and the  four internal standards at the
initial conditions. Chromatographic conditions: Sup elco ODS-2 (5 pm 250 x 4.6 mm), 70 %
ACN/water, 1.5 ml/min, 25 °C, and 228 nm before the 7.55 min and 210 nm therea fter

The chromatogram in Figure 3.3 confirms the expexta mentioned in the previous
section regarding the separation of the mixturemaments at the conditions of the routine
1,4-DMN method. 2-MeNaph and BuBenz peaks were seglarated from all the other
peaks. In contrast, the retention times of 1-EtNapt 1,4-DMN were too close, causing
them to slightly overlap at the baseline. The caas worse with 2-EtNaph peak, which
completely coeluted with 1,4-DMN peak at these ¢omas. The mixture was then

separated at the different conditions shown in &@89.

Table 3.9 Critical pair of peaks in the chromatogram of t  he mixture of 1,4-DMN and the four
internal standards at different chromatographic con ditions. Other conditions: Column=
Supelco Spherisorb C18 5 um (250 x 4.6 mm), Solvent A = Water, B= acetonitrile

% B Flow Rate T (°C) Critical Pair
(ml/min)
70 1.50 25 1,4-DMN/2-EtNaph
70 1.50 20 1,4-DMN/2-EtNaph
45 1.50 20 1,4-DMN/2-EtNaph
40 2.00 20 1,4-DMN/2-EtNaph
37 1.50 20 1-EtNaph/1,4-DMN
37 1.50 30 1-EtNaph/1,4-DMN
50 1.00 15 1,4-DMN/2-EtNaph

Some general conclusions regarding the separaéitumenof the mixture components were
obtained from running the mixture at the differehtomatographic conditions described in
Table 3.9. The order of the five peaks accordinthé&ir retention times was as follows: 2-
MeNaph, 1-EtNaph, 1,4-DMN, 2-EtNaph, and the ldsteel peak was for BuBenz. As
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might be predicted from their physicochemical prtipe (close Ko/w values), the three
isomers (1,4-DMN, 1-EtNaph and 2-EtNaph) were #asl resolved peaks (critical pairs)

in this separation at all the different conditi@xamined, as shown in Table 3.9.

These preliminary experiments revealed that theondifficulty in this separation might
be the opposite response of the two pairs, 1-EtNapiDMN and 1,4-DMN/2-EtNaph,
towards changes in chromatographic conditionsjquaatrly the percentage of acetonitrile
in the mobile phase. The 1,4-DMN peak was in thddhei between the 1-EtNaph and 2-
EtNaph peaks. The 1-EtNaph peak seemd to haver [sefparation from the 1,4-DMN
peak at a higher percentage of acetonitrile inmntlodile phase, whereas lower percentages
of acetonitrile in the mobile phase were favourdblethe separation of the 1,4-DMN/2-
EtNaph pair.

The response of the two critical pairs for changesolumn temperature seemed to be
more consistent. Lower temperatures {@) seemed to enhance the separation of all the

peaks.

Changes in the flow rate of the mobile phase seedmédve less effect on this separation,
compared to the effect of changes in the percerddgeetonitrile in the mobile phase or

column temperature.

The previous preliminary experiments suggested that simultaneous effect of the
percentage of acetonitrile in the mobile phase @idmn temperature needs to be studied
with a more detailed and systematic approach, dieroto obtain the optimum separation
for this mixture. Such a study would need a largenber of step-by-step experiments.
Even so, the best separation achieved by theseimgmds may not necessarily be the ‘real
optimum’ separation for the mixture. The real optimseparation that provides sufficient
resolution and short analysis time, as well as gged method, may be obtained more
easily by the aid of computer chromatographic-satiah software packages
(Lammerhofer et al., 1997). Therefore, after th@sdiminary experiments, it was decided
to use the chromatographic simulation software RbjLfor optimising this separation.
Before starting the method development with thecdiBryLab®, some instrument checks

were conducted.

3.3.2.3 Instrument checks required for DryLab  © software

It is strongly recommended to start the RP-HPLC hoé@tdevelopment by a scouting
gradient elution run, which can be used for thaljoteon of the suitable elution mode for a
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separation (Jupille et al., 2002; Snyder et al97)9For accurate predictions from such a
scouting gradient, it was necessary to check thi@qmeance (linearity and accuracy) of the
gradient system. Three performance checks wereucted here since the pump used has a
low-pressure mixing system. The checks started gididient proportioning-valve (GPV)

test followed by a linearity test and lastly, gpstest.
Gradient proportioning-valve (GPV) test

The results of the gradient proportioning-valvet tae shown in the chromatogram in
Figure 3.4 and in Table 3.10.

Intenas:.ty (AU)
o
=}
'~
|

<Q
(%3
it
b Ve b [ oebs i v stosobing st

0 2 4 6 8 10 12 14 16 1‘8 26
Retention Time (min)

Figure 3.4 The resulting plot of the gradient proportionin g-valve test

Table 3.10 Results of the proportioning-valve tests.

Valve Combinations Plateau Heights (AU)

Test1 Test 2 Test 3
a (water) and c (acetone/water) 0.06305 0.06337 0.06355
a (water) and d (acetone/water) 0.06540 0.06550 0.06625
b (water) and c (acetone/water) 0.06440 0.06465 0.06445
c (water) and d (acetone/water) 0.06620 0.06655 0.06605

Average Height 0.06476 0.06502 0.06508
MaX|rr||_|uerPgr[l)t|;f((eor/§)nce in 4.9 49 41
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The baseline of the chromatogram in Figure 3.4 geaerated when pumping a mixture of
50:50 a:b (water only), where the steps are forimethe 90:10 mixtures that contain the

UV-absorbing solvent acetone. Three replicatesisftest were conducted.

The difference between the highest and lowest qletevas calculated as a percentage of
the average height of the four plateaus in eacbhnchtogram. The mean difference of the
three replicates was 4.6 % which is approaching, dtill less than, the maximum
allowable value of 5 % for passing the test (Gilmyd Dolan, 2004). Therefore, the

performance of the gradient system in this testacaepted.
Gradient linearity test

All the different combinations of the four solvesystems in the pump were examined.
Representative results for the gradient linearigst tfor system a (water) vs b

(acetone/water) are plotted in Figure 3.5.

0.4 e
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\
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Figure 3.5. Plot of linear gradient for the valve combinat  ion a (water) vs b (acetone/water)

The gradient trace should have a linear ramp betwhee initial and final plateaus to pass
the test (Gilroy and Dolan, 2004; Snyder et al97)9 This requirement for the Gradient
Linearity Test was fulfilled in all the differenbmbinations of the four valves in the pump

and therefore the instrument was considered to faweessfully passed the second test.
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Gradient step test

The plot for the gradient step test for valve atémavs b (acetone/water) is shown in
Figure 3.6 as a representative of the other difte@mbinations of the four solvent

systems in the pump.
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Figure 3.6 Gradient step test for valve a vs b. Baseline i s generated by 100 % a (water) and
steps were programmed for 10, 20, 30, 40, 45, 50, 5 5, 60, 70, 80, 90 and 100 % b
(acetone/water solution)

All the different combinations of the four solvesystems show good shape of all the steps
in the plot. The steps have flat plateaus with lsimdegree of rounding. In order to
examine the results quantitatively, the maximunied#nce between the theoretical and

practical step sizes was calculated and the reatdtshown in Table 3.11.

Table 3.11 Gradient Step Test results

Theoretical Step Size (%) Step Height (AU) PractidaStep Size (%) Deviation (%)
0 0.00000 0.0 0.0
10 0.06335 9.7 0.3
20 0.12840 19.7 0.3
30 0.19350 29.6 0.4
40 0.25710 39.4 0.6
45 0.28975 44.4 0.6
50 0.32095 49.1 0.9
55 0.35425 54.2 0.8
60 0.38755 59.3 0.7
70 0.45245 69.3 0.7
80 0.51875 79.4 0.6
90 0.58620 89.7 0.3

100 0.65320 100.0 0.0
Mean Deviation 0.5%
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The height of each step was determined in UV alasmd units (AU) and the difference in

UV absorbance between zero and 100 % was usedddate the practical step size for

each step. The difference between the practicalthedretical steps was obtained. The
average deviation was only 0.5 % with a maximunueaf 0.9 %. These values are less
than the maximum allowable deviation of 1 % spedifby the pump manufacturer in the
pump manual and also reported by Gilroy and DoR004). Therefore, the instrument

passed the third test for gradient mixing perforosarand can be used reliably for

performing the scouting run and for generating datahe DryLalf software if gradient

separation is required.

3.3.2.4 Input data collection for DryLab  © software

Dwell volume measurements

Instrument dwell volume is the volume held up by thstrument between the point where
the gradient is formed (mixer) and the inlet of g@umn. In a high pressure mixing
system, this includes mixers, autosampler, injedtmp and connecting tubing between
them. In low pressure mixing systems (such as tleeused in this study), proportioning
valves and pump head are also included (Snydel.,et997; Gilroy and Dolan, 2004).

Dwell volume is the cause of the isocratic stephat start of a gradient elution profile
(Molnar, 2002). This step is the flat part at thertsof the linear gradient plot showed at 0
AU in Figure 3.5. The value of the dwell volumediferent from a system to another.
Typical values range between 2-8 ml. However, \@kan be as low as 0.5 ml or higher
than 10 ml (Snyder et al., 1997).

Changes in dwell volume - either by using a diffeéreastrument or by changing some
parts of the instrument (such as the loop or thtosampler) - will affect gradient
separation primarily by shifting sample retentiames to higher or lower values. This
change in retention times is related to the dwelet Dwell volume changes can also
affect peak selectivity and resolution of a gratseparation, particularly for early eluting
peaks. As a result of these changes in retentinasti selectivity and resolution, gradient
methods may not transfer well between different BRhstruments. These effects of dwell
volume on gradient separation make it very impdrtardetermine system dwell volume
before starting any gradient method developmenyd&net al., 1997; Gilroy and Dolan,
2004).
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Instrument dwell volume is one of the parameteguired for DryLalj software models
when using gradient elution mode. It was determifrech the plots generated for the

gradient linearity test as shown in Figure 3.7.
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Figure 3.7 Determination of the dwell volume of the HPLC i
generated for the linear gradient test

nstrument from the plot

The midpoint of the gradient (50 % B) was locatedhalf way between initial and final
isocratic segments. The time at this midpoigg)(tvas determined by drawing a vertical
line from the midpoint to on the time axis. Half thfe gradient time (1/2sf was then
subtracted formik to get the dwell timestwhich was then converted to dwell volume by

multiplying with the flow rate 2.00 ml/min.

As shown in Figure 3.7, the gradient time was 10 amd therefore 1/2Ztwas 5 min. The
mean value for the midpoint timg-tfrom 3 replicates was 6.1 min. By subtracting tt/2
from this value, the resulting dwell time for th&®HC instrument used is 1.1 min which is
converted to a dwell volume of 2.2 ml at the 2.0nmnh flow rate used. This value falls in

the typical range of dwell volume of 2 - 8 ml (Sley et al., 1997).

Gradient scouting runs: Gradient or isocratic?

It is strongly recommended to start HPLC methodettgsment with such a scouting
gradient elution run to predict the most suitablgien mode (Jupille et al., 2002; Snyder

et al., 1997). The scouting run was used to dete¥rmihether isocratic or gradient elution
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is recommended for this separation in order tocsétee right model in DryLabfor the

current separation. The mixture of the five commsuwas separated using the gradient
run from 5-100 % ACN in 60 min. The resulted chréogaam is shown in Figure 3.8.
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Figure 3.8 The resulting chromatogram from the gradient sc outing run. Chromatographic
conditions: gradient 5 — 100 % ACN in 60 min, 1.5 m I/min, 35 °C and Supelco Shperisorb
ODS-2 C18 5 um (250 x 4.6 mm) column

Retention data obtained for the five component paakthe scouting run are shown in
Table 3.12

Table 3.12 Retention data obtained for the five peaks in  the scouting run

Compound| Compound Retention Peak Area Tailing Half-Height Peak

No. Name Time (min) Factor Width (min)

1 2-MeNaph 34.30 1060162 1.33 0.15

2 1-EtNaph 36.73 770150 0.16

Peaks not
3 1,4-DMN 37.02 594190 [resolved at 59 0.17
height
4 2-EtNaph 37.30 1155550 0.15
5 BuBenz 38.33 112673 1.89 0.17

By examining the data in Table 3.12, it can beawatithat all the five peaks eluted in a
small fraction of time compared to the gradientetinihe difference between the retention
time of first eluted peak (2-MeNapk=84.30 min) and the last one (BuBenz~88.33)

was only 4.03 min. The ratistg / ts = 4.03/60= 0.07 means that thedifference is only

about 7 % of the gradient time. This ratio can Beduto estimate the necessity for a
gradient elution. When the differenedg is less than 25 % of the gradient time then
isocratic elution is feasible and gradient eluti®mot required (Snyder et al., 1997). In the
current separation, the differentd¢r was only 7 % of the gradient time and therefore

isocratic separation is possible.



Mohammed D. Y. Oteef, 2008 Chapter 3, 128

Chromatographic methods based on isocratic separate fairly robust, often preferred
and might be required. Many chromatographers prsfaratic separations to gradient-
based ones for different reasons. Some of thesemsaare related to gradient equipment
unavailability, more elution complexity, higher leéise noise, longer run times due to the
requilibration step and more problems with meth@hgferability (Snyder et al., 1997,
Molnar, 2002). Therefore, based on the resulthefscouting gradient run and due to the
advantages of the isocratic separation mode, it sedscted for the optimisation of the
current method for 1,4-DMN and the four internanstards.

It can also be noticed from Table 3.12 that thekpegere quite asymmetrical (tailed). Poor
symmetry of peaks can result in poor retention aeépcibility, inaccurate plate number
and resolution measurements, and imprecise quamiidn. The high values of tailing
factor to above a value of about 1.3 may indich#& the column is dying and should be
replaced (Snyder et al., 1997). The large tailiactdrs obtained here, particularly for the
last peak of 1.9, may suggest replacing the Supettomn at least for the next few
experiments that use DryL@ksoftware, in order to get accurate predictions godd
evaluation of the software. Therefore, to redueedfiects of peak tailing, a new ACE 5
um (250 x 4.6 mm) column with ultrapure silica pdets was used in the next

experiments.

Input experiments for simultaneous optimisation ofpercentage organic solvent in the

mobile phase and temperature using DryLaf}

Based on the previous scouting run, isocratic @uivas selected for the separation of 1,4-
DMN and the four internal standard candidatesaddition, the preliminary experiments
showed that temperature has a significant effe¢dherseparation of this mixture. Hence, a
DryLab® model for the simultaneous optimisation of thecpatage of the organic
component (acetonitrile here) in the mobile ph&8) and column temperature (T) has

been chosen for aiding this separation.

To use this model, four isocratic runs at two ddfe percentages of acetonitrile in the
mobile phase (%B) and two different temperatureuesl (T) were carried out
experimentally. The two %B points were 10 % apad the temperatures values were 20

°C apart. All the other conditions kept the sameafbthe four runs.
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Table 3.13 shows the retention data used as irgiattd generate the DryL&mmodel for

the simultaneous optimisation of the percentagaceftonitrile in the mobile phase and

column temperature. The chromatograms for the fious are shown in Figure 3.9 a-d.

Table 3.13 Retention input data used to generate the DryL

ab® simulation model for the

separation of 1,4-DMN and the internal standard can  didates
ConditiongCompound Compound |Retention| Peak | Tailing |Half-Height
No. Name Time Area | Factor |Peak Width
(min) (min)
1 2-MeNaph 25.35| 1228571 1.06 0.42
50 % 2 1-EtNaph 35.65| 950022  1.07 0.60
ACN/OHzo 3 1,4-DMN 37.27 | 702870 1.03 0.64
20°C 4 2-EtNaph 39.12| 1253703 1.03 0.67
5 BuBenz 46.53 118438  1.2( 0.85
1 2-MeNaph 12.59 | 1228959 1.08 0.20
60 % 2 1-EtNaph 16.55| 962261 1.06 0.27
ACN/cl)'lzo 3 1,4-DMN 17.49 | 511713 peaks not resolved
20°C 4 2-EtNaph 17.77| 1463255  50% height
5 BuBenz 20.67 121280 1.05 0.37
1 2-MeNaph 18.94 | 1219301 1.05 0.31
2 1-EtNaph 26.35| 94688%eaks ng 0.44
50 % resolve
ACN/H;0 3 1,4-DMN 27.21 | 712726 at5% 0.46
40 °C height
4 2-EtNaph 28.74| 1250316 1.05 0.48
5 BuBenz 34.63 125108 1.14 0.73
1 2-MeNaph 9.81 1217297 1.06 0.15
60 % 2 1-EtNaph 12.71| 953681 1.08 0.20
ACN/H,0 3 1,4-DMN 13.22 | 687676Peaks ng 0.22
40 °C resolve
4 2-EtNaph 13.56 | 1283497 at 5% 0.22
height
5 BuBenz 15.95 119539 1.10 0.27
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Figure 3.9 HPLC chromatograms for the four DryLab ® input runs. Conditions: a. 50 % B at 20
°C, b. 60 % B at 20 °C, ¢. 50 % B at 40 °C, d. 60 % B at 40 °C. Other conditions: ACE C18 5 um
(250 x 4.6 mm), mobile phase solvents: A=H ,0 and B=ACN, flow rate 1.5 ml/min

By examining the data in Table 3.13 and the chrograins in Figure 3.9, some
observations may be noticed. Firstly, peak symmisthetter in this ACE column than in
the Spherisorb one. Secondly, the three isomeriNagh, 1,4-DMN and 2-EtNaph formed
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the critical pairs (the least resolved pairs) ihtlé runs. This would not be unexpected
behaviour for isomers due to similarity in theioperties. Thirdly, the separation of the 1-
EtNaph/1,4-DMN pair seems to behave in an oppegitg to the pair 2-EtNaph/1,4-DMN
towards the changes in the chromatographic comditibastly, the best separation among
the four above was at 50 % acetonitrile and°@0(first conditions). All the previous
observations support the ones obtained from thienprary experiments. However, better
details of these observations and more can be\aghithrough the DryLdbsimulation

output.

3.3.2.5 Evaluating the output results from the DryL  ab® software

Evaluating the output results on the ACE 5 pntolumn

The information in Table 3.13 along with the chréogmaphic conditions were input to the
model called “LC-RP Isocratic %B / Temperature #s)” in DryLa’® software to start
the simulation. The output of the simulation isgemeted as resolution tables, resolution
maps and predicted chromatograms with result tatmesaining peak information at any

selected chromatographic conditions in the simdlaa@ge.

The resolution table for the present separatiorwshiesolution values (along with the
identifying numbers of the critical peaks) at ariyeg percentage of acetonitrile in the
mobile phase (%B) and column temperature (T). Bgcsiemg any combination of the

percentage of acetonitrile in the mobile phase @ldmn temperature from the table, a
predicted chromatogram and table of peak reterdata can be presented. A part of the
resolution table reported by DryL8Hor the current separation is shown in Figure 3.10
The range of the percentage of acetonitrile innttedile phase for the complete table was

from 0 to 100 % with a column temperature rangenfad to 42°C.
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DryLab Resolution Table

040172006 18:42:01

Page2

DryLab Version 3.6.1 Serial Number: Not Specified

File name: UPDATED GLASGOW UNIVERSITY DATA, 3D MODEL, 14-9-05DLE Revision munber: 2
Separation mode: L.C - RP Isocratic %B,/Temperatire (4 runs)

Message:

%B
430 460 490 520 550 580 610 640 67.0 700 730 760 790 820

180 | 119 133 146 139 104 071 038 C0¢ 020 046 068 089 0987 077
' 23 23 I @24 GH @B B34 (34 43 @4l @4y @4 24 (24
192 |17 131 144 140 106 073 041 011 017 043 067 086 096 076
: 23 23 I @4 GB4H @B (B4 34 43 @4l @I @4 24 (24
s04 | 116 129 141 141 108 075 043 013 015 041 064 083 094 073
: 23 23 23 @4 G4H 34 (34 (34 @43 @43 @43 (@43 @24 (24
s16 | 114 127 139 143 109 077 045 015 012 038 061 080 093 074
' (23 23 23 @4 (B4 (34 (34 (34 @43 @43 @43 (43 24 (24
s9g | 112 125 137 144 111 078 047 018 010 035 058 077 082 073
23 23 23 @4 (G4 (34 (34 (34 @43 @43 @43 (43 24 (24

s4n | 110 123 134 145 112 080 049 020 008 033 05 074 090 072
: 23 23 (23 @34 G4H 34 (34 (34 43 @43 @43 43 @43 (24

s55 | 108 121 132 143 114 082 051 022 005 030 05 071 086 0.71
' 23 23) (23 2,3) 34) (34 34) (34 43) 43 43 43 43 (24

degC o5, | 106 118 130 141 116 084 053 024 003 028 050 069 083 0.70
23 23 23 2.3 (3.4) (34) 34) (34) 4.3 4.3 4.3 4.3 4.3 2.4)

o7g | 104 116 128 138 117 085 055 027 000 025 047 066 081 069
23 23 2.3 2.3 (3.4) (34) (34) (34 4.3 4.3 “4.3) 4.3 4.3 2.4)

sgg | 103 114 125 136 119 087 057 029 002 023 044 063 078 068
2.3) 2.3) (2,3) (2.3) (3.4) (3.4) (3.4) 3.4) 3.4) 4.3) 4.3) 4.3) 4.3) (2.4)

a0 | 101 112 123 133 120 089 059 031 004 020 042 060 075 0.67
2,3) 2.3) (2,3) (2.3) (3.4) (3.4) (3.4) 3.4 3.4) 4.3) 4.3) 4.3) 4.3) (2.4)

415 | 099 110 121 131 122 091 061 033 006 018 039 057 072 066
2,3) 2.3) (2,3) (2,3) (3.4) (3.4) (3.4) 3.4 3.4) 4.3) 4.3) 4.3) 4.3) (2,4)

a4 | 097 108 119 128 123 093 063 035 009 015 036 055 069 065
23 23 23 2.3) (3.4) (24) 34) (24 (34) 4.3 4.3 4.3 4.3 2.4)

436 | 095 106 116 126 125 094 065 037 011 013 034 052 066 064
23 23 23 2.3) (3.4) (24 24) (24 (34) 4.3) 4.3 4.3 4.3} 2.4)

ag | 093 104 114 123 126 096 067 039 013 010 031 049 064 063
: 23 23 23 2.3) (3.4) (24) 2.4) (24 (34) 4.3 4.3 4.3 4.3) 2.4)
ago | 092 102 112 121 127 097 069 041 015 008 029 047 061 062
’ 23 23 2.3 2.3 (3.4) (34 34) 24 (34 4.3 4.3 4.3 4.3 2.4)
a75 | 090 100 109 118 126 09 070 043 018 006 026 044 058 061
’ (2,3) 2.3) (2,3) (2,3) (2,3) (3.4) (3.4) (3.4) (3.4) 4.3) 4.3) 4.3) 4.3) (2,4)
aga | 088 098 107 116 123 101 072 045 020 003 024 041 055 060
5 (2,3) 2.3) (2.3) (2.3) (2,3) (3.4) (3.4) (3.4) 34) 4,3) 4.3) 4.3) 4.3) (2.4)
agg | 086 096 105 113 120 102 074 047 022 001 021 039 053 0.60
' (2.3) 2.3) (2,3) (2,3) (2,3) (3.4) (3.4) (3.4) (3.4) 4.3) 4.3) 4.3) 4.3) (2.4)
48 | 084 094 103 111 117 104 076 049 024 001 019 036 050 0.59
’ 23 23 23 2.3) (2.3 (3.4 3.4) (3.4 (34 (3.4) 4.3 4.3 4.3 2.4)

Figure 3.10 Selected part of DryLab ® Resolution table for the separation of 1,4-DMN and  the
four internal standards

Despite the large amount of information about #gasation provided by resolution tables,
visualising this information gives a faster and en@onvenient way of presenting the
simulation results. Resolution maps are the viswethod used by DryL&bto present the

simulation results in two-dimension or three-dimensplots based on the simulation
model selected. These plots describe the relatipnsétween a separation variable (or

variables) and the lowest resolution value for aritycal pair in the chromatogram.
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The simultaneous effect of the percentage of adeterin the mobile phase and column
temperature on the resolution of all the five peakghe current mixture is visually

presented through the 3D resolution map shownguarei3.11.

DryLab Resolution Map
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Figure 3.11 DryLab® 3D coloured resolution map for the simultaneous ef  fect of the
percentage of acetonitrile in the mobile phase and column temperature on the resolution of
all the five peaks in the mixture of 1,4-DMN and th e four internal standards

This coloured 3-dimensional plot shows the peragmitaf acetonitrile in the mobile phase
on the X axis (from 0-100 % B) and column tempe®ion the Y axis (from 18-42C)
where resolution values are represented by theucabading (Z axis) of the map. The
corresponding resolution range for each colourhm thap is shown as a graded colour
scale to the left of the resolution map. By chogsamy point in the map, a simulated
chromatogram is generated for the selected pemermbacetonitrile in the mobile phase
and column temperature. In addition, simulated eslaf the minimum resolution of the
critical pair, system backpressure and peak retentiformation are also provided for any

selected point.
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By examining the resolution map in Figure 3.11¢ah be shown that sample resolution
does not correlate to either the percentage obaitgte in the mobile phase or column

temperature values in a simple way. However, amceqipate generalisation can be made
to compare the effect of these two variables orst#paration based on the structure of the
resolution map. The relatively vertical structufetiee map indicates that the separation is
mainly affected by the percentage of acetonitmieghie mobile phase and less effect of
temperature is observed. However, at many valuéd®f(percentages of acetonitrile in

the mobile phase), lower temperatures are preféorduigher peak resolution.

The map also shows clearly the conditions at whimhd separation is achieved and those
where overlapping or coelution occurs. It shows tiere are three coelution regions
(identified by the black colour) that are more defl by the percentage of acetonitrile in
the mobile phase. These coelution areas were andrg0 %, 65 % and above 90 %
ACN/water (at almost all T values). In the firstebation area at about 20 %, 1-EtNaph
completely coelutes with 1,4-DMN. For closer vieW the effect of the different
conditions on 1-EtNaph resolution from the otheal®e a new resolution map was rebuilt
considering only the resolution of 1-EtNaph frony amther peak in the mixture. This map

is shown in Figure 3.12.a.
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DryLab Resolution Map
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Figure 3.12 Simulation output for 1-EtNaph separation form any other component in the
mixture. a) Resolution map (coloured). b) A chromat  ogram of the optimum conditions for
separating the 1-EtNaph peak from all the other pea ks in the mixture

As shown in the map above, the resolution of tHetNlaph peak from the other peaks
remains below 1.00 till about 40 % acetonitrilgeafwhich it starts to increase to get an
optimum resolution of 2.01 at about 65 % acetdeimnd with a column temperature of 18
°C, with a run time of only 16 min. The predictedahnatogram at these conditions is

shown in Figure 3.12.b.

However, the optimum conditions for the separatwin 1-EtNaph from the other
compounds in the mixture are the worst for the sdjmm of 2-EtNaph. In these
conditions, the 1,4-DMN and 2-EtNaph peaks are detaly overlapping and form the

second coelution region in the main resolution rfiagure 3.11). To study the separation
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behaviour of 2-EtNaph in more detail, the simulatmutput was based on only the 2-
EtNaph peak. The output of this simulation is shawthe resolution map in Figure 3.13.a

which considers only the separation of 2-EtNaptkgean all the other peaks.

DryLab Resolution Map
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Figure 3.13 Simulation output for 2-EtNaph separation form any other component in the

mixture. a) Resolution map (coloured). b) A chromat  ogram at the optimum conditions for
separating the 2-EtNaph peak from all the other pea ks in the mixture

The above resolution map shows that the peak ofN24gh starts to have baseline
separation (Rs=1.5) from the 1,4-DMN peak at alifu®o acetonitrile then increases by
the decrease of the percentage of acetonitrileetovglues of Rs >2 at 46 % acetonitrile
and 20°C in 70 min run time. Lower temperatures generatiijance 2-EtNaph resolution.

However the separation time can be reduced byngatkie temperature to about %D. The
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optimum conditions that provide the required sej@ana(Rs> 2) for 2-EtNaph from the
other peaks in the shortest possible run time eaadhieved at 47 % acetonitrile and 30
°C. The chromatogram under these conditions is shiowhigure 3.13.b, with the 2-
EtNaph peak at 42.45 min with a minimum resolutwér2.06 from the adjacent 1,4-DMN
peak.

These observations clearly confirm the oppositgpaese of the two critical pairs 1-
EtNaph/1,4-DMN and 2-EtNaph/1,4-DMN towards the raes in the percentage of
acetonitrile in the mobile phase which was notigaeviously in the preliminary
experiments. While 2-EtNaph is well separated frodhDMN with a low percentage of
acetonitrile in the mobile phase, higher conceiuingt of ACN are required for better

separation of the 1-EtNaph-DMN pair.

By reviewing the main resolution map for the fivéxtare components (Figure 3.11) and
the predicted chromatograms generated for each jsothe map in DryLab software, it

was possible to track peak order and check forpeak reversal. It was interesting to see
that after the overlapping of the 2-EtNaph andDMN peaks at about 65 % acetonitrile,
the order of the two peaks started to change whewing to a higher percentage of
acetonitrile in the mobile phase. 1,4-DMN starte@lute later than 2-EtNaph, as shown in

the simulated chromatogram in Figure 3.14 for 78c%tonitrile at 18C.

<
=
<
Z
“.J

—11] 2-MeNaph

[3] 1,4-DMN

[5] BuBenz

Time (min’

Figure 3.14 The reversal of the elution order of the 1,4-D MN and 2-EtNaph peaks at 78 % B
and 18 °C

The third and last overlapping region shown inrtfan resolution map in Figure 3.11 was
at 90 % acetonitrile and higher, at which all thes fpeaks started to overlap. This is a
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normal effect of a very high concentration of ACINat causes a fast elution of all the
mixture components out of the stationary phasaencolumn.

The previous discussion was an overview of soméeinformation that can be extracted
from the DryLal’ simulation results, which help in understanding $eparation behaviour
of the mixture of 1,4-DMN and the four internal reiards. However, the main purpose of
the simulation was to search for the optimum cooils that provide the best separation of
the mixture, and this is discussed in the nextgraghs.

Optimum separation on the ACE 5 um column

The optimum separation, which provided the maxim@solution for the critical pair,
predicted by DryLaB software for the mixture of 1,4-DMN and the fourternal
standards, is found to be in a narrow range ar@inélo acetonitrile and at temperatures
lower than 20°C. This range of best separation is indicated ke réd colour in the
resolution map in Figure 3.11. The best predictedolution for this separation
(considering all the critical pairs) was 1.50 foe tcritical pair 1,4-DMN/2-EtNaph at 51 %
acetonitrile and 18C. The simulated chromatogram at these conditi@ssidwn in Figure
3.15.a. To verify the optimum simulated conditiotig predicted conditions were applied
experimentally (3 replicates). A representativeoatmaitogram is shown in Figure 3.15.b.

For further evaluation and validation of the accyraf DryLal® predictions, several other
chromatographic conditions (with predicted chrorgeams and peak retention
information) were simulated and then applied experntally. The theoretical predictions
of retention times and resolution were then congbdcethe experimental results. This
comparison is shown in Table 3.14 and Table 3.X5rdétention times and resolution
respectively. The tables include the optimum coodg in addition to four other

conditions.
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a DryLab Chromatogram
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Figure 3.15 The best separation for 1,4-DMN and the four internal standards on the ACE 5
um column at 51 % B and 18 °C. a) Simulated chromatogram. b) Experimental
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Table 3.14 A comparison between DrylLab ® predictions of retention times and experimental

results.

Retention Time (min)
Conditions | Compound . Exp. ) _
DryLab® Experimental RSD lefer'ence Difference
(Mean) (min) (%of Exp)
(%)

2-MeNaph 24.22 23.77 0.1( -0.45 1.89
51%B 1-EtNaph 33.88 33.13 0.12 -0.75 2.26
18°C 1,4-DMN 35.50 34.79 0.17 -0.71 2.04
1.5 ml/min | 2-EtNaph 37.12 36.28 0.15 -0.84 2.32
BuBenz 44.00 42.87 0.22 -1.13 2.64

Average Error 0.15 -0.78 2.23
2-MeNaph 35.62 35.95 0.03 0.33 0.92
51%B 1-EtNaph 49.82 50.12 0.1( 0.30 0.60
18°C 1,4-DMN 52.21 52.61 0.13 0.40 0.76
1.0 ml/min | 2-EtNaph 54.58 54.91 0.17 0.33 0.60
BuBenz 64.70 65.01 0.18 0.31 0.48

Average Error 0.12 0.33 0.67
57 0% B 2-MeNaph 11.54 11.47 0.2( -0.07 0.64
42°C 1-EtNaph 15.26 15.13 0.25 -0.13 0.84
1.5 mi/min 1,4-DMN 15.82 15.70 0.28 -0.12 0.76
' 2-EtNaph 16.38 16.24 0.26 -0.14 0.88
BuBenz 19.44 19.24 0.32 -0.20 1.02

Average Error 0.26 -0.13 0.83
2-MeNaph 17.68 17.82 0.07 0.14 0.79
52% B 1-EtNaph 24.34 24.55 0.03 0.21 0.86
35°C 1,4-DMN 25.26 25.49 0.09 0.23 0.90
1.5 ml/min | 2-EtNaph 26.47 26.71 0.14 0.24 0.90
BuBenz 31.67 32.01 0.14 0.34 1.06

Average Error 0.09 0.23 0.90
2-MeNaph 14.80 14.43 0.1( -0.37 2.56
57 % B 1-EtNaph 19.83 19.27 0.1( -0.56 2.91
23°C 1,4-DMN 20.85 20.24 0.14 -0.61 3.01
1.5 ml/min | 2-EtNaph 21.41 20.79 0.2( -0.62 2.98
BuBenz 25.13 24.41 0.12 -0.72 2.95

Average Error 0.13 -0.58 2.88
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Table 3.15 Comparison between DryLab ® predictions of peak resolution and experimental
results.

Resolution
Conditions | Compound . Exp. ) _
DryLab® Experimental RSD lefer'ence Difference
(Mean) (min) (%of Exp)
(%)
2-MeNaph | 11.07 11.66 0.35 0.59 5.06
51%B 1-EtNaph 1.54 1.71 0.44 0.17 9.94
18°C 1,4-DMN 1.50 1.47 0.90 -0.03 2.04
1.5 ml/min | 2-EtNaph 5.75 5.53 1.03 -0.22 3.98
BuBenz
Average Error 0.68 0.13 5.26
2-MeNaph | 10.88 11.43 0.55 0.55 4.81
51%B 1-EtNaph 1.52 1.68 0.49 0.16 9.52
18°C 1,4-DMN 1.48 1.46 0.87 -0.02 1.37
1.0 mi/min | 2-EtNaph 5.65 5.53 0.98 -0.12 2.17
BuBenz
Average Error 0.72 0.14 4.47
57 0% B 2-MeNaph 9.55 10.02 0.62 0.47 4.69
o 1-EtNaph 1.22 1.33 0.43 0.11 8.50
. 54r2nlfmin 1,4DMN | 1.19 1.19 1.28 0.00 0.28
' 2-EtNaph 5.85 5.79 1.30 -0.06 1.04
BuBenz
Average Error 0.91 0.13 3.63
2-MeNaph | 10.90 11.51 0.40 0.61 5.30
52% B 1-EtNaph 1.26 1.37 0.92 0.11 8.03
35°C 1,4-DMN 1.62 1.69 0.86 0.07 414
1.5 mi/min | 2-EtNaph 6.16 5.85 1.26 -0.31 5.30
BuBenz
Average Error 0.86 0.12 5.69
2-MeNaph 9.96 10.62 0.29 0.66 6.21
57 % B 1-EtNaph 1.72 1.80 0.33 0.08 4.44
23°C 1,4-DMN 0.93 0.95 0.68 0.02 2.11
1.5 ml/min | 2-EtNaph 5.56 5.50 0.84 -0.06 1.09
BuBenz
Average Error 0.54 0.18 3.46

As shown in Table 3.14 and Table 3.15, a good ageeewas obtained between Dryffab
predicted values for retention timesgfTand resolution (Rs), and the experimentally
observed ones. The average error of predictionimése range + 0.67 to £ 2.88 %, and *
3.46 to 5.69 % for retention times and resolutiespectively. The maximum experimental
contribution in this error (evaluated by the %RSDtloee replicates) was, in the worst
case, £0.26 % and £0.91 % fog &nd Rs respectively. The average errors reponteioel
literature for diverse RP-HPLC applications of Dayf were in the range +0.3 % to +9.6
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% and 6.5 % to +11.8 % for retention times argbhation respectively. Compared to the
reported values, it should be emphasised thatrtiveseof prediction reported here are well
within the range of the reported values in literat(Lammerhofer et al., 1997; Hajnos et
al., 2002; Didaoui et al., 2003; Lewis et al., 198ang et al., 2003; Chloupek et al.,
1992; Wrisley, 1993). From this comparison, DryPaoftware proved to be powerful and
useful software for chromatographic method develpmby providing accurate

predications.

As shown in Figure 3.15 and Table 3.15, the optinseyaration of 1,4-DMN and the four
internal standards on the ACE column achieved éxystally a maximum resolution of

1.47 for the critical pair 1,4-DMN/2-EtNaph. Howey#his resolution was still lower than

the set goal for this method. The method aimed rwvige reproducible and rugged
separation of the five compounds with a minimunok&son of at least Rs=2 for any pair
of peaks. This resolution value or greater is ardele target for method development
(Snyder et al., 1997).

The achieved resolution of 1.47 may not withstameals changes in experimental
conditions, as indicated by the narrow range oftb&t separation in the resolution map in
Figure 3.11. Simulated resolution values at coodgiaround the optimum conditions are
shown in Table 3.16. An experimental error of 2 fothe percentage of the organic
component in the mobile phase value is not unlikeldPLC (Snyder et al., 1997). As can
be seen from Table 3.16, such an error causesatngsolution to drop down to as low as
1.27 at 52 % acetonitrile, which result in an oaprbetween the 1,4-DMN peak and the 2-
EtNaph peak. This value cannot of course be acdepterugged quantitative analysis.
Therefore, the optimum separation on the ACE 5 jplanon at 51 % acetonitrile and 18
°C was not accepted for the purpose of internaldstahquantification experiments, as it

may not provide a sufficiently reproducible andged method.



Mohammed D. Y. Oteef, 2008 Chapter 3, 143

Table 3.16 Critical resolution values predicted by DryLab ® for the optimum separation (bold)
and a range of other conditions around it

%B Toc | RsofCritical Critical Pair
Pair

48 18 1.42 1-EtNaph/L,4-DMN\
49 18 1.46 1-EtNaph/L,4-DMN\!
50 18 1.50 1-EtNaph/1,4-DMN\
51 18 1.50 1,4-DMN/2-EtNaph

52 18 1.39 1,4-DMN/2-EtNaph
53 18 1.27 1,4-DMN/2-EtNaph
50 19 1.48 1-EtNaph/L,4-DMN\
50 20 1.46 1-EtNaph/L,4-DMN\!
50 21 1.44 1-EtNaph/1,4-DMN\l

Comparing different 5 pum columns at the optimum predicted conditions

Because of not achieving the targeted resolutiotherACE column, and in view of the
fact that columns from different suppliers, buttbé same bonded phase, can provide
different selectivity (and therefore resolution)n{8er et al., 1997), four other C18
columns with 5 um particles were tested in a setocbetter resolution. The columns are
listed in Table 3.17 along with some of their pntigs and the experimentally observed
efficiency, tailing factors and critical resoluticmt 51% acetonitrile and 18C. The
resulting chromatograms at these conditions arevshia Figure 3.16 a-d for the four

columns.

Table 3.17 A comparison between the five C18, 5 um column s examined for the best
resolution of the mixture of 1,4-DMN and the 4 inte  rnal standards

Surface | Carbon | Efficiency Tailin Critical Run
Column Area Load (Average Facto?* Resolution Time
(m?/g) % Plate No.)* (min)
ACE C18 300 15.5 19161 1.02 1.47 4
Dionex Acclaim 120 300 17.9 17410 1.14 1.49 60
fyperst YPUTY | 200 | 130 | 15001 1.30 1.28 3(
Waters Spherisorb )
ODS-2 220 11.5 17741 1.22 1.11 32
Phenomenex
Sphereclone ODS-2 200 12.0 15082 1.26 0.79 4(

* Average values obtained experimentally for the fieaks in the mixture at 51 % B and’C3
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Figure 3.16 Separation of 1,4-DMN and the 4 internal stand ard mixture under the same
chromatographic conditions on four different C18, 5 pum columns. a) Dionex Acclaim 120. b)

Hypersil HyPurity Elite. ¢c) Waters Spherisorb ODS-2 . and d) Phenomenex Sphereclone ODS-
2
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As can be seen from Table 3.17 and Figure 3.158ak6, the ACE and Dionex columns

provided the best separation among the five coluaxanined, with a resolution value

approaching 1.50. However, the Dionex column predithe resolution with the longest

run time among the five columns. These two colurares characterised by having the
highest carbon load and surface area for theid siiases. Carbon load, in particular, can
give a rough guide for the retention ability of @wnn. The high resolution provided by

the two columns might be attributed to their higretention capability, as longer retention
usually improves the separation (Snyder et al.719Bhe lower resolution provided by the

other three columns (Hypersil, Waters and Phenor)ese=ms to be a result of the higher
asymmetry, lower efficiency, the need for more mgation of the percentage of the

acetonitrile in the mobile phase, or combinatiohhose three factors.

This comparison between the ACE C18 5 um columnthadther four columns shows
that none of the other four columns tested provictausiderably more enhancement in the
resolution of the critical pairs than what had bpewvided by the ACE column. Therefore,

it was decided to examine a column with a lowetigarsize.
Optimising the separation on a column with 3 um paticles

Due to not achieving sufficient and rugged resoluijRs> 2) for the critical pairs on any
of the five C18 5 pum columns, several simulatedeexpents were conducted using
DryLab® to optimise column parameters, including mainljuom particle size and flow
rate, in a search for better resolution of thaaaitpairs. These experiments were based on
using lower particle size for the C18 column, whitould provide higher separation
efficiency and therefore better resolution. Howeusy using smaller particle size, one
should consider monitoring the higher system bazsqure generated by these columns.
As a result, flow rate has to be optimised henm&intain reasonable system backpressure.
The simulated experiments here focused on obtaitieg targeted resolution with a
reasonable system backpressure (less than 3508rmkiun time. Table 3.18 summarises
some of the conditions that provide higher resotutvalue than the 1.50 that was
approached by the 5 um columns. It should be ntitatiall the predictions here were
based on using a column with packing material lgimilar characteristics to the ACE

C18 material that was used in generating the Dr§lmbdel.
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Table 3.18 Simulated chromatographic conditions that prov ide higher resolution than 1.50
based on using a 3 um column. Predicted critical re  solution, system backpressure and run
time are provided for each set of conditions

(rimin) | %8 | TCO) | pocoluton| s | min) -
1.50 51 18 1.80 4657 a7
1.50 53 32 1.62 3427 33
1.50 54 35 1.61 3191 29
1.30 51 26 1.60 3430 49
1.30 51 18 1.77 4036 55
1.00 50 20 1.63 3016 76

As shown in Table 3.18, using an ACE column witlir8 packing particles would enhance
the resolution of the critical pair to a maximumueof 1.80 at the optimum conditions
predicted for 5 pm columns, which are 51 % acetib®it18 °C and 1.50 ml/min.
However, at these conditions the system backpresawauld be above the maximum
affordable backpressure of 4000 psi for the pumgdusvhich makes these conditions
impractical. Therefore, the flow rate has to beursdl with some adjustment to the other
conditions in order to maintain an affordable systeackpressure. Unfortunately, this has

to sacrifice some of the resolution.

Among the different simulated conditions testede tlast set of conditions (50 %
acetonitrile, 20°C and 1.00 ml/min) was found to provide a good megabetween the
resolution and reasonable backpressure. Althoughrih time at these conditions was
predicted as 76 min, this can be an acceptablémenfor the purpose of the method, as it
is not going to be used for routine analysis. Heisof conditions was predicted to provide
a resolution value of 1.63 for the critical pair an ACE column with 3 um packing

particles.

It should be noted that all the previous simulaiorere based on using ACE packing
materials. Unfortunately, the only ACE column aahble during this study was the ACE 5
um that was used for generating the Drytahodel. Instead, an HPLC Technology
TechSphere ODS 3 um (250 x 4.6 mm) column was teséest the predicted conditions
for the 3 um column. Due to the variations betwinentwo packing materials, it would not
be unexpected to have some differences betweeprdaécted results for an ACE column
and the practical data obtained by the TechSpheltenm. The main one would be the

changes in the critical peak pairs (as noticed whth different 5 um column compared
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above). Such changes in critical peak pairs frolama to column are the major problem
in method optimisation using different columns (M, 2002)

The optimum predicted conditions of 50 % acetdeitat 20°C with a flow rate of 1.00
ml/min were examined experimentally using the Tette8e 3 um column. The resulting

chromatogram is shown in Figure 3.17.a.
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Figure 3.17 Typical chromatograms for the separation of th e 1,4-DMN and the four internal
standards on the TechSphere ODS 3 um (250 x 4.6 mm)  column. a) With 50 % B at 1.0 ml/min
and 20 °C b) With 46 % B at 23 °C and a flow rate of 0.90 ml/min

As can be concluded from the chromatogram in Figuf&.a, the optimum conditions
predicted for an ACE 3 um column are not the sasnthase for the TechSphere column.
An extra resolution of 2.45 between 1-EtNaph ard0VMIN peaks was achieved at the
cost of only 1.30 between 1,4-DMN and 2-EtNaph pedls it was concluded previously,
1,4-DMN peak overlaps more with 2-EtNaph at a hpgincentage of acetonitrile in the
mobile phase and with 1-EtNaph at a low percentdgecetonitrile in the mobile phase.
By applying this conclusion to the present chromgedm in Figure 3.17.a, it can be

concluded that a lower percentage of acetonitnilethe mobile phase is required to obtain
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the optimum conditions for this column. Howevenéring the percentage of acetonitrile
in the mobile phase resulted in an increase inegydtackpressure, and therefore more
practical step-by-step experiments were requireaptonise the percentage of acetonitrile
in the mobile phase, flow rate and column tempeeafor sufficient resolution with
affordable system backpressure and in an acceptabldime. These experiments are
summarised in Table 3.19.

Table 3.19 Practical experiments for optimising the separ  ation of 1,4-DMN and the four
internal standards using TechSphere 3 um (250 x 4.6 mm) column

%B |T(°C) F('r‘;‘l’}’nffﬁ)te Critical Pair Rg;'(t)'l‘fft‘i'on R‘{r:q;')me
50 20 1.00 | 1,4-DMN/2-EtNapH  1.30 50
47 20 1.00 | 14-DMN/2-EtNapH  1.71 65
45 20 090 | 14DMN2-EtNapi  1.96 90
45 25 1.00 | 1-EtNaph/L4-DMN  1.82 80
46 23 0.90 | 1-EtNaph/L4-DMN|  1.97 82

The optimum conditions that balance between sefficiresolution, reasonable system
backpressure and time, using the TechSphere 3 pjumopwere found to be at 46 %
acetonitrile and 23C with a flow rate of 0.90 ml/min. These conditiopsovided a
resolution of 1.97 for the critical pair 1-EtNap#DMN and 1.98 for the pair 1,4-
DMN/2-EtNaph and with a run time of 82 min. A typilcchromatogram for the separation
of the mixture of 1,4-DMN and the four internalrsfards at these conditions is shown in
Figure 3.17.b.

Despite the fairly long run time at these condisiotihe achieved resolution overcomes it,
particularly in the knowledge that the method was aresigned for routine measurements
but for a small number of measurements that reqdeguate separation of all the peaks in
the mixture. These conditions have been chosemhtifinal method for separating and

guantifying 1,4-DMN and the four internal standaehdidates.

3.3.2.6 Final method and basic validations

The chromatographic conditions for the final metliodseparating and quantifying 1,4-

DMN and the four internal standards were as foltows
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=  Column: HPLC Technology TechSphere ODS 3 pm (250 x 4.6 mm)
» Mobile phase:46 % acetonitrile/water

* Flow rate: 0.90 ml/min

= Column temperature: 23°C

* Run time: 82 min

= Detector wavelength 228 nm from 0 to 71 min then 210 nm

A typical chromatogram for the separation of 1,440Mnd the four internal standards at

these conditions is shown in Figure 3.17.b.

Because this method was designed for quantitateasorements, basic validation checks
were carried out on the final separation methodste3y precision and linearity of the

detector response for each component were the amag. For the system precision test,
five replicate injections of 10 pg/ml mixed stardlaf the five compounds were carried

out and the %RSD of the resulting peak areas wadcelated for each component. %RSD
values were 0.73, 0.35, 0.43, 0.53 and 2.61 foretAginaphthalene, 1-ethylnaphthalene,
1,4-dimethylnaphthalene, 2-ethylnaphthalene andutgiiienzene respectively. Good

precision was achieved for the mixture componextegt, n-butyloenzene that expressed
the highest variability between injections.

For the linearity test, duplicate injections werad® of standards in the range 2-20 pg/mi
(2, 4, 6, 8, 10, 15 and 20 pg/ml). All five compatseshowed good linear responses with r
> 0.999 for the range examined.

3.3.2.7 Summary

A RP-HPLC method for the separation and quantificadf 1,4-DMN and four internal
standards was successfully developed and validatesl. method was based on using an
HPLC Technology TechSphere ODS 3 pm (250 x 4.6 nwolumn and 46 %
acetonitrile/water as the mobile phase. The flote rgas 0.9 ml/min and the separation
was carried out at a column temperature of°23 At these conditions, the mixture
components were adequately separated in 82 minawvithnimum resolution of 1.97 for
the critical pair. The detector had to be progradnio generate two-wavelength
chromatograms of 228 nm for all the mixture compaseexcept BuBenz at 210 nm.
Linearity of the detector response for the five poonds was found to be sufficient.
System precision was satisfactory. However, the d&uB peak showed lower

reproducibility in peak areas than the other foeals.
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The poorer reproducibility for the BuBenz peak ohdigion to the need for a different
detection wavelength may weigh against the chofc8uBenz to work as an internal
standard for 1,4-DMN. BuBenz was initially selecesia candidate internal standard for
1,4-DMN because it has closg{coefficient and water solubility values to those 1,4-
DMN. However, the differences between the meltinogs and the boiling points between
the two compounds suggest differences in the pbgsgmical properties between the two.
These differences seem to cause BuBenz to beh#feeedily in the HPLC separation
(and possibly in the extraction process) compaoetthé rest of the compounds examined

here.

The case is different for 2-EtNaph. Despite thedgyabsorbance at 228 nm and the good
peak area precision of 2-EtNaph, it has been shbeainit needs about 50 min (see Figure
3.13.b) to have a sufficient and rugged separatiom 1,4-DMN (using ACE 5 pum
column), which is too long for a routine method.islmay count against 2-EtNaph as an
internal standard for 1,4-DMN. 2-MeNaph and 1-EtNapvere shown to be
chromatographically the most suitable internal déds for 1,4-DMN in an HPLC

method.

Despite these chromatographic obstacles, it is rtapbto study the extraction behaviour

of the candidates in order to select the most Isigitane.

The second objective of this part of the work wagvaluate the usefulness and accuracy
of DryLab® chromatographic simulation software in assistimg $separation development
and optimisation. DryLab software was found to be powerful and useful safenfor
chromatographic method development. Based on amly practical input experiments,
numerous simulated experiments can be evaluatethimutes. It has been found to
generate accurate predictions with average erteva as 0.7 % and 3.5 % in retention
times and resolution respectively. It was very ukdah determining the optimum
separation for the present mixture through resmtutnaps. It also helped to gain more
understanding of the separation behaviour of thdure components and their responses

towards changes in chromatographic conditions.

3.3.3 Separation method for 1,4-DMN and 1-ethylnaphthalene

This part of the work aimed to develop an HPLC sa&fi@n method for the routine
analysis of extracts containing the analyte 1,4-D&d 1-ethylnaphthalene as the internal
standard. The development of this method was aijethe DryLalS simulation model

developed in the previous section. The separateraviour of 1-EtNaph peak and 1,4-
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DMN peak was studied using the resolution map shawave in Figure 3.12.a. As
discussed above, the optimum resolution of the p&itNaph/1,4-DMN is predicted to be
2.01 at 65 % acetonitrile and with column tempematf 18°C and a run time of only 15
min using the ACE 5um column. The predicted chram@m at these conditions is
shown above in Figure 3.12.b.

The optimum conditions, along with some other cbods around the optimum, were

tested experimentally to evaluate the ruggednesseomethod. The conditions examined
experimentally are shown in Table 3.20.

Table 3.20 Practical experiments for the separation of a mixture of 1,4-DMN and 1-

ethylnaphthalene at different conditions using the ACE 5um column
%8B T°C F(lr%\llyrrlig)te (Meaﬁrtl)tf“?%all?zps)licates
65 18 15 2.17
65 25 1.5 1.95
67 25 1.5 1.94
62 25 1.5 1.85

As shown in Table 3.20, better resolution of 1,4{®Nind 1-EtNaph was obtained
experimentally. The separation of the two compouatdtie optimum conditions is shown
in the chromatogram in Figure 3.18.
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Figure 3.18 A chromatogram of a mixed standard of 1-ethyln  aphthalene (50 pg/ml) and 1,4-
DMN (20 pg/ml) showing the optimum separation of t  he two compounds. Chromatographic
conditions: ACE C18 5 um (250 x 4.6 mm), 65 % aceto nitrile: 35 % water, 1.5 ml/min, 18 °C
and 228 nm
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Table 3.20 also shows that the method was fouhe tsufficiently rugged and can tolerate
variations of %ACN up to + 2 % and temperaturesai@5°C with only small reductions

in the resolution value (lowest Rs was > 1.9).

Therefore, the following method was consideredrémitine analysis of samples containing
1,4-DMN and 1-ethylnaphthalene:

= Column: ACE C18 5 um (250 x 4.6 mm)

* Mobile phase:65 % acetonitrile: 35 % water
= Flow rate: 1.5 ml/min

= Injection volume: 10 pl

= Temperature: 18°C

= Detector wavelength:228 nm

* Runtime: 15 min

» l-ethylnaphthalene Tr : ~12.4 min

» 1,4-DMN Tgr:~13.1 min
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Chapter 4: Separation and extraction methods for
1,4-DMN and internal standards - Comparison of

extraction behaviours in the TMP/Heat method

4.1 Introduction

A main criterion in selecting a compound as anrivdestandard in an analytical method is
to have similar behaviour in the analytical proaedio that of the analyte, particularly in
the extraction and clean up steps. In additionjriternal standard has to be well separated
(in most chromatographic techniques) from all otbempounds in the chromatographic

separation.

The original GC version of the TMP/Heat method ¢ié®d briefly in Section 1.8) uses 2-
ethylnaphthalene as an internal standard for thmulegion of the final extract volume in
addition to the correction of any losses of thelyraduring the extraction procedure.
However, because it was not possible to separaty@raphthalene from 1,4-DMN in
HPLC in a reasonable run time for routine analysise Section 3.3.1), this internal

standard had to be replaced with a more suitaldd@mHPLC routine analysis.

For the purpose of selecting a replacement forh@heaphthalene in the TMP/Heat
method, three internal standard candidates wet&lipi selected based on their close
physicochemical properties to 1,4-DMN. These caaigisl were: 2-methylnaphthalene, 1-
ethylnaphthalene and n-butylbenzene. However, ftben development and validation
results in Chapter 3 (see Section 3.3.2), n-buh@bee was excluded from any further
investigations as an internal standard candidataus® it has to be measured at a different
wavelength than the one used for 1,4-DMN, in additio its low precision in replicate
analysis in the HPLC method used for the separaifoh,4-DMN and the four internal

standards.

Since the TMP/Heat method includes a liquid-ligexktraction step with the use of the
internal standard to correct for the final orgaeiktract volume, it was essential to check
the ability of the different candidates to mimicdainack 1,4-DMN in this extraction, in
addition to any losses of 1,4-DMN (e.g. by volaalion or adsorption to surfaces) during
the extraction procedure. In order to determing #hility, the relative recoveries (yield) of
1,4-DMN and the internal standards had to be deteun For this purpose, 1-
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ethylnaphthalene and 2-methylnaphthalene (in amditto 2-ethylnaphthalene for
comparison) were examined for their relative rec@gecompared to 1,4-DMN .

The comparison between 1,4-DMN and the three iatestandards (2-methylnaphthalene,
1-ethylnaphthalene and 2-ethylnaphthalene) wasdbasé¢hree recovery experiments. The
first recovery experiment simultaneously compatsel éxtraction behaviour of the three
internal standards with that of 1,4-DMN by spikipgtato peel with the four compounds
and extracting them according to the TMP/Heat metiitie extracts were analysed by the
method for 1,4-DMN and the four internal standadéscribed in Section 3.3.2.6. The
second recovery experiment was conducted to exatiméneecovery of 1,4-DMN using the
TMP/Heat method with 1-ethylnaphthalene as thematestandard, in the way it would be
used for the routine analysis. In this experimert the third experiment, potato peel was
spiked with only 1,4-DMN and the internal standaras added to the extraction solution.
The extracts obtained in the second experiment weedysed by the HPLC separation
method for 1,4-DMN and 1-ethylnaphthalene descrilbedSection 3.3.3. The third
recovery experiment was designed to evaluate tltevesy of 1,4-DMN using the
TMP/Heat method with 2-methylnaphthalene as therivatl standard, in the way it would
be used in routine analysis. The analysis of thieaets containing 1,4-DMN and the
internal standard 2-methylnaphthalene was achiéyedsing the routine HPLC method
reported in Section 2.3. Based on the results e$dhrecovery experiments, the most
suitable internal standard among the ones examiveel selected for the final routine
analytical method which is based on the TMP/He#taekon method.

4.2 Material and methods

4.2.1 Solvents

The ethanol (EtOH) and 2,2,4-trimethylpentane (TMBgd in the extraction solution and
in preparing standards were HPLC grade from FiSlugntific, UK. The acetonitrile used
in preparing the mobile phase for HPLC analysis waasHPLC grade from Fisher
Scientific, UK.

4.2.2 Chemicals

Some main properties of 1,4-dimethylnaphthalene #edinternal standard candidates

used during this chapter are listed in Table 4.1.
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Table 4.1 Some main characteristics of the chemicals used in this chapter
Compound 1,4-DMN 1-EtNaph| 2-EtNaphh 2-MeNaph
iy i CH, CHy
Structure
Molecular Weight 156.2 156.2 156.2 142.2
Melting Point (°C) 7.6 -13.9 -7.4 34.4
Boiling Point (°C) 268.0 258.6 258.0 241.1
Water Solubility (mg/l) 11.4 10.7 8.0 24.6
Octanol/Water
Coefficient-Ko/w 4.37 4.40 4.38 3.86

[Values obtained from SRC PhysProp Database (SB@5)2

Sodium chloride (NaCl) used in aiding the separatibthe two phases in the liquid-liquid

extraction was AnalaR grade from Hopkin and WillsgroK.

4.2.3 Standards and solutions

4.2.3.1 First recovery experiment

Stock solutions:10000 pg/ml stock solutions of 1,4-DMN and theethinternal standards
candidates were prepared separately by accurat#lyddcimal places) weighing
approximately 0.5 g of each chemical, and dissglviii EtOH in 50-ml volumetric flasks

and making it up to volume.

1000 pg/ml Mixed standard:a 1000 pg/ml mixed standard of 1,4-DMN and theehr
internal standard candidates was prepared by gaimgj 1 ml of each stock solution into a

10-ml volumetric flask and making it up to volumémwEtOH.

100 pg/ml Mixed standard: a 100 pg/ml mixed standard of 1,4-DMN and the dhre
internal standard candidates was prepared by @amsj 5 ml of the 1000 pg/ml mixed

standard solution into a 50-ml volumetric flask anaking it up to volume with TMP.

Calibration standards: Five calibration standards containing 4,10,20,80 50 pg/ml of
1,4-DMN and the three internal standards candidat® prepared by dilution from the
100 pg/ml mixed standard with TMP.

Spiking solutions: potato peel samples were spiked at two levelsn@ 20 pg/g peel)

using the 1000 pg/ml mixed standard solution fer tigh level and a 200 pg/ml mixed
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standard solution for the low level. The latter waspared by dilution from the 1000
ng/ml mixed standard solution using EtOH.

Extraction solution: This solution was prepared by mixing 700 ml of Bt@ith 300 ml
of TMP using a measuring cylinder to get the 7:QHE{TMP solution.

4.2.3.2 Second recovery experiment

Stock solutions:The 1,4-DMN and 1-ethylnaphthalene stock solutjprepared in Section

4.2.3.1 were used here.

Calibration standards: eight mixed calibration standards containing 0@24, 0.08, 0.1,
1.0, 4.0, 10.0 and 20.0 pg/ml of 1,4-DMN, and 30nmigof the internal standard 1-

ethylnaphthalene were prepared by dilution fromstoek solutions.

Spiking solutions: potato peel samples were spiked at two level2(@r@ 4.0 ug/g peel)
using a 1,4-DMN standard solution of 1 pg/ml foe tow level and a 200 pug/ml for the

high level. The spiking solutions were preparediitytion from the stock solution.

Extraction solution: This solution was prepared containing 10 pg/mithed internal
standard 1-ethylnaphthalene by transferring 5 mlaot000 pg/ml 1-ethylnaphthalene
standard solution into a 500-ml volumetric flaskdadiluting with a mixture of 7:3
EtOH:TMP solution to the volume.

4.2.3.3 Third recovery experiment

Stock solutions: The 1,4-DMN and 2-methylnaphthalene stock solgtigmepared in

Section 4.2.3.1 were used here.

Calibration standards: Four mixed calibration standards containing 0409, 10.0 and
50.0 pg/ml of 1,4-DMN, and 30 pg/ml of the intersédndard 2-methylnaphthalene were

prepared by dilution from the stock solutions.

Spiking solutions: potato peel samples were spiked at three leve®s 400 and 20 pg/g
peel) using 1,4-DMN standard solutions of 10 ug/200 pg/ml and 1000 pg/ml for the
three levels respectively. The spiking solutionseverepared by dilution from the stock

solution.
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Extraction solution: This solution was prepared containing 10 pg/mlitied internal
standard 2-methylnaphthalene by transferring 5 fnd @000 pg/ml 2-methylnaphthalene
standard solution into a 500-ml volumetric flaskdadiluting with a mixture of 7:3
EtOH:TMP solution to the volume.

4.2.4 Equipment

The HPLC instrument used for the recovery experismieonsisted of a Merck-Hitachi L-
7100 pump, a L7200 autosampler and L4500 DiodeyADatector. The signal and UV
spectra were processed by Merck-Hitachi ChromapdgraData Station software. The
centrifuge instrument used in aiding the separatibthe two phases in the liquid-liquid
extraction was a MSE Mistral 2000.

4.2.5 Procedure

The recovery experiments of 1,4-DMN and the interetandard candidates were
conducted using organically grown potato tubersghbudrom a local supermarket. The
tubers were washed under running tap water for tafiléla minute and left to dry. Tubers
were peeled with a household peeler and the peekivapped into small pieces (about 0.5
x 0.5 cm) using a knife and a wooden chopping bead mixed well. 10-g subsamples
were transferred into 50-ml conical flasks. Fivdbsamples for each spiking level were

prepared in addition to 3 control samples.

In the first experiment, peel subsamples were spikgh a mixture of 1,4-DMN and the

three internal standards. Spiking of peel samplas @onducted by adding 200 ul of the
spiking solution containing the four compounds gsanP200 Gilson micropipette to 10.0 g
of potato peel in 50-ml conical flasks. The spilkegl samples were left to settle for about

1 h, after which the extraction process started.

In the second and third experiments, peel subsampie spiked with only 1,4-DMN
while the internal standard (1-ethylnaphthalen-onethylnaphthalene) was added to the
extraction solution. In these two experiments, isyjkof peel samples was achieved by
adding 200 pl of the spiking solution containinglyod,4-DMN using a P200 Gilson
micropipette to 10.0 g of potato peel in 50-ml cahiflasks. The spiked peel samples were

left to settle for about 1 h, after which the egtian process started.

Fifteen ml of the extraction solution were adde@ach of the conical flasks containing the

spiked sample and the control samples and thesflssslppered by lids. All samples were
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heated with occasional swirling in a water batB@?C for 15 min and left to cool for 10
min. The liquid phase was then transferred to degt tubes and 2 ml of 0.2 M NaCl
solution were added. The extracts were then cegtd at 2000 r.p.m for 2 min. The upper
TMP layer was then transferred into 4-ml vials amd aliquot of about 1 ml was
transferred into HPLC vials through a 0.2 um PTHKEnge filter. Samples were then
analysed by HPLC using the appropriate method facherecovery experiment as

described in the introduction of this chapter.

4.3 Results and discussion

The first recovery experiment aimed to evaluate $mailarity of the three internal
standards in their behaviour during the extracpoocedure in the TMP/Heat method to
that of 1,4-DMN. This experiment was conducted pikiag potato peel with the four
compounds and extracting them according to the HéBf method. The results of this

experiment are shown in Table 4.2.

Table 4.2 Relative recoveries of 1,4-DMN and three intern  al standards extracted from spiked
potato peel according to the TMP/Heat method

Recovered 1,4-
Internal Standard Spiking Level DMN/Recovered %RSD
(ng/g peel) Internal Standard
(Mean %)
4 ugl/g of peel 101.2 2.4
2-methylnaphthalene 20 pg/g of peel 104.5 1.3
Mean of 2 Levels 102.9 -
4 ugl/g of peel 97.9 0.6
1-ethylnaphthalene | 20 pg/g of peel 99.2 0.4
Mean of 2 Levels 98.6 -
4 ugl/g of peel 97.7 1.9
2-ethylnaphthalene | 20 pg/g of peel 98.8 0.6
Mean of 2 Levels 98.3 -

In general, all three internal standards expressgil similarity in their behaviour during

the extraction process to 1,4-DMN behaviour. Thislearly illustrated by the closeness of
the relative recoveries to the 100 % value and dbesistency (robustness) of the
recoveries expressed by the low %RSD values. Ttvesejuantities (recoveries close to
100 % and robustness of the recovery values) goertant to ensure accurate and precise
assays by allowing for small variations in the agtion conditions in routine analysis

(Wieling et al., 1993).
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Statistical analysis of the recovery results ushmggeneral linear model with Tukey HSD
shows that the relative recovery of 1,4-DMN is #igantly affected by the internal
standard used (p<0.001) and also by the concemirdg¢ivel (p<0.001). The use of 2-
methylnaphthalene as the internal standard gemkeraté-DMN recoveries differed
significantly (p<0.001) from the results obtainey the other two internal standards.
However, 1-ethylnaphthalene and 2-ethylnaphthalemeluced values which were not
significantly different from each other. This mighe explained by the fact that the
solubility of 2-methylnaphthalene in water (24.6/hag 25°C) is higher that that for 1,4-
DMN (11.4 mg/l at 25C) whereas the solubility of the other two intersndards (10.7
mg/l for 1-EtNaph and 8.0 mg/I for 2-EtNaph at®5 are lower than 1,4-DMN solubility.
This solubility will of course affect the concerttom of the internal standard in the final
organic layer during the liquid-liquid partitioningvhich in turn will affect the calculated

recovery of 1,4-DMN based on the recovery of therimal standard.

The effect of the initial concentration level o#4DMN and the internal standards on the
final relative recovery is not unexpected. Thigxplained by the fact that the flux of the
chemicals between the interface of two phases imelh mixed extraction system is
proportional to the concentration of the analytethe aqueous phase when the distribution
constants (compound concentration in the organas@hdivided by the concentration in
agqueous phase) are high, such as those for theadsmsed here (Vanderwal and Snyder,
1981).

However, despite the statistical difference betwdwen three internal standards in their

recoveries, the difference should not be analyyi¢aractically) important.

The slight differences in the %RSD values of thiathee recoveries between the three
internal standards could in part be due to theedifices in their precision in the HPLC
separation method used. The %RSD values of the tinternal standards in the HPLC
separation method as described in Section 3.3@16wf similar trend as the values
obtained in Table 4.2. The values of %RSD for gté injections (n=5, 10 pg/ml
standard) of 2-methylnaphthalene, 2-ethylnaphtteaberd 1-ethylnaphthalene were 0.7 %,
0.5 % and 0.4 % respectively. In addition to theateons in the precision of the HPLC
separation, the variation in the physicochemicabpprties of the three internal standards
might have contributed to some extent in the valti¢he relative recoveries and their
%RSD values. The main characteristic which is tibup have contributed to this
difference is the water solubility of the threeeimal standards compared to 1,4-DMN,

which may affect the amount of the compounds re@a/én the organic TMP layer. As
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shown in Table 4.1, 1l-ethylnaphthalene has theestosvater solubility to 1,4-DMN
followed by 2-ethylnaphthalene. Both internal staoid have lower water solubility than
1,4-DMN. This lower solubility compared to 1,4-DMiNas thought to contribute in
getting mean relative recoveries of less than 108nthto contribute in the slight %RSD
variations between the two concentration levelmehylnaphthalene, on the other hand,
has a slightly higher water solubility with a sligh larger difference to 1,4-DMN
solubility. Therefore, the relative recoveries bistinternal standard were slightly higher
than 100 % and with a larger difference betweenlreconcentration levels compared to

what was achieved by the other two internal stadslar

Despite the slight differences between the threéermal standards discussed above, the
general conclusion from the first recovery expeninis that all three internal standards
have sufficiently similar behaviour to 1,4-DMN thidtey behave in a very similar way
during the extraction method. Therefore, the othniéeria should be used to select the most
suitable internal standard for a routine HPLC mdthithe main criterion in this regard was
the ease and speed of HPLC separation from 1,4-Bt from any other interfering

compound might be present in potato extracts.

As discussed in Section 3.3.1, 2-ethylnaphthaleqeires a long run time in order to be
separated from 1,4-DMN and it was used in the fretovery experiment just for
comparison purposes, as it is the internal stanidattte original GC method.

1-ethylnaphthalene on the other hand showed aacttte relative recovery and high
precision. Because of this, a new HPLC method Blgtdor routine analysis was
developed for the separation of 1l-ethylnaphthaland 1,4-DMN. The details of the
development of this method was discussed in Se8ti®i3.

The above separation method for 1,4-DMN and 1-etpthithalene was used in the second
recovery experiment, which aimed to examine theowery of 1,4-DMN using the
TMP/Heat method with 1-ethylnaphthalene as thermatestandard. 1-ethylnaphthalene
was added to the extraction solution in the wayatld be used for the routine method.
Potato peel samples were spiked with 1,4-DMN at t@ncentration levels (0.02 and 4
Kng/g peel) and the internal standard 1-ethylnapéieawas added to the extractant in a
concentration of 10 pug/ml. Three control samplesewsepared containing unspiked peel
to test for any contamination. The extraction pdace was described in Section 4.2.5. The
extracts were analysed using the routine methodsegarating 1,4-DMN and 1-

ethylnaphthalene. The results of this recovery erpgt are shown in Table 4.3.
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Table 4.3 Recovery of 1,4-DMN from spiked peel extracted by the TMP/Heat method using 1-
ethylnaphthalene as the internal standard

Concentration
I of .
Fortification Sgri?alle F\é?tliz?a?igrw Fortification | RESidUes Recoveny _M€a" | pop
Sample Level X Detected Recovery
Weight| Standard | Standard (%) . (%)
(Ha/gpeel | =) | added (ml)| Added |(H9/G peel (%)
(Mg/ml)

Control A NA 10.0 NA NA 0.26 NA
Control B NA 10.0 NA NA 0.27 NA NA NA
Control C NA 10.0 NA NA 0.24 NA
Recovery A 0.02 10.0 0.2 10 0.30 1486.7
Recovery B 0.02 10.0 0.2 10 0.29 1456.4
Recovery C 0.02 10.0 0.2 10 0.27 1332.7 1423.4 4.1
Recovery D 0.02 10.0 0.2 10 0.29 1435.8
Recovery E 0.02 10.0 0.2 10 0.28 1405.3
Recovery A 4.00 10.0 0.2 200 3.36 84.3
Recovery B 4.00 10.0 0.2 200 3.38 84.6
Recovery C 4.00 10.0 0.2 200 3.54 88.6| 86.7 2.3
Recovery D 4.00 10.0 0.2 200 3.52 87.9
Recovery E 4.00 10.0 0.2 200 3.51 87.9

The first note on the results in Table 4.3 was degection of 1,4-DMN (or coeluted

compound) in the control samples with a mean canagon of about 0.26 pg/g peel,

whereas they should be free of 1,4-DMN as the petatised are organically grown and
should not have been treated with any chemical. griesence of this peak affected the
recovery values at the lower 0.02 ug/g peel lewdlich showed too high values. A

chromatogram of one of the control samples is showhigure 4.1. The chromatogram
shows the presence of the 1,4-DMN (or the coelatedpound) peak next to the peak of
the internal standard 1-ethylnaphthalene.
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Figure 4.1 A chromatogram of an extract of a control sampl e of potato peel (not spiked with
1,4-DMN) showing a small peak at 1,4-DMN retention time next to the peak of the internal
standard 1-ethylnaphthalene. Chromatographic Condit ions: ACE C18 5 um (250 x 4.6 mm),
65 % acetonitrile: 35 % water, 1.5 ml/min, 18 °C and 228 nm
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In the first instance, it was thought that that siheall peak that appeared at the retention
time of the 1,4-DMN peak might be a contaminatidnlgi-DMN. The possibility of
getting the small peak due to a carryover fromstiaadards used for the calibration, which
were injected prior to the control samples, wasniglated by injecting several wash
samples (with the mobile phase of 70 % ACN/waterpMeen the calibrators and the
control samples. Therefore, it was thought thatpgbak arose as a contamination during
the extraction procedure. The extraction soluti@s wthen examined for any contamination
and it was found to have the same small peak mextd peak of the internal standard.
There were two possibilities here: either the salsaised in the extraction solution or the
internal standard solution were contaminated. Ban@ring samples of the ACN and TMP
solvents used to prepare the extraction solutl@chromatograms were clear of any peak.
In contrast, the examination of the internal staddsolution (10 pg/ml) confirmed the
presence of the contamination peak in the intestextdard solution as shown in Figure
4.2.
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Figure 4.2 A chromatogram of 1-ethylnaphthalene standard (10 pg/ml) showing an impurity
peak at 1,4-DMN retention time next to the 1-ethyln aphthalene peak. Chromatographic
Conditions: ACE C18 5 pm (250 x 4.6 mm), 65 % aceto nitrile: 35 % water, 1.5 ml/min, 18 °C
and 228 nm

Unfortunately, the 1-ethylnaphthalene chemical us@d not certified for the nature of
impurities present (Sigma-Aldrich, personal commoation). Therefore, to identify and
guantify the impurity peak which was eluted at tbtention time of 1,4-DMN a standard
with higher concentration (~ 100 pg/ml) of 1-etigpphthalene was analysed and the UV
spectrum of the impurity peak was compared to tbeed spectra in the library of the
chromatographic software. The closest spectrum h® itmpurity spectrum was 2-
ethylnaphthalene spectrum with a correlation faofdd.9572. The comparison of the two
spectra is shown in Figure 4.3.
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Figure 4.3 A comparison of the spectrum of the impurity pe ak eluted next to 1-
ethylnaphthalene peak and the spectrum of 2-ethylna  phthalene

For clearer confirmation of the identity of the iomply peak, the 100 pg/ml standard of 1-
ethylnaphthalene was analysed at chromatographidittans which provide good
separation of 1-ethylnaphthalene, 1,4-DMN and 34atiphthalene. The conditions of this
method are the ones detailed in Section 3.3.2.8h®ioptimum separation of the mixture
of 1,4-DMN and the four internal standards on tt@@EAcolumn. In addition, the same 100
png/ml standard was spiked with 1,4-DMN at a leviehloout 20 pg/ml to make sure that
the impurity peak was not 1,4-DMN and to help ia ttonfirmation of the identity of the
impurity peak by the relative position of the imiyrpeak to 1,4-DMN and 1-
ethylnaphthalene peaks in this separation methathylnaphthalene was then added to
the standard containing both 1-ethylnaphthalenela#eDMN to confirm the identity of
the impurity peak by checking the spectrum puritytree impurity peak after adding 2-
ethylnaphthalene. The chromatograms of the unspdémd the spiked standards of 1-

ethylnaphthalene are shown in Figure 4.4.
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Figure 4.4 Chromatograms of 1l-ethylnaphthalene standard (~ 100 pg/ml) showing an
impurity peak at the retention time of 2-ethylnapht halene. a) 1-ethylnaphthalene standard. b)

the standard fortified with 1,4-DMN. c) The standar d fortified with 1,4-DMN and 2-
ethylnapthalene. Chromatographic Conditions: ACE C1 8 5 um (250 x 4.6 mm), 51 %
acetonitrile: 49 % water, 1.5 ml/min, 18 °C and 228 nm

The chromatograms clearly confirm that the impupiak was not for 1,4-DMN. In

addition, the relative retention time of this paakl,4-DMN under the chromatographic
conditions used can add more confirmation that bmgurity present in the 1-

ethylnaphthalene chemical is its isomer 2-ethyltiaglene. The spectrum purity value of
0.983 when adding 2-ethylnaphthalene also adds mmmérmation that the peak is 2-
ethylnaphthalene.

2-ethylnaphthalene was found to be present atel 1.9 % (based on the relative peak
areas of 1l-ethylnaphthalene and the impurity ofti8deaphthalene) in the 1-
ethylnaphthalene chemical (98 + pure, Aldrich) vehimight be an impurity produced
during the industrial production of the chemicalth€ chemicals are available for
chromatographic use with higher purity than the ased. However, they are very
expensive for the purpose of working as an intestahdard. One of these chemicals
which is certified to be 99.5 % pure was boughifi@hemService Inc., UK. A standard of
this chemical was prepared and found to have omg peak corresponding to 1-
ethylnaphthalene. However, the price for 100 mghig chemical was £30 compared to

less than £10 for one gram of the chemical bougimh fAldrich.
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The presence of 2-ethylnaphthalene in the 1-etpyithelene chemical was a major
disadvantage which led to favour the selection-ofe2hylnaphthalene as the most suitable

internal standard among the compounds examineastwith the TMP/Heat method.

2-methylnaphthalene is well separated from 1,4-Dé#dn at the conditions of the routine
HPLC separation method reported in Section 2.3eprasentative chromatogram of the
separation of 2-methylnaphthalene and 1,4-DMN imiged standard (30 pg/ml) at the
conditions of the routine HPLC separation methashiswn in Figure 4.5.
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Figure 4.5 A representative chromatogram of the separation of 2-methylnaphthalene and
1,4-DMN at the conditions of the routine HPLC separ ation method. Chromatographic
conditions: Supelco Spherisorb ODS-2 5 um (250 x 4. 6 mm), 70 % acetonitrile: 30 % water,
1.5 ml/min, 228 nm and ambient temperature

The chromatogram in Figure 4.5 shows a good separat the two compounds with large

resolution between the two peaks. Due to the laegelution between the two peaks, a
shorter column can be used to reduce the separttion which in turn reduces the

consumption of the mobile phase (contains 70 %rocgsolvent). This advantage of using
2-methylnaphthalene as an internal standard feDMM routine analysis is discussed in

Chapter 6.

To examine the recovery of the TMP/Heat method gistimethylnaphthalene as the
internal standard, the third recovery experimens w@nducted. Potato peel samples were
spiked with 1,4-DMN at three concentration leveds2( 4 and 20 pg/g peel which are
equivalent to about 0.03, 0.6 and 3.0 pg/g potashfweight) and the internal standard 2-
methylnaphthalene was added to the extractantconaentration of 10 pg/ml to examine
the recovery of the final method, as it is goindg#used in routine analysis. Three control

samples were prepared containing unspiked peelesb for any contamination. The
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extraction procedure was described in Section 4Thg extracts were analysed using the
routine HPLC separation method reported in SeclBdh The results of this recovery
experiment are shown in Figure 4.6 and Table 4.4.
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Figure 4.6 Representative chromatograms for extracts of po  tato peel samples extracted by
TMP/Heat method with 2-methylnaphthalene as the int  ernal standard. a) Control sample of
unspiked potato peel. b) Spiked potato peel at 4 ug /g peel. Chromatographic conditions:

Supelco Spherisorb ODS-2 5 um (250 x 4.6 mm), 70 %  acetonitrile: 30 % water, 1.5 ml/min,
228 nm and ambient temperature
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Table 4.4 Recovery of 1,4-DMN from spiked peel extracted
methylnaphthalene as the internal standard. NA= Not
Note: mean recovery values with the same subscript

(Tukey HSD, p<0.05).

Chapter 4, 167

by the TMP/Heat method using 2-
Applicable and NQ=Not Quantifiable.
letter are not significantly different

Concentration
e of .
S Fortification Peel Sampl F\cﬁ?tli?i?a?ig; Fortification Residues Recovery Mean |psp
ample Level ; Detected Recovery|
Weight (g)| Standard Standard (%) (%)
(Mg/g peel) Added (ml) Added (Mg/g peel) (%)
(Hg/mli)

Control A NA 10.0 NA NA NQ NA
Control B NA 10.0 NA NA NQ NA NA NA
Control C NA 10.0 NA NA NQ NA
Recovery A 0.20 10.0 0.2 10 0.21 106.2
Recovery B 0.20 10.0 0.2 10 0.22 108.1
Recovery C 0.20 10.0 0.2 10 0.21 105.1 106.6, | 1.7
Recovery D 0.20 10.0 0.2 10 0.22 108.9
Recovery E 0.20 10.0 0.2 10 0.21 104.7
Recovery A 4.00 10.0 0.2 200 3.95 98.8
Recovery B 4.00 10.0 0.2 200 3.93 98.2
Recovery C 4.00 10.0 0.2 200 3.53 88.3| 92.7, | 6.5
Recovery D 4.00 10.0 0.2 200 3.40 85.1
Recovery E 4.00 10.0 0.2 200 3.71 92.8
Recovery A 20.00 10.0 0.2 1000 19.00 95.0
Recovery B 20.00 10.0 0.2 1000 18.51 92.6
Recovery C 20.00 10.0 0.2 1000 20.46 102.3 96.9, | 5.2
Recovery D 20.00 10.0 0.2 1000 18.48 92.4
Recovery E 20.00 10.0 0.2 1000 20.45 102.2

The chromatograms in Figure 4.6 show the good aéparof 1,4-DMN peak from the
peak of the internal standard 2-methylnaphthalémeddition, they show the absence of
any contamination with 1,4-DMN or any possible ifgeesnce at 1,4-DMN retention time.

The values in Table 4.4 show that the extractioth wlhe TMP/Heat method using 2-
methylnaphthalene provided enough accurate andspreesults for the analysis of 1,4-
DMN residues in potato samples. The recovery ardigion values obtained here comply
with the EU criteria for a quantitative method tbe analysis of pesticide residues in food,
which set up a minimum mean recovery between 7% with a %RSD of 15 to 18 %
for pesticides that have a maximum residue leveRIM>0.1-1 mg/kg (European-

Commission, 2006).

Statistical analysis of the recovery data at thregHevels, using ANOVA with Tukey’s
HSD test, shows that the recovery of 1,4-DMN atltdveer level of 0.2 ug/g peel differs
significantly (p=0.001) from the other two levelshich are not significantly different.
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However, despite the statistical difference, thdggerences should not be analytically

important in practice.

By comparing the recovery values of 1,4-DMN at 4 20 ug/g peel in Table 4.4 to those
reported in Table 4.2, small differences can béadt These differences are thought to be
due to differences in the adsorption level of thernal standard on the surfaces of the
potato peel. The values in Table 4.2 were obtaimgdadding both 1,4-DMN and the
internal standard directly to the peel. Howevee, thalues in Table 4.4 were obtained when
only 1,4-DMN was added to the peel whereas thernatestandard was added to the
extraction solution. The addition of the internalrglard to the extraction solution should
reduce the contact between the internal standadidpatato peel surfaces, which in turn
reduces the loss of the internal standard by atlsarpnd increases the recovery of the
internal standard in the final extract. Becauseititernal standard is used for correcting
the final volume of the extract, the increase ia tacovery of the internal standard will
reduce the reported recovery of 1,4-DMN. This dffiscdiscussed in more details in
Section 6.3.3.3.

In summary, the three compounds compared herénéir behaviour as internal standards
in the extraction procedure of 1,4-DMN using the HMeat method were found to have
adequate similarity to 1,4-DMN. However, due toarhatographic considerations and the
expense associated with the use of 1-ethylnapbalzmethylnaphthalene was selected
as the most suitable internal standard for use thighTMP/Heat method when HPLC is

used for the quantification.

The modified TMP/Heat method using 2-methylnaplghal as the internal standard was
then compared with two other extraction methodsti@ir extraction efficiency of 1,4-
DMN from potato samples which were treated with-MN and stored in a commercial

store for several weeks. This comparison is disaligsthe next chapter.
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Chapter 5: Separation and extraction methods for
1,4-DMN and internal standards - Comparison of

extraction methods

5.1 Introduction

The main requirements for any extraction methodtaneroduce valid data, rapidly, with
less labour involvement and lower cost, and satigfisafety conditions (Dean, 1998).
Many different methods are used for the analysigpesdticides in plant materials. The
majority of them are based on solvent extractiondifferent techniques, ranging from
such simple ones like soaking in a solvent to the af sophisticated instruments such as
pressurised liquid extraction or supercritical diwxtraction. These techniques vary with
the method used to improve the action of the solf@nthe extraction (see Section 1.4.2
for more details).

Several main factors affect the efficiency of solvextraction of organic compound from
solid samples such as plant materials. Among thesn solvent type, extraction time,

extraction temperature, agitation or shaking artcaeion surface area.

Many different solvents are used for the extractadnpesticides from plant materials.
These solvents differ in their ability to solubdishe target analytes while leavening the
sample matrix generally intact. Polarity is a méwotor in controlling the solubility of
analytes in the different solvents. The polaritytiodé extraction solvent should be close
enough to that of the target analytes. Therefdne, ¢hoice of a solvent (or solvent

mixtures) is a crucial factor in optimising an extion method.

Shortening extraction times is one of the targetigof environmental analysis because of
the large number of samples to be analysed everyHtawever, the speed of the analytical
method should be balanced with the efficiency @ #xtraction. This balance can be
achieved by extracting at high temperature andspresin techniques such as pressurised
liquid extraction (PLE) or by providing the mixtuoé sample and solvent with high energy
such as microwave or ultrasound (Morales-Munozl.e2803). Efficient extraction time
may vary from a few minutes to several hours orsdagcording to the extraction
techniqgue used. In modern techniques such as pigssliquid extraction 15 minutes has
been found to provide comparable efficiency to thtathined with overnight extraction by
the Soxhlet device (Berset et al., 1999).
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Higher temperatures can generally increase theofaggtraction because the viscosity and
the surface tension of the solvent reduce, whdesdlubility and diffusion rate into the

sample increase (Buldini et al., 2002). In addititme capability of solvents to disrupt

matrix-analyte interaction increases at high terapees (Morales-Munoz et al., 2003).
However, care should be taken to avoid adversetsffan thermolabile compounds when
conducting the extraction at elevated temperatures.

Agitation or shaking is used in assisting the edttom process. Shaking can be used as a
separate extraction method such as in the shakle-fteethod. This method is effective
when the analyte is highly soluble in the extratsolvent and the sample is quite porous
(Snyder et al., 1997). Shaking can be performetiand or with a mechanical shaker. An
example of using shaking as the main extractiohrtiggie was reported by Bushway et al.
(1998).

The efficiency of solvent extraction can be inceghby increasing the surface area of the
sample that is exposed to the solvent, becausesdivent will be able to make more
contact with the targeted analytes (Ezzell, 1999refore, samples are usually ground,

homogenised or chopped to fine pieces to incrdassurface area of the extraction.

Numerous methods are reported in literature for elkgaction and quantification of
pesticides in plant materials. Most of these methate evaluated for their extraction
efficiency using recovery experiments either bytified samples, which is more common
(Arribas et al., 2007), or by comparing differergthnods using real samples known to have

the pesticides of interest (Bushway et al., 1998).

Using real samples in recovery experiments shoutwige better evaluation of the
recovery of extraction methods because the compotimderest is more incorporated into

the sample matrix (Bushway et al., 1998).

The objective of this chapter was to evaluate thegraction methods for 1,4-DMN
residues in treated potato samples. This evaluadiored to compare their extraction
efficiency of 1,4-DMN from potato samples which wéreated with 1,4-DMN and stored
under commercial storage conditions for severalkaeén addition to comparing the
extraction procedures of the three methods. Theethrethods evaluated were the Soxhlet
extraction with hexane, the extraction with etha2g,4-trimethylpentane (TMP) 7:3 v/iv
by heating at 56C and by shaking in an ultrasonic bath. The last tmethods used the

internal standard 2-methylnaphthalene.
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5.2 Material and methods

5.2.1 Solvents

The hexane used in the Soxhlet extraction and fepgring some standards was HPLC
grade from BDH, UK. The ethanol and 2,2,4-trimefigyitane used in the heating and
sonication extraction and in preparing some statsdlavere HPLC grade from Fisher
Scientific, UK. The acetonitrile used in preparihg@ mobile phase for HPLC analysis was
an HPLC grade from Fisher Scientific, UK.

5.2.2 Chemicals

1,4-dimethylnaphthalene and the internal standaed wluring this chapter were described
previously in Section 4.2.2. The sodium chloridea@) used in aiding the separation of
the two phases in the liquid-liquid extraction lre fTMP/Heat and the sonication methods

was AnalaR grade from Hopkin and Williams, UK.

5.2.3 Standards and solutions

Stock solutions: 10000 pg/ml stock solutions of 1,4-DMN and 2-métaphthalene were
prepared by accurately (4 decimal places) weighipgroximately 0.5 g of each chemical
in 50-ml volumetric flasks and dissolving in TMP fb,4-DMN standards and EtOH for 2-
methylnaphthalene one. The solutions were then mpde volume.

1000 pg/ml standards: 1000 pg/ml standards of each of 1,4-DMN and 2-
methylnaphthalene were prepared separately byféraimgy 10 ml of each stock solution
into a 100-ml volumetric flask and made up to voéduwith TMP for 1,4-DMN and EtOH
for 2-methylnaphthalene.

Extracting solution containing 20 pg/ml internal standard:This solution was used for
the TMP/Heat method and the sonication method. 4 afmlthe 1000 pg/ml 2-
methylnaphthalene solution were transferred i0@ml volumetric flask using a pipette.

It was then diluted to volume with a mixture of EHOTMP 7:3 (v/v).

50 pg/ml HPLC working (calibration) standard in TMP: This is a mixed standard of
1,4-DMN and 2-methylnaphthalene. It was preparegipgtting 5 ml of 2000 pg/ml 1,4-
DMN and 5 ml of the 1000 pg/ml 2-methylnaphthalerte a 100-ml volumetric flask and
diluted to volume with TMP.



Mohammed D.Y. Oteef, 2008 Chapter 5, 172

50 pg/ml HPLC working standard in hexane: It was prepared by pipetting 5 ml of 1000
png/ml 1,4-DMN into a 100-ml volumetric flask anduded to volume with Hexane.

0.2 M Sodium Chloride: 1.1688 g of NaCl was weighed out accurately intbO8-ml

volumetric flask and dissolve in deionised watell arade up to the volume.

70 % HPLC mobile phase:This solution was prepared by mixing 350 ml of A@IMh
150 ml of deionised water in a 500-ml glass bofflee solution was then degassed for 30

min in an ultrasonic bath.

5.2.4 Equipment

The HPLC instrument used for the comparison of ttiree methods was described in
Section 2.3.2.1. The ultrasonic bath used was ac&o®%C120T. The rotary evaporator
used in the Soxhlet method was a Buchi RotavapartRRa Grant JB2 thermostated water

bath. The centrifuge instrument used was a MSEr&i&000.

5.2.5 Procedure

5.2.5.1 Potato sample preparation

The comparison of the three extraction methodsamaslucted using potato tubers treated
with 1,4-DMN and stored under commercial storagedaoons for several weeks. The
tubers were washed under running tap water for tabalfi a minute and left to dry. Each
tuber was weighed and peeled with a household paetethe peel was weighed. The peel
was chopped into small pieces (about 0.5 x 0.5usimg a knife and a chopping board and
mixed well. The chopped and mixed peel of eachrtwaes divided into three subsamples,
a subsample for each extraction method. Two 10bgauples were transferred into two
50-ml conical flasks for the extraction with EtOHP extraction solution by heating and
by sonication. The rest of the peel of each tubdo(t 15-25 g) was transferred into a
cellulose thimble for Soxhlet extraction. 1,4-DMNasv extracted according to the

following three methods.

5.2.5.2 TMP/Heat method

This method followed the method developed in 1,4@rdaboratories with slight
modifications. The extraction was conducted in arB@onical flask. After transferring 10
g of potato peel into the flask, 15 ml of EtOH/TMP:3 v/v) containing the internal
standard 2-methylnaphthalene were transferred atatyrby a glass bulb pipette. The

conical flask (with the stopper) was then heatelth wccasional swirling in a water bath at
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50 °C for 15 min, after which it was cooled for abo@t rhin. The aqueous/organic phase
was then transferred to a 50-ml centrifuge tube 2amdl of 0.2 M NaCl solution were
added. The extract was centrifuged at 2000 r.pm2 fmin to help in the separation of the
two phases. An aliquot of the upper TMP layer wagsdferred into a 4-ml vial. 1 ml of the
TMP extract was then passed through a 0.2 um PT#Ege membrane filter into an
HPLC vial for the analysis.

5.2.5.3 Soxhlet extraction method

The Soxhlet method used here follows the methodrteg by Baloch (1999) for the
extraction of CIPC residues from potatoes with Helighodification. After transferring
potato peel samples into the thimble, 10 g of anbysl sodium sulphate were added to the
thimble and mixed with the peel. The thimble wasggled with cotton wool and inserted
into a Soxhlet extraction unit, which was then amtad to a flat bottom flask containing
about 150 ml of hexane and to a condenser fromother end. The refluxing was
conducted for two hours, after which the extracs waoled for about 20 min. The extract
was then concentrated by evaporating the solveabdonit 2 ml in a rotary evaporator with
a water bath at about 38. The concentrated extract was transferred gadintty to a 5-

ml volumetric flask and made up to the volume whttxane. An aliquot of 1 ml was

passed through a 0.2 um PTFE syringe membraneifittean HPLC vial for the analysis.

5.2.5.4 Sonication method

The extraction steps in this method were exactéy same as in the TMP/Heat method
(Section 5.2.5.2) except for the heating stephls inethod, the conical flasks containing
potato peel and the extractant with the interrahdard were placed in an ultrasonic bath
for 15 min instead of heating for 15 min. The refthe steps were the same as described
in the TMP/Heat method.

5.2.5.5 HPLC conditions

The analysis of the extracts obtained by the teseaction methods was carried out using
the conditions of the routine HPLC method repoite8ection 2.3.2.1.

5.3 Results and discussion

The three methods were compared for their extrditjabf 1,4-DMN from tubers treated
with 1,4-DMN and stored for several weeks insteddusing fortified samples. The

comparison of the three extraction methods is shovihe graph in Figure 5.1.
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Figure 5.1 Comparison of extraction techniques for 1,4-DMN residues in potato peel

samples. Extracted 1,4-DMN is expressed by pg/g of  fresh potato weight

The graph shows that in all the ten trials (tubergher levels of 1,4-DMN were extracted
using the TMP/Heat method, with Soxhlet extractemd TMP/sonication producing

similar results.

The differences between the levels of extractedDIVIN by the three methods were
studied statistically using paired t-tests for edeb methods. The regression method for
comparing two analytical methods which was use@hiapter 2 (see Section 2.3.3.5) was
not suitable for comparing the extraction methoeietbecause the concentration levels do
not have enough spread to generate an acceptgpéssen line. Therefore, paired t-tests
were used instead. The results of the pairedts-telsowed that TMP/Heat extracted
significantly more 1,4-DMN than the Soxhlet meth@e0.001) and the TMP/Sonication
method p=0.007). The tests also showed that there wasgmifisant difference between
the Soxhlet and the TMP/Sonication methqus)(385).

The lower efficiency of the sonication method mighé attributed to the lower
temperatures (only few degrees above room tempejadtiwhich the extraction occurred.
The lower efficiency of sonication has also beguorted by Berset and his co-workers in

comparing several techniques including Soxhletsomdcation for the extraction of PAHs
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from contaminated soils (Berset et al., 1999). Tloend that sonication proved to be less
efficient than the other techniques. Therefore icaiion was excluded from any further

studies.

The comparison of the Soxhlet method and the TM&¥IHeethod is more complex. There
are three main differences between the two methbls.first is the extraction solution.

Hexane was used in the Soxhlet method while a maxbf EtOH/TMP (7:3 v/v) was used

in the TMP/Heat method. The second main differaadbe rotary evaporation of most of
the solvent in the Soxhlet method to concentrage eRktract whereas the extract in
TMP/Heat method is concentrated through the udeigif initial ratio of sample/solvent

and also through the partitioning of 1,4-DMN intsraall volume of TMP layer by using a
only 30 % of TMP in the extracting solution. Therdhdifference between the Soxhlet
method and the TMP/Heat method is the use of amnat standard for the calculations of
the extract volume in the TMP/Heat method, whetbasextract was made up to a known

volume in the Soxhlet method.

To test the contribution of these three factorsrarsing the values obtained by the
TMP/Heat method over the Soxhlet method, the twbrigues were compared in a way
that allowed the effect of the three differencebeéaminimised or removed. The extraction
solution of EtOH/TMP (7:3 v/v) was used in both hwts, the concentration by rotary
evaporation was omitted and 2-methylnaphthaleneusead as an internal standard for the
correction of the extract volume in both methodse Tesults obtained for the comparison
between the two methods after unifying the maindiacaffecting the extraction efficiency

in both methods are shown in the graph in Figue 5.
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Comparison of Extraction Techniques for 1,4-DMN
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Figure 5.2. Comparison of extraction techniques for 1,4-DM N residues in potato peel
samples using EtOH/TMP extraction solution and 2-me  thylnaphthalene as an internal
standard in both techniques. Extracted 1,4-DMN ise  xpressed by pg/g of fresh potato weight

The graph shows that in all the eight trials (tshethe Soxhlet method gave higher values
of the levels of extracted 1,4-DMN compared to TIWP/Heat method. A paired t-test also
confirmed that there was a significant differenegween the level of extracted 1,4-DMN
obtained by Soxhlet and those obtained by TMP/iresthod p<0.001).

The higher results obtained by the Soxhlet methaithé comparison shown in Figure 5.2
is not unexpected. The two methods agreed in uki@game extraction solution and the
same internal standard, but the extraction timthéSoxhlet method was 8 times longer
than the extraction time in the TMP/Heat methodaddition, the extraction in the Soxhlet
method is carried out at higher temperature (ateB0°C for the mixture of EtOH : TMP
7:3 used here) and the sample is extracted bysh felvent by refluxing.

A recovery experiment was conducted to evaluatedmeribution of rotary evaporation of
the hexane solvent in the loss of 1,4-DMN in thigioal Soxhlet method. The experiment
was based on reducing 100 ml of a standard of &af/1,4-DMN in hexane to about 2-3
ml by rotary evaporating the hexane at’85 The concentrate was then made up to 5 mlin
a volumetric flask. The concentrate was analysethbyroutine HPLC method described
in Section 2.3.2.1. Five replicates were examimeithis experiment. The mean recovery of
1,4-DMN for the five replicates was 91.1 % with &8D of 3.9 %. This indicates a mean
loss of 8.9 % of 1,4-DMN during the rotary evapamatstep in the original Soxhlet
method. This loss of 1,4-DMN seems to be causetheytemperature of the water bath
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used during the rotary evaporation. Beveridge (187@@ied the importance of controlling
the temperature and pressure during the rotaryoegtipn of 1,4-DMN extracts in hexane.
Optimum recoveries of 1,4-DMN was achieved by adliitrg the water bath temperature
at 24°C and using constant vacuum in the rotary evaporiitmwever, to balance between
good recoveries and practical evaporation speethaeatures of 31 + 0.5 and vacuum
of 470 mm Hg were used. O'Hagan (1991) evaporatedtDMN extracts in
dichloromethane solvent (which has lower boilingnp@f 40 °C compared to 69C for
hexane) at 24C to avoid the loss of 1,4-DMN. In light of the ceery experiment
conducted here, the evaporation step in the Soximethod should receive more

optimisation studies to increase the recovery 41yVIN.

The loss of 1,4-DMN in rotary evaporation contrdgaito about one third of the difference
between the Soxhlet method and the TMP/Heat methbith was noticed in the

comparison illustrated in Figure 5.1. The resthaf tlifference between the two methods
was thought to be mainly due to the lower extracedficiency of hexane compared to
EtOH/TMP mixture. This can be investigated by mgkindirect comparison between the
extraction solvents used in both methods using@esiextraction technique. However, due

to time limitation this comparison was not madecher

To summarise the comparison between the three céixinamethods as described in
Section 5.2.5, TMP/Heating method with EtOH/TMPragtion solvent was found to be
more efficient than the Soxhlet method with hexamel the sonication method with
EtOH/TMP. In addition, the TMP/Heat method is maapid, less laborious and uses much
less solvent than the Soxhlet method. These arenthe advantages for use as a routine
extraction method for 1,4-DMN residues in treatedap samples. Therefore, the final
method for the determination of 1,4-DMN residuesr@ated potato samples was based on
the TMP/Heat extraction method.

The TMP/Heat method proved to have higher extraldtabf 1,4-DMN from real treated
potato samples than the other two extraction methexhmined in this chapter. The
method was reported (see Section 4.3) to have gamdery (92.7 % to 106.6 %) and high
precision (%RSDEX 6.5 %) using fortified potato peel samples atehdéferent levels (0.2,
4 and 20 pg/g peel or 0.03, 0.6 and 3.0 pg/g pdtest weight).

The limit of detection (LOD) and limit of quantiation (LOQ) of this method can be
estimated based on the LOD of the HPLC separatiethad reported in Section 2.3.3.4.
The LOD of the HPLC method used in the TMP/Heathodtwas estimated (using the
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calibration line at low levels of 1,4-DMN) to be0@. ug/ml of 1,4-DMN in solution which
corresponds theoretically to approximately 0.02gugf/ 1,4-DMN in peel. Therefore, the
limit of quantification of the method can be estiethto be about 0.07 pug/g of 1,4-DMN in
peel (i.e. about 0.01 pg/g of potato fresh weight)e lowest concentration measured
experimentally in the recovery experiment reporte@hapter 4 using this method was 0.2
ung/g peel (or 0.03 ug/g of potato fresh weight)alihis about three times higher than the
estimated limit of quantification of this methodok discussion about the LOD and LOQ

of this method is reported in Section 6.3.2.3.

This level of detection sensitivity of the TMP/Heaethod is adequate for the purpose of
the method, as the method was designed for thendiegion of 1,4-DMN residues in
tubers that have been treated with 1,4-DMN. Typiedles of residues in treated tubers
are normally between 0.5 and 1.5 pg/g of potatehfreeight (John Forsythe, personal
communication) which is well above the lower corication level of 0.03 pg/g of potato
fresh weight that can be quantified by this methiodaddition, there is no Maximum
Residue Limit (MRL) set for 1,4-DMN in Europe, &ss not yet used commercially. In the
United States, the chemical is registered as acestitisk pesticide (a pesticide that poses
less risk to human health and the environment) (Hes et al., 2005) and is exempted
from the requirement for a maximum residue levéliedUSEPA, 1995). This may lead to
the expectation of relatively high values of 1,4-NMesidues in treated potato tubers.
Therefore, the achieved level of detection sengjtiior the TMP/Heat method should be

sufficient for the purpose of analysing 1,4-DMNides in treated potato tubers.
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5.4 Final HPLC method for the determination of 1,4- DMN
residues in treated potato samples using EtOH/TMP

solution

5.4.1 Solvents

The solvents required for this method should be EiRkade. Ethanol (EtOH) and 2,2,4-
trimethylpentane (TMP) are required for the eximacmixture. Acetonitrile is required for

preparing the mobile phase for HPLC analysis.

5.4.2 Chemicals

1,4-dimethylnaphthalene and the internal standamethylnaphthalene have to be in high
purity for standard preparation. Sodium chlorideaQW is required to aid the phase
separation.

5.4.3 Standards and solutions

Stock solutions: 10000 pg/ml stock solutions of 1,4-DMN and 2-méthphthalene are
prepared by accurately (4 decimal places) weighgroximately 0.5 g of each chemical
in 50-ml volumetric flasks and dissolving in TMPr fb,4-DMN standard and EtOH for 2-

methylnaphthalene one. The solutions are then mpde volume.

1000 pg/ml standards: 1000 pg/ml standard of each of 1,4-DMN and 2-
methylnaphthalene is prepared separately by tramggel0 ml of each stock solution into
a 100-ml volumetric flask and made up to volumerbjP for 1,4-DMN and EtOH for 2-

methylnaphthalene.

Extracting solution containing 10 pg/ml internal standard:2 ml of the 1000 pg/ml 2-
methylnaphthalene solution is transferred into -0 volumetric flask using a pipette
then diluted to volume with a mixture of EtOH : TME3 (v/v).

30 pg/ml HPLC working (calibration) standard in TMP: This is a mixed standard of
1,4-DMN and 2-methylnaphthalene. It is preparedplpetting 3 ml of 1000 pg/ml 1,4-
DMN and 3 ml of the 1000 pg/ml 2-methylnaphthalerte a 100-ml volumetric flask and
diluted to volume with TMP. The 1,4-DMN concentaatiin this standard can be changed
based on the expected level of 1,4-DMN in the samphalysed, or a series of calibrators

might be used to generate a calibration line.
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0.2 M sodium chloride: 1.1688 g of NaCl is weighed out accurately intdGD-ml
volumetric flask and dissolved in water and therdenap to the volume.

70 % HPLC mobile phase:This solution is prepared by mixing 350 ml of A@hth 150
ml of deionised water in a 500-ml glass bottle. Ebhuition is then degassed for 30 min in

an ultrasonic bath.

5.4.4 Procedure

1. Potato sample information is recorded.

2. 3to 5 potato tubers are removed and washed gentlgr running cold tap water to
remove soil. They are then left to dry or driedhwpiaper towels.

3. The weight of fresh potatoes is taken using a tap{palance.

4. Potatoes are peeled with a stainless steel houspbeler and the total peel weight
is recorded.

5. The peel is chopped to fine pieces (about 0.5 xd§ using a knife and a
chopping board.

6. The peel is mixed thoroughly and a 10-g subsamgldaken randomly and
transferred into a 50-ml conical flask.

7. 15 ml of the extracting solution (containing théemmal standard) are added to the
conical flask using a pipette.

8. The conical flask is capped with a stopper andgulan a heated water bath at 50
°C for 15 min with occasional swirling and then ambfor 10 min.

9. The aqueous/solvent liquid phase is transferreal a50-ml glass centrifuge tube
and the peel is discarded.

10.Two ml of the 0.2 M sodium chloride solution aredad to the centrifuge tube to
help the separation of the two layers

11.The tube is placed in the centrifuge instrumentiare&ntrifuged for 2 min at 2000
r.p.m.

12.The TMP layer (top layer) is then pipetted usinglass Pasteur pipette into a 4-ml
glass vial.

13.0ne millilitre of the extract is filtered throughGa2 um PTFE syringe filter into an
HPLC vial and analysed by HPLC.
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5.4.5 HPLC separation conditions

= Column: A C18 (5 um particle size, 250 mm x 4.6 mm)
= Mobile phase: acetonitrile : water 70:30

* Flow rate: 1.5 ml/min

= Injection volume: 10 pl

= Runtime: 10 min

» 2-methylnaphthalene retention time :~6 min

= 1,4-DMN retention time : ~8 min

= Temperature: ambient

= Detector wavelength:228 nm

5.4.6 Calculations

1. Measured 1,4-DMN in the Extract (Cm) (ng/ml) = Rex€wstd/Pwstd

2. Measured Internal Standard in the Extract (Cmig)r(l) = Pexis * Cwis/Pwis

3. Corrected Extract Volume (ml) = Cadis * Vadis/Cmis

4. 1,4-DMN weight in the extract (ug) = Cm * Correctextract Volume

5. 1,4-DMN weight in the peel (ug/g peel) = 1,4-DMN iglgt in extract/ wt of Peel
sample

6. 1,4-DMN in the Potato Sample (ug/g Fresh Weight)4DMN in peel* Tot. Peel wt/
Tot. Potato wt.
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Where:

Cm = Measured 1,4-DMN in the extract

Cmis = Measured internal standard in theaextr

Pex = Peak area of 1,4-DMN in the extract

Pexis = Peak area of internal standard iregteact

Pwstd = Peak area of 1,4-DMN in the working [dPdtandards

Pwis = Peak area of internal standard inntbeking HPLC standards

Cw =1,4-DMN concentration in the workingalibration) HPLC standard (30 pg/ml)
Cwis = Internal standard concentration inwlgking (calibration) HPLC standard (30

Hg/mi)
Cadis = Concentration of the added internaddsdead (10 pug/ml)

Vadis = Volume of the added internal standa#lirl)

5.4.7 Example of calculations

An extracting solution containing 10 pg/ml internalstandard was used to extract 1,4-
DMN from a 10.02 g of a potato peel sample selectedndomly out of total peel
sample of 54.82 g. The total weight of the fresh pio sample was 391.57 g. The
extract was analysed by HPLC against a working stasard containing 30 pug/ml of
both 1,4-DMN and the internal standard. 1,4-DMN pe& areas were 4714902 and
4551857 for the working standard and the extract repectively. Internal standard
peak areas were 5065394 and 4341495 for the workifgplibration) standard and the
extract respectively. The requirement is to calcule the amount of 1,4-DMN
extracted from this potato sample and express theesults in pg/g (ppm) in potato

fresh weight basis.

1. Measured 1,4-DMN in the Extract (Cm3551857 *30/4714902 =28.96g/ml

2. Measured Internal Standard in the Extract (Cmig)341495 *30/5065394 =25.71
pag/mi

3. Corrected Extract Volume¥)*15/25.71=5.83ml



Mohammed D.Y. Oteef, 2008 Chapter 5, 183

4. Corrected 1,4-DMN weight in the extrac28.96*5.83 =168.96g

5. 1,4-DMN weight in the peel £68.96/10.02=16.86.9/g peel

6. 1,4-DMN in the Potato Samplel$.86 *54.82 /391.57=2.36g/g Fresh wt (ppm)
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Chapter 6: Analytical method for trace analysis of

natural 1,4-DMN in potatoes

6.1 Introduction

The HPLC method reported in Chapter 5 for the aislgf 1,4-DMN residues in potato
samples was successful as a routine method foarthlysis of potato tubers treated with
1,4-DMN. The lowest concentration measured byrshod was 0.2 pg/g peel. This level
of sensitivity is thought to be inadequate for tletermination of natural 1,4-DMN found
in potatoes at trace levels (see Chapter 7). Theldeof volatiles production by potato
tubers was estimated to be equivalent to individatgs of the order 1 ng kdi* (Meigh

et al., 1973).

Several techniques are available to enhance thectdmt sensitivity of an analytical
method. Extracts containing the analyte can be exunated by reducing their volume
through evaporating the solvent using, for exampletary evaporator. However, this was
not a good choice for 1,4-DMN, as it is relativeblatile and was found to have some loss
during rotary evaporation (see Section 5.3). Initemd 1,4-DMN is extracted in the
TMP/Heat method in 2,2,4-trimethylpentane (TMP) ethhas a high boiling point of 99.2
°C. This high boiling point makes it difficult to moentrate the extract by evaporating the

solvent without losing a great deal of 1,4-DMN.

Another option for obtaining a more concentratedraet and therefore enhancing
detection sensitivity is to increase the sampleolvent ratio. The ratio used in the
TMP/Heat method was 10 g : 15 ml sample : solMémhight be possible to increase it to
10 g: 10 ml ratio, but this will not greatly incssathe concentration of 1,4-DMN in the

final extract.

A valuable way of enhancing the detection sensytiid to inject a larger extract volume
into the HPLC. Sample volumes ranging from sevenrialolitres up to 500 ul or more can
be injected to the HPLC depending on the columrd,usample solvents, mobile phase

composition and the retention characteristics efahalytes (Snyder et al., 1997).

With the right conditions of sample solvent and ftephase composition, HPLC columns
with 3.9 mm internal diameters and 150 mm lengthu(® particle size) can typically
tolerate sample volumes between 40 and 160 pul withpeak distortion (Neue and

Serowik, 1996). Longer columns or columns withrgéa inner diameter can tolerate more
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volume loading capacity (Layne et al., 2001). A ¥50.6 mm column can tolerate sample
volumes in the range 50-500 pl without peak digiar{Snyder et al., 1997).

Sample solvent and mobile phase compositions ptay@al role in enabling the injection
of large volumes of samples into HPLC columns withpeak shape deteriorating. To
avoid peak shape problems when injecting largemehkj the sample solvent should match
the mobile phase in the elution strength and visgd&eunchkarian et al., 2006). In
addition, a detailed study should be considerednwhgecting large volumes of solvents
that are not miscible with the mobile phase (Dautidl., 2006).

The injection of large volumes of samples dissolvedsolvents which mismatch the
mobile phase can interfere with the adsorptiorhefsample onto the column top, and will
result in a broadening and/or distortion in peaip&s such as fronting, tailing and other
peak forms (Keunchkarian et al., 2006; Neue, 199R)s problem limits the injection

volume to less than 25 pul for columns with 0.46internal diameter (Snyder et al., 1997).

The TMP/Heat method reported in Chapter 5 (seeid@®ebt4) was based on injecting 10
pl of the extract in TMP into the HPLC instrumeAtsignificant increase in the 1,4-DMN
mass introduced to the HPLC (10 times) can be waelidy full loop (100 ul) injection.
However, when trying to take advantage of injectenger volumes of 1,4-DMN in TMP
into the HPLC as a mean of enhancing the detesgositivity, the shape of 1,4-DMN and
2-methylnaphthalene started to deteriorate, as shawFigure 6.1, for 100 pl injection

compared to 10 pl injection.
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Figure 6.1 Effect of large volume injection on the peak sh ape of 1,4-DMN and 2-
methylnaphthalene dissolved in 2,2,4-trimethylpenta ne solvent at 0.1 pg/ml. a) 10 ul
injection. b) 100 pl injection. Chromatographic con ditions: ACE C18 5 um (250 x 4.6 mm), 70
% acetonitrile: 30 % water, 1.5 ml/min, ambienttem  perature and 228 nm

As shown in Figure 6.1, broad peaks were obtainbdnwinjecting large volumes of
samples in the TMP solvent. In addition to the deveed peak shape, retention times of
both 1,4-DMN and 2-methylnaphthalene peaks wereutath® % lower than the typical

retention times obtained by injecting 10 pl.

This disadvantage is an obstacle to modifying tle¢had for trace analysis of natural 1,4-
DMN, as it will not be possible to use larger ijen volumes to enhance the detection
sensitivity. The cause of the deteriorated pealpestat the large injection volumes, as
shown in Figure 6.1, can be related to the fadt ideDMN and the internal standard are
dissolved in TMP solvent which is stronger-elutiingore non-polar) and immiscible with

the mobile phase used. This strength and immiggitwf the sample solvent might have
interfered with the adsorption of the sample omte ¢olumn top, which resulted in the

broadened peak shapes. This limitation in the iagtavolume restricts the use of the



Mohammed D. Y. Oteef, 2008 Chapter 6, 187

method for samples with 1,4-DMN concentrations hgtough for detection in low
injected volumes. Because TMP is not miscible wititer, it is not possible to dilute the
extracts with water to reduce the mismatching vhiin mobile phase in order to use larger

injection volumes.

In order to use the advantage of injecting largemes of extracts to the HPLC to enhance
the detection sensitivity, 1,4-DMN and the interst@ndard have to be loaded to the HPLC

in a solvent more compatible with the mobile phase.

Different solvents have been used for the extractibpesticide residues from fruits and
vegetables. Acetonitrile is among the most commombed extraction solvents for
pesticides, particularly when liqguid chromatograpmnethods are used for the final
determination (Watanabe et al., 2004; Ishimitsualket 2003; Hetherton et al., 2004;
Anastassiades et al., 2003). Because acetongrdecommon constituent in mobile phases
used for liquid chromatographic determination, gsinas the sample solvent should help
in enhancing the chromatographic separation. Intiadd this solvent is miscible with the
water derived from fresh fruits and vegetablesit ®an form homogenous (single-phase)
extracts for direct analysis when no clean up tuired. In addition, acetonitrile has the
merit of extracting less of the lipophilic plant teaals such as fats and waxes, which helps
in getting extracts with only a minor load of catraxctives (Tekel and Hatrik, 1996). This,
in turn, should simplify the chromatographic sefaraand may eliminate the requirement
for any sample clean up step. This advantage dbaitele was used by Caboni and co-
workers (2005) who developed a fast method forahalysis of several pesticides using
acetonitrile as the extraction solution, with nceaefor a clean up step prior to the
chromatographic analysis. Omitting sample clearnhalps in simplifying the analytical
procedure which will reduce the analysis time, #ffsolvent consumption and ultimately

the cost of analysis.

For the advantages listed above, acetonitrile vetected as the main component in the
new extraction mixture. In addition to acetonitri®epropanol (isopropanol) was added in a
small percentage to add more non-polarity to theaekon mixture, which was thought to
be more favourable to the non-polar 1,4-DMN ande&thylinaphthalene. Both solvents are
miscible with the mobile phase and with the waterivebd from potato samples. This
should help in forming a homogenous extract whiah lge injected directly into the HPLC

possibly without any further clean up.
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The objective of this chapter was to develop amaekibn method for the analysis of trace
levels of 1,4-DMN found naturally in potatoes. Tinethod aimed to use the advantage of
injecting large volumes of the extracts containlnd-DMN directly to the HPLC. For this
purpose, a new extracting mixture of solvents, Whi&cmore compatible with the mobile
phase and miscible with the water derived from foopeeel samples, was compared to the
EtOH/TMP mixture for its extraction efficiency of4tDMN from potato samples. For the
purpose of this comparison, potato tubers treatéth &,4-DMN and stored under
commercial storage conditions were used. It wasedino get a higher extraction
efficiency of the new extractant or at least compbe efficiency to the EtOH/TMP
mixture. The method was optimised and validatedtface analysis of the natural 1,4-
DMN. In addition, it was also optimised and valeltfor rapid routine analysis of 1,4-
DMN residues in tubers treated with 1,4-DMN.

6.2 Materials and methods

6.2.1 Solvents

All the solvents used were HPLC grade. The aceiteniised in preparing the extraction
solution and standards and also for preparing tbbilm phase for HPLC analysis, was
bought from Fisher Scientific, UK. The 2-propanaed in the extraction solution and
standards was bought from Rathburn Chemicals LK, The ethanol and 2,2,4-
trimethylpentane used in the TMP/Heat extractiothom@ and in preparing some standards

were from Fisher Scientific, UK.

6.2.2 Chemicals

1,4-dimethylnaphthalene and the internal standaedi wluring this chapter were described
in Section 3.2.1. Sodium chloride (NaCl) used ie TMP/Heat method was described in
Section 5.2.2.

6.2.3 Equipment

The HPLC instrument used was described in Sectidl4The sonicator and centrifuge

instruments were described in Section 5.2.4.

6.2.4 Efficiency comparisons of ACN/PROP and EtOH/TMP using
treated potatoes

The new extraction solution acetonitrile (ACN) /@panol (PROP) (7:3 v/v) was

compared for its extraction efficiency to the EtOMP (7:3 v/v) mixture used in the
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TMP/Heat method. The comparison was made by ekitpdt4-DMN residues in potato
tubers treated with 1,4-DMN and stored under consrakestorage conditions for several

weeks.

The tubers were washed under running tap watealfout half a minute and left to dry.
They were then weighed and peeled with a housegbedder and the peel was weighed.
The peel was chopped into small pieces (about @.%xm) using a knife and a chopping
board and mixed well before subsampling into 1@gipns in 50-ml conical flasks. The

internal standard 2-methylnaphthalene was addeddb extraction solution.

For the ACN/PROP extraction method, fifteen miilds of ACN/PROP (7:3) extraction
solution containing the internal standard were ddtie the flask using a pipette. The
conical flask was capped with a stopper and placedpreheated water bath at %D for

15 min with occasional swirling and then cooled I6rmin. After cooling, the extract was
decanted into 25-ml volumetric flasks along withesal washings of the peel. The extract
volume was then made up to 25 ml with 70 % ACN/PR©ORtion. One millilitre of the
extract was filtered through a 0.2 um PTFE syrifiger into an HPLC vial and analysed
by HPLC.

For the samples extracted with the EtOH/TMP mixttine extraction procedure reported
for the final TMP/Heat method (Section 5.4.4) walofved exactly.

The HPLC analysis was carried out using the comusitidetailed in Section 5.4.5 with a
Supelco Spherisorb C18 5 um (250 x 4.6 mm) column.

The evaluation of the final volume of the extraetas based on the use of the internal
standard 2-methylnaphthalene in both solvent systémaddition, the calculation method
based on making up the extract to a known volumeha case of the ACN/PROP

extraction was compared to the use of the intestzeddard.

Statistical analysis was used to evaluate the teedadsed on the regression method
described by Miller and Miller (2005) which was lngd and used in Chapter 2 (see
Section 2.3.2.6 and Section 2.3.3.5). EXcsftware was applied to plot the regression
line and calculate the required statistical valioeshe data obtained for the comparison of
the extraction efficiency of the extractants, alst & compare the use of internal standard

compared to making up the extract to a known volume
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6.2.5 Optimising and validating the ACN/PROP method for trace
analysis of natural 1,4-DMN in potatoes

6.2.5.1 Optimising the HPLC separation for large vo  lume injection

The optimisation of the ACN/PROP method for thelgsia of trace levels of natural 1,4-
DMN was conducted using the ACE C18 5 um (250 xn®) column. Different volumes
of standard solutions in ACN/PROP (7:3), ACN/PRGéAar (49:21:30) and potato
extracts containing 1,4-DMN and the internal staddgavere injected into the HPLC. The
quality of the peak shape, retention time and palks were examined. The precision of
the HPLC analysis of extracts containing 1,4-DMNha lowest concentration examined
was evaluated by replicate injections (n=11) ofpmipeel extract spiked with 1,4-DMN at
0.005 pg/ml.

6.2.5.2 Optimising the extraction procedure

The optimisation of the extraction procedure ain®grovide a greater concentration of
1,4-DMN in ACN/PROP extracts by increasing theaaif sample to solvent. A ratio of
sample : solvent of 1:1 was examined here by extigaalO g of potato peel (finely
chopped) by 40 ml of the extracting solution ACNBHR(7:3) in a 100-ml conical flask. It
was not possible to use the same ratio with a smatiale of peel weight and solvent
volume, as some of the peel was not covered bydoheent. The internal standard was
added here by a micropipette. 50 pul of 1000 pg/mezhylnaphthalene in ACN were
transferred into the conical flask containing thezlpsample and the extraction solution.
The conical flask was capped with a stopper andeplan a preheated water bath at’60
for 15 min with occasional swirling and then cooled 10 min. About 1.5 ml of the
extract was filtered through a 0.2 um PTFE syrifilgger into an HPLC vial.

100 ul of the final extract was injected in int@ tHPLC and separated on the ACE C18 5
um (250 x 4.6 mm) column. The mobile phase was AGI¥r (7:3) and the analysis was

carried out at 28C and 228 nm wavelength.

6.2.5.3 Method validation

For the recovery experiment, spiking of potato pegas conducted at three levels: 0.01,
0.05 and 0.1 pg/g peel. 200 ul of the spiking $otuin acetonitrile containing 1,4-DMN

(at levels of 2, 10 and 20 pg/ml for 0.01, 0.05 @&nt pug/g peel respectively) using a
Gilson P200 micropipette to 40 g of potato peell@®-ml conical flasks. The solutions

were left to settle for 1 h, after which the exti@e process conducted as described in
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Section 6.2.5.2. Extracts were then analysed by GHRIsing the chromatographic
conditions described above in Section 6.2.5.2.

The calculations were based on using a calibrditr@engenerated by triplicate injections of
five standards at levels of 0.008, 0.012, 0.048GAd 0.12 pg/ml of 1,4-DMN and a
constant concentration of the internal standardePaginaphthalene at 1 pg/mi.

6.2.6 Optimising the ACN/PROP method for routine analysis of
1,4-DMN residues in potatoes

Although the ACN/PROP method was initially desigfedthe analysis of trace levels of
1,4-DMN, the method was also optimised and valdi&be routine analysis of 1,4-DMN
residues in potatoes due to the different advastégend in this method compared to the
TMP/Heat method. These advantages include thewolilp

= The extraction solution of ACN/PROP (7:3 v/v) isteramiscible, and therefore
more compatible with the HPLC mobile phase usedvetidthe water derived
from the fresh potato peel

= High extraction efficiency for 1,4-DMN from potapeel samples
= Cleaner extracts and therefore no clean up required
= Rapid, simple, straightforward and less laboriousedure

The optimisation for routine analysis included gsanshorter (10 cm) column for the
HPLC separation, and extracting only 10 g of paetgle with 15 ml of the extraction

solution containing the internal standard. The roétwas then validated as detailed below.

6.2.6.1 Optimising the HPLC separation on a 10-cmc  olumn

Extracts and standard solutions were analysed d@0ax 4.6 mm column (Phenomenex
Sphereclone 5 um) to shorten the run time of th&GBnalysis. Chromatograms were
checked for the resolution of 1,4-DMN and 2-methynthalene peaks from each other
and from any interfering peak in addition to anyglaluted peaks.

6.2.6.2 System precision

HPLC instrument precision was examined by analysemicate injections (n=7) of the

1,4-DMN standards at levels of 0.5 pg/ml and atutydml of both 1,4-DMN and the

internal standard 2-methylnaphthalene. The pretisMas expressed by the relative
standard deviation (%RSD) of peak areas in thaeaatgl injections.
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6.2.6.3 Method recovery and precision

This experiment was conducted to examine the acgwaad precision of the ACN/PROP

method for the routine analysis of 1,4-DMN residuregotatoes. Organically grown potato
tubers (Nicola variety) were bought from a locgbasumarket in Glasgow. The tubers were
washed, peeled and subsampled as described iroiséct.4. Five spiked subsamples
were prepared for each of the three spiking leveladdition to three controls left without

spiking. Three reagent blanks containing only tkigagetion solution and water, with no

potato peel, were also included to check for amtammination in the reagents.

Recovery peel subsamples were spiked with 1,4-D¥Msweels of 0.2, 4 and 20 ug/g peel.
Spiking of peel samples was achieved by adding gD®f the spiking solution in
acetonitrile containing 1,4-DMN (at levels of 1@®@and 1000 pg/ml for 0.2, 4 and 20
1ng/g peel respectively) using a Gilson P200 migefte to 10 g of potato peel in 50-ml
conical flasks. The solutions were left to sette I h, after which the extraction process
started. Fifteen millilitres of ACN/PROP (7:3) exttion solution containing the internal
standard were added to the flask using a pipette. donical flask was capped with a
stopper and placed in a preheated water bath & %6r 15 min with occasional swirling,
and then cooled for 10 min. After cooling, one iiiite aliquot of the extract was filtered
through a 0.2 um PTFE syringe filter into an HPL&l and analysed by HPLC.

HPLC analysis was conducted by injecting 10 plhaf final extract into the instrument.
The separation was achieved on the Phenomenex égfpdree 100 x 4.6 mm column (5
um). The mobile phase was ACN/water (7:3). The y@malwas carried out at ambient

temperature and at 228 nm wavelength.

The calculations were based on using a calibrditiengenerated by duplicate injections of
six standards at levels of 0.1,0.5,2,4,10 and 2(mp@f 1,4-DMN and a constant

concentration of the internal standard 2-methyltiaglene at 10 pg/ml.

6.2.6.4 Stability of 1,4-DMN in ACN/PROP (7:3) extr acts at ambient
temperature
This experiment was conducted to investigate théilgy of 1,4-DMN in ACN/PROP

extracts stored at ambient temperature for sedayd, a situation which could potentially

occur in practice, e.g. when samples are preparadifferent location.

Potato samples treated with 1,4-DMN and stored uodenmercial storage conditions for

weeks were used in this experiments. Two samplabtret different varieties (Desiree,
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Maris Piper and King Edward) were extracted andlysed according to the method
described above in Section 6.2.6.3 for routine digsi analysis. The conical flasks
containing the samples (with the extraction sohjtiovere then sealed with a plastic film
and left on the bench for four days, after whiclother aliquot was taken for HPLC
analysis to examine any changes in the extracted ¢¢ 1,4-DMN, or any new interfering
compounds that might be produced due the deteinoralf the extracts. These aliquots
were also examined for any breakdown compounds rttegt have longer retention by

increasing the run time to 10 min instead of 4 min.

6.3 Results and discussion

6.3.1 Efficiency comparisons of ACN/PROP and EtOH/TMP using
treated potatoes

This experiment aimed to generate enough data tmntgative comparison of the
extraction efficiency of the ACN/PROP extractaningared to the EtOH/TMP and also to
evaluate the method of making up the extract toneolume compared to the use of
internal standard. In addition, the necessity ofe@n up step for potato extracts produced
by the ACN/PROP method was evaluated by examiriiegchromatograms generated for

such extracts for any interference.

The use of an internal standard minimises the saicgy in the volumetric measurements
in an analytical method. Providing that the intéstandard and analyte behave identically
in regard to their recoveries, and identical amsuwitthe internal standard are added to
both the sample and reference standard, the réseofolumetric operations become non-
critical (Meyer and Majors, 2002). Therefore, dgrithe comparison of the extraction
efficiency of the two extractants, the calculationsre based on using the internal

standard.

The regression method described and used in Chapisse Section 2.3.2.6 and Section
2.3.3.5) was used here for the quantitative evignaif the extraction efficiencies of the
two solvent mixtures. The regression plot of theawtion efficiency (calculated using the
internal standard) of ACN/PROP compared to EtOH/Ti8IBhown in Figure 6.2 and the

statistical values in Table 6.1.
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Comparison of Two Extraction Mixtures
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Figure 6.2 Comparison of the efficiency of extracting 1,4- DMN from treated potato samples
by the two extraction mixtures ACN/PROP and EtOH/TM P. The solid line shows the
regression line (best fit) and the dashed one repre  sents the equality line

Table 6.1 Summary of the statistical values obtained from Excel ® for the regression line of
the comparison between the two extraction solvents

Statistic Value

Correlation Coefficient @) 0.9862

Intercept 0.0915

Intercept 95 % Confidence Interval -0.7948 to 0B77
Slope 1.1361

Slope 95 % Confidence Interval 1.0310to 1.2412

The high correlation t= 0.9862) between the data points in the regregsionin Figure
6.2 indicates good precision of the extraction méshusing the two extraction mixtures.
The 95 % confidence interval of the intercept @& tbgression line includes the ideal value

of zero and therefore, the intercept is not sigaiitly different from the zero. This means
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that there is no bias between the two methods aluating the 1,4-DMN level in the
blank. In contrast, the 95 % confidence intervalhef slope of the regression line does not
include the ideal value of one and therefore, tbpesdiffers significantly from the ideal
value of one. The value of the slope of 1.1361lighér than the slope of the equality line
of one by about 14 %. This indicates that the AGRDIP (7:3) mixture extracted about 14
% more 1,4-DMN than the extraction mixture EtOH/TNIP3). This might be related to
the slightly higher polarity of the ACN/PROP mix¢ucompared to EtOH/TMP mixture.
This higher extraction efficiency of the methodngsACN/PROP mixture is important in

lowering the quantification limit of the method fivace levels of 1,4-DMN.

The comparison of the two methods of evaluatingfithe extract volume in the method
using ACN/PROP mixture is shown in Figure 6.3 vihik statistical values summarised in
Table 6.2.

Comparison of Two Methods of Evaluating Extract Vol ume
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Figure 6.3 Comparison of the use of known extract volume a  nd the internal standard for the
evaluation of the final extract volume. The solid | ine shows the regression line (best fit) and
the dashed one represents the equality line
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Table 6.2 Summary of the statistical values obtained from Excel ®for the regression line of
the comparison between the two methods of evaluatin g the extract volume

Statistic Value

Correlation Coefficient @) 0.9972

Intercept - 0.1032

Intercept 95 % Confidence Interval -0.4463 to 02239
Slope 0.8721

Slope 95 % Confidence Interval 0.831231 t0 0.912903

The two methods for evaluating the volume of timalfiextract showed good precision, as
indicated by the high correlation factor of theresgion line of ¥=0.9972. The intercept
was not significantly different from zero becaule ideal value of zero is included in the
95 % confidence interval which indicates that thisreno offset in the measurement of
blank samples. In contrast, the 95 % confidencetdimhowed that the slope of the
regression line is significantly lower (with a valof about 13 %) from the slope of the
equality line that has a value of one. This diffex@ indicates that the use of the known
volume (25 ml here) in the calculations of 1,4-DMiXtracted with the ACN/PROP
mixture leads to values significantly lower ( wiglbout 13 %) than what were obtained
using the internal standard. The lower values trfaeked 1,4-DMN when using the known
volume in the calculation might not be unexpectedsome loss of the extracted 1,4-DMN
can occur by volatilisation or adsorption on suefadn addition to the errors in adjusting
the extract volume. This type of error can be fullyrrectable by the use of internal
standardisation (Snyder and Vanderwal, 1981; Asaitdes et al., 2003). Based on these
results, concentrations of 1,4-DMN in sample extradll be calculated using an internal

standard.

To evaluate the necessity for a clean up step @ ACN/PROP method, the
chromatograms of the extracts obtained were exahtméave an idea about the nature of
the co-extractive compounds extracted. Represeatathromatograms of samples
extracted by using the ACN/PROP and the EtOH/TMiPaetants are shown in Figure 6.4.
The extract in ACN/PROP was run for a longer timeheck for any late eluting peaks of

more non-polar compounds.
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Figure 6.4 Representative chromatograms of extracts of pot  ato peel containing 1,4-DMN at
level of 15 pg/g peel obtained by two different ext raction mixtures. a) Ethanol/ 2,2,4-
trimethylpentane (7:3). b) Acetonitrile/ 2-propanol (7:3). ¢) The same sample in b but with
different absorbance scale and retention time. Chro  matographic conditions: Supelco

Spherisorb ODS-2 5 um (250 x 4.6 mm), 70 % acetonit rile: 30 % water, 1.5 ml/min, ambient
temperature and 228 nm

As shown in Figure 6.4, the extraction mixture EIOMP provided a cleaner extract than
the ACN/PROP mixture due to the efficient liquidtid extraction step used with the
EtOH/TMP extracts. However, most of the co-extractcompounds extracted by the
ACN/PROP mixture eluted earlier than 1,4-DMN ande tinternal standard 2-

methylnaphthalene and no late eluting peaks wessept, as shown in Figure 6.4.c. This

nature of the co-extractives provides a chancditoireate any further clean up step and
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save more time, effort, solvent and cost of thdyasia Therefore, no further clean up step
will be used in the final ACN/PROP method.

In summary, the ACN/PROP extraction solution wasnfbto be a good replacement for
the EtOH/TMP extraction solution, as it providegher extraction efficiency compared to
EtOH/TMP. This higher efficiency will help in enh@ng the detection sensitivity of the
method for trace levels of natural 1,4-DMN in pots. In addition, due to the polar nature
of the co-extractives extracted by the ACN/PROPtung the extracts can be directly
injected to the HPLC with no need for any furthierao up. Furthermore, the compatibility
of the extraction solvents with the mobile phasedus the chromatographic determination
should allow the injection of large volumes of thdracts directly to the HPLC which will
provide a valuable method of enhancing the deteatificiency of the method for trace
levels of 1,4-DMN.

6.3.2 Optimising and validating the ACN/PROP method for trace

analysis of 1,4-DMN in potatoes

6.3.2.1 Optimising the HPLC separation for large vo  lume injection

The optimisation of the ACN/PROP method for thelygsia of trace levels of 1,4-DMN
was conducted on the ACE C18 5 um (250 x 4.6 mriunwo. This column provides high
separation efficiency. High efficiency is requir@hen analysing trace levels of the
analytes as the background effect is normally hlghaddition, the longer column used

should tolerate higher volume loading (Layne et2001).

The optimisation started with injecting gradualhgieased volumes of a standard solution
containing 1,4-DMN and 2-methylnaphthalene at elleef about 1 pg/ml dissolved in
ACN/PRORP (7:3). The injection volumes examined wiye20, 30, 40, 60, 80 and 100 pl.
The shape of the two peaks was good up to 40 pttion volume. At 60 pl injection
volume, peaks showed some broadening with roundshieatead of the usual sharp heads.
Peak shapes started to deteriorate more at 8gqckion volume where the head of each

peak split into two peaks. This effect is showthi@ chromatograms in Figure 6.5.
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Figure 6.5 Effect of injecting large volumes of a standard solution (about 1 pg/ml) of 1,4-

DMN and 2-methylnaphthalene in ACN/PROP (7:3). Chro matographic conditions: ACE C18 5
um (250 x 4.6 mm), 70 % acetonitrile: 30 % water, 1 .5 ml/min, 25 °C and 228 nm.

Peak shape distortion is commonly caused by imgctarge volumes of a sample
dissolved in a solvent stronger (more non-pola, more organic in reversed-phase
HPLC) than the mobile phase (Snyder et al., 199@tam 2004). In addition to the
strength differences between the sample solventtaadmobile phase, differences in
viscosities between the two was reported to residevere distortion of peak shapes when
injecting large sample volumes (Keunchkarian et 2006; Castells et al., 1997). Both
differences seem to be present here for the sadipé®lved in ACN/PROP (7:3). The
sample solvent consists of two organic solvent$ \greater non-polarity than the mobile
phase that contains 30 % of the polar componergrwht addition, the presence of 30 %
of the highly-viscous solvent 2-propanol (viscosiyl.95 centipoise at 2%) increases
the viscosity of the solvent mixture to about Ocghtipoise compared to 0.59 centipoise
for the mobile phase at 2&. Viscosity values used here were reported by &ngtl al.

(1997) or calculated based on a method describd#tisame reference.

Two practices can be followed to avoid the peakodi®n shown in Figure 6.5. The first is
to minimise the injection volume, and the othetoisninimise the differences between the
sample solvent used and the mobile phase. Thepfiestice can be used when 1,4-DMN

concentration in samples is high enough for dedactwith small volume injections in
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residue analysis. However, this practice will netuseful here as this method is intended
to be used for trace levels of 1,4-DMN and hent&arger injection volume is required to

enhance the detection sensitivity. Therefore, duoisd practice was used here.

A standard solution (about 1 pg/ml) of 1,4-DMN dhdhethylnaphthalene was prepared in
ACN/PROP/water (49:21:30) in order to obtain bettertching of the mobile phase and
also to the real potato extract which containedewaterived from potato peel. This

standard was loaded to the HPLC with differentahgn volumes as described above for
the standard in ACN/PROP (7:3). The resulting clatmgrams are shown in Figure 6.6.
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Figure 6.6 Effect of injecting large volumes of a standard solution (about 1 pg/ml) of 1,4-
DMN and 2-methylnaphthalene in ACN/PROP/water (49:2 1:30). Chromatographic conditions:
ACE C18 5 um (250 x 4.6 mm), 70 % acetonitrile: 30 % water, 1.5 ml/min, 25 °C and 228 nm.

Figure 6.6 shows clearly that the problem of peakodion when injecting large volumes
disappeared when injecting the standard in a mex¢irACN/PROP/water (49:21:30). The
addition of 30 % of water to the mixture of ACN/PR@iluted the organic mixture and
reduced the elution strength. In addition, redudimg proportion of the highly-viscous
solvent 2-propanol reduces the viscosity of the @ansolvent mixture. The sharp peak
shape obtained indicates that the differences legtvtlee sample solvent and the mobile

phase were minimised successfully.
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Retention time precision was examined by makinglitate injections of the standard
prepared in ACN/PROP/water (49:21:30) for eachcinpm level. There was a slight
reduction in the retention times of both the 1,4{®Mnd 2-methylnaphthalene peaks
between the 100 pl and the 10 ul injections of c®l§ %. This slight variation is
negligible and may occur in routine running corahi, due to slight variation in

chromatographic conditions such as temperature.

It should be mentioned that the above problem ek@hape deterioration was not noticed
when injecting large volumes (up to 100 ul) of potpeel extracts because peel extracts
contain a considerable amounts of water deriverh ftlbe fresh peel tissues. This water

was enough to minimise differences between theeixénd the mobile phase.

To examine the effect of the background compountaeted by the ACN/PROP solution
from the peel on the chromatographic separationcaradhtification of 1,4-DMN and the
internal standard at trace level, peel extractsrgénically grown tubers were spiked with
1,4-DMN and 2-methylnaphthalene at a level of 0.Q@&nl and compared to the extracts
without spiking. Representative chromatograms pikesd and non-spiked peel extracts are

shown in Figure 6.7.
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Figure 6.7 Representative chromatograms of potato peel sam  ples extracted by ACN/PROP
method and injected to the HPLC in large volume (10 O pl). a) Control sample without
spiking. b) Extract spiked at a level of 0.005 pg/m I. Arrows in the control chromatogram
indicates 1,4-DMN and 2-methylnaphthalene retention times. Chromatographic conditions:
ACE C18 5 um (250 x 4.6 mm), 70 % acetonitrile: 30 % water, 1.5 ml/min, 25 °C and 228 nm

Fortunately, there were no interfering peaks atrétention times of either 1,4-DMN or 2-
methylnaphthalene. However, small peaks were ptgssh before the two peaks. This
should not be a problem with the 2-methylnaphthalgeak, as high concentrations of this
internal standard can be used, and therefore tlcem@ge of the little interfering peak will
be negligible. In contrast, more care should benak avoid any interference with the 1,4-
DMN peak as the 1,4-DMN levels will be very low.érkfore, it will be important to have
good control of the chromatographic conditions fsas column temperature) to avoid any
deterioration in the resolution between the 1,4-Diiak and the interfering background

peaks.

The precision of the HPLC injection of 1,4-DMN léveas low as 0.005 pg/ml in
ACN/PROP extracts was evaluated by replicate ilgast(n=11) of a spiked extract under
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the same chromatographic conditions described iguré 6.7. Good precision was
obtained at this low level with a %RSD value of 86

To summarise the above discussion, the ACN/PRORaodetan be used successfully for
the analysis of trace levels of 1,4-DMN in potateepsamples using large injection
volumes to enhance the detection sensitivity. IMINCIn extracts at levels as low as 0.005
png/ml were successfully separated and quantified adequate precision of %RSD of 8.6
%. Some consideration should be taken when usngg lolume injections. Extracts and
standard solutions should have enough water cor(@t% was used for standard
solutions) to avoid peak shape distortion. Chrogyaphic conditions need to be

controlled well to avoid any deterioration in peakolution.

6.3.2.2 Optimising the extraction procedure

The main optimisation in the extraction procedues\the use of a higher ratio of sample :
solvent to provide a more concentrated extracttyFgnams of peel sample were extracted
with forty millilitres of ACN/PROP (7:3) solvent miure added by a measuring cylinder.
It was not possible to use the same ratio with allemscale of peel weight and solvent
volume, as some of the peel was not covered withstilvent at the smaller scale. The
internal standard was added here using a micrdpipder adding the extraction solution
to the peel sample. The volume of the added extrasblution should not be critical for

quantification, as the internal standard was adsleparately. This method was then
evaluated for its recovery and precision using damgpiked at low levels of 1,4-DMN. In

addition, its detection sensitivity was evaluatebtigh the determination of the method

limit of detection and quantification.

6.3.2.3 Method validation

The precision of the HPLC injection of 1,4-DMN atéls of 0.005 pg/ml in peel extracts
was described above in Section 6.3.2.1. Good poecgas obtained at this low level with
a %RSD value of 8.6 %.

The accuracy, precision and limit of detection angntification of this method were
evaluated through a recovery experiment at threeléwels: 0.01, 0.05 and 0.1 ug/g peel
(equivalent to approximately 1.5, 7.5 and 15 pdrkgh potato weight). A calibration line
generated by triplicate injections of five standamdas used for the calculations of the
recovery and precision, and also for estimating limit of detection and the limit of

quantification statistically.
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The calibration plot showed good linearity in tlage examined (0.008 to 0.12 pg/ml)
with a value of the regression coefficient >0.999. The regression equation of the
calibration line was y = 636258x + 647 where X esgnts the nominal concentration of
calibrators and y value represents peak area.sftati evaluation of the regression line
(using Exce? software) showed that the intercept value of &4t significantly different
from zero (95 % confidence interval was -1230 t@425%vhich includes the zero value).
Because of the good linearity of the calibratioapyr and the absence of any offset in the
blank reading (intercept not significantly diffetdrom zero) a single calibration standard

(defining two-point calibration with the origin) mde used in routine analysis.

The limit of detection (LOD) and limit of quantidion (LOQ) are two parameters that are
frequently reported as part of analytical methotideéion. The various definitions and

approaches of estimating the two terms are detailétk introduction in Section 1.7.5.

For the current ACN/PROP method for trace analgéisatural 1,4-DMN in potatoes, the
limit of detection and limit of quantification wastimated by three different approaches.
The first approach was by using the standard dewigSD) of replicate injections (n=11)
of a spiked potato extract at a concentration 60B.ug/ml. LOD and LOQ were then
calculated as follows: LOD= 3.3 SD/S and LOQ= 10/SWhere S is the slope of the
calibration line. The values were then converteth® corresponding pg/g peel using the
typical final extract volume (~ 60 ml) and peel gl#i (40 g). The values in ug/g peel can
be converted to the basis of fresh potato weighnhbitiplying by 0.15 because the typical

percentage of the peel weight was found to be 15 potato fresh weight.

The second approach for the determination of thd® L&nd LOQ of the ACN/PROP
method for natural 1,4-DMN was based on the cdiibmaline for 1,4-DMN standards.
This method was described in Section 1.7.5 and us€thapter 2 (see Section 2.3.2.5 and
Section 2.3.3.4). In this method, the interceptthed calibration line and the residuals
standard deviation (both values can easily be obthiising Excél software) were used to
estimate the LOD using the equation:

LOD peak area = Intercept + 3 x Residuals standaviation

The corresponding concentration (in pug/ml) of tHe[L peak area was then calculated
using the equation of the calibration line. The cantration was then converted to pug/g
peel by using the typical final extract volume (&0 and peel weight (40 g). The values in
1g/g peel can be converted to pug/g of fresh pataight by multiplying by 0.15.
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A more practical approach for determining the LOI@he whole analytical procedure is to

use a recovery and precision experiment to deterthia lowest concentration of a sample
that can still be quantified with acceptable recgweithin the range 70-120 %, and with

precision not exceeding 20 % (%RSD) (Peters andréta@002; Bansal and DeStefano,
2007; Pizzutti et al., 2007). The LOD can then $eneated by dividing the resulting LOQ

by 3.

The recovery approach was the third approach usedstimating the LOD and LOQ of
the ACN/PROP method for trace 1,4-DMN levels. Thigeriment was conducted to
examine the accuracy and precision of the methdldre¢ levels (0.01, 0.05 and 0.10 pg/g
peel) close to the expected LOD and LOQ of the puktfihe standard deviation (SD) of
the values of the recovered 1,4-DMN at the twole?05 and 0.10 pg/g peel was used to
calculate the LOQ and LOD values. This standardadiew was multiplied by 3.3 to get
the LOD and by 10 to get the LOQ. The mean of t@®land LOQ from the two levels
was then used as the LOD and LOQ for this methsedhia approach includes the whole
analytical procedure in the determination of theg®terms.

The values of the LOD and LOQ determined by thegahmethods are shown in Table 6.3.

Table 6.3 Limit of Detection (LOD) and quantification (LO Q) for the ACN/PROP method for
natural 1,4-DMN determined by different approaches.

Determination Approach
Term SD of Spiked Re3|d_uals_SD SD of Real Recovery
of Calibration ;
Extract . Experiment
Line
LOD (ug/g peel) 0.002 0.006 0.01
LOQ (ng/g peel) 0.007 0.02 0.03

Although the differences in the resulting LOD an®Q values given by the three
approaches are small, these differences showatkttefor a consensus on the proper way
of determining these terms for environmental amzdytmethods, in order to allow for

direct comparisons between methods.

The recovery and precision of the method for ttagels are shown in Table 6.4.
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Table 6.4 Recovery of 1,4-DMN from spiked peel samples ex tracted by the ACN/PROP
method for trace levels. Note: NA= Not Applicable a nd NP=No peak at 1,4-DMN retention
time.

P Peel | Volume of | Concentration .
Sample Forﬂgiztlmn SamplefFortification| of Fortification I;zfé%l::j Recovery R(';/cl:?)?/gry RSD
Weight| Standard [Standard Addeo (%) ' (%)
(Ma/g peel) (@ |Added (ml) (Hg/ml) (Mg/g peel) (%)
Control A NA 40.0 NA NA NP NA
Control B NA 40.0 NA NA NP NA NA NA
Control C NA 40.0 NA NA NP NA
Recovery A 0.01 40.0 0.200 2 0.014 135.1
Recovery B 0.01 40.0 0.200 2 0.012 119.5
Recovery C 0.01 40.0 0.200 2 0.010 95.8/ 110.2 | 23.3
Recovery D 0.01 40.0 0.200 2 0.007 72.6
Recovery E 0.01 40.0 0.200 2 0.013 128.1
Recovery A 0.05 40.0 0.200 10 0.044 88.8
Recovery B 0.05 40.0 0.200 10 0.049 98.0
Recovery C 0.05 40.0 0.200 10 0.042 84.4 87.1 7.9
Recovery D 0.05 40.0 0.200 10 0.040 79.8
Recovery B 0.05 40.0 0.200 10 0.042 84.5
Recovery A 0.10 40.0 0.200 20 0.091 90.9
Recovery B 0.10 40.0 0.200 20 0.084 83.8
Recovery G 0.10 40.0 0.200 20 0.089 89.3] 86.4 4.0
Recovery D 0.10 40.0 0.200 20 0.085 85.3
Recovery E 0.10 40.0 0.200 20 0.083 83.0

The values in Table 6.4 show that the method egprehigher variability of 23.3 % at the
0.01 pg/g peel level exceeding the 20 % acceptabieof the limit of quantification. This
concentration level was estimated to be the LOEhefmethod, and therefore the method
may not be capable of providing acceptable quamgaesults at this level. However,

semi-quantitative or qualitative results might lsed at this level.

The good recovery and precision values obtaingdea0.05 g/g peel level indicates that
the LOQ is below this value, which confirms theirested value of 0.03 pg/g peel as the
limit of quantification of this method. Thereforthe values of LOD and LOQ obtained
from the recovery experiment were accepted as d gstimation of the LOD and LOQ of
the ACN/PROP method for natural 1,4-DMN. This metiat the LOD of the ACN/PROP
method for trace levels of natural 1,4-DMN has a0.@Gf 0.01 pg/g peel and LOQ of 0.03
1g/g peel. On the basis of potato fresh weight, L& LOQ values will correspond to
1.5 pg/kg and 4.5 pg/kg (ppb) respectively.

For comparison purposes, a similar recovery andigios experiment was conducted for
the evaluation of the LOD and LOQ of the final TMIeAt method reported in Section 5.4.
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The experiment was conducted at the same spikvgjsleThe results of this recovery

experiment are shown in Table 6.5.

Table 6.5 Recovery of 1,4-DMN from spiked peel samples e
method. Note: NA= Not Applicable and NP=No peak at

Chapter 6, 207

xtracted by the TMP/Heat
1,4-DMN retention time

P Peel | Volume of | Concentration .
Sample Forﬂfg/zztlmn SampleFortification of Fortification I;Zfé%l:eej Recovery Rg/(lzf)?/gry RSD
Weight| Standard Standard Addeo (%) . (%)
(Mg/g peel) @) |Added (ml) (Lg/ml) (Mg/g peel) (%)
Control A NA 10.0 NA NA NP NA
Control B NA 10.0 NA NA NP NA NA NA
Control C NA 10.0 NA NA NP NA
Recovery A 0.01 10.0 0.100 1 NP NA
Recovery B 0.01 10.0 0.100 1 NP NA
Recovery G 0.01 10.0 0.100 1 NP NA NA NA
Recovery D 0.01 10.0 0.100 1 NP NA
Recovery B 0.01 10.0 0.100 1 NP NA
Recovery A 0.05 10.0 0.100 5 0.062 123.7
Recovery B 0.05 10.0 0.100 5 0.040 80.9
Recovery G 0.05 10.0 0.100 5 0.049 97.8) 105.9 | 22.1
Recovery D 0.05 10.0 0.100 5 0.068 136.4
Recovery E 0.05 10.0 0.100 5 0.045 90.5
Recovery A 0.10 10.0 0.100 10 0.078 77.7
Recovery B 0.10 10.0 0.100 10 0.102 102.1
Recovery G 0.10 10.0 0.100 10 0.085 84.6| 90.3 10.5
Recovery D 0.10 10.0 0.100 10 0.096 95.6
Recovery B 0.10 10.0 0.100 10 0.092 91.6

The values in Table 6.5 show that the TMP/Heat oettivas not capable of recovering
1,4-DMN at the spiking level of 0.01 pug/g peel.dddition, a higher variability of 22.1 %

was shown at the level of 0.05 pg/g peel which edsehe 20 % acceptable limit for the
limit of quantification. Therefore, the limit of qutification of the TMP/Heat method must
be above this concentration level. The standardatiem of the values of the recovered
1,4-DMN at the two levels 0.05 and 0.10 pg/g peatwsed to calculate the LOQ and
LOD values for this method. Based on these calicust values of 0.03 and 0.10 pg/g peel
were estimated for the LOD and the LOQ respectiveiythe TMP/Heat method. These
values correspond to 4.5 pug/kg and 15 pg/kg (ppbje LOD and LOQ respectively on

the basis of potato fresh weight. The values repohere for the LOD and LOQ of the

TMP/Heat method based on the practical recoveryosmh are very close to the values
estimated based on the HPLC separation method venecheported at the end of Section
5.3. The LOD was estimated in Section 5.3 to b u@/g peel (3 pg/kg fresh potato
weight) and the LOQ with a value of 0.07 pg/g f@él ug/kg fresh potato weight).
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In summary, the ACN/PROP method was found to beites, accurate and precise for

the extraction of 1,4-DMN at trace levels. The moethwas found to provide a

quantification limit more than three times loweaththe TMP/Heat method.

6.3.3 Optimising and validating the ACN/PROP method for routine
analysis of 1,4-DMN residues in potatoes

The ACN/PROP method was found to be more effici@md less laborious than the
TMP/Heat method, as discussed above. Thereforepphienisation of this method for

routine residue analysis was considered, as thbadethould provide rapid and simple

analysis.

6.3.3.1 Optimising the HPLC separation on a 10-cmc  olumn

The chromatogram in Figure 6.8 is for a potato m@ehple of tubers treated with 1,4-
DMN and extracted by ACN/PROP (7:3 v/v). The sepanaof the extract was conducted
on the 250 x 4.6 mm ACE 5 um column.
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Figure 6.8 A chromatogram of a potato peel sample containi  ng 12.6 ug/g peel of 1,4-DMN
extracted by ACN/PROP (7:3) and separated on the on  the 250 x 4.6 mm ACE C18 5 um
column. Other chromatographic conditions: 70 % acet onitrile: 30 % water, 1.5 ml/min,
ambient temperature and 228 nm
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This chromatogram shows the large resolution (R&e8)een the peak of 1,4-DMN and

the internal standard 2-methylnaphthalene andl@smeen 2-methylnaphthalene peak and
the co-extractive compounds that are eluted eafllt@s extra resolution can be reduced by
shortening the length of the HPLC column used,thrdefore saving considerable analysis

time, mobile phase solvents and analysis cost.

A 100 x 4.6 mm column (Phenomenex Sphereclone 5 way used to separate the
ACN/PROP extract. Representative chromatograms adrdrol sample contains no 1,4-
DMN and a sample with 1,4-DMN at 3.53 pug/g peelsirewn in Figure 6.9.
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Figure 6.9 Representative chromatograms of potato peel sam  ples extracted by ACN/PROP
(7:3) and separated on a 100 x 4.6 mm column (Pheno menex Sphereclone 5 um) a) Control
sample containing no 1,4-DMN. b) Sample with 1,4-DM N at a level of 3.53 pg/g peel. Other
chromatographic conditions: 70 % acetonitrile: 30 % water, 1.5 ml/min, ambient temperature
and 228 nm, 10 pl injection volume

As shown in the chromatogram in Figure 6.9.a fa& tntrol sample (a peel extract of
organic potato tubers), the extract has no integepeaks at or around the retention times
of 1,4-DMN and the internal standard. This allowg tuse of the short column safely

without any risk of interference of the co-extraes with 1,4-DMN or the internal
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standard. The two peaks of 1,4-DMN and 2-methylttzgdene still have good separation
from each other (Rs 5) and from the other peaks of the co-extractow@agounds.

By using the 100-mm column, a great saving is agdan the HPLC run time from 10
min (in the 250-mm-length column) to 4 min here hwiho deterioration in the
chromatographic separation. Therefore, this columas used in the final ACN/PROP

method for routine residue analysis.

The absence of any interfering peaks around thentien time of 1,4-DMN and the
internal standard eliminated the necessity forfantyer clean up step, which will also add
greater savings in analysis time, effort and dosaddition, the absence of any late eluted
peaks (as discussed in Section 6.3.1) eliminageadicessity for any column cleaning step
after running the sample in the HPLC. The omissbithe clean up step to simplify the
analytical procedure is frequently reported inréitere (Nieva-Cano et al., 2001; Caboni et
al., 2005; Fernandez-Alba et al., 2000). Thereforeclean up step is conducted in the
final ACN/PROP method for the routine analysis g-DMN residues in potato samples.

6.3.3.2 Precision of the HPLC injection

The HPLC instrument precision of the ACN/PROP mdttior residue analysis was
examined by analysing replicate injections (n=7}ha& 1,4-DMN standards at levels of
0.5 pg/ml and at 10 pg/ml of both 1,4-DMN and theteinal standard 2-

methylnaphthalene. The precision was expressed hby reélative standard deviation
(%RSD) of peak areas in the replicate injectiorw. the 1,4-DMN peak, %RSD values
were 150 % and 0.36 % for 0.5 pg/ml and 10 pg/mépectively. For 2-

methylnaphthalene peak, %RSD values were 1.67 %03l % for 0.5 pg/ml and 10

ng/ml respectively.

These values demonstrate that the system is alpeotede precise and consistent results
using the chromatographic conditions for the raatmethod for 1,4-DMN residues in

potatoes.

6.3.3.3 Method recovery and precision

The calibration curve used for the calculationhiis recovery experiment showed excellent
linearity ¥ >0.9999 for 1,4-DMN peak area (y axis) againstrbeninal concentration of
1,4-DMN (x axis) in the standards. The regressiguation was y=67050x - 3183 with 95
% confidence interval of the intercept of (-1176%889). This shows that the intercept is

not significantly different from zero and therefdieere is no bias in measuring blanks
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using this method. Because of the excellent limgand the absence of any bias in the
blank reading, a single calibration standard camde= in routine analysis, which should

define a two-point calibration line with the orig{Ake et al., 1998; Bruce et al., 1998;

Thompson et al., 2002).

The recovery of 1,4-DMN from fortified peel sampbege shown in Table 6.6.

Table 6.6 Recovery of 1,4-DMN from spiked peel samples ex
method for residue analysis of 1,4-DMN in potatoes.

peak at 1,4-DMN retention time

tracted by the ACN/PROP final

Note: NA= Not Applicable and NP=No

Concentration
Fortification Peel Vol_u_me_of . .Of . Residues Mean
Fortification | Fortification Recovery| RSD
Sample Level Sample | o ° 4| Standard Detected (%) Recovery (%)
(Mg/g peel) Weight (9) | \qjed (mi)|  Added | (H9/g peel) (%)
(Kg/ml)

Control A NA 10.0 NA NA NP NA
Control B NA 10.0 NA NA NP NA NA NA
Control C NA 10.0 NA NA NP NA
Recovery A 0.20 10.0 0.2 10 0.21 88.2
Recovery B 0.20 10.0 0.2 10 0.22 89.0
Recovery C  0.20 10.0 0.2 10 0.21 102.§ 93.2 7.3
Recovery D 0.20 10.0 0.2 10 0.22 87.9
Recovery E 0.20 10.0 0.2 10 0.21 98.1
Recovery Al  4.00 10.0 0.2 200 3.95 88.6
Recovery Bl  4.00 10.0 0.2 200 3.93 89.1
Recovery C  4.00 10.0 0.2 200 3.53 88.7| 89.6 1.6
Recovery D 4.00 10.0 0.2 200 3.40 89.4
Recovery E  4.00 10.0 0.2 200 3.71 92.1
Recovery Al  20.00 10.0 0.2 1000 19.00 91.1
Recovery Bl 20.00 10.0 0.2 1000 18.51 86.1
Recovery ¢  20.00 10.0 0.2 1000 20.46 87.7 89.6 2.9
Recovery D 20.00 10.0 0.2 1000 18.48 91.2
Recovery |  20.00 10.0 0.2 1000 20.45 91.9

The values in Table 6.6 show that the ACN/PROPI fmathod provides accurate and
precise results for the analysis of 1,4-DMN resglurepotato samples. The recovery and
precision values obtained here comply with the Eiteiga for a quantitative method for
the analysis of pesticide residues in food (docurhen SANCO/10232/2006) which set a
minimum mean recovery between 70 to 110 % with &SR 15 to 18 % for pesticides
that have a maximum residue level (MRL) >0.1-1 mggfuropean-Commission, 2006).

The recovery values shown in Table 6.6 for the AERIDP method appear to express
some loss of 1,4-DMN during the extraction procedu similar effect was also noticed

for the TMP/Heat method, as shown in Table 4.4haier 4. The reason for the recovery
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being lower than 100 % is related to the methodd use conducting the recovery
experiments, where 1,4-DMN was added to the pempkawhile the internal standard
was added to the extraction solution. In this cageé DMN has more contact with the peel
surfaces than the internal standard and, hences idrDMN is lost by adsorption in the
peel than the internal standard. As a result ofeh@dsorption differences, the reported
recovery values of the methods are lower thanegherecovery, with a factor equivalent to
the difference in the recoveries of 1,4-DMN andititernal standard in the final extract.

This explanation is clearly confirmed with the reeny data reported in Table 6.7. The
recovery experiments here were conducted by addoth 1,4-DMN and the internal
standard to the peel sample in one spiking stansi@iition, and extracting the samples
according to the ACN/PROP method or the TMP/Heathow® In the case of the
ACN/PROP method, the extracts were made up to ekn@lume in order to evaluate the
absolute recoveries of 1,4-DMN and the internahddad 2-methylnaphthalene. For the
TMP/Heat method, the recovery values reported hezerelative recoveries of 1,4-DMN
calculated using the internal standard. It waspuassible in this method to examine the
absolute recoveries as the volume of the finalaextcontaining 1,4-DMN and the internal
standard, which is generated after the liquid-tigartitioning, is not known and is

evaluated based on the recovery of the internatistal.

Table 6.7 Recovery of 1,4-DMN from potato peel samples sp  iked at a level of 4 pg/g peel with
a spiking solution containing both 1,4-DMN and the internal standard 2-methylnaphthalene
and extracted according to two methods

ACN/PROP Method TMP/Heat
Method
Sample Absolute Absolute Relative Relative Recovery|
1,4-DMN 2-MeNaph Recovery (%)
Recovery (%) Recovery (%) (%)
Control 1 ND ND ND ND
Control 2 ND ND ND ND
Control 3 ND ND ND ND
Recovery 1 89.6 89.4 100.2 103.5
Recovery 2 86.3 89.2 96.7 101.8
Recovery 3 91.3 91.1 100.2 97.2
Recovery 4 84.6 88.7 95.4 100.7
Recovery 5 90.1 88.6 101.7 102.7
Mean 88.4 89.4 98.9 101.2
SD 2.8 1.0 2.7 2.5

In the ACN/PROP method, the mean absolute recoxednes of 1,4-DMN and 2-MeNaph

show losses of about 11.6 % and 10.6 % for thedwopounds respectively. This loss is
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thought to be caused mainly by the adsorption @ftto compounds on the peel surface as
suggested by comparing the results in this expeina@d the results of the recovery
experiment reported in Table 6.6. However, as W dcompounds are affected in a very
similar way, their relative recoveries (with a me#r98.9) were not significantly different
to 100 % (using t-test at 5 % significance levefjch confirms the very similar behaviour
of the internal standard used to 1,4-DMN behavahuing the analytical method.

As the relative recoveries obtained for the TMPAtHeathod are similar to those for the

ACN/PROP method, a similar adsorption effect orafmpeel surface might be expected,
and absolute recoveries might be expected to s @oough to the values obtained for the
ACN/PROP method.

In real samples for residue analysis, the diffeeeimcthe adsorption level between 1,4-
DMN and the internal standard cannot be elimin&iechuse 1,4-DMN has normally been
in contact with the potato surface for much long®es which may reach several months.
Therefore, the recovery of the method was evalulayeaidding the internal standard to the

extraction solution (the results in Table 6.6) whig more convenient in routine analysis.

The above discussion shows that the two extragirooedures have high recoveries and

that no significant loss is occurring during théragtion procedure.

6.3.3.4 Stability of 1,4-DMN in ACN/PROP (7:3) extr acts at ambient
temperature
This experiment was conducted to investigate théilgly of 1,4-DMN in ACN/PROP

extracts stored at ambient temperature for seda, a situation which could potentially

occur in practice, e.g. when samples are preparadlifferent location.

Table 6.8 shows the residue levels of 1,4-DMN ia $ix samples analysed directly after
the extraction and after four days.
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Table 6.8 Residue levels of 1,4-DMN in six samples analys ed directly after the extraction and
after four days of extraction.

Sample 1,4-DMN (pg/g fresh potato weight) | Difference
15 min Extraction After 4 Days (%)

Maris Piper 1 1.15 1.19 2.86
Maris Piper 2 0.98 1.01 2.33
King Edward 1 1.38 1.39 0.97
King Edward 2 1.51 1.50 -0.63

Desiree 1 1.24 1.29 4.33

Desiree 2 1.25 1.27 1.83

Mean 1.95

The data in Table 6.8 shows significantly higheteét, 5 %) amounts of 1,4-DMN

obtained when soaking peel samples in the extratbarfour days. However, this slight

difference of about 2 % should have no practicgdanance. The results suggest that there

IS no deterioration of the extract (or breakdownlgf-DMN and 2-methylnaphthalene)

occurred during the four days.

Extracts were examined qualitatively to check foy aign of deterioration by increasing

the HPLC run time to 10 min and carefully examinihg chromatogram. A representative

chromatogram is shown in Figure 6.10 for an extaaetlysed after four days of extraction.
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Figure 6.10 Representative chromatogram of an extract anal ysed after four days of
extraction by the ACN/PROP final method. Chromatogr aphic conditions: Phenomenex
Sphereclone 5 ym (100 x 4.6 mm), 70 % acetonitrile: 30 % water, 1.5 ml/min, ambient
temperature and 228 nm

The chromatograms obtained for the extracts afjergawere clear of any unusual peaks

and any late eluted peaks.
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This experiment shows that it would be safe to @reghe sample in a different location
and send it to the laboratory for HPLC analysigreif up to four days were required for

the sample to get to the laboratory.

This was a quick test for extraction time effecowéver, a more detailed study should
provide better evaluation of the effect of extracttime on the quality of extracts and 1,4-
DMN levels. More replicates for each sample shdaddanalysed to provide enough data
for statistical analysis. In addition, differenne periods can be examined.

In summary, the final method for routine analysislgl-DMN residues in potato peel
samples using acetonitrile/2-propanol as the etardcwas found to have adequate

accuracy and precision. In addition, it is a rapisy and straightforward procedure.
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6.4 Final ACN/PROP method for trace analysis of nat  ural
1,4-DMN in potatoes

6.4.1 Solvents

The solvents required for this method need to beGiBrade. Acetonitrile (ACN) is used
in preparing the extraction solution and standaadsl, also in preparing the mobile phase
for HPLC analysis. 2-propanol (PROP) is used indkieaction solution and for preparing

standards.

6.4.2 Chemicals

1,4-dimethylnaphthalene and the internal standartethylnaphthalene have to be of high

purity for standard preparation.

6.4.3 Standards and solutions

Stock solutions: 10000 pg/ml stock solutions of 1,4-DMN and 2-méthphthalene are
prepared by accurately (4 decimal places) weighgroximately 0.5 g of each chemical
in 50-ml volumetric flasks and dissolving in acetole. The solutions are then made up to

volume.

1000 pg/ml standards: 1000 pg/ml standard of each of 1,4-DMN and 2-
methylnaphthalene is prepared separately by tramggel0 ml of each stock solution into
a 100-ml volumetric flask and making up to volumigwacetonitrile.

Extracting solution: This solution is a mixture of acetonitrile: 2-peoml 7:3 (v/v). It is

prepared by mixing 350 ml of acetonitrile and 15900fi2-propanol in a 500-ml bottle.

Calibration standard (s): A series of calibration standards can be usegeteerate the
calibration graph used in the calculation. Howewessingle standard might be used (it
should have close enough concentration to the ¢xgpéevel of 1,4-DMN in samples) with
replication. The standards here are mixed standadriigl-DMN and 2-methylnaphthalene.
They are prepared by dilution from the 1000 pg/rmdndard of 1,4-DMN and 2-

methylnaphthalene with a mixture of acetonitrilgordpanol: water 49:21:30 (v/v/v).

70 % HPLC mobile phase:This solution is prepared by mixing 350 ml of A@#th 150
ml of deionised water in a 500-ml glass bottle. Ebhution is then degassed for 30 min in

an ultrasonic bath.
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6.4.4 Procedure

1. Potato sample information is recorded.

2. A suitable number of potato tubers are removedveashed gently under running
cold tap water to remove attached soil. They age tbft to dry or dried with paper
towels.

3. The weight of fresh potatoes is taken using a t@p{mlance.

4. Potatoes are peeled with a stainless steel houspbeler and the total peel weight
is recorded.

5. The peel is chopped to fine pieces (the finestiptegsusing a knife and a chopping
board.

6. The peel is mixed thoroughly and a 40-g subsamgldaken randomly and
transferred into a 100-ml conical flask.

7. 40 ml of the extracting solution are added to tbmeical flask using a measuring
cylinder.

8. 0.050 ml (50 pl) of the 1000 pg/ml 2-methylnaphéima internal standard is added
to the flask and the flask is swirled gently.

9. The conical flask is capped with a stopper andgulan a preheated water bath at
50°C for 15 min with occasional swirling and then aabfor 10 min.

10.About 1-1.5 ml of the extract is filtered througl®2 um PTFE syringe filter into
an HPLC vial and analysed by HPLC.

6.4.5 Chromatographic conditions

Chromatographic conditions of this method are sd¢bkows:
=  Column: 250 mm x 4.6 mm C18 column with 5 um particleesiz
= Mobile phase 70 % acetonitrile : 30 % water
*= Flow rate: 1.5 ml/min
= Injection volume: 100 pl
* Run time: 10 min

= 2-Methylnaphthalene retention time: ~6.9 min
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= 1 4-DMN retention time: ~9.0 min

= Temperature: ambient (ca. 25C)

= Detector wavelength 228 nm
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6.5 Final ACN/PROP method for routine analysisof 1 ,4-

DMN residues in potatoes

6.5.1 Solvents

The solvents required for this method need to beGiBrade. Acetonitrile (ACN) is used
in preparing the extraction solution and standaatsl, in preparing the mobile phase for
HPLC analysis. 2-propanol (PROP) is used in theaekbn solution and for preparing

standards.

6.5.2 Chemicals

1,4-dimethylnaphthalene and the internal standartethylnaphthalene have to be of high
purity for standard preparation.

6.5.3 Standards and solutions

Stock solutions: 10000 pg/ml stock solutions of 1,4-DMN and 2-méthphthalene are
prepared by accurately (4 decimal places) weighgroximately 0.5 g of each chemical
in 50-ml volumetric flasks and dissolving in acetole. The solutions are then made up to

volume.

1000 pg/ml standards: 1000 pg/ml standard of each of 1,4-DMN and 2-
methylnaphthalene is prepared separately by tramggel0 ml of each stock solution into
a 100-ml volumetric flask and making up to volumigwacetonitrile.

Extracting solution containing 10 pg/ml 2-methylnaphthalene2 ml of the 1000 pg/ml
2-methylnaphthalene solution is transferred in@08-ml volumetric flask using a pipette

then diluted to volume with a mixture of acetomgri2-propanol 7:3 (v/v).

Calibration standard (s): A series of calibration standards can be usegeteerate the
calibration graph used in the calculation. Howewessingle standard might be used (it
should have close enough concentration to the ¢xgédevel of 1,4-DMN in samples) with
replication. The standards here are mixed standadriigl-DMN and 2-methylnaphthalene.
They are prepared by dilution of the 1000 pg/mindtad of 1,4-DMN and 2-
methylnaphthalene with acetonitrile: 2-propanol (/).
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70 % HPLC mobile phase:This solution is prepared by mixing 350 ml of A@#th 150
ml of deionised water in a 500-ml glass bottle. Ehhuition is then degassed for 30 min in

an ultrasonic bath.

6.5.4 Procedure

1. Potato sample information is recorded.

2. 3to 5 potato tubers are removed and washed gemdlgr running cold tap water to
remove attached soil. They are then left to drgiraed with paper towels.

3. The weight of fresh potatoes is taken using a tpipalance.

4. Potatoes are peeled with a stainless steel houkpbeler and the total peel weight
IS recorded.

5. The peel is chopped to fine pieces (about 0.5 xdd using a knife and a
chopping board.

6. The peel is mixed thoroughly and a 10-g subsamgldaken randomly and
transferred into a 50-ml conical flask.

7. 15 ml of the extracting solution (containing théemmal standard) are added to the
conical flask using a pipette.

8. The conical flask is capped with a stopper andegulan a preheated water bath at
50°C for 15 min with occasional swirling and then aabfor 10 min.

9. 1 ml of the extract is filtered through a 0.2 umHAETsyringe filter into an HPLC
vial and analysed by HPLC.

6.5.5 Chromatographic conditions

Chromatographic conditions for this method wereasebllows:
= Column: 100 mm x 4.6 mm C18 column with 5 um particleesiz
= Mobile phase 70 % acetonitrile : 30 % water
*= Flow rate: 1.5 ml/min
= Injection volume: 10 pl

= Runtime: 4 min
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= 1 4-DMN retention time: ~2.9 min

»  2-Methylnaphthalene retention time: ~2.3 min

= Temperature: ambient

= Detector wavelength 228 nm
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Chapter 7: Analysis of natural 1,4-DMN in potatoes

and other plant materials

7.1 Introduction

Potato tubers have been found to produce volatdmpounds that play different
physiological roles. Some of these compounds arstitaents of the potato aroma or
flavour while others have been found to contribatesprout suppression effects (Nursten
and Sheen, 1974; Meigh et al., 1973; Coleman etl@81; Buttery et al., 1970; Oruna-
Concha et al., 2001). Several dimethylnaphthaiem@mers have been identified as natural
potato volatiles produced by potatoes (Meigh et1873; Coleman et al., 1981). Among
them, 1,4-dimethylnaphthalene and 1,6-dimethylnagbehe showed sprout suppression
activity comparable to the commercial sprout suggitn chemical chlorpropham (Meigh
et al., 1973; Filmer and Rhodes, 1985; Beveridgd.e1981b).

Different analytical techniques were used for thalgsis of potato volatiles. They can be
categorised into two main branches: direct solexttaction and analysis of the volatiles

collected from the headspace of potato tubers.

Direct solvent extraction was used successfullgxinact volatiles from potatoes (Meigh et
al., 1973; Petersen et al., 1998). Meigh (1973) emavorkers extracted potato volatiles
(including DMNSs) from 150 g freeze-dried potato pegsing 250 ml of diethylether. The
extract was then cleaned up and concentrated tot &6 ml under a gentle stream of
nitrogen. The volatiles were separated and detemhiroy GC-MS. Several
dimethylnaphthalene isomers were identified by thethod. 1,4- and 1,6- were positively
confirmed to be present in addition to 2,6- or 2limethylnaphthalene. Peterson and co-
workers (1998) extracted the volatiles from aqueswspensions of homogenised potato
material. The suspensions were homogenised andy206re extracted with 100 ml of
diethylether / pentane (1:1). The extract was tbemcentrated under a gentle stream of
nitrogen and analysed by GC-MS. A total of 29 coomus were identified but no DMNs

or naphthalenes reported.

In a more recent study (2006) conducted in DiCkdboratories (part of 1,4Group, USA),
natural 1,4-DMN was solvent extracted from orgalhycgrown potatoes obtained from a
commercial store. 1,4-DMN was reported to be prieaetevels of about 41 to 86 pg/kg

(potato fresh weight basis) (John Forsythe, petsoammunication). However, some
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uncertainty is present in these values as som®WMM- background contamination was
found in the reagent blanks, as will be discusseithér in Section 7.3.2.

Another recent study (2006) for the natural 1,4-DN&Nels in potatoes conducted in a
commercial laboratory, as a part of the registratid 1,4-DMN with the USA authorities,

reported 1,4-DMN levels of 20 pg of natural 1,4-RM\per kg of potato peel (John
Forsythe, personal communication). This would beivadent to a value of about 2-3
ng/kg on the basis of fresh potato weight. Moreaitketabout this study are found in
Section 7.3.2.

Headspace analysis is another important techniguehé identification of potato volatiles.

Potato volatiles can be collected by different prtag methods. Cold traps, steam
distillation and the use of solid adsorbents aeguently reported collection methods for
potato volatile analysis. After trapping, volatilese desorbed by either thermal or solvent

desorption prior to the chromatographic determonati

Cold trapping is one of the trapping methods usedthe collection of potato volatiles.
Meigh and co-workers (1973) tried a headspace rdetho the collection of volatiles
evolved by respiring potatoes (5 kg) over 2-3 wedkse oxygen required for respiration
was supplied continuously while G@vas adsorbed by sodium hydroxide. Volatiles were
accumulated in a cold trap (stainless steel trapemsed in liquid oxygen), cleaned up and
then delivered to the GC for analysis. However,\tledd of the volatiles using this method

was reported to be inadequate for determination.

Beveridge (1979) conducted some headspace expdsn@rstudy potato volatiles that

have sprout suppressing effects, such as 1,4-DMda 3ystems were designed for the
collection of potato volatiles, both of which wedyased on using cold traps. In preliminary
experiments, Beveridge aimed to collect the natwalatiles produced by healthy

conventionally-stored potatoes. Potato tubers (8% Wwere placed in a sealed glass
container (54 drf) at 10-15°C. Purified air was continuously flushed into tlystem with

a flow rate of between 6 and 20 ml/min. The voéatilvere collected in three cold traps
(glass tubes immersed in liquid nitrogen, solidbocar dioxide-acetone or ice) connected in
series. However, due to the insufficient air flompisture accumulated in the sample
container causing the conditions to deviate froertbrmal storage conditions. In addition,
some obstacles were also met in the GC analysikeotollected volatiles. Therefore, it

was not possible to identify natural potato voéeil
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Coleman and co-workers (1981) collected the v@satibf baked potatoes using a
headspace method with a much larger potato saffipéevolatiles of a total potato sample
of about 245 kg were accumulated in a cold trap thed extracted with diethylether. It
was then cleaned up and concentrated prior torialysis by GC-MS. The identification
of some of the compounds was also aided by infrapettroscopy. Using this method, a
total number of 228 volatle compounds were idédif including three
dimethylnaphthalene compounds and two trimethyltizgdane compounds.

Filmer and Rhodes (1985) investigated the volatiesduced by raw potato tubers (one
tonne) which were stored in a sealed galvanisekl wath filtered air continuously drawn
at 400 I/h. The volatiles were collected in a colp and extracted with ether. The ether
volume was reduced and the residues were theredilwith 2 ml of ethanol. This final
extract was fractionated and analysed by GC. GEffefractions were investigated for their
sprout inhibition activity using a potato shoot-tipoassay. The identification of the
compounds in the fractions of interest was achielsgdmass spectroscopy. Several
compounds were identified including diphenylamineicl was shown to be an effective
sprout suppressant. 1,4-DMN was also reported farésent among the collected volatiles

in this study.

Steam distillation is another technique used fdlectng potato volatiles. Buttery and co-
workers (1970) used steam distillation for obtagnwolatile potato oil from 4.5 kg of
potato tubers under vacuum and at atmospheric yrees§he volatile compounds in the
resulting oil were separated by GC and identifigd nbass spectroscopy and infrared
spectroscopy. More than thirty compounds were itledtin the potato oil collected
through this method, including some naphthalenes, ot dimethylnaphthalenes. In
another study, dimethylnaphthalene (no specifimis) was reported to be present in the
essence of unpeeled potatoes (60 kg of cooked )chkixtsacted by steam distillation

followed by the separation and identification by-®IS (Nursten and Sheen, 1974).

A more recent technique for the collection and eomiation of potato volatiles is the use
of polymeric adsorbents such as Tenax. Beveridgal.e1983) used Tenax adsorbent
successfully for a headspace analysis of potatersubreated with 1,4-DMN and other
sprout suppressing chemicals. In this experimeaotatp tubers (5 kg) were stored in a
cardboard box (10 kg capacity) af®. Tenax GC traps (glass tubes filled with 50 mg of
the adsorbent) were inserted to a depth of abounADinto the top of the box and a
headspace volume of 45 ml was drawn at a rate ofm/min. The volatiles were then

delivered to the GC by thermal desorption for asiglyThe desorption procedure was
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reported to provide accurate recoveries of 1,4-DiMbh values greater than 99 % using

Tenax precolumns spiked with known amounts of 1MND

Tenax adsorbent has also been used by Boyd (1884dksorbing the natural volatiles
produced by potatoes. Two systems for the collaatiopotato volatiles were designed by
Boyd using Tenax for collecting the potato volailén the first system, potato tubers were
placed in a 250 diraluminium tank with air (pressurised air cylindB)C Glasgow Ltd.)
flow from the bottom of the tank at a rate of 50mh and volatiles were trapped in a
Tenax precolumn. However, background volatiles wienend to be present in the air
supply and also produced by the tank. The backgraahatiles from the air supply were
removed by filtering the air before introducingoatthe tank. However, the volatiles from
the other parts of the system were a main obstadiee continuation of using this system.
To avoid the contamination of the aluminium tarie second system developed by Boyd
for the headspace analysis of potato volatiles e@sstructed entirely from glass and
PTFE. In addition, instead of using an air cylinttarthe air supply, oxygen and nitrogen
were mixed from two separate cylinders. The mixtuas then purified by passing through
three cold traps prior to the introduction to tlaenple vessel at a flow of 200 ml/min. The
vessel was connected at the other end to a Temaolpmn for volatile collections. The
contamination background was minimised and theeetbrs system was used to study
potato natural volatiles. Eight kilograms of potgdsprouted) were loaded into the vessel
and the system assembled and run as described &bmadlect 10 dm The collected
volatiles were thermally desorbed into a GC coluronnected to a mass spectroscopic
detector for the identification. Several potatoatibés were accumulated and separated.
However, due to GC column bleeding, only tentatdentification was obtained. A peak
in the retention area of dimethynaphthalenes watatigely identified as 1,3- or 2,3-

dimethylnaphthalene.

Duckham et al. (2001) used Tenax TA to adsorb thlatles given off by baked potato
flesh. The volatiles were carried to the Tenax tubpurified nitrogen running at a flow
rate of 120 ml/min over the potato sample (200 ficv was placed in a 1-l flask held in a
water bath at 37C. The trapped volatiles were thermally desorbéo &anGC-MS for the

separation and identification. More than 75 compuisuwere collected and identified by

this method including some aromatic hydrocarbomé s1$ naphthalene.

In summary, many different volatiles were foundbi® produced by potatoes. 1,4-DMN
was one of the volatiles which was identified bffedent techniques. However, most of

the above studies were qualitative or semi-qudivaThe objective of this part of the
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work was to investigate qualitatively and quanitiely the natural 1,4-DMN produced by
potatoes. Three different analytical techniquesewesed for the analysis of natural 1,4-
DMN in potatoes. In preliminary work, Soxhlet exttian was examined for the extraction
of natural 1,4-DMN from potatoes. The ACN/PROP roethor natural 1,4-DMN (see
Section 6.4) was also used for the analysis oftpesaand some other plant materials for
natural 1,4-DMN. The third technique examined wdsadspace method for the analysis

of the volatiles produced by potato tubers.

7.2 Materials and methods

7.2.1 Solvents

All the solvents used were of HPLC grade. The auwite used in preparing the
extraction solution and standards for the ACN/PR@#hod and the headspace analysis
method, and also for preparing the mobile phaseHiBLC analysis, was bought from
Fisher Scientific, UK. The 2-propanol used in tl&a&ction solution and standards for the
ACN/PROP method was bought from Rathburn Chemictals UK. The hexane used in
the Soxhlet extraction and for preparing some stetsdwas bought from BDH, UK.

7.2.2 Chemicals

1,4-dimethylnaphthalene and 2-methylnaphthalened use preparing standards were

described previously in Section 3.2.1.

7.2.3 Equipment

Some of the early work for the Soxhlet extracticasveonducted on the HPLC instrument
described in Section 2.2.2.2. The rest of the wwds conducted on the HPLC-DAD

system described in Section 3.2.2.

7.2.4 Potatoes and other plant materials

Potatoes (Princess and Nicola varieties) and otbgetables and fruits were organically

grown and were bought from a local supermarket.

7.2.5 Using Soxhlet extraction method for the analysis of natural
1,4-DMN

The Soxhlet extraction method was described in @hn&p (see Section 5.2.5 for method
details). Briefly, potato tubers were peeled andual25 g of the peel transferred into the
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extraction thimble with 10 g of anhydrous sodiunfphate and the thimble was plugged
with cotton wool. Extraction was achieved by refhgcwith about 150 ml of hexane for
two hours. After cooling, the extract volume wadueed and made up to 5 ml. An aliquot
of 1 ml was passed through a 0.2 pum syringe meraliter into an HPLC vial for HPLC
analysis according to the separation method destiibChapter 2 (see Section 2.3.2.1).

Blank samples were prepared exactly as the posaples but with the absence of peel in
the thimble.

7.2.6 Using ACN/PROP method for the analysis of natural 1,4-
DMN

The final ACN/PROP method for trace analysis ouirat1,4-DMN which was reported in
Chapter 6 (see Section 6.4) was used here in amptitto determine the levels of the
natural 1,4-DMN in potatoes and other plant makeridhe plant materials extracted
according to this method were: potato peel anchf(@incess and Nicola varieties), Gala
apples, Navelate oranges, celery, spring oniomptsarrhubarb and poppy seeds. Duplicate

samples were extracted from each plant material.

In most of the analyses, the procedure reporte@ention 6.4 was followed exactly.
However, in some cases the HPLC separation mettasd modified by using a weaker
mobile phase (50 % acetonitrile/water) to allow feore separation of overlapped peaks
around 1,4-DMN retention time and therefore beiientification of peaks. In addition,
water was added to the poppy seeds to provideah dixtract suitable for injecting large

volume into the HPLC.

To confirm the presence (or absence) of the 1,4-Dpidk in the extracts of plant
materials, the retention time and UV spectra oftla#l peaks around 1,4-DMN retention
time were examined and compared to an authentiMMK standard. In addition, the

extracts were spiked with 1,4-DMN for further confation.
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7.2.7 Headspace experiments

7.2.7.1 Collection system

The collection system is shown in the photo in Fegr.1 with the main parts labelled.

Sampling
: Tenax Trap

Sample Inlet

Sample Vessel

-
y %

Guard
Tenax Trap

Air Inlet from a
Cylinder

AL ITET I 3L B 2 R\

Figure 7.1 The headspace collection system of potato volat  iles

It consisted of a modified 5-litre borosilicate ggaflask with an inlet tube at the bottom
and an outlet tube at the top. The inlet was camdem a ‘guard Tenax trap’ which was
connected to a copper tube supplying air from agqunesed air cylinder. The vessel outlet
was connected to the ‘sampling Tenax trap’. Temnapgst were connected to the other parts
of the system by silicone rubber tubes. Potato sssnpere introduced to the vessel
through the sample inlet. The two parts of the dannet were fixed with four spring
clamps and a Teflon ring was placed in betweeretp im sealing the two parts.

Air was supplied from a pressurised air cylindeD@BGlasgow Ltd.) fitted with a pressure
regulator. Air was controlled to flow at a rate2ff ml/min (measured by SKC Precision
Dual Ball Rotameter 320, USA) using a flow conteoll(Porter Instrument Company,
USA) and purified through the guard Tenax trap keefentering the sample vessel.
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Volatiles swept from the headspace of the vesset wecumulated in the sampling Tenax
trap. For temperature control, the collection systeas placed in an incubator set at 20 +
0.5°C.

7.2.7.2 Tenax traps preparation

Tenax traps were prepared using borosilicate glasss with a length of 80 mm and an
internal diameter of 5 mm. The tubes were cleangddaking in Decon 90 detergent
solution overnight followed by rinsing with tap \eatand deionised water. They were then
dried in an oven at 118C. After cooling, tubes were rinsed with acetondofeed by
toluene. They were then immersed in a 5 % solutibhexamethyldisilazane (HMDS) in
toluene for 15 min for the silation process to diwate the glass surface. The tubes were

then rinsed with toluene followed by acetone anddlin an oven.

Once cooled, columns were packed under slight vacwith 100 mg of Tenax TA
(80/100 mesh, Supelco) made as a slurry in acetenénd plugged at both ends with

silanised glass wool.

Tenax traps were purified by washing with acetdritn a Soxhlet apparatus for 4 h and
then dried in an oven at 1PC overnight. After cooling, they were sealed witbfl®n

tape, wrapped in aluminium foil and stored in thdde at 4°C.

7.2.7.3 Recovery of 1,4-DMN from tenax traps

To examine the recovery of 1,4-DMN from the Tenaps$, four Tenax traps were spiked
with 100 pl of 10 pg/ml 1,4-DMN standard in ACN nigia P200 Gilson micropipette. The
traps were left in a upright position for about mih to allow for the percolation of 1,4-
DMN through the adsorbent column and also to aflomsolvent evaporation. They were
then sealed with Teflon tape and kept for 24 hrafthich they were eluted. Solvent
elution was selected to recover the adsorbed Vedaiin the Tenax trap. Each trap was
eluted with two successive 3.5-ml volumes (the sdcportion was to examine for
complete elution) of acetonitrile (ACN) into a 5-ndlumetric flask containing 1.5 ml of
deionised water to get a solution of 70 % ACN/watbich matches the mobile phase used
in the chromatographic separation. The elution wake reverse direction (back elution)
of the inlet of 1,4-DMN spike. The resulting sobris were analysed by HPLC with the
separation conditions as in the final ACN/PROPratural 1,4-DMN (see Section 6.4.5).
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7.2.7.4 Background test

Before using the collection system for collectirgigto volatiles (and also for the recovery
experiments) it was necessary to evaluate the lbagikd contamination level. In addition,
these experiments aimed to investigate any leagegf@ems which may affect the amount

of the collected volatiles.

Positive pressure was used in all the headspacerimgnts to avoid the introduction of
any contaminants present in the laboratory airtiqdarly 1,4-DMN because the
laboratory is used for 1,4-DMN analysis. Therefatewas important to check for any
leakage in the collection system which could ctnitie to losing some of the volatiles

emitted by potatoes.

To check for leakage, the system was assemblad Egure 7.1 with the two Tenax traps
in position and air flow was adjusted to the dekitlew rate (20 ml/min). Soap solution
was used to check for any leak at the differeninections in the system and particularly

around the sample inlet.

For background evaluation, the sample vessel wasfutly cleaned by soaking in a
detergent solution overnight and rinsing with tagtev followed by deionised water and
finally rinsed several times with acetonitrile. &ftdrying, the collection system was
assembled as shown in Figure 7.1 but without tihepag Tenax trap. Air flow was run
for about 4 h to flush the laboratory air out of dample vessel. The sampling Tenax trap
was then connected and the flow was adjusted atl20in. The collection was continued
for 15 days after which the Tenax traps were diseoted, eluted and analysed by HPLC.

7.2.7.5 Recovery of 1,4-DMN from the collection sys tem

These experiments were conducted to examine theurdnad 1,4-DMN adsorbed and
recovered from the sample Tenax trap when 1,4-DMiNrce is placed in the sample
vessel. It aimed to simulate the real experimentalfecting the volatiles from potato

sample and recovering them.

Three recovery experiments were conducted for rdiffe periods of times and different
1,4-DMN amounts loaded into the collection syst&é@0 pl of 10 or 100 pg/mi 1,4-DMN
standards (1 or 10 pg) in acetonitrile were loaidéal the system in a 10-ml Pyrex conical
flask. In the first experiment, 1 pug was transfénr@o the conical flask which was placed
in the sample vessel, and two sampling Tenax tnage connected in series for 24 h at a

flow of 20 ml/min. In the second experiment, 1 pgswransferred into the conical flask
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which was then placed in the sample vessel, andfitbie sampling Tenax trap was

connected for the first 24 h at a flow of 20 ml/ptimen replaced with the second sampling
Tenax trap which was disconnected after 6 days.tfiné experiment was conducted at
higher level of 1,4-DMN. 10 ug were transferredoitihe conical flask which was then

placed in the sample vessel, and two sampling Té&m@s were connected in series for 6
days at a flow of 20 ml/min. The traps were eluéed analysed as described above in
Section 7.2.7.3. In the first and third experimetite first sampling Tenax trap was eluted

twice with 3.5 ml of acetonitrile to check for colage desorption.

7.2.7.6 Collection of potato volatiles

Two experiments were conducted for the collectibpatato volatiles using the headspace

collection system described above in a searchdtural 1,4-DMN.

In the first experiment, potato volatiles were eoted over 4 weeks at a flow rate of 20
ml/min. The system was placed on an open bendheitight with no temperature control.

A digital thermotag was used for monitoring tempam variations over the sampling

period. 3.5 kg of Valor organic potatoes (bougbnf a local supermarket) were placed
into the sample vessel and the system was closedgiiard Tenax trap was connected and
air was supplied for 4 h to flush out laboratory l@fore connecting the sampling Tenax
trap. After 28 days, the Tenax traps were discomaeeluted and analysed with HPLC as

described in the above sections.

In the second experiment, the system was placeaah imcubator in a different laboratory
than the one used for conducting the first expemim€&he sampling was conducted for 42
days in dark and the incubator temperature wasits@0°C. 3.5 kg of Nicola organic

potatoes were used here.

7.3 Results and discussion

7.3.1 Using Soxhlet extraction method for the analysis of natural
1,4-DMN

In these preliminary experiments, Soxhlet extractwas examined for the analysis of
natural 1,4-DMN at trace levels. Organically growotatoes which should have not
received any pesticide applications including gustrest chemicals, were analysed here.
In the first attempt to use the Soxhlet extractiontrace levels, several tubers from two

different varieties were analysed along with somagent blanks to check for any
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contamination at this low level. A representativeomnatogram of a blank sample and a
potato peel extract is shown in Figure 7.2.

l
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Figure 7.2 Representative chromatograms of a) Reagent blan  k sample for Soxhlet extraction

with hexane at trace levels. b) Potato peel extract . The arrows indicate 1,4-DMN retention
time

As shown in Figure 7.2, there were several pea&segnt in the blank sample. Two of them
were too close to the retention time of 1,4-DMNbut 8 min. At the start, it was thought
that the peak at about 7.8 min might be 1,4-DMNtagmnation, particularly with the
small variation of 1,4-DMN retention times due ®miperature changes. Therefore, the
possible sources of contamination were investigated
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There were several possible sources for this canttion. Glassware, solvent, sodium
sulphate, cellulose thimbles and the cotton woogglwere the ones investigated. All the
glassware was carefully cleaned, including the Sxdpparatus and condenser, and the
rotary evaporator was rinsed with hexane sevemadi New batches of hexane, sodium
sulphate, thimbles and cotton wool were used. TR&Eisystem was also cleaned with

replicate injections of hexane.

Syringes and syringe filters were examined by pgssiexane and acetonitrile through
them and injecting the filtrate into the HPLC. Tiypes of syringe and three types of filter
were examined. The main specifications of the s$edges and filters are shown in Table

7.1.

Table 7.1 Specifications of the filters and syringes exam ined for contamination.

Filter/Syrenge Name Materials Membrane P((J:?:)'ty
PALL Acrodis¢® Modified acrylic Supof PES 0.45
(polyethersulfone)
: PVDF (Polyvinylidene

PALL Acrodis¢® LC13 Polypropylene fluoride) 0.2
Phenomenex Phen&x Polypropylene Nylon 0.45

BD Plastipak 1 ml Polyethylene (rubber i i

syringe tipped)
Polypropylene and
Norm-Jec? 1 ml syringe polyethylene (no - -
rubber tip)

Both syringe types were found to be compatible withth hexane and acetonitrile.
However, the Plastipak syringe had a rubber pluvgeich jammed when it came in
contact with the two organic solvents. Therefotewas decided to use the Norm-Ject

syringe, as it has no rubber plunger.

The three filters were also found to be compatith hexane. However, the Supor PES
membrane was not compatible with acetonitrile asymampounds were present in the

acetonitrile filtrate of this filter.

The above results show that neither the filters tih@ syringes contributed to the
contamination noticed in the control and potatogasishowed in Figure 7.2. Therefore, it

will be safe to use them in the following experirtgen
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The contribution of the glassware and the hexantaocontamination was evaluated by
refluxing hexane in the Soxhlet apparatus withche presence of the thimble, and
following the procedure described in Section 7.Z1s test showed that all the glassware

and the hexane used were free of contamination.

The cotton wool was examined by extracting it ie tBoxhlet apparatus with hexane
according to the procedure in Section 7.2.5 andettieact was found to be clear of any

compound.

The thimbles were extracted in a similar way to toéton wool and the extract was
analysed by the HPLC-DAD instrument for precise tamnof column temperature (to
obtain precise retention times) and also for safeatification of any contamination peaks.
The resulting chromatogram is shown in Figure 7.3.
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Figure 7.3 Hexane extract of a cellulose extraction thimbl e obtained by Soxhlet extraction
for two hours. The arrow indicates 1,4-DMN retentio  ntime

As shown in Figure 7.3, the two contamination commuts that eluted around 1,4-DMN
retention time (shown in Figure 7.2 in potato estisa were extracted from the cellulose
thimble. The UV spectra for both peaks and alsa¢hention times (with the good control
of chromatographic conditions in this instrumemtlicated that neither of the two peaks
was for 1,4-DMN. However, they were too close t4-DMN retention time and had a
large size, so they may interfere with the 1,4-Digédaks at trace levels. Therefore, trials

were conducted to clean the thimbles from thesecmaminants.
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By extracting several thimbles, the level of thegse compounds was shown to vary from
one thimble to another with a value of more than%OHowever, by re-extracting the
thimbles for another 2 h, the two contaminationksewere missing from the second
extract as shown in Figure 7.4.a. This indicates iths important to wash the thimbles (by

Soxhlet extraction) prior to using them for the lgs&s of natural 1,4-DMN in potatoes.

Washing the thimbles for a shorter period of tirB@ (nin) was found to remove most of
the contaminants, as shown in the chromatogramguar& 7.4.b for a blank sample of a

thimble pre-washed for 30 min and then extracte fo.
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Figure 7.4 Hexane extracts (2 h Soxhlet extraction) of a b  lank sample using a thimble pre-
washed by Soxhlet extraction for a) 2 hours b) 30 m in. The arrows indicate 1,4-DMN
retention time

The above investigation of the nature and sourcéhefcontamination peaks around 1,4-
DMN retention time showed that none of the contatiom peaks was for 1,4-DMN. In
addition, their levels in the thimble were foundo® minimised with Soxhlet washing with
hexane for 30 min. Therefore, it was decided toea¢phe extraction of potato peel

samples with pre-washed thimbles. A representativematogram is shown in Figure 7.5.
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Figure 7.5 a) Hexane extract of a potato peel sample usin g a thimble pre-washed by Soxhlet
extraction for 30 min and then extracted for 2 h. b ) The same extract in (a) after fortifying
with 1,4-DMN to a level of about 0.1 pg/ml.

Despite the success in identifying the nature amgrce of the contaminants found in
hexane extracts generated by Soxhlet extraction thedsuccess in minimising their
interference with 1,4-DMN, the chromatogram in Feg7.5.a shows no peak detected at
the retention time of 1,4-DMN. This may indicatattihe level of the natural 1,4-DMN is
lower than the levels that can be detected by thhod described in Section 7.2.5 or there
might be no 1,4-DMN present in the samples in thstance. The LOD and LOQ of this
method can be estimated based on the LOD of theOH§&glparation method. The LOD of
the HPLC method used for the determination of 1IMNDin the final extract of the
Soxhlet method was estimated in Chapter 2 (seecfe2f3.2.5 and Section 2.3.3.4) using
a calibration line generated with 1,4-DMN standaadutions at low levels. The LOD
value was found to be 0.02 pg/ml. Based on thetfatt25 g of potato peel samples was
extracted in the Soxhlet method in a final extragiume of 5 ml, the LOD value will
correspond theoretically to approximately 0.004guaf/ 1,4-DMN in peel. Therefore, the
limit of quantification of the Soxhlet method caa bstimated to be about 0.013 upg/g of
1,4-DMN in peel or about 0.002 pg/g (i.e. 2 pg/kfpotato fresh weight. Although this
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level of quantification limit would be thought t@ blow enough for detecting natural 1,4-
DMN, some factors may affect the values of LOD drdQ that can be achieved
practically. The values reported above were es@thased on using standard solutions of
1,4-DMN which should be clean enough to minimisg dackground effect. However,
with the higher extractability of the Soxhlet mathparticularly with hexane as the
extractant, many background compounds will be prtesethe final concentrated extract
which would affect the level of 1,4-DMN that can detected practically. In addition,
some loss of 1,4-DMN was found to occur duringrbtary evaporation of the extract, as
reported in Section 5.3, which may contribute teing the level of 1,4-DMN that can be
detected practically. Therefore, another methoth Wwétter detection capability is required.
The ACN/PROP method for the analysis of naturatCIMIN in potatoes which has been
practically shown to provide low LOD and LOQ levédee Section 6.3.2.3) was used next.

7.3.2 Using the ACN/PROP method for the analysis of natural 1,4-
DMN

The ACN/PROP method for trace analysis of 1,4-DMNclk was reported in Section 6.4
was found to be capable of quantifying 1,4-DMN wgbod recovery and precision at
levels as low as 4.5 pg/kg (ppb) of potato fresighie(lower levels at 1.5 pg/kg of potato
fresh weight were detected, but not quantified vatteptable accuracy and precision).
This sensitive method was used for the determinatb natural 1,4-DMN levels in
potatoes and other plant materials. Figure 7.61d4 show chromatograms for the extracts
obtained by the ACN/PROP method for the differdahpmaterials examined. Arrows in
the chromatograms indicate the position of theMN peak as identified by comparison
to an authentic standard and also by spiking theegalant extract with 1,4-DMN.
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Figure 7.6 Representative chromatogram of potato peel samp le extracted by ACN/PROP
method. The arrow indicates 1,4-DMN retention time. Chromatographic conditions: ACE C18

5 um (250 x 4.6 mm), 70 % acetonitrile: 30 % water, 1.5 ml/min, 25 °C and 228 nm
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Figure 7.7 Representative chromatogram of potato flesh sam  ple extracted by ACN/PROP
method. The arrow indicates 1,4-DMN retention time. Chromatographic conditions: ACE C18

5 um (250 x 4.6 mm), 70 % acetonitrile: 30 % water, 1.5 ml/min, 25 °C and 228 nm
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Figure 7.8 Representative chromatogram of spring onion sam
method. The arrow indicates 1,4-DMN retention time.
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Chromatographic conditions: ACE C18
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The arrow indicates 1,4-DMN retention time. Chromat ographic conditions: ACE C18 5 um
(250 x 4.6 mm), 70 % acetonitrile: 30 % water, 1.5 ml/min, 25 °C and 228 nm
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Figure 7.10 Representative chromatogram of rhubarb sample extracted by ACN/PROP
method. The arrow indicates 1,4-DMN retention time. Chromatographic conditions: ACE C18
5 um (250 x 4.6 mm), 70 % acetonitrile: 30 % water, 1.5 ml/min, 25 °C and 228 nm
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Figure 7.11 Representative chromatogram of apple sample ex  tracted by ACN/PROP method.
The arrow indicates 1,4-DMN retention time. Chromat ographic conditions: ACE C18 5 um
(250 x 4.6 mm), 70 % acetonitrile: 30 % water, 1.5 ml/min, 25 °C and 228 nm
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Figure 7.12 Representative chromatogram of orange sample e xtracted by ACN/PROP

method. The arrow indicates 1,4-DMN retention time. Chromatographic conditions: ACE C18
5 um (250 x 4.6 mm), 70 % acetonitrile: 30 % water, 1.5 ml/min, 25 °C and 228 nm
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Figure 7.13 Representative chromatogram of poppy seeds sam  ple extracted by ACN/PROP
method. The arrow indicates 1,4-DMN retention time. Chromatographic conditions: ACE C18
5 um (250 x 4.6 mm), 70 % acetonitrile: 30 % water, 1.5 ml/min, 25 °C and 228 nm
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Figure 7.14 Representative chromatogram of celery sample e xtracted by ACN/PROP
method. The arrow indicates 1,4-DMN retention time. Chromatographic conditions: ACE C18
5 um (250 x 4.6 mm), 70 % acetonitrile: 30 % water, 1.5 ml/min, 25 °C and 228 nm

Potato volatiles are produced at a very low leeskimated to be in the order of 1 ng'kg
h™* (Meigh et al., 1973). Because of this low leveny workers have used different
techniques for the accumulation and concentratfdhese volatiles to achieve the required
detectable levels. The ACN/PROP method was reptotpdovide a sensitive approach for
the detection of 1,4-DMN in potato peel. The metiodapable of detecting 1,4-DMN in
potatoes at levels as low as 1.5 pug/kg of potashfiweight. The quantification limit of
this method was found to be 4.5 pug/kg of potatshreeight (see Section 6.3.2.3). This
sensitivity level of the ACN/PROP method was thaughbe enough to detect the natural
1,4-DMN found in potatoes and possibly other plaaterials.

The chromatogram in Figure 7.6 for the potato gaehple shows a small peak detected at
the right time for 1,4-DMN (~ 9.4 min) with an arequivalent to a level of about 4 pg/kg
of potato fresh weight. This level is above theadBbn limit of the method but below the
quantification limit of 4.5 pg/kg of potato freskeight. It is possible that this peak was for
1,4-DMN. Unfortunately, because of the poor spentfar this peak caused by the small
size of the peak and the large background effeatas not possible to confirm its identity
by comparing its spectrum to the spectrum of 1,4NDIM an authentic standard. By
spiking the same peel extract to a level of abouigfkg (potato fresh weight basis), the
1,4-DMN peak was completely coeluted with the srpalhk at about 9.4 min. However,
even in this case it was not possible to confirrmakpielentity by spectrum comparison. In
some cases, better resolving the peaks in extnaa@yshelp in the identification of closely

eluting peaks. However, this is not applicablehis ttase as using weaker mobile phase,
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for example, to separate the peaks would broadesrtiall peak too much and cause it to
be non-detectable by the data software.

By examining the chromatogram in Figure 7.7 for apot flesh extract, it can be
demonstrated that no 1,4-DMN was extracted frompihtato flesh sample. This seems to
indicate that 1,4-DMN is concentrated in the pdgiaiato tubers.

In a recent study conducted in DiChlor laboratome2006, 1,4-DMN was reported to be
present at levels of about 41 to 86 ug/kg (freslgktebasis) in organically grown potatoes
obtained from a commercial store (John Forsythesqmel communication). In this study,
potato peel was extracted by a solution of ethar®yR,4-trimethylpentane (7:3 v/v) with
shaking (hand + rotary shaker) followed by liqugliid extraction for clean up prior to the
analysis by GC-MS. However, despite the fact that éxperiment was conducted in a
controlled environment to provide the most accurd@ces (about 2 ppb, pg/l) of 1,4-
DMN were reported to be present in the laboratoepgent blank. This level of
contamination might have affected the level ofthéural 1,4-DMN reported in this study.
The contamination might be because the laboratougéd for routine analysis of samples
containing 1,4-DMN at higher levels.

Another recent study (2006) for the natural 1,4-DMMels in potatoes was conducted in a
commercial laboratory as a part of the registrafpoocess of 1,4-DMN with the USA

authorities. In this study, potatoes were grown aingreenhouse with a controlled
environment for the purpose of the study. 1,4-DMB~svextracted from the peel using a
solvent extraction method. Natural 1,4-DMN was régb to be present at a level of 20
ppb (Lg/kg) in potato peel, which is equivalenabout 2 to 3 pg/kg of potato fresh weight
(John Forsythe, personal communication). This resardy suggested a similar level of
natural 1,4-DMN to the levels obtained by the ACR@®P method of about 4 ppb (ug/kg)

on the basis of potato fresh weight.

The chromatograms for the extracts of spring orfleigure 7.8), carrot (Figure 7.9) and
rhubarb (Figure 7.10) have several peaks with @ gme around 1,4-DMN retention time.
However, they were overlapped and could not betifileth Therefore, these three extracts
were separated with weaker mobile phase (50 % wmitei®'water). The chromatograms
with this change in separation conditions are shawirigure 7.15, 7.16 and 7.17 for

spring onion, carrot and rhubarb respectively.
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Figure 7.15 The spring onion extract separated with weaker mobile phase (50% ACN/water)

with all the other conditions fixed. The arrow indi cates 1,4-DMN retention time
0.010
0.008 —
2 0.006 —
5 o
e : /. l
o 0.004 —
g ;
EE} _: T a’s Y
& E
0.002
0.000 —
I||l]_rlllllvll‘tl'l_l—T—'—!IIT\—[‘]}mvl\rvlil\\!}lirlr“i_v—]'Yll‘l—l—I'||l|—l*]!11]T[II]|I||II|I|I|!]F‘|
0 5 10 15 20 25 30 35 40 45

Retention Time (min)

Figure 7.16 The carrot extract separated with weaker mobil e phase (50% ACN/water) with all
the other conditions fixed. The arrow indicates 1,4  -DMN retention time
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Figure 7.17 The rhubarb extract separated with weaker mobi  le phase (50% ACN/water) with
all the other conditions fixed. The arrow indicates 1,4-DMN retention time

Spreading the chromatograms by using a weaker mph#ése helped to confirm that none
of the good-sized peaks detected around 1,4-DMMntiein time in both carrot and
rhubarb extracts (as shown in Figure 7.9 and 7§ for 1,4-DMN because they were
eluted at different retention times with the weakesbile phase, as shown in Figure 7.16
and 7.17.

However, in the spring onion extract, a good-sipedk was still present at the retention
time of 1,4-DMN at these conditions, as shown iguF¢ 7.15. The spectrum purity index
(spectrum check across the peak) was 0.999, whichrms that the peak is for only one
single compound. However, by comparing the specigenerated for this peak with 1,4-
DMN spectrum, a correlation factor of only 0.265swaported. The spectra comparison is

shown in Figure 7.18.
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Figure 7.18 Comparison of the spectrum of the unknown peak in spring onion extract shown
at about 37.5 in Figure 7.15 with the spectrum 1,4- DMN in a standard solution run at the
same conditions

The above spectra comparison indicates that thk gegected in spring onion does not
correspond to 1,4-DMN.

Better confirmation of the peaks’ identity - paui@rly the ones in the potato peel extract
and spring onion - could be achieved by using nspsstroscopy. However, there was no

HPLC-MS facility available at the time of condugithese experiments.

The rest of the plant materials extracted showedeatectable peaks at 1,4-DMN retention
time, as shown in Figure 7.11, 7.12, 7.13 and Tot4apple, orange, poppy seeds and

celery respectively.

Because of uncertainty of the identity of the pdakected in potato peel extract due to its
low level, it seemed to be necessary to try sorheroapproaches to obtain sufficiently
high concentrations of 1,4-DMN for quantitative dstu One of the approaches might be
the modification of the ACN/PROP method to add acemtration step for the extract, and
possibly a clean up step to minimise the backgroeffett. Both modifications might be
achieved by using solid phase extraction (SPE) hvitan provide cleaner and more
concentrated extract for quantitative analysisadidition, it will be very useful to use an
HPLC-MS for the final determination of natural TN in the extracts.
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The other approach that might be examined for oltgi higher concentrations of the
natural 1,4-DMN in potatoes is the collection amhaentration of the volatiles produced

in the headspace above potato tubers.

However, due to time and resource limitations, ahg/headspace approach was examined

in this work, as discussed below.

7.3.3 Headspace experiments

This part of the work aimed to develop and use thatkefor the collection of the volatiles

produced in the headspace of potato tubers inratséar natural 1,4-DMN. It was thought

that more 1,4-DMN can be collected by this methoghpared to solvent extraction due to
the dynamic nature of the biological systems produelant volatiles (Augusto et al.,

2003).

7.3.3.1 Recovery of 1,4-DMN from Tenax traps

This experiment aimed to examine the recovery #f00VN from the Tenax traps. Four
traps were spiked each with 1 pg of 1,4-DMN andaetéd by solvent elution. Solvent
elution was selected because HPLC was the andlyiechnique used for the final
separation, and this required the sample to beliquad form. Solvent elution has also
been used for headspace methods using GC forrtakdetermination, particularly when
the instrument is not provided with a thermal dpson unit (Beltran et al., 2006). Due to
the high affinity of the Tenax adsorbent for nodgpa@ompounds such as the hydrocarbon
1,4-DMN, it was thought it would be accumulatedseldo the inlet of the Tenax trap.
Therefore, back elution was used because it wasgtitothis would help in achieving
complete elution with a smaller volume of acetoleitrin this recovery experiment, each
spiked trap was eluted twice with 3.5-ml portiorfsagetonitrile into 5-ml volumetric
flasks containing 1.5 ml of deionised water. Theuteng solution was therefore in 70 %
ACN/water, which is the same composition of the ieobphase used in the
chromatographic separation. This matching was fouod be important for the
chromatographic separation when using large vol(t9@ pl) injections, as discussed in
Chapter 6. The elution with the second 3.5-ml por&imed to check for complete elution
of 1,4-DMN in the first portion.

The amount of 1,4-DMN recovered in the first 3.6tiein ranged from 89.3 % to 92.4 %
with a mean of 90.0 % and a %RSD of 1.9 %. Thers m@ 1,4-DMN detected in the
second elution in all the four replicates. Thesilts show that solvent elution with 3.5 ml
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of acetonitrile provides a sufficiently efficientethod to recover the adsorbed 1,4-DMN
from the Tenax traps. The deviation of the recoviesyn 100 % might be due to loss of
some 1,4-DMN through evaporation before sealing ttaps with the Teflon tape, or

possibly due to irreversible adsorption in the trparticularly at this low level of 1,4-

DMN.

7.3.3.2 Background level evaluation

This experiment aimed to evaluate the level oftthekground contaminants that might be
present, and also to check for any air leakagdensystem, particularly with the use of

positive pressure.

To test for any air leak, the system was assemédeth Figure 7.1 with the two Tenax
traps in position, and air flow was adjusted to desired flow rate. Soap solution was
spread around the different connections in theesysind particularly around the sample

inlet.

Despite using 4 clamps to hold the two parts ofséraple inlet together, some air leak was
noticed around the sample inlet. To minimise teekla Teflon ring was inserted between
the two parts of the sample inlet. With the Teftorg in place, the leak was successfully
minimised but was not completely eliminated. It ilagught that the remaining small level
of leak should not have a great effect on the cbta process, particularly when having
good flow at the collection system outlet. Therefathe system was accepted and used
with this slight leak.

The background contamination level was evaluategdssing air through the collection
system for 15 days and trapping any backgroundacoin&ants in the Tenax traps. Both the
guard Tenax trap and the sampling Tenax trap wlaetececand analysed by HPLC. Figure
7.19 shows the chromatograms of the solutions tex$@ilom eluting both traps along with

a chromatogram for a 0.01 pg/ml 1,4-DMN standard.
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Figure 7.19 Chromatograms of a) eluate of guard Tenax trap of background sampling b)
eluate of sampling Tenax trap of background samplin g and c) 0.01 pg/ml 1,4-DMN standard.

As shown in Figure 7.19a, some contamination comgsuwere trapped from the air
cylinder supply with some major peaks at about 2v8. Fortunately, most of these
compounds were adsorbed in the guard trap andssnéll minor peaks were noticed in
the sampling Tenax trap. This shows the importasiceurifying the air before being
introduced to the collection system. Boyd (1984dua mixture of oxygen and nitrogen as
an air supply in a headspace experiment insteadinf pressurised air cylinder, as it was
found that the purity of the mixture was far highbkan that of the pressurised air. In
addition, the mixture of gases was purified by gepassed through a cold trap. Despite the
fact that both the pressurised air cylinders usgdBbyd (1984) and those used in the
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current work came from the same manufacturer (BQé&sgdw Ltd), the purity of the air
might have increased. In addition, there shouldaldifference in the level and type of
contaminants eluted from the Tenax traps when usoigent elution with acetonitrile
compared to the thermal desorption used by Boydréfbre, pressurised air was used here
for the air supply as the level of contaminants w@ssidered acceptable, and most of the
contaminants were trapped in the guard Tenax mdpeevented from entering the sample

vessel.

A very small peak was detected at a retention trerg close to that of 1,4-DMN in both
the guard and sampling Tenax traps. This peak nibbghtome 1,4-DMN contamination
that occurred during the elution process. It watspassible to confirm the identity of the
peak due to its small size. However, due to thetdition of time and resources, it was
decided not to spend too long time investigatirg gburce of this small peak in order to
eliminate it. Rather, it was decided to accepprissence at this level and use the system
for investigating the natural 1,4-DMN, as it wasulht that a greater level of natural 1,4-
DMN could be collected compared to this small peak.

7.3.3.3 Recovery of 1,4-DMN from the collection sys tem

These experiments aimed to examine the efficiedch® collection system in trapping
and desorbing 1,4-DMN at different periods of sangpltimes, and to check for any
difficulties that may be encountered during thel regperiment of collecting potato

volatiles.

The first recovery experiment was conducted foth2zbllection time at a flow rate of 20
ml/min and 1,4-DMN level of 1 pg. 1,4-DMN was pldceto a 10-ml conical flask (not
directly added to the sampling vessel) to allow fimsing the flask at the end of the
experiment, and to examine for incomplete evaponatif 1,4-DMN. Two sampling Tenax
traps were connected in series. The second trapuses to trap any 1,4-DMN that may
escape the first trap due to incomplete adsorpiibe.first sampling Tenax trap was eluted

twice with 3.5 ml of acetonitrile to check for colage desorption.

The recovered amounts of 1,4-DMN in each trap anthé conical flask relative to the

initially loaded amount are shown in Table 7.2.
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Table 7.2 Recovered amounts of 1,4-DMN in each trap and i n the conical flask in the first
experiment

Sample 1,4-DMN Recovery (%)
1% Trap, £'Elution 26.9
1% Trap, 29 Elution Not Detectable

2" Trap Not Detectable
Conical Flask Wash 6.9

This first experiment shows that the collected RMN amount was relatively low. Most
of the loaded 1,4-DMN was not recovered. Some ef ltss was due to incomplete
evaporation of 1,4-DMN, as suggested by the detedf 6.9 % of the loaded 1,4-DMN in
the conical flask. Longer collection times will bequired to allow for complete
evaporation of 1,4-DMN from the conical flask. Thigas confirmed in the second

experiment.

The absence of 1,4-DMN in the second elution offits¢ trap and also in the second trap
(first elution) confirmed the high efficiency ofdhadsorption and desorption process of
1,4-DMN in the first trap.

The low recovery level obtained was assumed tdtbibwited to three causes. The first was
the incomplete evaporation of 1,4-DMN from the seuof 1,4-DMN (the conical flask).
The second was the slight leak noticed arounddhgpte inlet (see Section 7.3.3.2) which
seems to have contributed to the loss of some M#Dut of the collection system. The
third possible cause of recovering low 1,4-DMN e tsampling trap was thought to be
due to the adsorption on the collection systemased, particularly at the low level of 1,4-
DMN used in this first recovery experiment. To exaenthe contribution of each of the
three causes in lowering the recovery of 1,4-DMNe tsecond and third recovery

experiment were conducted.

In the second experiment, 1 ug was transferredtiv@aconical flask which was placed in
the sample vessel (without washing the vessel dferfirst recovery experiment to
minimise the adsorption effect) and the first sangplTenax traps was connected for the
first 24 h at a flow of 20 ml/min, then replacediwihe second sampling Tenax trap. The
latter was disconnected after 6 days. The recovaneounts of 1,4-DMN in each Tenax

trap and in the sample conical flask are shownabld 7.3.
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Table 7.3 Recovered amounts of 1,4-DMN in each trap and i n the conical flask in the second
experiment

Sample 1,4-DMN Recovery (%)
1% Trap 37.1
2" Trap 45

Conical Flask Wash Not Detectable

In this experiment, complete evaporation was addeat the end of the experiment, as
shown by detecting no 1,4-DMN in the sample conittask. However, 24 h was
confirmed to be not enough time to achieve comm@esporation of 1,4-DMN, as 4.5 % of
the loaded 1,4-DMN was recovered in the second Bagnpap which was connected after
24 h.

The total recovery of 1,4-DMN in this second expemt (41.6 %) was higher than the
total in the first experiment (33.8 %). Two possibtasons were drawn for this increase in
the total recovery. The first was the possibilifyreducing the adsorption effect of the
system surfaces by conducting the experiment with@shing the sampling vessel. The
second was the reduction of the air leak from the@e inlet by running this second
experiment with lower backpressure, due to conngainly one sampling Tenax trap each
time instead of two in series in the first expemtelo examine the effect of these two

factors, the third recovery experiment was condiicte

The third experiment was conducted at a higherll@fel,4-DMN to minimise the
adsorption effect, as it should have only a sligjfect at higher levels of 1,4-DMN due to
saturating the adsorption sites in the system sesfaln addition, the experiment was
conducted without washing the sample vessel fos#imee purpose. 10 ug were transferred
into the conical flask which was placed in the sknwessel, and two sampling Tenax traps
were connected in series for 6 days at a flow oh®@nin. The first sampling trap was
eluted twice to check for complete desorption dtMN. The recovered amounts of 1,4-

DMN in each Tenax trap and in the sample coniealkflare shown in Table 7.4.
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Table 7.4 Recovered amounts of 1,4-DMN in each trap and i n the conical flask in the third
experiment

Sample 1,4-DMN Recovery (%)
1% Trap, £'Elution 27.3
1% Trap, 29 Elution Not Detectable

2" Trap Not Detectable
Conical Flask Wash Not Detectable

In this third experiment, the level of 1,4-DMN amdted and recovered in the first sampling
trap was similar to the level in the first experithand lower than the level in the sampling
trap in the second experiment. In the first anddtlexperiments, the backpressure in the
collection system was higher than in the seconceexyent because of connecting two

sampling Tenax traps. This backpressure should laseased the level of leakage

through the sample inlet in the vessel. Therefdespite the possible effect of adsorption
into the system surfaces, the main factor in lomgethe total recovery level was the loss of

1,4-DMN through the leak from the sample inlet.

From all the above three experiments, it was dleatrsome modifications in the collection
system might be necessary to provide better sealirthe sample inlet and increase the
recovery of 1,4-DMN, which should help in minimigirthe loss of natural 1,4-DMN

which is produced by potatoes at very low levelswiver, it was preferred to run the real
headspace sampling of potato tubers using therdusystem without modification to have
a look at the nature and levels of the volatilesdpced, and defer any modification to a

later stage.

7.3.3.4 Collection of potato volatiles

The aim of this part of the work was to collect ttidatiles produced by potato tubers in a
search for the natural 1,4-DMN. It was hoped tdembla sufficient amount of natural 1,4-
DMN for qualitative and quantitative measuremeimitso experiments were conducted for

this purpose at different conditions and samplingetperiods.

In the first experiment, the volatiles of 3.5 kg \édlor organic potatoes were collected
over 4 weeks in light. Temperatures varied from305°C during the sampling period.
Figure 7.20 shows the chromatograms of the solsitiesulted from eluting both guard and

sampling Tenax traps along with a chromatogranafor01 pg/ml 1,4-DMN standard.
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Figure 7.20 Chromatograms of the first experiment for pota  to volatile collection a) 0.01
pg/ml 1,4-DMN standard b) eluate of guard Tenax tra p and c) eluate of sampling Tenax trap.

The presence of some major peaks in the guard Tdmaxnot the sampling Tenax,
suggests that the guard Tenax trap was playinghporiant role in preventing the entry of

several contaminant compounds from the air sugptizé sample vessel.

A few small peaks were eluted around the retertiioe of 1,4-DMN in the guard Tenax
traps and one small peak in the sampling Tenax tfvever, it was not possible to
confirm the identity of these peaks by using the §péctra, due to the small size of these
peaks and the relatively high noise in the baseline possible that the peaks in the guard
trap were for compounds trapped from the air soaree the ones in the sampling trap
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were for different compounds produced by potatéémwvever, the peaks in both traps
might be for the same compounds, which may suggesintamination during the elution

process of the traps.

Because of the uncertainty regarding the peakeelatound 1,4-DMN retention time and
the low level of the collected volatiles, it wascitked to repeat the experiment with more

controlled conditions and for a longer time to eotimore volatiles.

The collection system was placed in an incubatoa idifferent laboratory than the one
used for conducting the first experiment, for moeenperature control and to help in

avoiding any contamination with 1,4-DMN that maycoc in the laboratory used for

regular 1,4-DMN analysis. The concentration of &itile chemical in the air surrounding

the chemical source was found to increase withrtbeease in both temperature and time
(O'Hagan, 1991). Therefore, the sampling was caeduior 6 weeks in the dark and the
incubator temperature was set at’20 3.5 kg of Nicola organic potatoes were use.her
Figure 7.21 shows the chromatograms of the solsitiesulted from eluting both guard and
sampling Tenax traps along with a chromatogranafor01 pg/ml 1,4-DMN standard.
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Figure 7.21 Chromatograms of the second experiment for pot  ato volatile collection a) 0.01
pg/ml 1,4-DMN standard b) eluate of guard Tenax tra p and c) eluate of sampling Tenax trap.
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In this experiment, the guard Tenax provided golbering of the air supply introduced to
the collection vessel, as shown by the presenceanify peaks in the chromatogram of the

guard trap and only several small peaks in the Bagap.

No peaks were quantified at or close to the retentime of 1,4-DMN. The level of
volatiles produced by potatoes seems to be tootéolwe accumulated to a quantifiable
level using only 3.5 kg of potatoes for the timeipe used. Filmer and Rhodes used one
tonne of raw potato tubers to investigate potataties, and they succeeded in collecting
many of them including 1,4-DMN (Filmer and Rhod&885). However, other authors
reported the use of smaller amounts of potato sarfigplcollecting volatiles than the one
used by Filmer and Rhodes. This should be depengtemt the analytical method used for
collecting the volatiles, and also upon the anedjtitechnique used for the final
determination. It was hoped that the collectionhndtused, combined with the HPLC for
the final determination, would provide enough skvisy for quantifying the natural 1,4-
DMN produced by potatoes. The use of a long caobleagberiod (4-6 weeks) aimed to add
greater support for better sensitivity. Howevemsodrawbacks in the analytical method
used seem to affect the level of the collectedtileta The air leak noticed around the
sample inlet could have contributed to the lossomhe of the volatiles out of the collection
system, therefore reducing the collected amoupbtdto volatiles in the sampling trap. In
addition, the potato sample used (3.5 kg) seemstmdie large enough to produce
quantifiable levels of natural 1,4-DMN. A larger lleation vessel (or several ones
connected in series) should be used to providegerngotato sample for more 1,4-DMN
production. However, as previously mentioned, tiveas not enough time or resources to
conduct the above modifications in the analyticeddspace method used for the collection

of potato volatiles.
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Chapter 8: Distribution and removal of the
residues in stored potato tubers treated with 1,4-
DMN

8.1 Introduction

The extensive use of pesticides in modern agricligl normally associated with various
risks to the consumers and to the environment.pFasence of a pesticide with a certain
risk level is not the only factor in evaluating thetual risk for consumers. It is also
important to know the quantity, location of the fi@de in the produce, accessibility and
who is exposed to that pesticide. The common m@gdti pesticide residue analysis is to
evaluate the residue levels in composite samplesveder, due to the possible risk of
intake of high doses of pesticide residues by cmisy individual units, the concept of
‘variability factor’ was introduced as an indicator the variability of pesticide residues.
The definition of this term, the typical values ahé causes of variability are discussed in

Section 1.5 in the introductory chapter.

To reduce the risk of consuming pesticide residfiest and vegetables are normally
washed before consumption. Washing fruit and véxdesavith water and/or other washing
solutions was reported to reduce the levels ofdues of many different pesticides in
produce as summarised in the literature reviewdoti8n 1.5. In the literature reviewed,
the effectiveness of washing produce in removingtipele residues was found to vary
from one experiment to another. The effectiveneksvashing is affected by many
different factors including the nature of the pade and its physicochemical properties,
nature of the produce surface, nature of the wgsbkatution, nature and duration of the

washing process, and the final factor is the s®tage after application.

In most of the reviewed studies, washing producéh wwater and/or other washing
solutions contributed to removing some of the naesgd of many pesticides. More
significant reduction of pesticide residues carableieved by removing the outer layers of
fruit and vegetables, because of the surface pasibf many pesticides and the

accumulation of residues in the outer surfacedjsttissed in Section 1.5.

This part of the work aimed to investigate thremues. The first is the variability of 1,4-
DMN residue levels in treated potato tubers betwten different single tubers in a

sample, between peel and flesh of a tuber and sathessurface of a tuber. Knowledge
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about the variability and distribution of 1,4-DMNsidues has an important role for the
safety of consumers in addition to its analyticaperimental importance. From the
consumer safety point of view, it is important twokv if 1,4-DMN residues can penetrate
to the inner layers of the tuber (flesh), which neapose the consumer to the risk of intake
of the residues in the diet. In addition, the Maility between tubers can provide a measure
for the possibility of consuming high acute dosdstle residues. The experimental
importance of knowing the variability within-tubeand between-tubers appears for
choosing the correct sampling procedure for analigiprovide a good representation of
the original sample. The knowledge about the vdiiglof the residues can shed light
when taking a decision on the required number loéttsiin a sample, the layer of the tuber
that has to be analysed (peel vs. flesh) and tipeiredl levels of fragmenting and mixing

the sample.

The second objective was to investigate the efbéavashing potato tubers treated with
1,4-DMN on the reduction of 1,4-DMN residues. Timsgestigation has importance for
consumer safety and also for the environment. ®tigly aimed to provide sound
knowledge about the effectiveness of domestic Hmldevashing with water and a range
of some other solutions on the removal of 1,4-DMhidues. In addition, knowledge about
the level of 1,4-DMN residues that can be removét water washing or the other range
of solutions has importance for the environmesth& waste wash water will be disposed
into the environment. This issue of waste wash wetenore important for the potato

processing industry, as large quantities of treaibdrs are processed daily.

As waste wash water can be a significant issuehi@rpotato processing industry, potato
peel wastes have similar or perhaps even morefisigmi importance. The peel wastes are
normally fed to animals, so the presence of 1,4-DMbidues may pose a risk for these
animals and for humans consuming their meat oruymtsd Therefore, the third objective
was to investigate the removal of 1,4-DMN residfresn potato peel by oven-drying the
peel. Two techniques were examined for this purplostne first, 10-g samples were oven-
dried and in the second, larger (50-g or 120-g $ashpvere oven-dried with flushing air

through the samples.

8.2 Materials and methods

8.2.1 Analytical method

Throughout this chapter, 1,4-DMN residues in athpkes were analysed according to the
ACN/PROP routine method detailed in Section 6.5.
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8.2.2 Potato sample

A 75-kg sample of Desiree potato tubers were raylgglected out of a total crop weight
of 5.983 tonnes in Sutton Bridge Experimental Whihcolnshire, UK). The tubers had

three applications of 1,4-DMN using a mist appli@attechnique on the dates detailed in
Table 8.1 below. The tubers had no treatment with @her sprout inhibitor. They were

held at 6°C and 95 % relative humidity (Ajay Jina, persor@henunication).

Table 8.1 1,4-DMN application information for the potato sample used in the work in this
chapter

Application Date Rate (g/tonne)
1 27/10/2005 10.14
2 16/12/2005 20.28
3 09/02/2006 10.14

The 75-kg sample was received on thé’28 June 2006 in three paper bags, each
containing about 25 kg. On arrival, the tubers wsvded to remove any that were too
small or too large to end up with relatively unifdy-sized tubers for the experiment. They

were then mixed well and stored in a cold room % #hroughout the experiment period.

8.2.3 Distribution and variability of 1,4-DMN residues

This series of experiments aimed to evaluate th&iblition and variability of 1,4-DMN
residues in stored potatoes. Variability in 1,4-DMi¢idue levels was evaluated between
tubers from the same 75-kg sample, and within artlly examining the distribution of
1,4-DMN between the skin and the flesh of the tulaexd also the surface distribution

across the skin of the tuber.

8.2.3.1 Between-tubers variability of 1,4-DMN resid ues

This experiment aimed to evaluate the variabilify 104-DMN residues between the
individual tubers in the 75-kg sample. The vari&pilevel was evaluated in unwashed

tubers and also for washed tubers.

For unwashed tubers, a representative sample afild&ss was randomly selected out of
the 75-kg sample and left to warm up to room terapee (~ 1 h). Each individual tuber
was then analysed as a separate sample by peeling analysing the peel according to
the ACN/PROP routine method detailed in Section 6.5
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To evaluate the effect of the soil attached to tth®ers on the variability of 1,4-DMN
residues, 15 tubers were washed and analysed ampaced to the unwashed tubers. The
tubers were randomly selected out of the 75-kg $armapd left to warm up to room
temperature (~ 1 h). Each tuber was then washetllygamer running cold tap water for
20 seconds and then wiped with paper towels torabssidual water. They were then
analysed separately by peeling each tuber andsnglthe peel.

The flesh of each tuber was also chopped, mixed avel analysed for the purpose of
comparing the distribution of 1,4-DMN between theepand the flesh which will be

discussed in later sections (see Section 8.2.31 Bantion 8.3.1.2).

To calculate the variability factor of 1,4-DMN rdees, another 15 tubers were divided
into three composite samples each with 5 tubers.tlibers were randomly selected out of
the 75-kg sample, left to warm up and then wasltsedescribed above. They were then
peeled and the peel of each composite sample wedmiell before taking a 10-g sample

for the analysis.

8.2.3.2 Within-tuber variability of 1,4-DMN residue s

This experiment aimed to examine the vertical dhigtron of 1,4-DMN residues between
peel and flesh and also the horizontal distributibf,4-DMN residues in the tubers’ outer

surface (peel).

The evaluation of the vertical distribution of AN residues between peel and flesh was
conducted as part of the experiment described ainoSection 8.2.3.1.

To examine the horizontal distribution of 1,4-DMbkidues in the peel surface of treated
tubers, the following experiment was conducted. eBevreated potato tubers were
randomly selected out of the 75-kg sample andtéeftarm up to room temperature (~ 1
h). Each tuber was then washed gently under runcahdy tap water for 20 seconds and
then wiped with paper towels to absorb residualkewdtach tuber was then divided into
four quarters and each quarter was analysed agaase sample by peeling it and
analysing the peel according to the ACN/PROP reutirethod detailed in Section 6.5.
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8.2.4 The removal of 1,4-DMN residues from treated potato tubers
by various washing solutions

This series of experiments aimed to compare thexetif several washing solutions in the
removal of 1,4-DMN residues from the peel of trdatabers. The following washings

were compared for this purpose:

» Cold water running for 20 seconds

» Cold water running for 1 minute

= Cold water running for 1 minute with brush scrulgoin

= Hot (~50°C) water running for 1 minute

= 5 9% ethanol/water solution running for 1 minute

= 5 9% acetic acid/water solution running for 1 minute

» Veggi-Wash vegetable and fruit detergent (soakedirasted in the label). Tubers
were soaked for 2 min in a 0.5 % solution of thgdéNash detergent (50 ml of
the detergent concentrate in 10 | of water). Tubese then rinsed with running
cold tap water for 1 min.

» Water soaking treated as a blank for the Veggi-Weesdtment

For each of the above eight treatments, 15 tubers washed using the washing solution
and then wiped with paper towels. The tubers wieea peeled and the peel was analysed
for 1,4-DMN residues using the ACN/PROP routinehmdtdetailed in Section 6.5.

8.2.5 The removal of 1,4-DMN residues from potato peel by oven-
drying

This series of experiments aimed to evaluate tfextedf oven-drying potato peel samples
on the removal of 1,4-DMN residues from the peek this series of experiments a large
amount (about 1.3 kg) of potato peel containingIMN residues was prepared by
peeling several kilograms of potato tubers treatdtth 1,4-DMN. The peel was then
chopped and mixed well before dividing into porsasf about 170 g for each experiment.
The portions were stored in aluminium foil in agfzer at -18C. Before using a portion, it

was left to defrost and warm to room temperaturafdeast 3 hours.

8.2.5.1 The effect of oven-drying of 10-g samples o  f potato peel on 1,4-

DMN residue level in potato peel

In this experiment, 10 g samples were transfeméal 50-ml conical flasks (pre-weighed)
and heated in an oven at 75 2Gfor 1, 3, 6, 18 or 67 hours. For each periodroéf 10
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samples were dried in the oven and 5 were analgigedtly as controls. After drying,
samples were weighed again to calculate the meistantent and then analysed (after
adding water to compensate for the water lost dutfire drying process) according to the
ACN/PROP routine method detailed in Section 6.5.

8.2.5.2 The effect of oven-drying with air flushing on 1,4-DMN residue

level in potato peel

In this experiment, 120-g samples of potato peealeweansferred into a large (12 cm
diameter x 6 cm height) Buchner funnel connectedamoair cylinder to provide a
continuous air flow up through the peel (flow rat@-3 I/min) during the drying period in
an oven at 75 * 8C. After drying for the different periods of timegscribed in Section
8.2.5.1 and cooling, the peel was mixed well arglicate 10-g samples were analysed
(after adding water to compensate for the waterdasing the drying process). For each

period of time, 5 samples were analysed directthout drying as controls.

To examine the effect of the amount of the peethim Buchner funnel on the speed of
removing 1,4-DMN residues, 50-g samples were coethéw 120-g samples in the same
experiment. Two funnels were placed in the oven@nmhected to the air supply. The air
flow received by both funnels was adjusted to ba aimilar rate. About 120 g of potato
peel (out of the large pile of peel) were trangdrmto one funnel and about 50 g were
transferred to the other funnel. The two samplesween-dried at 75 + % for 12 hours
with air flushing. After drying and cooling, the gdewas mixed well and replicate 10 g
samples were analysed. Five samples were analygedf @ach funnel in addition to 5
samples which were directly analysed without dryasgcontrols for each experiment. This

experiment was repeated four times.

8.3 Results and discussion

8.3.1 Distribution and variability of 1,4-DMN residues

The objective of these experiments was to evaltegeadistribution and variability of 1,4-
DMN residues in stored potatoes. Variability in-DMIN residue levels was evaluated
between tubers from the same 75-kg sample andnatitiiier by examining the distribution
of 1,4-DMN between the skin and the flesh of theets and also the surface distribution

across the skin of the tubers.
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8.3.1.1 Between-tubers variability of 1,4-DMN resid  ues

This experiment aimed to evaluate the variability14-DMN residues between the
individual tubers in the 75-kg sample. The vari&pilevel was evaluated in unwashed
tubers and also in washed tubers. A variabilitydagvas calculated from the data of the
individual washed tubers and the washed compoaitgkes. Table 8.2 shows 1,4-DMN
residue levels in unwashed and washed individua¢rg) and also in washed composite

sample.

Table 8.2 Residues of 1,4-DMN in individual (washed and u  nwashed) tubers and composite
samples

1,4-DMN Residues (ug/g) Fresh Weight
Tuberl\/liample Unwashed Washed Washed
' Individuals Individuals Composite
1 1.01 0.90 0.70
2 1.03 0.75 0.88
3 1.06 0.89 0.73
4 0.84 0.97
5 0.63 1.05
6 1.08 1.12
7 0.82 0.55
8 1.08 0.74
9 0.69 0.90
10 0.71 1.12
11 1.01 0.79
12 0.91 0.91
13 1.16 0.83
14 0.71 0.81
15 0.87 1.07
Mean 0.91 0.89 0.77
SD 0.17 0.16 0.10
RSD (%) 18.54 17.67 12.33

1,4-DMN residues in the unwashed individual tubrarsged from 0.63 to 1.16 pg/g fresh
weight, with a mean of 0.91 ug/g and a %RSD of 4846 To examine the effect of the
attached soil and dust on the residue levels andbibty, tubers were washed with tap
water before the analysis. The results in Tablef@&.Zhe washed individuals showed 1,4-
DMN residues ranged from 0.55 to 1.12 ug/g freslgktewith a mean of 0.89 pug/g and a
%RSD of 17.67 %. The similarity in the residue lev&ifference is not statistically
significant, see Section 8.3.2) and variabilityd{oated by the %RSD) between the washed
and unwashed tubers indicate that the attache@sditlust on the surface of potato tubers
have a minor effect on the levels and variabilifytlee extracted residues of 1,4-DMN.

This small effect of soil and dust removal suggéiséd little of the extractable 1,4-DMN
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residues are in the soil and dust attached toulher tsurface. The long storage time after
the last application of 1,4-DMN (more than 18 wegedeems to contribute to lowering the
effect of attached soil and dust on the residuel$eand variability in two possible ways.
The first is that the prolonged storage time mayehzaused 1,4-DMN residues to migrate
from the soil and dust particles to the tuber #ssuherefore reducing the actual residues in
these particles. The other possibility is that phelonged storage period caused 1,4-DMN
residues in the soil and dust particles to be cdageo a bound form and therefore they
cannot be extracted with the organic solvent ekittacused. These possibilities can be
better examined by using radiolabelled methods tfacking the residue movement
processes or using rigorous extraction technigogadrease the free pesticide residues.
Jamieson (1988) reported that the washable resioudsabendazole after 6 months of
storage were lower than the amount washed off &ter months. The effect of storage
time might be the cause for the reduction in thehable residues. Similar results have
also been reported by Lentza-Rizos and Balokasl(2fa® the effect of water washing on
the residues of chlorpropham in potato tubers.lo@hopham residues in potato tubers
were reduced by 33 % and 24 % for the 10 days &da¥s post-application sampling
respectively. This seems to suggest a declinegmiishable residues as the storage period

after the application increased.

1,4-DMN residue levels in the composite samplegednfrom 0.70 to 0.88 pg/g fresh
weight, with a mean of 0.77 and a %RSD of 12.3B%dividing the highest residue level
in individual potato tubers by the mean of composamples, a variability factor of about
1.5 can be obtained for 1,4-DMN residues in thifmsample. This level is considerably
lower (half) than the default value of 3 concludedFAO and WHO for medium-sized
crops (FAO and WHO, 2005). This lower variabilitiylg4-DMN residues between tubers
reduces the risk of acute dietary intake for corensm Lentza-Rizos and Balokas (2001)
reported a variability factor of up to 2 for chloopham applied to potato tubers as dust
powder. From the analytical point of view, the lowariability between tubers helps in
reducing the number of potato tubers required toageepresentative sample during the

routine analysis of 1,4-DMN residues in treatecafpass.

8.3.1.2 Within-tuber variability of 1,4-DMN residue s

This part of the work aimed to examine the vertidatribution of 1,4-DMN residues
between the peel and flesh of treated potato tubeaddition to the horizontal distribution

of the residues across the tuber surface.
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To evaluate the vertical distribution of 1,4-DMNsidues between peel and flesh, treated
potato tubers were washed and peeled as descmbé#te iexperimental part. For each
tuber, the peel and flesh were extracted and agwhlys separate samples. 1,4-DMN
residues in the peel ranged from 0.55 to 1.12 pgtgto fresh weight, with a mean of 0.89
ng/g and a %RSD of 17.67 %. However, no 1,4-DMNdiess were detected in any of the
15 flesh samples. The analytical method used ialdemf quantifying levels of 1,4-DMN
residues as low as 0.03 pg/g (potato fresh weigsish with acceptable accuracy and
precision as described in Section 6.3.3.3. Theeefb4-DMN residue levels in the flesh
must be below this value. This indicates that 1MMDresidues are concentrated in the
peel layer of the tuber which is good from the coners’ point of view. The removal of
these layers should contribute significantly tousdg the risk of intake of 1,4-DMN
residues on the consumers’ health. Many author®rtegh similar results for the
accumulation of the residues of different othettipgkes on the outer surfaces of different
produce (Lentza-Rizos and Balokas, 2001; Mondy lgt1®92; Boulaid et al., 2005;
Orejuela and Silva, 2004; Fernandez-Cruz et aD42@®andhawa et al., 2007; Fernandez-
Cruz et al., 2006; Dalziel and Duncan, 1980; Krais890; Jamieson, 1988). In some
publications, some amounts of pesticide residuas weported to be present in the layers
beneath the peel layer (Fernandez-Cruz et al., ;26@tnandez-Cruz et al., 2006;
Jamieson, 1988). The presence of these pestiaddéseiinner layers was attributed in
some cases to the penetration and movement ofesticide from the skin to the inner
layers (Fernandez-Cruz et al., 2006). However, taardikely reason for the detection of
some pesticide residues in the layers beneathebklgyer (particularly when detected at
low percentages) might be attributed to the noriearm peeling of the produce sample or
cross-contaminating the inner layers during thelyasma (Fernandez-Cruz et al., 2004;
Jamieson, 1988). From the analytical point of vidwe, accumulation and concentration of
1,4-DMN in the peel layer can help in using thelmadely for the analysis instead of the
whole tuber which should help in concentrating fihal extract by at least 10-16 % (peel
percentage of the whole tuber). In addition, the afsthe peel only for the analysis without
the flesh may help in reducing the levels of sonfeth® co-extractives which are

accumulated in the flesh, and therefore, providarér extracts.

To examine the horizontal distribution of 1,4-DMbkidues in the peel surface of treated
tubers, 7 treated potato tubers were divided iotr fquarters for each tuber and each
quarter was analysed as a separate sample by géetind analysing the peel. Table 8.3
shows the residue levels of 1,4-DMN detected in dHierent quarters of the 7 tubers

analysed.
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Table 8.3 Residue levels of 1,4-DMN in the quarters of th e 7 Desiree tubers

1,4-DMN

Residues Mean 1,4- Overall

Tuber | Quarter DMN per Mean (ug/g
No. No. (Ha/g Tuber (ng/g RSD (%) fresh

fresh . )
weight) fresh weight) weight)

Between-
Tubers
RSD (%)

0.87
0.63
0.55
0.84

0.72 21.55

0.80
0.85
0.88
0.90

0.86 5.30

0.84
0.73
0.74
0.89

0.80 9.75

0.70
0.87
0.87
0.75

0.80 10.91 0.81 12.97

0.90
0.83
0.78
0.99

0.87 10.59

0.86
1.16
1.00
0.82

0.96 16.27

0.58
0.57
0.70
0.72

0.64 11.97
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As shown in Table 8.3, there is some variabilitylid-DMN residue levels across the
surface of a potato tuber. The variability randemn 5.03 % to 21.55 % expressed by
%RSD of the 1,4-DMN residue levels in the four dei. This variability level shows that
1,4-DMN has relatively even distribution across thiferent parts of the tuber surface.
Based on this, acceptable representation mightcheaed for 1,4-DMN residues in the
tuber by using parts (as discs by a corer) of & for the analysis instead of peeling the
whole tuber and taking a subsample after choppmgnaixing the peel. Such a method of
sampling should speed up the analysis. Howeverséahis technique, several parts (discs)
from different locations in the tuber should belgsed to minimise the variability. More
investigations should be conducted to test thedigliof such a sampling method

compared to the use of a subsampling the whole ptband mixed peel, or other
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sampling techniques. A method based on the abawelsey technique has been used for
the analysis of 1,4-DMN residues in potato tub&sofvles et al., 2005) but no validation

data of the method was reported.

The level of within-tuber variability of 1,4-DMN s&dues is much lower than the level
reported for the sprout-inhibiting chemical chlapham. The amount of chlorpropham
was found to differ largely between the upper awler halves (defined by the position of
the tuber in the box after the application) of thieer (Baloch, 1999). Upper portions were
found to have more chlorpropham with a mean radg& @0 to 236.56 mg/kg compared
to a mean range of 8.58 to 32.07 mg/kg in the lop@itions. The highest values of
chlorpropham in the upper portions occurred in fo&s in the top of the top box in the
store. This high level was a result of the fall-ofitchlorpropham particulates on the top
surface of the tubers, compared to the genuinalaision of the fog throughout the potato

pile.

8.3.2 The removal of 1,4-DMN residues from treated potato tubers
by various washing solutions

The objective of these experiments was to evaltlseeffect of washing potato tubers
treated with 1,4-DMN on the residue levels in thbers. Eight washing treatments were
evaluated. For each treatment, 15 treated tubers used in order to minimise the effect
of the between-tubers variability in 1,4-DMN resedu The washed tubers were compared
to the unwashed set of tubers reported in Secti@l.8 in addition to another set of
unwashed tubers analysed at a later stage of fferiments to check for any changes with
time in the level of 1,4-DMN residues. The levefslgi-DMN residues for the different

washed and unwashed sets of samples are showble 3.4.
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Table 8.4 Effect of different washing treatments on 1,4-

DMN residue levels

Chapter 8, 268

Mean* 1,4-DMN
Treatment Residues (pg/g fresh RSD (%)
weight)
Unwashed Tubers set # 1 0.91 18.54
Cold water running for 20 seconds 0.89 17.6Y
Cold water running for 1 minute 0.93 19.87
Cold wgter running for 1 minute with brush 0.82 1734
scrubbing
Hot (~50°C) water running for 1 minute 0.85 19.36
5 % Ethanol/water solution running for 1 minute 10.8 16.56
0 . . , .

5 _A) Acetic acid/water solution running for 1 0.84 2117
minute
Unwashed tubers set # 2 0.91 16.01
Veggi-Wash vegetable and fruit detergent 0.83 18.83
Water soaking treated as a blank for the Veggi- 0.86 19.98
Wash treatment

* Mean of 15 samples

The results in Table 8.4 show that the residuel le’d,4-DMN in the unwashed tubers
remained unaffected throughout the experiment gderas indicated by the agreement
between the mean value of the first unwashed s#ieastart of the experiment and the

second set analysed at the later stage of the iengrar

The data in Table 8.4 were analysed statisticadipgi ANOVA with Tukey's HSD test
(p=0.05) in Minital’ software. The statistical analysis showed tha{DIVIN residues in
all the tuber sets (washed and unwashed) wereigmfisantly (p=0.438) different. This
shows that all the washing treatments did not reansignificant amounts of 1,4-DMN
residues from the potato peel. This could be bexaysDMN is strongly held in the peel
particularly after the long period of storage ofremthan 18 weeks. Jamieson (1988) found
that the washable residues of the fungicide thidaeole in potatoes were reduced from 84
% (compared to unwashed samples) when washing4afteanths of storage to about 76 %
when washing after 6 months after the last apptinafThese findings seem to support the
effect of storage time after application on theeeaf removing pesticide resides from
produce by washing. In the private project sporddog DormFresh Ltd., Glasgow
(detailed in Section 1.5), washing and air dryirajapo tubers was found to reduce the

residues by a value up to 55 %. However, this reolnigs more likely to be caused by air-
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drying the tubers after washing rather than thehwmgsprocess, particularly with the long
air-drying times of up to 30 days. More investigas can be carried out to examine the
effect of washing at different time periods aftgyplcation with different washing

solutions on the residues of 1,4-DMN in treatedafuss.

In the literature, the effect of washing producétlfwvater and/or other washing solutions
and treatments) on the removal of pesticide residaeies considerably, as can be noticed
in Section 1.5. Some researchers reported a negligffect of washing on certain
pesticide residues (Cabras et al., 1998; Boulaidl.et2005; Baloch, 1999) while others
reported reduction percentages of up to 100 % efpibsticide residues (Radwan et al.,
2005).

The effectiveness of a washing solution in remouing residues of a pesticide from a
produce sample is affected by a complex of diffefactors. Some of these factors that can
be concluded from the literature review in Sectlof are: the nature of the pesticide and
its physicochemical properties, the nature of th@dpce surface (amount of dust, soil or
waxes), the nature of the washing solution (watdy,@acidic, basic or neutral, presence of
organic solvents such as ethanol), the nature shing process (simple soaking, soaking
with shaking, running solution, scrubbing, airingjping with paper) and washing

duration, and the finally the storage time afteplagation.

Despite the weak effect of the above washing smigtin removing 1,4-DMN residues, the
fact that 1,4-DMN residues are concentrated inpel should provide a safer way, from
the consumers’ point of view, of removing 1,4-DM&sidues simply by peeling the tubers
before cooking. However, the residues of 1,4-DMMNsent in the peel waste will cause

another problem, as discussed in the next section.

8.3.3 The removal of 1,4-DMN residues from potato peel by oven-
drying

Many pesticides (including 1,4-DMN) have their tegs concentrated in the outer layers
of fruit and vegetables and removing these laydrsulsl contribute considerably to
reducing the direct risk of intake of pesticideidass by consumers. However, the
removed peel (particularly from produce procesdemgiories) which contains pesticide
residues is commonly used to feed cattle (Tsumsedava et al., 1992; Dalziel, 1978).
Tonnes of potato peel waste are generated by tfa¢oparocessing industry every year. In
2006 alone, a total of 1,821,000 tonnes of potawe® used for processing (1,105,000
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tonnes for frozen or chilled, 702,000 tonnes fasped and 15,000 tonnes for canned,
dehydrated or other processing) in the UK (BPC,7200he peel waste out of this huge
amount can be estimated at about 455,250 tonnesl lzaisthe fact that peeling losses can
reach a value of 25 % to 30 % to produce a sat@fa@roduct (Hung et al., 2006). The
disposal of these wastes would be a major probléhowt cattle feeding operations. The
presence of the 1,4-DMN residues in the peel cae porisk to both the animals fed these
wastes and to humans consuming the animals andptteelucts. This in turn can restrict
the use of the peel of treated tubers with 1,4-DidNcattle feeding, unless the residues
are reduced to acceptable levels. Therefore, thmoval of 1,4-DMN residues from the
peel of treated potatoes would be of great impeodafor safety, environmental and

economic considerations.

Before processing for animal feeding, potato peeitaining 1,4-DMN residues can be
treated with different treatments to remove oreatst reduce the residues of 1,4-DMN.
Some of these treatments may include air dryingnhodrying or composting. However,
due to time and resource limitations, oven dryingswhe only one selected to be

investigated in this work.

Several experiments were conducted with the objeatf evaluating the effect of oven-
drying on the removal of 1,4-DMN residues from potgeel. For this series of
experiments, a large amount of potato peel comtgihi4-DMN residues was prepared by
peeling several kilograms of potato tubers treatdtth 1,4-DMN. The peel was then

chopped and divided into portions for the differerperiments.

The experiments started on a small scale with hgédtD-g samples in an oven at 75 £ 5
°C. Larger samples of 120 g were then used and ffeet ef flushing air through the

heated peel samples was evaluated. A comparisomebet 120-g samples and 50-g
samples for studying the effect of sample sizehenremoval of 1,4-DMN residues when

heating with air flushing was also conducted.

8.3.3.1 The effect of oven-drying of 10-g samples o  f potato peel on 1,4-

DMN residue level in potato peel

In this experiment, 10-g samples were heated iavam at 75 + 5C for 1, 3, 6, 18 or 67
hours. For each period of time, 10 samples wereddn the oven and 5 were analysed
directly as controls. After drying, samples wereighed again to calculate the moisture
content and then analysed for 1,4-DMN residues.
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1,4-DMN residues in the peel samples after eachirtiegeriod is shown in the graph in
Figure 8.1. Each point in the graph is a mean ofeflicate samples (except at zero time

where 30 replicates used).

The Effect of Oven-Drying 10-g Samples on DMN Resid  uesiin
Potato Peel
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Figure 8.1 The effect of oven-drying 10-g samples on 1,4-D  MN residues in potato peel

Control peel samples without drying have an aver@gs80) 1,4-DMN residues of 4.35
ng/g of peel weight basis. Heating the 10-g peeipes at 75 + 5C caused a quick
reduction of 1,4-DMN residues with a percentag82#%6 of the total residues in the first 6
h. The rate of losing 1,4-DMN then slowed down antly 13 % more residues were lost
during the rest of the drying period, to end uphwat total loss of about 96 % of the
extractable 1,4-DMN after 67 h of oven-drying andeaidue level of 0.17 ug/g of peel.
The main mechanism of losing 1,4-DMN during thegess of oven-drying is thought to
be through volatilisation. It should be noted thbbut 4 % of the extractable residues of
1,4-DMN remained in the peel even after 67 h ofmegleying. This part of 1,4-DMN
residues must be strongly held in the peel andeastly lost through volatilisation. In
addition, there might be some bound residues eDMMN which are not extractable by the
extraction method used in this experiment as has beund for chlorpropham and maleic

hydrazide in stored potatoes (Coxon and Filmer5188as and Duncan, 1999b).

The graph in Figure 8.2 shows the moisture contérthe 10-g samples during oven-
drying at 75 + 5C for different periods of time.
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Moisture Content during Oven-Drying 10-g Samples of Potato
Peel
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Figure 8.2 Moisture content during oven-drying 10-g sample s of potato peel treated with 1,4-
DMN

The moisture content in the potato peel after hgdtr time t (0, 1, 3, 6, 18 or 67 hours)
was calculated as follows:

Moisture Content (%) =100 x [ (DW FW,) - (DWe7/ FWs7)]

Where:

DW; = Weight of the dry peel after t h of drying

FW; = Weight of the fresh peel initially used for thie drying period
DWeg7,=Weight of the dry peel after 67 h of drying

FWe7 = Weight of the fresh peel initially used for #e h drying period

Peel samples started to lose moisture slowly tohr@avalue near 0 % after 18 h, which

was not changed even after 67 h of oven-dryings Walue was considered as the total
moisture content of the fresh peel.

The rate of losing water from potato peel was fotmdbe slightly lower than the rate of
losing 1,4-DMN. Only about 49 % of the total moigtun the fresh peel was lost after the
first 6 h of oven-drying compared to 83 % of 1,4-NNbst in the same drying period. This
difference might be attributed to the higher vaikgtof 1,4-DMN compared to water.
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8.3.3.2 The effect of oven-drying with air flushing on 1,4-DMN residue

level in potato peel

This experiment aimed to test the effect of passingir current through the peel which
was oven-dried on the speed of losing 1,4-DMN nessd It was believed that flushing the
peel with air during oven-drying should increase thte of losing 1,4-DMN by carrying

the volatilised 1,4-DMN away from the peel surfaltethis experiment, 120-g samples of
potato peel were oven-dried at 75 #Gin a Buchner funnel with continuous air flushing
at a rate of 2-3 I/min. The experiment was repeatiial different periods of time from 1-

67 hours. The rate of losing 1,4-DMN residues whsimg this technique is shown in the

graph in Figure 8.3.

The Effect of Oven-Drying with Air Flushing on DMN Residues in
Potato Peel
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Figure 8.3 The effect of oven-drying 120-g samples of pota to peel with air flushing on 1,4-
DMN residues.

Heating the 120-g peel samples at 75%5with air flushing caused 1,4-DMN residues to
drop from a level of 3.66 pug/g in the fresh peedi®4 pg/g at the end of the experiment.
However, the reduction rate of 1,4-DMN residues vedatively slower compared to oven-
drying the 10-g samples in the previous experimAbbut 50 % of the extractable 1,4-
DMN residues (out of 3.66 ug/g in the fresh peadyenvost in the first 6 h compared to 83
% lost when heating the 10-g samples. The rateosifig 1,4-DMN residues was then
reduced after the first 6 h to reach a maximuni tots of 85 % of the original residues in
the fresh peel at the end of the experiment aftdr 6f oven-drying with air flushing.
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The difference in the rate of losing 1,4-DMN betwemen-drying 10-g samples without
air flushing and oven-drying 120-g samples in theliher funnel with air flushing can be
attributed to the difference in the methodologiesduto carry out the two experiments.
Although air flushing was thought to help in spegdup the rate of losing 1,4-DMN from
potato peel when it is oven-dried, the large pasi@e used in the second experiment (120
g) with the absence of peel mixing during the hepprocess is thought to be responsible
for the slower rate of losing 1,4-DMN residues canggl to the small 10-g samples. These
two factors (the large sample size and the absehog@xing) are thought to have caused
uneven distribution of the heat through the 120eglgample. The peel pieces directly in
contact with the funnel walls received more hea¢ytwere noticed to be much drier) than
the rest of the sample (particularly the middletp@af the sample). Therefore, the middle
parts of the peel sample should have lost only miné-DMN residues compared to the
ones directly contacting the walls of the funnealtigularly in the first hours of heating. In
addition, there is a possibility of readsorbing thaatilised 1,4-DMN from the lower
layers of the peel sample by the upper layers. \@bibd mixing of the peel sample before
the residue analysis, the differences between@heglicate samples taken for the analysis
were minimised to only 10 % (%RSD). However, foclkegeriod of time, the average
reduction in the levels of 1,4-DMN residues of tee samples was lower than the average
of the 10-g samples heated directly in conicalkdadue to the uneven distribution of the

heat as discussed above.

These results show the importance of mixing peelpdas during heating to assure even
removal of 1,4-DMN residues from the peel sampéatipularly when conducting such a
process on a large scale in industry.

The moisture content of the 120-g samples duringnedrying at 75 + 5C with air

flushing is shown in the graph in Figure 8.4 fae thfferent periods of time.
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Moisture Content during Oven-Drying with Air Flushi ng of Potato
Peel Samples
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Figure 8.4 Moisture content during oven-drying 120-g sampl es of potato peel with air-
flushing

In contrast to the levels of 1,4-DMN between the texperiments, the two moisture
graphs show relatively similar rates of moisturssliohroughout the different drying time
periods. The uneven heating of the 120-g samplsechuhe parts of the peel sample
contacting the funnel walls to be much drier (mareisture loss) than the rest of the
sample. However, because the whole 120-g sampleuses in evaluating the moisture

content, the rate of the moisture loss was compartb the rate when heating 10-g
samples.

To examine the effect of the amount of peel in Buechner funnel on the speed of
removing 1,4-DMN residues, 50-g samples were coethéw 120-g samples in the same
experiment. Two funnels (one for the 50-g samplé te other for the 120-g sample)
were placed in the oven and connected to theupiplg at a rate of 2-3 I/min. The two
samples were oven-dried at 75 #Gfor 12 hours. After drying and cooling, the pegls
mixed well and replicate 10-g samples were analysed samples were analysed out of
each funnel in addition to 5 samples which wereealiy analysed without drying as
controls for each experiment. This experiment wegseated four times. The comparison

between 1,4-DMN loss in the two sample sizes isvshio the graph in Figure 8.5.
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Effect of Sample Size on 1,4-DMN Residues after Ove n-
Drying with Air Flushing
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Figure 8.5 Effect of sample size on 1,4-DMN residues after  oven-drying with air flushing

Statistical analysis (using pooled t-test at 95d¥fidence level) of the levels of 1,4-DMN
in Figure 8.5 shows that 1,4-DMN residue levelsravesignificantly different (p=0.736).
The difference in the weight and in the distribatiof the peel sample in the funnel
between the 120-g samples and 50-g samples wanmtgh to cause a significant
difference in 1,4-DMN residue levels to what hasrbehown when using 10-g samples. A
better evaluation of the effect of the sample si&e be achieved by heating replicate 10-g
samples in small funnels in a comparison with 12@qjicates. However, due to time and

resource limitations it was not possible to condhist experiment.

To summarise the effect of oven-drying potato meethe level of 1,4-DMN residues, the
following points can be concluded. In general, DMN residues can easily be reduced to
low levels through oven-drying the peel. About 85&®6 % of the extractable residues
were found to be removed through oven-drying at%°C. The loss rate of 1,4-DMN

was found to be relatively parallel to the lossvadisture. The majority of the extractable
1,4-DMN residues in the peel was removed by vadatiion. However, a small amount
(only 4 % to 15 %) of the extractable 1,4-DMN was wolatilised even after 68 h of oven-
drying at 75 + $C. This amount must be attached firmly to the peelyever, the use of

higher temperatures might help in removing moradress. During oven-drying, it is

important to have good mixing of the peel samplernsure even distribution of the heat,
and therefore even reduction of 1,4-DMN residuesnfrthe peel parts. Flushing air
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through the heated peel should help in evenlyidiging the heat and therefore increasing
the loss rate. However, due to the experimentahauetiogy used to evaluate this effect, it

was not possible to support this idea.

The above experiments on the loss of 1,4-DMN dudmgn-drying potato peel samples
give a good indication of the ease of losing 1,4/DMom peel residues of treated potato
tubers. This is an important advantage for redutiiegrisk of intake of 1,4-DMN residues

when potatoes are eaten with the peel (e.g. bakttges) or when peel waste is fed to

animals.

In the potato industry, steam peeling and abrapeling are the two main peeling
procedures used in potato processing plants. Spembng is usually preferred by frozen
and chilled potato processors, while abrasive pgeis commonly used by crisp
manufacturers. Steam peeling uses steam with temypes as high as 15 with
pressure of up to 15 atmosphere followed by a raplielase of pressure which leads to
loosening the attachment of the peel to the inlemhflayers (Crawshaw, 2004; Kotecha
and Kadam, 1998). These severe conditions shouigeca large reduction in 1,4-DMN
residues. However, the effect of steam peelinghenresidues of 1,4-DMN should be
studied. Such a study may start with laboratoryeexrpents using a pressure cooker,
instead of the oven used in the current study, ewauating the effect of different
steaming times on the residues of 1,4-DMN in thel pe in whole tubers treated with 1,4-
DMN. The experiment may then be extended to a targiustrial scale. In addition, the
level of 1,4-DMN in the condensate generated ugualsteam peelers should be studied
as it may pose an environmental concern and may toelee treated before being disposed
of in the environment. Some studies could be cotedior this purpose.

In contrast to steam peelers, thin layers of thel pee scraped physically from the inner
flesh without using any heat in abrasive peelerm\Ghaw, 2004). The peel removed by
these peelers may need more treatment to removesithies of 1,4-DMN (either in the

potato processing plants or in the feed indusfrintended to be used for animal feed. As
shown in the oven-drying experiment, some form myirdy process should be enough to
remove the majority of 1,4-DMN resides. A dehydratunit, such as the drum dryers used
normally in drying potatoes for the livestock inttys can be used to dry the peel in the
potato processing plants and at the same timesfooving 1,4-DMN residues. Such dryers
are operated at much higher temperatures thategah 500C (Lisinska and Leszczynski,

1989) which can increase the rate of losing 1,4NDMowever, more studies are needed

for evaluating the effect of such industrial premson the residues of 1,4-DMN.
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Reducing the water content of animal feed (sucpasato peel wastes) would be of major
benefit to the feed industry and may also be delksirr farmers in respect of storage cost.
However, moist feed producers (such as potato psocs) may not have the same
enthusiasm for dewatering due to the cost requioedhe dewatering process and for
treating the effluents produced by the dewateriefpite disposal to the environment.
However, for distance potato processing sites aisabnes in the North of Scotland, drying
may represent the most economical choice as theotdke drying process and effluent
treatment can be overcome by the reduction in tine@ge and transport cost (Crawshaw,
2004).
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Chapter 9: General discussion

The potato is one of the world’s major crops. Tetaltproduction of the potato crop in the
world was 314.37 million tonnes in 2006. With abd&@ % of the 2006 world’s
production, Asia and Europe are considered thediorhajor potato producers (FAO,
2007). The home supply of potato crop in the UR@®6 was in total about 5.95 million
tonnes with 0.42 million tonnes from the previoaason and the rest from the current crop
(BPC, 2007).

Because the potato is a seasonal crop, some pftldeced crop has to be stored in order
to maintain a continuous supply of potatoes. Sjmgus one of the major problems that
can affect the quality of stored potatoes and caus@jor loss. To preserve the quality of
stored potatoes, sprouting has to be effectivelgtroied. The primary method for
controlling sprouting of stored potatoes is by #gplication of the sprout-inhibiting
chemical chlorpropham (Anderson et al., 2006; Kepf et al., 2003). In the UK, 95 % of
the total ware potatoes treated in stores (2.lianiltonnes) in 2004 were treated with
chlorpropham using a total of 72.88 tonnes (Andektaal., 2006).

Despite the intensive use of chlorpropham for mosdbrage, many countries have started
to reassess its use due to increasing safety avidoemental concerns regarding this
synthetic chemical, and its availability may betrnieted in the future (Lewis et al., 1997).
Limits of the allowable levels of chlorpropham hgts (MRL) in potatoes entering the
market place have been set in many countries. Armar residue limit of 10 mg/kg was
approved in the EU countries and is in place sk@@7 (PRC, 2007a). In the USA the
tolerance value is 30 mg/kg (Kleinkopf et al., 2Pp0he maximum residue limits were set
to minimise the risk of this chemical on the conswhsafety. However, some incidents
were registered where chlorpropham residues in@etgprepared for human consumption
were considerably higher (47 mg/kg in 2006 and 2fkgnin 2003) than the EU MRL
value set recently (PRC, 2007a; PRC, 2004). Theokanontaining 47 mg/kg was found
to be treated in a potato store using fogging egem (PRC, 2007b) which is the most
popular method for chlorpropham application in caencral stores (Anderson et al., 2006;
Baloch, 1999). In this method, chlorpropham is aligsd in a solvent such as methanol
prior to the fogging process. The high variabildgf chlorpropham between individual
tubers in potato storage facilities after applmatwith thermal aerosol (fogging) is well
documented and it was correlated to the applicatiethod of this solid chemical (Baloch,

1999; Kleinkopf et al., 1997). Due to all of theoab issues regarding the residue levels
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and variability of chlorpropham, in addition to thecreasing public concern regarding
chemical food additives, the use of safer altemeatfor sprout controlling is essential.

1,4-DMN was extracted from potato peel as a natpratiuct and was shown to be an
effective sprout inhibitor with inhibition activitycomparable with that provided by

chlorpropham (Beveridge et al., 1981b; Meigh et73). It has been introduced into the
market as a sprout inhibitor in the United State$ some other countries in the 1990s and

its introduction to the European countries is ahdwmanced stage.

Because it is in a liquid phase, 1,4-DMN can beliadpwvithout dilution with a solvent,
which removes the concern regarding the safetysiiguthe solvent. In addition, the
volatility of 1,4-DMN helps to provide a more everstribution of this sprout inhibitor
through the potato store. This should help in asgieffective control with less variability,
and therefore, lower risk of acute intake. Furthamen the effect 1,4-DMN as a sprout
inhibitor is reversible, which makes it suitabler feeed potatoes (Lewis et al., 1997;
Beveridge et al., 1981b).

The use of 1,4-DMN on a commercial scale as a $pmohibitor requires some
investigation regarding the safety of the compoamd its environmental fate. When
applied to stored potatoes, the level of 1,4-DMNpotatoes needs to be monitored to
assure effective sprout suppression and avoid aqgplynnecessarily excessive quantities
of the compound. After application, some 1,4-DMNideies remain in the stored potatoes
despite the volatile nature of the compound thaisea these residues to be easily
minimised. To assure the consumers’ safety anddab@ risk of intake of high levels of
1,4-DMN, the residue levels in stored potatoes neede monitored carefully prior to
introducing the potatoes to the outlets. In additmthe possible risk to humans, the use of
the chemical on a commercial scale should be acanieg with the assessment of
possible risks to the environment. The wastes meduafter processing potato tubers
treated with 1,4-DMN (particularly on a large scalepotato processing plants) such as
peel wastes, wastewater and sediments can posev@anenental risk. In order to achieve
the monitoring objectives, reliable, fast, accuratel precise analytical methods for the
analysis of 1,4-DMN in potatoes and the other d#ifé¢ environmental samples are

required.

The published data about the analytical methodd #DMN is very limited as most of

the analyses are carried out under confidentiatlitioms (for commercial and authority
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use) and very little is accessible. Therefore, #swecessary to develop the required
methods for the analysis of 1,4-DMN in differentveanmental samples in this work.

Gas chromatography (GC) has been widely used fstigie determination in fruit and
vegetables. However, the use of GC (particularljhwkID) in analysing plant tissue
extracts requires, in most cases, a clean up stdpaaconcentration step prior to the
injection of the extract to the GC. These stepsharenally laborious and time consuming.
In contrast, only minor clean up is, generally,uieed prior to the analysis by HPLC. In
addition, the use of ultra violet (UV) absorption florescence (in addition to coupling
with mass spectroscopy) in HPLC detectors provieetsemely sensitive and selective
detection for a wide range of compounds. Furtheemtbre ability to inject larger volumes
of extracts in HPLC (up to 500 ul or more) than baninjected in GC provides a valuable
and easy means of enhancing detection sensitikigo, the presence of water in the
samples required to be analysed (fresh potatodsneats, fresh soils and wastewater) is
favourable for RP-HPLC analysis, in contrast to &@lysis that requires in most cases
the removal of water residues from the extracterpio the analysis. Hence, HPLC was
selected here, as it should provide a powerfulmante convenient technique for detecting,

separating and quantifying 1,4-DMN in potatoes #ireother environmental samples.

In this work, the separation behaviour of some dnyleaphthalene isomers (including
1,4-DMN) and some other related naphthalene comg®uowards the change in the
different chromatographic conditions was invesggain a relatively detailed manner.
Such an investigation can form a base for the dgveént of the required HPLC methods.
Two approaches were used when developing HPLC apamethods in this work. The
first approach was the traditional practical stgpstep method. This approach includes
many directed step-by-step experiments to undeistdre effect of the different
chromatographic conditions on a particular sepamgdroblem. Method development using
this approach is usually time-, effort- and monepsuming, in addition to consuming of
more chemicals and solvents that pose an envirotainissue. The second approach used
in this work for developing HPLC separation methaslsa more systematic way using
computer chromatographic-simulation software. Wothly a few practical experiments
required to generate the input data of the simadatoftware, numerous simulated
experiments were conducted. The accuracy and mece the output results of such
simulated experiments were evaluated in this waort Bound to be impressive. Several
HPLC separation methods for 1,4-DMN and some rélatanpounds were developed in

this work using the first approach, the second @@ or a combination of the two.
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Using the developed HPLC separation methods, skemamant extraction methods for 1,4-
DMN were compared (with some modifications) foeithextraction efficiency of 1,4-
DMN from potato samples and also their applicapiidr routine HPLC analysis. A final
HPLC method for the analysis of 1,4-DMN residuepatato samples was then achieved
and validated. The method is based on extractidgDMN from potato peel with a
mixture of ethanol and 2,2,4-trimethylpentane (h$)heating at 56C. A liquid-liquid
extraction is then achieved with the aid of theawakerived from the fresh peel to end up
with 1,4-DMN concentrated in the 2,2,4-trimethylpare layer. An aliquot of this layer is
then analysed directly by HPLC. This method wasfbto have adequate speed, detection
sensitivity, precision and accuracy for routine lgsia of 1,4-DMN residues in treated
potatoes.

The above method was evaluated for the analysisoé levels of 1,4-DMN in a plan for
the determination of the natural 1,4-DMN in potatod@he detection sensitivity was
thought to be inadequate for such a determinafiberefore, a new method (ACN/PROP
method) was developed for this purpose. The metised the advantage of injecting large
volumes of the extracts containing 1,4-DMN dired¢tythe HPLC as a means of increasing
the detection sensitivity. This advantage was agltidoy using a mixture of acetonitrile :
2-propanol (7:3) as the extraction solution whglmiore compatible with the mobile phase
than 2,2,4-trimethylpentane used in the previoushote and miscible with the water
derived from potato peel. In addition a higher gabf sample : solvent was used for
additional enhancement in the detection sensitivithis method was capable of
guantifying 1,4-DMN with good recovery and precis@t levels as low as 4.5 pg/kg (ppb)
of potato fresh weight (lower levels at 1.5 pg/Kgotato fresh weight were detected but
not quantified with acceptable accuracy and precjsilt was hoped that this level of
detection sensitivity would be adequate for theedeination of natural 1,4-DMN in

potatoes.

The method developed for trace levels of 1,4-DMM waed for the determination of the
natural levels of 1,4-DMN in potato peel and fleishaddition to some other plant
materials. A small peak was detected in the chrogratn of potato peel extracts at the
right retention time for 1,4-DMN, with an area egplent to a level of about 4 pg/kg of
potato fresh weight basis. This level is abovedbeection limit of the method but below
the quantification limit of 4.5 pug/kg of potato $teweight. It is possible that this peak was
for 1,4-DMN. Unfortunately, because of the poor Bjyectrum for this peak caused by the

small size of the peak and the large backgrourecefft was not possible to confirm its
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identity. There was no sign of the presence of00MN in the rest of the plant materials

analysed including potato flesh.

Because of uncertainty of the identity of the pdatected in potato peel extract due to its
low level, a headspace experiment was conducteahaspproach to obtain sufficiently
high concentrations of the natural 1,4-DMN for qtitative study. The method was based
on a dynamic collection of the volatiles producadthe headspace above potato tubers
contained in a sealed flask. The volatiles wereodmisl in Tenax traps and desorbed by
elution with acetonitrile for HPLC analysis. Hovezythe level of the volatiles collected
was inadequate due to the low recovery efficierfap® collection system caused by some

shortcomings in the design of the system.

In the literature, a main advantage reported tondjgish 1,4-DMN from most of the other
commercial sprout inhibitors is that 1,4-DMN anansoof its isomers have been identified
as natural compounds in potatoes. Trace levelfieintatural 1,4-DMN and some of its
iIsomers were isolated from potato peel (Meigh et1&173), from the headspace above raw
whole potatoes (Filmer and Rhodes, 1985) and alsm funpeeled cooked potatoes
(Coleman et al., 1981; Nursten and Sheen, 1974teShen, the idea that 1,4-DMN is a
natural volatile found in potato tubers has beethelyi reported in many publications such
as the ones referenced here (Boylston et al., 2B8teridge et al., 1981b; Lewis et al.,
1997; Knowles et al., 2005; Kalt et al., 1999).

Because 1,4-DMN is accepted as a natural potatatikglit has been considered in the
USA as a biopesticide (USEPA, 1997) and has beempted from the requirement of
tolerance when applied post-harvest to potatoe€ERSS 1995). For the same reason, a
petition has been made to allow the use of 1,4-DiNrganic potato storage. However,
this petition has not been accepted, mainly becaosenercial 1,4-DMN is synthetically
produced rather than extracted from potatoes (UGREA, 2002).

In a project report for investigating the use af-DMN as a sprout inhibitor in Australia,
the researchers claimed that 1,4-DMN and its iseraeg found in potatoes as a result of
general environmental contamination and not produme potatoes (Walker et al., 2004).
The researchers used two methods for the detenovinat 1,4-DMN in potatoes. The first
was based on extracting 500 g of potato peel (fufsem commercial source) with 1000
ml of dichloromethane using the Soxhlet extractigchnique followed by the
concentration of the extract to 5 ml. A solvent@amtrate of 500 ml dichloromethane was

prepared to examine the level of contaminationhi@ $olvent. The levels of 1,4-DMN
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(about 1 ppb) found in both potato peel extract tredsolvent concentrate were similar.
Therefore, the researchers concluded that the rsodseraction method was unsuitable for
the determination of the natural 1,4-DMN in potato€hey then developed a headspace-
SPME (solid phase micro extraction) method withegedtion limit of 0.01 ppb (exact unit
was not specified in the report). Using this methttet 1,4-DMN level in the peel of
untreated potatoes was reported in the range @d 43244 ppb. Samples of Tasmanian
soils were also analysed according to the headspatteod. The researchers claim that the
relative height and distribution of dimethylnapHére group of peaks in potato samples
and in the soil samples were consistent with theepafound in normal PAH profiles and
environmental contaminants (but no further detarlseferences reported). Based on the
above data and statements, the authors concluded , krDMN does not appear to be an
endogenous product in potatoes and the previoeplyrted levels of 1,4-DMN in potatoes

are likely to have resulted from the detection@itaminants.

The above report was not scientifically well-wnitteparticularly as there was a lack of
referencing for important statements. In addititrgre was not enough data reported to
support the above conclusions regarding the natllaDMN in potatoes. In the first
method, the contamination of the blank solvent doubt be avoided and therefore the
method was discarded. However, there was no menfianalysing a procedural blank in
the second method to check for any 1,4-DMN contation. There was a similarity in the
pattern of the dimethylnaphthalene group of peaksoitato peel samples and soil samples
analysed. It might be possible that this similarggulted from a contamination during the
analysis and not an environmental contaminatiothefsoil or the potato samples. The
procedural contamination for analytical methods &&nevaluated through the use of
procedural blanks which were not mentioned in theva report. Despite the above notes
regarding this report, having general environmeataitamination of 1,4-DMN (and other
PAHS) in potatoes is not impossible. However, tresence of 1,4-DMN as a contaminant
in potatoes does not necessarily imply that 1,4-DidMot being produced naturally by

potatoes.

A detailed study is needed to determine the natavals of 1,4-DMN in potatoes. In such
a study, potatoes should be grown for the purpdsbeoexperiment with care to avoid
environmental contamination through soil, water aa. The levels of environmental

contamination may be evaluated in soil, water antbamore assurance.

Another issue regarding the use of 1,4-DMN as arahpesticide on a commercial scale is

related to the levels of 1,4-DMN used commerciaBging natural should not justify the
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use of 1,4-DMN with any quantity on potatoes. Sdmeors may help to avoid over-
application of 1,4-DMN and limit the levels of 1DMN used on potatoes, such as the
economic factors or the delay in sprouting if 1,¥HD is used for seed potatoes. However,

some regulations should be made to control theti$gl-DMN as a pesticide.

The use of 1,4-DMN on a commercial scale will beamspanied by the need for many
routine analyses of its residues in potatoes orerotenvironmental samples. The
ACN/PROP method was optimised for rapid routinelysia of the residues of 1,4-DMN
in treated potatoes. The optimised method was foianghrovide good accuracy and
precision. In addition, it is a rapid, easy andaigitforward procedure. Because of these
advantages, this method was used for differentiegns regarding the distribution and

removal of 1,4-DMN residues in treated potatoes.

To investigate the distribution and removal of DMIN residues, potato tubers treated and
stored under commercial storage conditions werdysea for 1,4-DMN residues. 1,4-
DMN residues were in the range of 0.63 to 1.16 af/gotato fresh weight (individual
tubers) after 18 weeks of storage. The variabbgyween single tubers in a sample was
found to be low with a variability factor of abolit5. The residues were found to be
concentrated in the peel layer of the tuber anc hralatively even distribution across the
different parts of the tuber surface. The low residevels of 1,4-DMN and its even
distribution between tubers, in addition to the umgalation and concentration of the
residues in the peel, minimise the risks on thesoorers’ health particularly in the

knowledge that potatoes are normally consumed wittie peel.

Washing 1,4-DMN-treated potatoes with water andesother solutions has been found to
remove insignificant amounts of 1,4-DMN residuemnirpotatoes stored for 18 weeks in
the experiments conducted to mimic the normal Hhooisewashing. However, in the
potato processing industry or commercial storagslitias, large quantities of treated
tubers are washed and processed daily, and moereseenditions during washing or
processing (such as steam peeling) are used. ésult of these industrial processes, more
1,4-DMN residues may be removed from the 1,4-DMéated tubers into the industrial
wastewater. In addition to wastewater, sedimentgatoing the washed soils and some
potato components normally result from the washongcess of potatoes in storage
facilities or processing plants. Also, when 1,4-DMNused commercially, some effluents
containing 1,4-DMN can be generated as a resultasthing the application tools or the
stores. The levels of 1,4-DMN in wastewater andhivag effluents, and in the soil and

sediments should be carefully monitored and mireghiso avoid its impact on the
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environment they are disposed into. 1,4-DMN is ghhyj toxic compound for fish and
aquatic invertebrates with median lethal concelatnat(LG;, ) of 0.67 mg/l and 0.56 mg/I
for Rainbow trout and Daphnia magna respectivelyl-®4, 2007). Therefore, some
studies are required to evaluate the levels ofDIVIN in potato washing effluents and
processing wastewater in addition to the solid egsand to suggest the appropriate

methods for removing it.

An investigation of the levels and behaviour of-DMIN in wastewater and sediments
resulted from the washing process should be coeduat different storage times after
applying 1,4-DMN to potatoes. If possible, real gtas from industrial wastewater and
sediments should be used in such studies. Howavahoratory experiment can provide
valuable information about the expected levels eldaviour of 1,4-DMN in wastewater

and sediments. For laboratory experiments, paatoples can be collected at different
periods of times after application and washed wiit collection of wash water and

sediments. The levels of 1,4-DMN in potatoes, waglter and sediments can then be

evaluated.

To remove the residues of 1,4-DMN from wastewatad affluents from storage and

processing plants, some industrial techniques aaslable, but at rather high cost.

Oxidation techniques are common methods for trgatiastewater in order to reduce the
level of contaminants and also reduce the orgapittent of these effluents. Potato
processing wastewater will be rich in organic materin addition to the presence of
pesticide residues. Biological oxidation using bael cells is a valuable method for
reducing the organic content of potato processifilyemts with the production of a

biomass with high protein content suitable for aadifeed (Rubio and Molina, 1989). A

bacterial strain (Sphingomonas sp. strain 14DN@&)ldeen found to grow on 1,4-DMN as
the sole source of energy and has the ability patke it to simpler compounds (Peng et
al., 2005). It might be possible to utilise thicteium for degrading 1,4-DMN residues in
wastewater effluents during the biological oxidatpgrocesses.

In addition to the conventional biological oxidatjosome other advanced oxidation
processes are used to treat wastewater, such decatabytic oxidation (e.g. using
ultraviolet radiation, near UV light or Sunlight the presence of semi-conductor catalyst)
and chemical oxidation ( e.g. use of ozone or hyenoperoxide). In an experimental
work, the ozonolysis process has been found tofteetwe in degrading 1,4-DMN in
water and converting it to simpler aldehydes arnterkes with no ring-methylated products
(Gaul, 1984).
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Although the above techniques may provide effectirays of treating wastewater from
large potato processing plants, such methods maybeoavailable for small storage
facilities such as those in farms or small progesgilants, and therefore, simple removal
methods are required. Filter pads containing aordgst can be one of the cheap options
for such small storages and plants. Different dalagrmaterials can be examined for their
effectiveness in adsorbing 1,4-DMN from wastewateome options are potato peel
wastes, peat, bark, soils and other adsorbing ralteHowever, these filters will provide
a means for removing 1,4-DMN from wastewater buthier treatment may be required to

safely dispose 1,4-DMN from these filters.

The behaviour of 1,4-DMN in soil and the ecologieffects on soil organisms is another
area that requires some investigation when 1,4-DbINsed as a pesticide. Such studies
are required as potato tubers will be surroundeddilyduring storage with the application
of 1,4-DMN as a post-harvest pesticide. In addjtibd-DMN will come in contact with
the soil through the wastewater and effluents frpracessing and storage facilities.
Several areas can be studied in this context. F@reht soil types, soil conditions (such
as pH, temperature and moisture content) the fatigwan be investigated: 1) speed of
degradation of 1,4-DMN in soil, 2) identity, quaptiand toxicity of the different
metabolites produced by degradation of 1,4-DMN doyy&rganisms.

To study 1,4-DMN degradation and metabolism, redlsystems can be used, or bacterial
or fungal cultures may be used. The use of masstrggeopy for the identification of
compounds might be required in some stages of tistsdies. In addition, using
radiolabelled compounds in these studies shoulgigeeomore information regarding the
different routes of losing 1,4-DMN such as adsampti volatilisation or different

mechanisms of metabolism.
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