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Abstract:

Sudan dyes are synthetic azo and diazo compounds that are banned for use in food
worldwide including the European Community due to their potential toxicity to
humans. The ability of WDXRF spectroscopic technique to predict the levels of
adulteration of paprika and sweet pepper suspected to be adulterated with Sudan I-1V,
Para Red and Sunset Yellow FCF dyes was investigated in this study. Logistic
regression and discriminant analysis classification models were developed to predict
the type of adulteration using WDXRF spectral features such as the Compton and
Rayleigh scatter intensities and the Compton and Rayleigh ratios. Prediction of the
levels of adulteration was assessed by using multiple regression analysis. 83% of the
210 adulterated samples were correctly classified by the logistic regression with 90%
sensitivity, 75%specificity with a prediction power of 92% into respective adulteration
groups. 86% and 90% correct prediction were obtained for discriminant analysis
models with 94% sensitivity and 74% specificity. Three multiple regression models
were performed for each data set. Models based on the Compton and Rayleigh ratios,
Compton and Rayleigh scatter intensities as well as a full model based on both ratios
and scatter intensities were developed and compared with each other. The full model
revealed to be the best model to predict the levels of adulteration with an adjusted R?

between 95.1 to 99.0% with the errors of estimate between 1.6 to 3.7%.

To the best of the author’s knowledge, this is the first time such methodological
approach was used for the purposes of screening illegal dyes in food matrices.
Moreover, WDXRF technique may represent a promising tool for the screening of
Sudan dyes-adulterated spices and can be used as an alternative to classical methods

for determining Sudan dyes present in food.

Keywords: Spices, Sudan dyes, WDXRF, multiple regression, logistic regression
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1. INTRODUCTION

1.0 Background

Food quality is closely related to its colour and the use of colorants has been an age-old
practice to enhance the aesthetic appeal of foods (Downham & Collins, 2000). Food
adulteration is achieved by the addition, substitution or removal of ingredients from
food. Due to the lack of stability of natural colorants under some food processing
and/or conditions, other colorants are used. Synthetic dyes or colorants are recognised
as the most reliable and economical for restoring or providing colour to processed food
products. Azo dyes are the most widely used synthetic dyes for wide applications
including industrial and scientific applications. They constitute about 70% of organic
colorants produced worldwide with respect to the number and production volume
(Bafana et al., 2011).

Sudan dyes (Sudan I-1V, Sudan Red, Red 7B, Red G, Orange G, Sudan Black, Para
Red, Dimethyl Yellow, Toluidine Red and Orange 1) are a class of azo dyes with wide
range of industrial and scientific applications such as coloring of plastics, waxes,
textiles, fuels, and staining for microscopy. Besides, Sudan dyes have been used in
foodstuffs such as culinary spices to maintain their colours for commercial benefits due
to their low cost, bright colours, long maintenance and wide availability. However,
Sudan dyes have been classified as category 3 carcinogens (IARC, 1975) because of
the potential conversion of their metabolites to active carcinogens and mutagens in
humans (Fonovich, 2013; Pan et al., 2012). Sunset Yellow FCF (SY) is an azo dye that
is allowed as a food additive in the European Union (EU) and several countries
worldwide (EFSA Scientific Opinion 2009; Yadav et al., 2013). It is used in food
preparations such as confectionary products, candies, sweets, frozen desserts and
beverages, cosmetics, medicines and dietary supplements (Dixit et al., 2008, 2011,
Tripathi et al., 2010; Yadav et al., 2013; Tripathi et al., 2007, Rao and Sudershan,
2008). However, with a maximum permitted level of SY in food commaodities being
100-200 parts per million (ppm), studies have reported that the limit is usually
exceeded in manifolds (Dixit et al., 2008; Tripathi et al 2007). Additionally, SY have
been found to be present in food commodities such as tomato sauce in which the use of
SY as colorant is prohibited (Dixit et al., 2008).



1.1 What are Dyes or Colorants?

Dyes can be defined as substances which, when applied to a substrate, impart colour to
a substrate. The adherence of dyes onto the surfaces of substrates are made by
processes such as physical adsorption, mechanical retention, chemical reaction with
formation of covalent bonds or complexes with salts or metals via solubilization (Kirk-
Othmer 2004). The colour of a particular dye depends on its ability to absorb light in
the visible range of the electromagnetic spectrum (400-700nm). According to the Witt
theory, a coloured dye is composed of a chromophore group and an auxochrome group.
Chromophores impart colour to the dye because of their capability of absorbing light in
the visible region (e.g., azo, nitro, and quinoid groups), while auxochromes deepen the
colour when introduced into a coloured molecule. The Witt theory has been replaced
by a theory (Bafana et al., 2011) which states that colour is caused by the excitation of

valence 7 electrons by visible light (Murrell, 1973).

1.2 Types of Dyes

1.2.1 Natural and ‘Nature-identical’ colorants or dyes

Natural dyes were the first to be used by humans. Most of the natural dyes were
extracts from vegetables and a few from animal products. However, the ranges of
colours were as limited as were the utility of the dyes. Until the 19" century, all dyes
were from natural sources. Due to the limited range and instability of natural dyes
(sensitive to pH, light, oxidation, etc.) as at then, chemists synthesized new dyes and
consequently new colours; with the introduction of synthetic dyes, the use of natural
dyes has almost been discontinued (Garfield 2002). However, with the growing
concerns of health regarding the use of synthetic dyes, there has been the increased
production of natural dyes in the past 25 years and ‘nature-identical’ colours. Natural
colours that are present in food include lycopene, lutein, curcumin, bixin/nobixin,
capsanthin/capsorubin, chlorophyll, carmin and carminic acid, etc. The ‘nature-
identical” were synthesized to match their natural counterparts. The most synthesized
nature-identical pigments are the carotenoids, but they are prone to oxidation and

subsequent loss of colour (Downham & Collins, 2000).



1.2.2 Synthetic Dyes

Synthetic dyes which were first produced were based mainly on aniline, which was
obtained from coal-tar, hence the name “coal-tar dyes”. Chemically, dyes can be
inorganic or organic compounds. Based on their chemical composition and application
class, synthetic dyes are divided into acid, azoic, basic, direct, disperse, mordant,
reactive, sulphur, and vat dyes. Alternatively, synthetic dyes can be chemically divided
into azo, nitro, nitrosso, xanthene, etc. Synthetic dyes or colorants are recognised as the
most reliable and economical for restoring or providing colour to processed food
products (Downham & Collins, 2000).

1.2.3 Azodyes

Azo dyes are synthetic compounds bearing the functional group Ri;-N=N=R, where R;
and R; are alkyl and/or aryl substituents. According to Figure 1, these compounds are
characterized by having one or two azo bonds (Chung et al., 1992; Collier et al., 1993;
Rafii et al., 1997).They constitute about 60-70% of the organic dyes that are produced
worldwide, with respect to number and production volume (Bafana et al., 2011). At
least, about 3,000 of azo dye are used extensively as colorants in food, cosmetics,
textiles, pharmaceutical products, paper, etc. Some are also used for scientific purposes
such as in microscopic stains (Downham & Collins, 2000). The first azo dyes to be
manufactured were Aniline Yellow and Bismark Brown by Mene in 1861 and by
Martius in 1863, respectively. However, the first azo dye produced from diazotization
and azo coupling, as utilized in modern industry, was performed in 1875 by Caro and
Witt at BASF (Badische Anilin & Soda-Fabrik), Germany (Bafana et al., 2011,
Downham & Collins, 2000). Examples of azo dyes are Sudan dyes (Sudan I, II, I, IV,

and Para Red), Sunset Yellow FCF, Tatrazine, Orange | and 11, etc.

A single dye could have many different names. For example, Rose Red dye has three
names; Rosaniline, Magenta, and Fuchsine. To avoid this difficulty, the Society of
Dyers and Colourists, and the American Association of Textile Chemists and
Colourists compiled a Colour Index (CI) in which each dye is given a Cl number
(Colour Index 2001). Azo dyes or colorants are rarely referred by IUPAC
(International Union of Pure and Applied Chemistry) or CAS (Chemical Abstracts
Service) nomenclature due to the complexity of their chemical names (Bafana et al.,

2011). In the CI system, azo dyes are provided with numbers ranging from 11000 to

3



39999 which corresponds to their chemical classes. Figure 1 presents the chemical

structures of Sudan dyes, their respective CAS numbers (in between brackets) and

systematic name.

o
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HO
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1-(4-Nitrophenyazo)-2-naphthol

@(““@’“ii

Sudan 111 [85-86-90]

1-(4-phenylazophenylazo)-2-naphthalenol

N=N N=—/N I
HO
CHy
CHy

Sudan IV [85-83-6]
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Na © Sunset Yellow FCF [2783-94-0]

Disodium (5E)-6-ox0-5-[(4-sulfonatophenyl)hydrazon
-5,6-dihydro-2-naphthalenesulfonate

Figure 1: Chemical structures of the azo dyes discussed in this work

1.3 Trends in adulteration of food with Sudan dyes

Sudan | was first detected in ground capsicum imported from India into the European

Community in May 2003. The European Authority reported levels of adulteration of

4,000ppm found the capsicum imported by shippers from Mumbai (ASTA, 2005). In

response to the adulteration, the European Union implemented Decision 2003/460/EC

as a condition for which all imported hot chilli and chilli products were screened for
Sudan I. The Decision was later amended in 2004 (Commission Decision 2004/92/EC)

to include screening for Sudan II, 111, and IV dyes as well. In 2004, Sudan dyes were



detected in unrefined palm oil imported into the EU. Commission Decision (2005) was
implemented which required the certification of all chilli-, curry-, and curcuma-
containing food and palm oil imported into the Community to be free of Sudan dyes. In
2005, the UK Food Standards Agency (FSA) reported of the detection of Sudan I in
Worcester sauce produced in the UK and leading to the recall of food products
containing the sauce. Investigations revealed that the source of the dye was
contaminated chilli imported into the UK in 2002 prior to the implementation of
Commission Decision 2003/460/EC. Other recalls ensued in countries like Canada,
China and South Africa. In April and May 2005, products contaminated with Para Red
were recalled in the UK (ASTA, 2005). Recently, in 2014, the Indian Spices Board
ordered exporters to destroy all consignments of spices which were found to be
contaminated with Sudan dyes, in compliance with FSS Act 2006
(foodsafetyhelpline.com).

Apart from the health hazards imposed by consumption of these carcinogenic Sudan
dyes, there are other very costly implications for companies involved in the
adulteration and others as well. For example, it was estimated that in the EU alone,
Sudan dyes-related problems had cost hundreds of millions of dollars. The costs of
recalling of adulterated food products are very huge with numerous companies bearing
the financial burden of testing. Honest suppliers from India who supplied Sudan-free

spices had also lost their businesses since buyers sourced other markets (ASTA, 2005).

1.4 Nature, Metabolism and Toxicity of the azo dyes

Under anaerobic conditions, azo dyes can be reduced by azoreductase to colourless
amines via reduction of the azo bonds as the first step of their metabolism (Chen et al.,
2005, 2010; Feng et al., 2010). It is known that the reduction of the azo bonds to the
above-mentioned compounds is accountable for the toxicity, mutagenicity and
carcinogenicity associated with azo dyes (Chen 2006). The microflora of the human
skin and gastrointestinal tract (GIT) have both been reported to metabolize Sudan dyes,
leading to the generation of ranges of carcinogenic amines, such as aniline and

methylanilines, naphthylamines, etc. (Fonovich, 2013).



1.4.1 Sudanl

Sudan | (C.I. Solvent Yellow 14), is a monoazo dye with the chemical formula 1-
phenylazo-2-naphthol (Figure 1). Theoretically, Sudan | is reduced to predominantly
aniline and 1-amino-2-naphthol (Pan et al., 2012). Stiborova et al. (2002) first reported
the metabolism of Sudan | by human cytochrome P450s (CYPs) in liver microsomes
with a pattern similar to the reduction of Sudan | by rat CYPs responsible for
carcinogenicity in the animal. They also found that Sudan | was best metabolized by
rat CYP1AL and recombinant human CYP1ALl (Stiborova et al., 2002, 2005). Recent
studies showed that Sudan | induced CYP 1Al and NAD(P)H: quinone oxidoreductase
1 (NQO1) in rat liver, kidneys and lungs (Stiborova et al., 2013). Besides, Sudan |
showed genotoxic effects in HepG2 cells (An et al., 2007) and increased mutagenic
and clastogenic effects in MCL-5 cell lines (Johnson et al., 2010). Stiborova et al.
(2006) detected Sudan I-DNA adducts in the rat liver which suggested the possible
carcinogenic mechanism of Sudan | in the liver, mediated by CYP1Al-mediated
oxidative reactions by cytochrome bs (Fonovich 2013; Stiborova et al., 2006). Sudan |
was reported to give positive results for Salmonella typhimurium mutagenicity test in
rat liver with S9 activation (Ames test) (Zeiger et al., 1988). Recently, Xu et al. (2007),
after anaerobic incubation of Sudan dyes with fresh dilutions of human faecal
suspensions, reported that Sudan | was completely metabolized within 24-30 hours by

the human gastrointestinal bacteria predominately to aniline (Xu et al., 2007, 2010).
1.4.2 Sudan Il

Sudan Il (C.1. Solvent Orange 7) is a dimethyl derivative of Sudan | (Figure 1) with the
chemical formula (1-[(2,4-dimethylphenyl)azo]-2-naphthalenol. Early studies showed
Sudan Il to induce mutation of Salmonella typhimurium TA 1538 in the presence of rat
liver, and gave positive results with standard plate-incorporation and FMN pre-
incubation modification of Salmonella assays (Garner and Nutman, 1977; Cameron et
al., 1987). Similarly to Sudan I, Sudan Il was metabolized predominately to 2,4-
dimethylaniline in addition to 1-amino-2-naphthol and was also degraded to
dimethylaniline within 24-30 hours following anaerobic incubation with fresh human
faecal suspension. Besides, it was reported that 2,4-dimethlylaniline metabolite of
Sudan Il induced DNA damage mice liver cells when tested with the comet assay
under alkaline conditions (Xu et al., 2010). Further, Xu et al. (2010) studied the



capacity of 35 prevalent human intestinal bacterial species to degrade Sudan dyes and
Para Red. The study concluded that, with the exception of Sudan Il, the bacterial
species in the human colon easily degraded Sudan and Para Red dyes to their

respective aromatic amine metabolites.
1.4.3 Sudan I, IV and Para Red

Sudan 111 (C.1. Solvent Red 23) or 1-[4-(phenylazo)phenylazo]-2-naphthol is approved
for use in drugs and cosmetics. It is predominately degraded into 1,4-
phenylenediamine and aniline, in addition to 1l-amino-2-naphthol. Sudan Il was
reported to have increased the breaks in metaphase stage, during an in vitro
investigation of clastogenic potential of Sudan Il with hamster ovary cells (CHO)
without metabolic activation (Au and Hsu, 1979). Recently, Sudan Ill was reported to
generate hazardous aromatic amines catalysed by cytochrome P450s after the induction
of chemical, electrochemical and biological oxidative reactions. Some of the aromatic
amines generated included aniline, 2,5-dimethylanline, ortho-anisidine, 4-
aminobiphenyl, 2-methoxy-5-methlyaniline, etc. (Zanoni et al., 2013). Zanoni et al.
(2013), further reported that Sudan Il was mutagenic following Salmonella
typhimurium TA 1535 mutagenic assay. Sudan IV (C.l. Solvent Red 24) became
mutagenic after chemical reduction and microsomal activation, producing 2,5-
diaminotuluene and ortho-toluidine. Para Red on the other hand was degraded
predominately to 4-nitroanilin. 4-nitroaniline was reported to be highly toxic when
inhaled, ingested or absorbed through the skin (Xu et al., 2010). Johnson et al. (2010)
demonstrated the genotoxicity of Para Red in AHH-1 cells with genotoxicity
increasing with oxidative metabolism. According to Fonovich (2013), degradation of
both Sudan Il and IV, following anaerobic incubation with fresh human faecal
suspension lasted for more than 30 hours possibly due to their reduced solubility and
availability. Further, Sudan IV induced CYP 1Al protein and mRNA in Wister rats,
although slower induction than Sudan I and 111 (Refat et al., 2008).

1.4.4 Sunset Yellow FCF

Sunset Yellow FCF (SY) is a sulphonated derivative of Sudan I, making it hydrophilic.
SY was reported to be attributable to hepatocellular damage and renal failure
(Mekkawy et al., 1998). It also causes reproductive toxicity in mice (Tanaka, 1996)

and has immunotoxicity potential (Hashem et al., 2010). No mutagenic or carcinogenic
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property has been reported for SY via in vivo and in vitro studies (EFSA Scientific
Opinion 2009; Yadav et al., 2013). Additionally, no genotoxic effect was reported for
Sunset Yellow FCF following in vivo micronucleus test in mice. However, the dye
demonstrated some cytotoxicity as was revealed in apoptotic and mitotic cells (Poul et
al., 2009). More recently, Bhattacharjee (2014) implicated Sunset Yellow FCF to
induce mitotic depression in the root tips of Allium sativum. The report further revealed
a general decline in the mitotic index with increased concentrations of Sunset Yellow
FCF and incubation time (Bhattacharjee, 2014).

1.5 Analytical Methods for the Determination of Sudan dyes in food matrices

Different techniques have been used for the analysis of these azo dyes in foodstuffs
over the years with majority of the methods being chromatography-based with
different detector systems. The most notable is liquid chromatography coupled with
different detection systems (Rebane et al., 2010).A detailed review of the methods for
the determination of Sudan dyes in food is available in literature (Rebane et al., 2010;
Fonovich 2013). Although these analytical techniques show high sensitivity, they
suffer drawbacks such as extensive and time-consuming sample preparations, and
clean-ups as well as expensive instrumentation. Recently, immunoassay-based
methods have also been developed for detection of Sudan dyes (Anfossi et al., 2009;
Wang et al., 2009; Xing et al., 2012) and SY (Xing et al., 2012) in foodstuffs; but these
methods are very expensive although they do not require extensive clean-ups. More
recently, Yu et al. (2013) developed a sensitive method employing platinum
nanoparticle-modified glassy carbon electrode coupled with voltammetric detection for
the analysis of Sudan | in some food samples. Although the method was sensitive, it
involved steps of sample preparations and solutions using buffers, coating and
modification of electrodes (Yu et al., 2013), etc., undermining the simplicity of the

technique.
1.5.1 Spectroscopic Methods

The use of spectroscopic techniques for the detection of food adulteration has gained
attention in recent years due to the advantages that some of these spectroscopic
techniques offer. These advantages include rapid analysis, non-destructive, easy-to use,
and accurate measurements. Combinations of spectroscopic techniques with

multivariate methods have proven to be powerful tools for the detection of food
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adulteration (Ghosh et al., 2007). Surface Enhanced Raman Spectroscopy (SERS)
combined with multivariate analysis was used to screen for Sudan I in culinary spices
(Di Anibal et al., 2012). UV-Visible spectroscopy coupled with multivariate
classification were used as screening tools to identify the adulteration of culinary
spices with Sudan I-1V dyes as well as Sudan | and blends of Sudan | + IV dyes (Di
Anibal et al., 2009, 2014). Di Anibal et al. (2011) used Proton Nuclear Magnetic
Resonance (*HNMR) with partial least squares-discriminant analysis (PLS-DA) to
detect Sudan I-IV dyes in culinary spices. Fourier Transformed Infra-red (FTIR)
(Zhang et al., 2012) and Near Infra-red (NIR) (LOpez et al., 2014; Vitale et al., 2013)
have all been used in combination with multivariate techniques to detect the

adulteration of food.

However these spectroscopic techniques also have some drawbacks. For instance, UV-
Visible spectroscopy requires extraction of the dyes from the matrices using
appropriate solvents and then filtration for sample clean-ups (Di Anibal et al., 2009,
2014). H'NMR also requires the preparation of both dyes and food samples with high
purity deuterated solvents before analysis (Di Anibal et al., 2011). These additional
steps can make the methods lengthy and costly. Further, the above-mentioned
spectroscopic methods are unable to give information about the levels of adulteration
or contamination of these foodstuffs with the azo dyes. Such additional analytical steps
are avoidable in the use of a spectrometric method such as X-ray fluorescence
spectroscopy (XRF) which measures materials in solid, powder and liquid states with

very simple and fast sample preparation.

1.6 X-rays and X-ray fluorescence (XRF)

X-rays can be classified as electromagnetic waves with associated wavelengths, or
photons with energies. X-rays have wavelengths and energies between y-rays and
ultraviolet light. The wavelengths range from 0.01 to 10nm, corresponding to energies
ranging from 0.125 to 125keV (Brouwer, 2010).

XRF spectroscopy is a fast and non-destructive multi-elemental physical analytical
technique which can measure the chemical element compositions of materials based on

their characteristic radiations. XRF has the capability of measuring all elements of the



periodic table from beryllium to uranium qualitatively, semi-quantitatively and
quantitatively of solids, powders and liquids with very high accuracy and
reproducibility. XRF measures concentrations in the sub-parts-per-million (ppm) up to
100%, with typical limits of detection from 0.1 to 10ppm. The materials subjected to
XRF analysis can be solids such as glass, ceramics, metals, rocks, plastics, or liquids,
like petrol, oils, paints, blood or even wine (Bertin, 1978; Jenkins, 1974).

1.6.1 XRF Principle

The XRF principle is based on Bohr’s Atomic Model. As shown in Figure 2, when a
material is irradiated with high energy X-rays, one or more electrons in the orbitals of
the atoms of the chemical elements of that material or sample can be dislodged,
creating a vacancy in the inner orbitals of the atom which becomes unstable. This
phenomenon is called the “photoelectric effect” and the ejected or dislodged electron
called “photoelectron”. The atom regains its stability by filling its lower energy
orbital(s) with electron(s) from a higher energy orbital, in the atom, releasing energy
equal to the energy difference between the two orbitals involved (Bertin, 1974,
Jenkins, 1978).

Characteristic Energy

Incident x-ray

i  L-$hell
@ | PK-Shell i
L . ; i M-Shel

Figure 2: XRF generation diagram

The energy released can either be emitted in the form of X-ray or transferred to another
atomic orbital or shell electron (Auger effect). The energy that may be released as X-
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ray is called X-ray fluorescence, whose yield is dependent on the atomic number (Z) of
the element and the orbital or shell in which the ‘vacancy’ or ‘hole’ occurred. The
energy or wavelength of the X-ray generated is very characteristic for the element from
which it is emitted, and such radiation is called characteristic X-rays.

1.6.2 Interactions of X-rays with samples

In addition to the photoelectric effect which produces the emission of characteristic
radiation of elements present in the sample, X-ray scattering also occurs when incident
X-rays collide with sample elements either as Compton or Rayleigh scattering effects
(Figure 2). Other interactions which may also occur following X-ray bombardment
include X-ray absorption and secondary enhancement. The fluorescence (characteristic
radiation) due to photoelectric effect, Compton and Rayleigh scatters depend on the
thickness (d), density (p) and composition of the material and on the energy of the
incident X-rays (Brouwer, 2010).

Incoming X-ray photon

Rayleigh scatter

Compton scatter % Fluorescence

Transmitted X-ray photon

Figure 3: X-ray interactions at sample level (Adopted from Brouwer, 2010).
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1.6.2.1 Photoelectric effect, Compton (inelastic) and Rayleigh (elastic) Scattering

The interaction that is observed when energetic photons such as high energy X-rays
interact with matter is dependent on the energy of the incoming photon, the atomic
number (Z) of the elements and the binding energy of the electrons in the elements.

Photoelectric effect, which produces the X-ray fluorescence, occurs when the energy of
the incoming photon (incident radiation) is just above the binding energy of the

electrons in the shells or orbitals of the elements present in a sample.

Compton scattering occurs when energy of the incident radiation is much higher than
the binding energy of the electrons in the elements. This type of collision with incident
X-rays produces incoherent scattering (Brouwer, 2010). During this collision, incident
X-ray particles (photons) transfer their energy to the electrons leading to loss of energy
(inelastic collision) and momentum. Samples mainly composed of low atomic weight
(light matrix) are prone to Compton scattering effects resulting higher intensities of the
Compton scatter peak with low Rayleigh scatter peak intensity. Conversely, if the
energy of the incident radiation is less than or equal to the binding energy, Rayleigh
(elastic) scattering occurs. When incident X-rays collide with tightly bound electrons
in the inner shells of elements present in a sample material, the electrons remain in
their atomic orbitals but oscillate at the same frequency as the incident X-ray and
releases radiation at the same energy as the incident X-ray. There is no energy loss.
However, momentum is lost as the direction of the incident X-ray is changed. Heavy

atomic weight elements give rise to Rayleigh scattering.

1.6.3 Nomenclature of X-ray lines in XRF

The energy of an emitted characteristic X-ray corresponds to the difference in the
energy levels or orbitals involved. The atomic orbitals or shells are labelled with letters
K, L, M, N, etc. with the innermost shell being the K-shell. A K-radiation is defined as
the radiation released when replenishing the K-shell, and L-radiation to that released
when replenishing the L-shell (Figure 4).
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Figure 4: Characteristic X-ray lines labelling
(http://www4.nau.edu/meteorite/Meteorite/Images/Siegbahn. jpg)

For the full labelling of an emitted X-ray line, additional information stating which
shell the electron filling the vacancy or ‘hole’ comes from is needed. The Greek letters,
a, B, %, etc. are used for that with the numbering 1, 2, 3, etc. differentiating between the

various shells and sub-levels (Brouwer, 2010).

There are only a limited number of ways in which higher orbital electrons fill the
vacancies of dislodged lower energy electrons. Figure 3 shows some major transitions
which give rise to different types of characteristic radiations. The horizontal lines
represent the energy levels in the atom whiles the vertical line represent the possible
transitions. The main transitions are given names: Kal is transition from L3 to K, Ka2
an L2 to K transition, KB1 an M to K transition, Lol an M to L-shell transition, etc.
The wavelength of a characteristic X-ray fluorescence of an atom due to a particular
transition can be calculated from Planck’s Law:

=he (1)

where A and E are the wavelength and energy of the fluorescent radiation, and h and ¢

are Planck’s constant and the speed of light respectively.
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1.6.4 Wavelength-Dispersive X-ray Fluorescence (WDXRF) Spectroscopy

Wavelength dispersive X-ray fluorescence (WDXRF) is a configuration of XRF
spectroscopy which analyses the wavelength of the characteristic X-ray to determine
the elemental composition of material or samples has been widely employed in the
food and pharmaceutical industries for multi-elemental analysis. WDXRF offers
additional advantages over other spectroscopic techniques that have been used for the
determination of Sudan dyes in food. They include multi-elemental analysis, direct
measurements on the sample (solid or liquid samples, loose powders or pressed into
pellets) without any chemical treatment, avoiding lengthy and laborious process of
preparation, particularly in cases of high sample throughput, and sample
contamination. The short analysis period and the ease of use of this technique,
combined with low detection limits, are others advantages of WDXRF spectrometry
(Yellepeddi & Thomas, 2006).

WDXRF has been applied in the food and pharmaceutical industries for numerous
purposes. They include the classification of vanilla samples (Hondrogiannis et al.,
2013) and cumin (Hondrogiannis et al., 2012) samples according to their geographical
origins based on their elemental compositions with discriminant analyses. Perring et al.
(2005) determined the levels of macroelements Na, K, Mg, P, Cl, and Ca; trace
elements Zn, Mn and Fe in infant cereals using WDXRF. Additionally, Gongalves et
al. (2011) used WDXRF to analyse Cu, Zn, Fe and Cr impurities in final drug
products demonstrating the appreciable linearity, precision and accuracy of the

analytical method in a given concentration ranges.

So far, the ability of WDXRF spectroscopy to detect and predict the levels of
adulteration of culinary spices with Sudan dyes is yet to be reported in literature. Given
the ability of the WDXRF spectroscopy to measure both organic and inorganic
matrices coupled with better spectral resolution and ease of use, this present study
aimed to evaluate the use of WDXRF as a screening tool to detect and predict the
levels of adulteration of culinary spices with Sudan I, Ill, 1V, Para Red and Sunset
Yellow FCF.
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1.9 Aim and Objectives

Due to the carcinogenicity of Sudan dyes, they have been banned from use as food
colorants in many countries and regions including the EU (EFSA Scientific Opinion,
2005). The EU Rapid Alert System for Food and Feed (RASFF) reports of the
presence of Sudan dyes in various foods in member countries, since Sudan | was
detected in the EU in May 2003 (RASFF, 2005). EU member countries have been
entreated to establish uniform controls at the points into the Community to monitor
entrance of imported food into (Commission Decision 2009). In such instances,
screening methods would be appropriate for the control and monitoring of goods or
products instead of analytical reports for consignments of imported products into the
Community.

To this end, the present study aims to develop a feasible, rapid and simple method for
detecting the levels of adulteration of culinary spices with illegal dyes such as Sudan
dyes, using the WDXRF technique.

The specific objectives included:

i. Differentiation between the different spice samples adulterated with the
different illegal dyes based on the WDXRF spectral features (Compton and
Rayleigh scatters) of the adulterated samples using logistic regression and
discriminant analysis.

ii. Development of models based on the Compton and Rayleigh ratios and well as
intensities of the Rh Compton and Rh Rayleigh scatters for the prediction of
spice’s adulteration levels.

iii. Determination of the best predictors and/or the best model to predict the levels

of adulteration of spices.
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2. MATERIAL AND METHODS

2.0 Reagents and Samples

Sudan | (catalogue no: 103624, Lot STBC3001V); Sudan 11l (catalogue no: S4131, Lot
MKBQ6917V); Sudan IVa (catalogue no: 198102, Lot MKBJ2291V); Para Red
(catalogue no: 100994, Lot MKBQ2670V) and Sunset Yellow FCF (catalogue no:
465224, Lot MKBJ9434V) all of technical grade were purchased from SIGMA-
ALDRICH CHEME (Lisbon, Portugal). Sudan IVb (catalogue no: A12181, Lot
10164322) was purchased from Alfa Aesar® Lisbon, Portugal.

Branded paprika and sweet pepper were purchased from local market in Almada,

Portugal.

2.1 Sample Preparation

39 paprika and sweet pepper each prepared in triplicate were used as sample blanks for
each measurement. 2.4-2.7g of Sudan IV, 3g each of Para Red and Sudan Ill, 2.1-2.5g
of Sudan I, and 2.7-2.9g of Sunset Yellow FCF were weighed and analysed for the
elemental composition of the dyes. In addition to the blank matrices and the 100% dyes
samples, fourteen (14) different assay points at concentrations of 0.5, 1, 2.5, 5, 7.5,
12.5, 15, 20, 25, 30, 35, 40, 45, and 50 percent dyes (w/w) in triplicates, making a total
of 48 samples per dye per matrix were prepared for the study. These concentration
ranges were chosen to cover all possible levels of adulteration of the spices. Sudan |
adulteration levels of about 4,000ppm or more were detected in chilli samples imported
from Mumbai. Besides, at least, about 1000 ppm of Sudan I is needed to impact the
visual appearance of chilli powder. It is also reported that concentrated Sudan oil
solutions, of several percentages for example, 5% to 10% (50,000-100,000 ppm), are
prepared and blended with other powdered samples to impact the Sudan colours to
these spices (ASTA, 2005). Before been analyzed on the WDXRF spectrometer, all
samples were homogenized in borosilicate glass mortars and then transferred into high-

density polyethylene cups with 35.8 mm diameter assembled with a 4 um Prolene film.
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2.2 WDXRF Analysis

All measurements were done in a 4kW commercial WDXRF system (Bruker S4
Pioneer) with maximum voltage and current set at 60kV and 50mA, respectively.
Semi-quantitative standardless measurements were done in Helium mode, using a Rh
X-ray tube fitted with a 75 um Be window and a 34 mm diameter collimator mask.
Cellulose (C¢H1,06) powder was chosen to simulate the matrix. Spectral data was

acquired using SpectraPlus Software Version 1.7.

Semi-quantitative standardless mode was chosen for the WDXRF analysis because the
components of the contaminated or adulterated samples are not known hence. The
semi-quantitative mode produces useful spectral features like the Compton and
Rayleigh scatter intensities as well as their derivative ratios, which will not be
significantly different if quantitative mode was used. Besides, quantitative modes
would require calibration of the system for the elements present in the samples. Since
the elemental compositions of the adulterated (or contaminated) spices samples were

unknown, system calibration could not be performed and quantitative mode not useful.

2.3 Statistical Analysis

Data analyses were done using STATGRAPHICS Centurion XVI Version 16.1.11
from StatPoint Technologies Inc. The Compton and Rayleigh scatters as well as their

derivative ratios were used for all statistical works.

Similarly, as already explained for the choice of the semi-quantitative standardless
mode for WDXRF analysis, the Compton and Rayleigh scatter intensities as well as the
Compton and Rayleigh ratios are quantities that are always present in WDXRF spectra
hence were used for the statistical analysis. Additionally, the concentrations of the
elements in the spice samples could not be used since no specific calibration was
prepared for the elements. Further, depending on the geographical location from which
the spices were cultivated and adulterated (taking into account the purity of the dyes),
it is evident that both spice samples and dyes would have different elemental

compositions which would be a limitation in the method.
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2.3.1 Multivariate Classification Techniques

Multivariate classification techniques were employed to predict the types of spice
adulteration prior to prediction of the levels of adulteration using multiple regression
analysis. Two different multivariate classification techniques: logistic regression
analysis and discriminant analysis were used to develop models to predict the type of
adulterant in reported cases of adulteration of paprika and sweet pepper. These were
the initial steps of the study after which models would be developed using multiple
regression analysis, to predict the levels of adulteration of the spices with Sudan dyes,
Para Red, and Sunset Yellow dyes. Logistic regression and discriminant analysis
classification technigues were chosen to complement each other, having in mind the
limitations of the techniques: binary logistic regression classifies samples only into two
groups (it cannot classify samples into more than two groups, unless in multiple
logistic regression) whereas discriminant analysis can classify samples into more than

two groups or classes.
2.3.1.1 Logistic Regression Analysis

A total of 210 samples comprising of triplicates of adulterated paprika samples with
Sudan 1, 111, 1V, Para Red, and Sunset Yellow FCF dyes with adulteration levels
between 0.5% and 50%, were used for the logistic regression. 126 samples belonging
to paprika adulterated with either Sudan I, 111, and IV were classified as ‘Cases’ (Sud)
with a binary code of ‘1” whereas the remaining 82 samples adulterated with Para Red
and Sunset Yellow FCF (Non-sud) were classified as ‘Non-cases’ with a binary code
of ‘0’ for the logistic regression. All four variables; Compton and Rayleigh intensities,

Compton and Rayleigh ratios were used to develop the model for future predictions.
2.3.1.2 Discriminant Analysis

Firstly, the 210 samples were divided into two main groups, as was done for the
logistic regression. Group ‘Sud’ comprised of 126 samples made up of Sudan I-, Ill-,
and IV-adulterated paprika whereas the remaining 84 Para Red and Sunset Yellow
adulterated paprika samples were categorized as group ‘non-Sud’. This classification

model was compared with the binary logistic regression model.

Secondly, a third group was introduced by splitting the ‘non-Sud’ group into two sub-

groups making a total of 3 groups or classes. The new groups or classes were as
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follows: class ‘Sud’ for Sudan I, 11l and 1VV-adulterated paprika samples, class ‘PRed’
for Para Red-adulterated paprika, and class ‘SY’ corresponding to Sunset Yellow-
adulterated paprika samples. Similarly, all four variables which were the Compton and
Rayleigh scatter intensities as well as their derivative ratios were used to develop the
models.

2.3.2 Multiple Regression Analysis

Three multiple regression models: Model A based on the Compton and Ryleigh ratios;
Model B based on the Rh Compton and Rayleigh scatter intensities; and Model C or
the full model based both the ratios and the scatter intensities were prepared for each
class of spice adulteration (7 classes in all). Multiple regressions with stepwise
backward selection method using the pre-defined predictors were prepared. A total of
45 data sets per sample, including the blank spices (0% adulteration) were used to
prepare the models. Influential points and points with unusual Studentized residuals

(>3) were removed from the dataset for optimization of the model.
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3. RESULTS AND DISCUSSION
3.0 WDXRF Spectra details of pure spices and dyes
3.0.1 Compton Ratio

The Compton ratio is an estimate based on the measured intensity of non-coherent
scattering by light elements in the sample compared to the theoretical intensity based
on the simulated matrix (cellulose, C¢H1,0g). It is greatly affected by the amount of
lighter atomic weight elements present in a sample and which cannot be measured by
XRF. A ratio close enough to 1 is desirable. The Compton ratios for the spices and
dyes (Figure 5) indicate that the matrix simulation in the study was credible. This could
significantly minimize matrix-mismatched associated errors in the experiment. Paprika
and sweet pepper had values closer to 1. These Compton values for paprika and sweet
pepper were expected since they are largely composed of cellulose and light elements.
Among the dyes, Sudan Il and Sudan 1V had the highest and lowest ratios of 1.26 and
0.90, respectively. The Compton ratio for Sudan Il was expected given the observed
‘lighter’ nature of the dyes during the experiment. This could suggest that Sudan III
dye composed of higher concentration of lighter elements than the other dyes and, the

opposite is true for the Sudan IV dyes.

Compton & Rayleigh ratios
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Figure 5: Compton and Rayleigh ratios of the pure spices and dyes. Paprika and sweet pepper
had similar ratios. Sudan Il and I dyes had the highest Compton and Rayleigh ratios. Sudan
IVa and 1Vb dyes (from Alfa Aesar® and Sigma-Aldrich®, respectively), had the lowest
Compton and Rayleigh among the dyes ratios. A ratio close to one is desirable for matrix
simulation. The highest Compton ratio deviations were observed for Sudan I and 111 dyes
whereas Para Red dye had the least deviations for both Compton and Rayleigh ratios.
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3.0.2 Rayleigh Ratio

The Rayleigh ratio compares the intensity of coherent scattering as due to heavier elements in
the measured sample to that of the cellulose matrix. Matrices composed of heavier atomic
weight elements (heavier matrix) are more likely to produce Rayleigh scattering than lighter
matrices. In relation with the Compton ratio, the Rayleigh ratio gives information regarding the
appropriateness of matrix simulation considering heavier elements. As shown in Figure 2
above, it was observed that Rayleigh ratios of the unadulterated spices (paprika and sweet
pepper) as well as the pure dyes, with the exception of Sudan | and 11, were closer to 1, with
average ratios between 1.12 and 1.47. Paprika and Sweet pepper had average ratios of 1.19 and
1.12 respectively. These observations support our deduction that the matrix simulation in this
study was appropriate as already revealed by the Compton ratios. However, the Rayleigh ratios
for Sudan 111 and | dyes were very high (2.02 and 1.82, respectively) indicating that Sudan 11
and | contain lesser amounts or concentrations of heavier elements than other spices This issue
can be resolved by the use of a more lighter matrix than cellulose, such as the C5 sugars
(hemicellulose). Sunset Yellow FCF had a low ratio of 1.28 among the dyes followed by
Sudan IVVa and 1VVb dyes. These findings were also consistent with the Compton and Rayleigh

scattering intensities of the dyes (Figure 5).

3.0.3 Compton and Rayleigh Scatter Intensities

The intensity of an X-ray quantum is defined as the number of X-ray quanta per unit
time recorded at the detector as pulses per second or counts per second (Cps). It
contains the information about the concentration of the emitting elements present in a
sample. Matrices high in lower atomic weight elements (lighter matrix) are more
susceptible to Compton scattering resulting in greater intensity of the Rh Compton
scatter quanta reaching the detector. Conversely, Matrices with higher atomic weight
elements (heavier matrix) are prone to Rayleigh scattering resulting in a greater

intensity of the Rh Rayleigh peaks recorded in the detector.

Sudan | and Ill had the lowest Rayleigh scatter intensities of 74.5 and 74.6KCps,
respectively whereas Sunset Yellow FCF had the lowest Compton scatter intensity of
303.5KCps. In all spices and dyes, the Compton scatter intensities were higher than the
Rayleigh scatter intensities, indicating that both spices and the dyes used in the study
composed largely of lighter elements. Based on the Compton and Rayleigh ratios
(Figure 5) as well as the scattering intensities of the dyes and spices (Figure 6),
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WDXRF exhibits the potential of determining Sudan dyes adulteration in paprika and

sweet pepper when the appropriate multivariate classification techniques are applied.
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Figure 6: Compton and Rayleigh scatter intensities of pure spices and dyes.Sudan lva and Vb
are Sudan 1V dyes from Alfa Aesar® and Sigma-Aldrich, respectively. The highest Compton
scattering was observed for Sudan Iva and Vb dyes whereas Sunset Yellow FCF had the
lowest Compton scatter intensity among the dyes. Paprika and Sweet pepper had similar
Compton and Rayleigh scatter intensities, consistent with the Compton and Rayleigh ratios.
Sudan | and 111 had the lowest Rayleigh scatter intensities, corresponding to the highest
Rayleigh ratios in those dyes.

3.0.4 Percentage ‘Matrix’

In WDXREF spectra, ‘matrix’ refers to the composition of samples or material that is
not measured by the technique. The ‘% matrix’ can be defined as the percentage of
other components in the sample material apart from the measured elements. In our
experiment, the ‘matrix’ is composed of lower atomic weight elements (Z<11) as well
as other sample components that cannot be measured by the WDXRF technique
together with any other sample composition due to the intrinsic limitation of the
WDXRF spectrometer. By this definition, they include elements such as Ne, F, O, N,
C, B, Be, He, etc. Table 1 shows the percentage ‘matrix’ of the dyes and spices used in
this study. The results indicate that nearly 5% of the elemental compositions of paprika
and sweet pepper were detected by the WDXRF spectrometer. About 2% of the
elemental compositions of Sudan Ill, Para Red, Sudan IVa dyes were measured whilst
less than 1% of the elemental compositions of Sudan | and Sudan 1\VVb were measured

by the WDXRF technique. Approximately 26% of the composition of Sunset Yellow
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FCF was measured by the WDXRF technique indicating that Sunset Yellow FCF

contains a higher percentage of ‘measureable’ elements than the other dyes.

Table 1: Percentage 'Matrix' of pure spices and dyes analysed in the study

Sample Matrix (%) Std. deviation (n)
Paprika 95.7 0.2 (15)
Sweet pepper 95.4 0.1 (6)
Sudan I 99.6 0@3)
Sudan 111 98.2 0.1(3)

Para Red 98.4 0(3)
Sunset Yellow FCF 73.9 0(3)
Sudan IVa 98.0 0.4 (3)
Sudan 1Vb 99.4 0(3)

Sudan IVa and IVb refer to Sudan 1V dyes purchased from Alfa Aesar® and Sigma-Aldrich
Chemie, respectively. n refers to the sample size.

3.0.5 Elemental Compositions of the pure spices and dyes

The elemental compositions of paprika, sweet pepper and the dyes obtained using the
standardless semi-quantitative methods in the WDXRF analysis are shown below. The
estimated concentrations as well as the statistical error (instrumental) associated with
the measurement are summarized below. It must be emphasised that the concentrations
of the elements (ppm) are estimated values whose exact amounts can only be obtained
through quantitative analysis following the development of calibration models for the
elements present in the samples. However, giving the magnitudes of the statistical
errors associated with these estimations, it can be inferred that these concentrations are
near accurate, for some of the elements, especially the elements with statistical errors
at 5% and below. Elements in which the concentrations had estimated statistical errors
up to 10% could be referred to as ‘possibly present’ in the sample. Statistical error
above 10% associated with the estimated concentration of an element makes the
presence of an element in a sample doubtful with high uncertainties.
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3.0.5.1 Elemental Compositions of pure Paprika and Sweet pepper

Paprika and sweet pepper had very similar elemental compositions. Ten (10) elements
were detected in both paprika and sweet pepper with Br exclusively in sweet pepper.
The elemental compositions of paprika and sweet pepper are summarized in Table 2.
The most predominant element in both spices was K at concentrations of
26,154.2+924.4 ppm and 29,206.7£326.6 ppm for paprika and sweet pepper,
respectively. The concentrations of Cl, P, Mg, S, Ca, and Si, were also predominant in
both spices. However, concentrations of Ca were significantly different between
paprika (2,648.3£96.8 ppm) and sweet pepper (1,713.3+25.2 ppm). Al, Fe, and Cu
were present at trace levels in both spices. In addition, trace amounts of Br was also
detected in sweet pepper. Although, these elemental concentrations were obtained in
semi-quantitative mode, without specific calibrations for the elements (as already
stated), these concentrations are accurate, given the lower statistical errors associated
with the estimations. The amounts of elements detected in paprika and sweet pepper
were consistent with the Compton and Rayleigh ratios, as well as Compton and
Rayleigh scatter intensities obtained for both spices. These values were also expected

since paprika and sweet pepper belong to the same family of plants.

Table 2: Elemental compositions of pure paprika and sweet pepper

Element Concentration (x10* ppm) Stat. error (%)
Paprika Sweet p. Paprika  Sweet p.
K 2.616+0.092  2.921+0.033 0.2 0.2
P 0.357+0.019  0.356+0.004 1.2 1.7
Cl 0.340+0.016  0.362+0.004 1.3 1.3
Mg 0.287+0.018  0.277+0.002 1.6 1.7
Ca 0.265+0.010  0.171+0.003 0.8 1.0
S 0.223+0.014  0.218+0.002 11 11
Si 0.115+0.008 0.117+0.002 28 2.7
Al 0.033+0.002  0.035+0.002 ¢ g 6.6
Fe 0.027+0.001 0.025+0.0003 12 1.2
Cu 0.003+0.0002  0.003%0.0001 49 4.9
Br *% 0.005+0.0001 == 2.8

Sweet p refers to sweet pepper and Stat. error, the statistical error associated with the
estimation of the concentrations of the elements present in the samples by the WDXRF

instrument.
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Figure 7: WDXRF spectra of pure (unadulterated) paprika (top) and sweet pepper (bottom).
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3.0.5.2 Elemental composition of Sudan I and Sudan I11 dyes

The elemental compositions of pure Sudan | and Sudan 11l dyes are presented in Table
3. Nine (9) elements were detected in Sudan | whereas eight (8) were detected in
Sudan Ill. The most predominant element Sudan | dye was Cl at an estimated
concentration of 1,013.3+30.6 ppm, followed by Ca (871.3x20.0 ppm) and Na
(840.0£26.5 ppm). Na (6,946.8£270.1 ppm), Cl (6,426.7£30.6 ppm) and Ca
(2,660.3+34.6 ppm) were the most predominant elements in Sudan Il dye. S, Mg, Si,
Fe, and K were detected at trace levels in both dyes. In addition, Al was detected in
Sudan | at a trace level of 260.0 ppm but was not detected in Sudan Il1. These findings
were also consistent with the Compton and Rayleigh ratios, as well as the scatter
intensities obtained for Sudan | and 11l dyes. The very light nature of the Sudan IlI
powder observed during the study is explained by the fact that it largely composed of
light elements Na (Z=11), Cl (17) and Ca (20).

Table 3: Elemental compositions of Sudan | and 111 dyes.

Concentration (x10* ppm) Stat. error (%)
Element Sudan | Sudan 111 Sudan | Sudan 11
Cl 0.101+0.003 0.643+0.003 2.5 0.9
Ca 0.087+0.002 0.266+0.004 1.2 0.7
Na 0.084+0.003 0.695+0.027 10.1 2.6
S 0.028+0.001 0.030+0.001 3.3 3.3
Al 0.026+0.0001  ** 7.5 *x
Mg 0.021+0.001 0.052+0.002 8.8 4.6
Si 0.020+0.001 0.033+0.001 7.4 5.6
Fe 0.012+0.0001  0.032+0.001 1.7 0.9
K 0.005+0.001  0.003£0.0001 106  10.8

Stat. error is the statistical error associated with the estimation of the concentrations of the
elements present in the samples by the WDXRF instrument.
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Figure 8: WDXRF spectrum of Sudan | dye.

3.0.5.3 Elemental Compositions of pure Sudan IVa and IVb dyes

Eleven (11) elements were detected in Sudan IVa dye (from Alfa Aesar®). The
predominant elements were Na (8,223.3+274.3 ppm), CI (7,340.0+205.3 ppm) and Si
(1,430.0£69.3 ppm). Conversely, eight (8) elements were detected in Sudan Vb (from
Sigma Aldrich) predominantly Na (1,843.3+169.2 ppm) and Cl (1,763.3£85.1 ppm). In
addition to Na, Cl, Si, Fe, Ca, S, and K, which were common to both Sudan IVa and
IVb dyes, Mg at 396.7+5.8 ppm, Cu at 91.0£9.5 ppm, and Ti (<50ppm) were also
detected in Sudan IVa. However, the concentrations of Na, Cl, Si, Fe, and K detected
in Sudan IVb were significantly lower than detected in Sudan 1VVa. Additionally, Sudan
IVb contained Ba at a level of 887.0+15.4 ppm which was not detected in Sudan IVa.
Conversely, the concentration of S detected in Sudan 1\VVb was about twice higher than
detected in Sudan IVVa. These differences were expected since the Sudan 1V dyes were
from different manufacturing sources and they may account for the minimal
differences observed in the Compton and Rayleigh ratios as well as the scatter

intensities of the Sudan IV dyes.
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Table 4: Elemental compositions of Sudan 1V dyes.

Conc. (x10* ppm)

Stat. error (%)

Element Sud IVa Sud 1Vb Sud IVa Sud IVb
Na 0.822+0.027 0.184+0.017 2.4 6.0
Cl 0.734+0.021 0.176+0.009 0.9 1.8
Ba ook 0.089+0.002 ** 2.0
Si 0.143+0.007 0.009+0.001 2.4 14.0
Fe 0.086+0.011 0.020+0.0001 0.5 1.2
Ca 0.081+0.005 0.053+0.001 1.3 1.5
Al 0.062+0.004 ** 4.7 *x
Mg 0.040+0.001 ** 6.0 *
S 0.038+0.001 0.062+0.001 2.8 2.1
K 0.023+0.001 0.002+0.0001 2.7 13.8
Cu 0.009+0.001 ** 17 o
Ti 0.004+0.001 ** 9.1 o

Sud IVa and IVb are Sudan IV dyes purchased from Alfa Aesar® and Sigma Aldrich,
respectively. Stat. error is the statistical error associated with the estimation of the
concentrations of the elements present in the samples by the WDXRF instrument.
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Figure 9: WDXRF spectra of Sudan 1Va (top) and Sudan IVb (bottom) dyes.
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3.0.5.4 Elemental Compositions of Para Red and Sunset Yellow FCF dyes

Para Red and Sunset Yellow FCF dyes are both structurally related to Sudan I. Sunset
Yellow is the sulphonated analogue of Sudan I, making it highly hydrophilic. Para Red
contained eight (8) elements, predominately, Cl at 7,936.7+75.1 ppm and Na at
7,256.7+80.0 ppm levels. Other elements detected in Para Red included S, Fe, Si, Ca,
Br, and Cu some of which were also detected in Sunset Yellow. Seven (7) elements
were detected in Sunset Yellow FCF dye. The predominant elements were S
(109,200.0£1,228.8 ppm), Na (97, 866.7+2,013.3 ppm), K (43, 930.0+477.9 ppm) and
Cl (9,143.3+£198.6 ppm). Mg at the concentration of 729.3+7.8 and K were detected in
Para Red but not in Sunset Yellow. Conversely, was also detected in Sunset Yellow in

addition to the elements common to both Para Red and Sunset Yellow.

Table 5: Elemental compositions of Para Red and Sunset Yellow FCF dyes.

Element Concentration (x10* ppm) Stat. error (%)

PR SY PR SY
Cl 0.794+0.008  0.914+0.020 0.8 1.1
Na 0.726+0.007  9.787+0.201 2.6 0.6
S 0.031+0.001  10.92+0.123 3.2 0.2
K ** 4.393+0.048 ** 0.3
Mg ** 0.073+0.001 ** 5.4
Si 0.010+0.001  ** 12.1 *k
Ca 0.010+0.0001  ** 4.5 *x
Br 0.005+0.0001 ** 2.6 **
Fe 0.021+0.001  0.003+0.0001 1.2 8.7
Cu 0.002+0.0001  (0.003+0.0001 6.5 7.7

PR and SY refer to Para Red and Sunset Yellow FCF dyes, respectively. Stat. error is the
statistical error associated with the estimation of the concentrations of the elements present in
the samples by the WDXRF instrument.
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Figure 10: WDXRF spectra of Para Red (top) and Sunset Yellow FCF (bottom) dyes.
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3.1 Logistic Regression (LR)

Logistic regression was employed as a classification tool to predict the type of spice
adulteration prior to the prediction of the levels of adulteration using multiple
regression analysis. The omnibus test for the model coefficients of the LR model
revealed that the fitted model was statistically significant (p<0.05) at the 95%
confidence interval or higher with a Chi-square (5?) of 145.4 and degree of freedom (df) of
4. This indicates a significant relationship between the predictors or variables (Compton &
Rayleigh intensities and Compton & Rayleigh ratios) fitted in the model at the 95% confidence
level. The Hosmer-Lemeshow chi-square test was non-significant (p>0.05) indicating
that the fitting of the model was adequate. Further, the Nagelkere R? was good 0.675
supporting the goodness of fit of the model as revealed by the Hosmer-Lemeshow chi-
square test.

The coefficients as well as the test of coefficients in the fitted logistic regression model

are presented in Table 6.

Table 6: Summary of the fitted logistic regression model.

Likelihood Ratio

Parameter Estimate Std. Odds Tests H-L Test
Error ratio xz p ¥ p

CONSTANT 282.793  60.932
Rh  Compton -0.021999 0.018479 0.978241 1.42564 0.233

intensity 7.165 0.52
Rh  Rayleigh -0.950142 0.212718 0.386686 32.2257  0.000

intensity

Compton ratio -102.647  27.1052 =0 17.576 0.000

Rayleigh ratio -37.0268 23.6433 =0 2.48967 0.115

H-L refers to the Hosmer-Lemeshow test of the model whereas p is the p-value. The odds ratio
for Compton and Rayleigh ratios were approximately zero.

The likelihood ratio test (Table 6) assesses the contribution of each predictor in the
fitted model. The Compton and Rayleigh ratios were the most significant contributors
in the prediction ability considering the p-values of the likelihood ratios tests.
However, since the ratios are derivatives of the true measured physical quantities,
which are the Compton and Rayleigh scatter intensities, simplification of the model by
the removal of the intensities would not be meaningful. The odds ratio is indicative of
each predictor’s effect on the exponential function of the fitted regression model. The

odds ratio for both the Compton and Rayleigh ratios, unlike the intensities, were
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approximately zero indicating negligible effects of these predictors on the exponential

function of the fitted model.

Table 7: Logistic regression prediction performance, sensitivity and specificity.

Correct Prediction (%) Sensitivity  Specificity
Category Size True False Total % %
Case 126 112 14 83.3 88.9 75.0
Non-case 84 21 63
Sudan I, I, and IV-adulterated paprika samples are classified as ‘true’ cases whereas paprika

adulterated with Para Red and Sunset Yellow dyes (non-Sudan dyes or other dyes-adulterated
samples) are known as ‘false’ cases.

In the LR classification, Sudan dyes-adulterated paprika were assigned as ‘cases’ (Sud)
and coded ‘1’ whereas Para Red and Sunset Yellow-adulterated paprika were assigned
as ‘non-cases’ (Non-Sud) and coded “0’.

The prediction performance of the logistic regression model was very good with an
overall correct prediction percentage of 83% (Table 7). At 0.5 cut-off value, 88.9% of
Sudan dye-adulterated samples were correctly predicted whereas 75% on non-Sudan
dye-adulterated samples were correctly predicted. A sensitivity of 88.9% is very good.
Since Sudan dyes are the most detected in reported cases of paprika adulteration, hence
88.9% sensitivity indicates a greater prediction chance of a Sudan dye-adulterated
paprika being correctly predicted. The area under the curve of the receiver operating
curve (Figure 3) was 0.923 with a standard error of 0.018 indicating a prediction power

of the model to be 92.3% with a 2% error rate. This is very good for the model.
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Figure 11: Receiver Operating Characteristic (ROC) curve of the logistic regression model.

The results of the logistic regression reveal the ability of WDXRF to differentiate
between Sudan dye-adulterated paprika and paprika adulterated with Sudan dyes (I, 111,
and 1V) adulterated and Para Red & Sunset Yellow-adulterated paprika with a high
degree of accuracy. Further, the adequacy of the fitted model and the higher predictive

power would enable future predictions of Sudan dyes-adulterated paprika samples.

3.2 Discriminant Analysis (DA)

Two different models were developed. Model A in which data were classified into two
broad classes: paprika samples adulterated with Sudan I, Ill, and IV dyes were
assigned as ‘Sud’ class whereas Para Red and Sunset Yellow-adulterated paprika
samples were assigned ‘Non-Sud’ class. In Model B, a third class was introduced by
dividing class ‘Non-Sud’ into classes ‘PRed” and ‘SY’ for Para Red and Sunset
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Yellow-adulterated paprika samples respectively. Sudan 1, Ill, and IV-adulterated
paprika samples were maintained in the ‘Sud’ class. Both fitted models were

statistically significant (p<0.05) at the 95% confidence level.

Table 8: Discriminant analysis classification and discriminant functions coefficients.

Classification function coefficients

Parameter Model A Model B
Sud Non-Sud Sud PRed SY
Compton int. 0.0166  0.0096 3.0721 3.9069 3.3374

Rayleigh int. 76.7071 77.4201 66.2494 66.3797 67.9386
Compton ratio  -269.842 -219.564 2858.18 3087.75 2604.63
Rayleigh ratio  7812.670 7843.750 5896.39 5819.74 6109.99
CONSTANT -9688.67 -9866.95 -10442.1 -10698.8 -10493.8

Discriminant function coefficients

Parameter Model A Model B

1us 1s 1us 1s 2us 2s
Compton int. -0.0036 -0.1192 0.1154 2.9769 0.0427 1.1001
Rayleigh int. 0.3667 2.1687 -0.4034 -2.3838 0.2405 1.4209
Compton ratio  25.8595 1.0643 90.8421 3.6284 65.1216 2.6011
Rayleighratio  16.1322 0.9553 -62.3344 -3.6972 -7.4261 -0.4405
CONSTANT -91.5015 -18.3299 -108.039

Sud, Non-Sud, PRed, and SY refer to Sudan dyes-adulterated, non-Sudan dyes-adulterated,
Para Red and Susnet Yellow-adulterated paprika samples, respectively. Compton int. and
Rayleigh int. are the Compton and Rayleigh scatter intensities. Models A and B are the
models discriminating two and three classes of adulterations, respectively. 1y and 1g

refer to unstandardized and standardized discriminant function 1 whereas 25 and 25 correspond
to discriminant function 2.

In model A, the single function obtained for discriminating the adulterated paprika
samples into the Sudan dyes-adulterated (Sud) and non-Sudan dyes-adulterated (non-
Sud) was statistically significant at the 95% confidence level with Eigenvalue of 0.916
and canonical correlation of 0.69. Similarly in model B, both discriminant functions
were statistically significant at the 95% confidence level. The Eigenvalues were 2.482
and 0.761, canonical correlations of 0.84 and 0.66, with relative percentages of 76.5%
and 23.5% for functions 1 and 2, respectively in model B. The Rayleigh ratio had the
highest absolute classification coefficients followed by the Compton ratio in both
models (Table 8) among the various adulteration classes or groups. This could be due

to the variations in the Rayleigh ratios (as a function of the Rayleigh scatter intensity)
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among the Sudan dyes used for adulteration as a result of varying high atomic (or
middle Z) elements present in the dyes. Conversely, the Compton ratio had the highest
absolute discriminant coefficients followed by the Rayleigh ratio in both models.
However, the unstandardized coefficients of the discriminant functions in model B was
about 4x higher than observed in model A. This could be due to the differences in the
amounts light (low Z) elements present in Para Red and Sunset Yellow dyes liable to

Compton scatter effect as a result of high-energy X-ray irradiation.
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Figure 12: Discrimination of the adulterated paprika samples in DA model B. Sud, P Red and
SY correspond to Sudan 1, 111, and 1V-adulterated, Para Red-adulterated and Sunset Yellow-
adulterated paprika samples, respectively.
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Scatterplot (Model A)
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Figure 13: Scatter plot in models A (a) and model B (b). Sud and Non-Sud correspond to Sudan
dyes and non-Sudan dyes-adulterated paprika samples. P Red and SY correspond to Para Red-
adulterated and Sunset Yellow-adulterated paprika samples, respectively.
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The performances of the classification models (Table 9) indicate good sensitivity and

excellent specificity.

Table 9: Discriminant analysis classification performances.

Predicted group (%) Sensitivity  Specificity
Model Class Actual Sud Non-Sud % %
size
A Sud 126 119 (94.4) 7 (5.6)
Non- 84 22 (26.2) 64 (73.8)  94.4 73.8

Sud

Cross-validation

Sud 126  118(93.7)  8(6.3)

Non- 84 22 (26.2) 62 (73.8) 93.7 73.8
Sud
Sud PRed SY
B Sud 126 114 (90.5) 11(8.7) 1(0.8)
PRed 42 4 (9.5) 37(88.1) 1(2.4) 90. 86.9
SY 42 5(11.9) 0 37(88.1)

Sud, Non-Sud correspond to Sudan dyes-adulterated and non-Sudan dye-adulterated paprika
samples, respectively whereas P Red and SY correspond to Para Red-adulterated and Sunset
Yellow-adulterated paprika samples, respectively.

The overall correct classifications of original samples were 86.2% and 89.5% for
models A and B, respectively. Of particular interest was model A which classified the
adulterated paprika samples into Sudan dye-adulterated and non-Sudan dye-adulterated
paprika with a cross-validated correct classification of 85.7%. This indicates
robustness of the method. It also confirms the adequacy of the WDXRF spectral
features which are Compton and Rayleigh scatters as well as their derivative ratios, to
differentiate between Sudan dyes-adulterated and non-Sudan dyes-adulterated paprika
samples, as revealed by the logistic regression method. The overall correct
classifications in the discriminant analysis model A increased by 3% compared with

the logistic regression model. Additionally, the sensitivity and specificity were
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significantly increased in the DA model A (Table 9) compared to the logistic
regression analysis. There were similar misclassifications in the DA as was observed in
the logistic regression classification. Some Sudan dyes-adulterated samples (Sud) were
classified as Para Red and Sunset Yellow-adulterated (non-Sud) and vice versa. This
was due to the structural relatedness of Sudan I dye with Para Red dye and vice versa.
This was confirmed when the ‘non-Sud’ group was sub-divided into two of Para Red-
adulterated (P Red) and Sunset Yellow-adulterated (SY) in model B. About 8.7% of
Sudan dyes-adulterated samples (Sud) were classified as Para Red-adulterated (P Red),
whereas 9.5% were classified vice versa. The discriminant analysis confirmed the
ability of WDXRF to differentiate between Sudan dyes-adulterated and non-Sudan
dye-adulterated paprika samples with high accuracy, as was already revealed by the
logistic regression. The ability of WDXRF to accurately predict the type adulteration in
paprika adulterated with and without Sudan dyes is of great importance in the use
WDXRF to screen for illegal dyes such as the Sudan dyes in paprika. Further, this
established ability also serves as a platform for the investigation of the ability of
WDXRF to predict the levels of adulteration in paprika samples predicted (or
suspected) to be adulterated with Sudan and non-Sudan dyes.

3.3 Multiple Regression Analysis

Three (3) multiple regression models were prepared for paprika and sweet pepper
adulterated with each of the 5 dyes (Sudan I, Sudan Ill, Sudan 1V, Para Red and Sunset
Yellow FCF). Model A was based on the Compton and Rayleigh ratios, B based on the
Compton and Rayleigh scatter intensities whereas model C was the full model based
on all four spectral quantities (Compton and Rayleigh intensities and their derivative
ratios). The best models were selected based on the goodness of fit (Adjusted R?),
Mallow’s Cp statistic, Akaike Information Criterion (AIC) and the standard error of
estimate (SEE) associated with the models. The variance inflation factors (VIFs) of the
predictors in each model were also discussed. Table 10 summarizes adjusted R2,
Akaike Information criterion and the standard errors of estimate of the fitted multiple

regression models.

39



Table 10: Summary of performances of the three multiple regression models.

% Adulteration Adj. R (%) AIC SEE (%)

A B C A B C A B C
Sudan | in paprika 76.0 944 98.2 44 29 18 82 40 25

Sudan I~ 68.7 91.6 951 46 33 29 94 49 37
Sudan IV~ 79.2 89.0 97.1 42 36 23 7.7 56 28
ParaRed 536 888 971 50 36 23 115 56 28
Sunset Yellow 90.1 98.7 99.0 35 14 13 53 19 17
Sudan I in sweet p. 81.0 956 98.1 41 35 14 72 35 23
Sudan IV~ « 79.1 933 98.4 42 31 138 77 44 23

AIC is the Akaike Information Criterion and SEE is the standard error of estimate. Models A,

B, and C had coefficients of 3, 3, and 5, respectively and Mallow’s Cp values of 3, 3, and 5,
respectively.

The adjusted R? statistic indicates the percentage of the observed variability in the
percentage of adulteration which is explained by the independent variables in the fitted
model. It indicates the goodness of the fitting. The model based on only the Compton
and Rayleigh ratios had adjusted R? values between 53.6% and 90.1% (Table 10). Para
Red- and Sunset Yellow-spiked paprika had the lowest and highest goodness of fit
values, respectively. Although there were appreciable degree of fitting for all dyes in
paprika and sweet pepper (>50%), the goodness of fit values suggest that the Compton
and Rayleigh ratios alone may not be the ideal variables to predict levels of
adulteration of paprika and sweet pepper suspected to be adulterated with Sudan dyes.
Additionally, the standard errors of estimate in the models based on only the Compton

and Rayleigh ratios (model A) were higher (between 5.3 and 11.5%) than the other
models.

The model based on the Compton and Rayleigh (model B) scatter intensities had
goodness of fit between 88.8% and 98.7% with the errors of estimate between 1.9 and
5.6%. The lowest and highest fitting were observed for Para Red and Sunset Yellow-
spiked paprika, respectively whereas the lowest error was observed for Sunset Yellow
dye. This was consistent in all three models. However, the highest errors of estimate in
the model based only the scatter intensities were observed for Para Red and Sudan 111
paprika adulterations. These observations in the errors of estimate in model B were

consistent with the errors in model C (based on both intensities and ratios).

The full model had goodness of fit ranging from 95.1% to 99.0% with estimated error

between 1.7 and 3.7%. The highest fitting and lowest error of estimate were observed
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consistently for Sunset Yellow-spiked paprika. This could be mainly due to the fact
that Sunset Yellow is a hydrophilic dye compared to the other highly hydrophobic
dyes; hence the paprika-dye interaction was more appropriate, among other things such

as sample preparation errors and instrumental errors.

Generally, it was observed that there were significant improvements in the goodness of
fit and the standard errors in most of the adulterations from model A to C. Of particular
interest was the prediction of the levels of Para-Red adulteration in the adulterated
paprika samples by the three models (Table 10), where there was a significant increase
of about 44% in the adjusted R values between models A and C, with corresponding
decrease in the standard error of estimate from 7.5% to 2.8%, respectively. Similarly,
there were significant increases ranging from 17% to 22%, with the exception of
Sunset Yellow adulterated paprika, in the fitting between models A and C, with

corresponding decrease in the standard error of estimate between 8.6% and 3.6%.

There were minimal increases in the fitting of the model with corresponding decreases
in the errors of estimate between paprika and sweet pepper adulterated with Sudan |
and IV dyes. In other words, the models explained better, the observed variances in the
Sudan | and IV-adulterated sweet pepper samples than in their corresponding paprika
samples. This may be due the slight differences in the elemental compositions paprika

and sweet pepper but how they cause about this is not clearly understood.

The Mallow’s Cp statistic measures the bias in a multiple regression model by
comparing the total mean squared error with the true variance. An unbiased model has
an approximate Cp value of p, where p is the number of coefficients in the model
(including the constant). The Mallow’s Cp values for models A, B, and C were 3, 3,
and 5, respectively, indicating that all three models were unbiased. The absence of bias
in the models indicates that the prediction of the levels of adulteration by the models

were accurate.

The Akaike Information Criterion (AIC) is based on the residual mean squared errors
with a penalty that grows with increasing number of coefficients in the model.
Depending on the selected information criterion, models with the smallest residual
errors with as few coefficients as possible is desirable. The observed AICs (Table 10)
ranged from 3.5 to 5.0, 1.4 to 3.6, and 1.3 to 2.9; for models based on the ratios (A),

scatter intensities (B), and both ratios and scatter intensities (C), respectively. These
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findings indicated that the penalties reduced from models based on the ratios to the full

models based on both the ratios and scatter intensities.

3.3.1 Variance Inflation Factor (VIF)

The Variance Inflation Factor (VIF) in multiple regression analysis is an indicator of
multicollinearity regression models and computationally reciprocates the tolerance of a
regression model. It states the inflation in the magnitude of the standard errors
associated with a particular beta weight due to multicollinearity. A maximum VIF of
10 was allowed in this study. Summary of the VIFs as well as the tolerance in the three

models are shown in Table 2 below.

Table 11: VIFs and tolerances of the multiple regression models.

Adulteration Model A Model B Model C

Comprat. Ray rat. Rh Comp Rh Ray
Sud | pap 4.98 (0.20) 1.06 (0.95) 18.30(0.06) 87.17(0.01) 3.95(0.25) 71.06(0.01)
Sud Il 3.36 (0.30) 1.40(0.71) 27.75(0.04) 52.68(0.02) 11.72(0.09) 44.13(0.02)
SudIlv 4.32(0.23) 1.28(0.78) 32.10(0.03) 56.01(0.02) 9.31(0.11) 18.27(0.06)
Para Red “ 9.39 (0.11) 2.76(0.36) 24.52(0.04) 50.49(0.02) 6.70(0.15) 23.82(0.04)
S Yellow “ 10.13(0.10) 4.22 (0.24) 49.27(0.02) 92.39(0.01) 29.03(0.03) 50.46(0.02)

sudIswtp  4.59(0.22) 1.10 (0.91)
Sud IVswtp  2.96 (0.34) 1.05 (0.95)

20.42(0.05) 50.45(0.02) 5.07(0.20) 30.01(0.03)
18.99(0.05) 172.15(0.01) 7.75(0.13) 134.41(0.01)

Sud | refer to Sudan I, Sud I11 and Sud IV refer to Sudan Il and Sudan 1V dyes. Pap and Swt p.
refer to paprika and sweet pepper. Model A is model based on the Compton and Rayleigh
ratios; Model B: based on Rh Compton and Rayleigh scatter intensities; and Model C is the full
model based on both ratios and scatter intensities. Comp rat, Ray rat, Rh Comp, and Rh Ray
refer to the Compton ratio, Rayleigh ratio, Rh Compton and Rayleigh scatter intensities,
respectively. The unbracketed and bracketed figures are the VIFs and tolerances, respectively.

The VIFs for the models based on the scatter intensities (1.05-4.22) and ratios (2.96-
10.1) were very low compared to the VIFs for the full model (C), indicating the
presence of multicollinearity in the full model. However, the multicollinearity in the
full model was expected as the Compton and Rayleigh ratios are derivatives of the
Compton and Rayleigh scatter intensities, respectively, obtained by comparisons of the
measured scatter intensities of the sample to the theoretical intensity if the simulated

matrix. Besides, the ratios and intensities provide different spectral information from
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the measured samples. The Compton and Rayleigh scatter intensities are based on
physical characteristics of the measured samples whereas the ratios take into account

the nature of the sample compared to the matrix the simulated matrix (cellulose).

Regarding this, the full models seem to be the best model. Additionally, since the
standard errors of estimate and thus the variances in the full models are significantly
less than in the model based on the Compton and Rayleigh scatter intensities, the
inflation in the variances (VIFs) in the full model may not significantly affect the
predictions of the levels of adulteration using the full model. Besides, since the
Compton and Rayleigh scatter intensities as well as their derivative ratios are readily
available in any WDXRF spectra, both models could be used for the prediction of
levels of adulteration and the results compared with each other for any significant
differences.

Based on the significantly higher goodness of fit values, coupled with significantly
lower standard errors of estimate and information criterion penalties, it is concluded
that the best model to predict the levels of adulteration in paprika and sweet pepper
adulterated with Sudan (I, 111, 1V and Para Red) and Sunset Yellow FCF dyes is the
full model based on the Compton and Rayleigh ratios with the Rh Compton and
Rayleigh scatter intensities. In other words, the Compton and Rayleigh ratios together
with the Rh Compton and Rayleigh scatter intensities are the best predictors of levels
of adulteration in paprika and sweet pepper adulterated with Sudan and Sunset Yellow
FCF dyes.
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4. CONCLUSIONS

The ability of WDXRF to predict the types of adulteration of paprika and sweet pepper
with Sudan I, 11, IV, Para Red and Sunset Yellow dyes using logistic regression as
well as discriminant analysis has been investigated. Additionally, the ability of
WDXRF to predict the levels of adulteration of paprika and sweet pepper samples

suspected of adulteration with the fore-mentioned dyes was also investigated.

The results obtained in this study shows that WDXRF coupled with multivariate
analysis such as logistic regression and discriminant analysis can adequately predict
the type of adulteration of paprika and sweet pepper adulterated with Sudan dyes and
with Para Red or Sunset Yellow dyes with very high sensitivity and appreciable degree
of specificity based on the Compton and Rayleigh scatter intensities and their

derivative ratios which are natural components of WDXRF spectra.

Further, the results obtained in this study shows that WDXRF can effectively predict
the levels of adulteration of paprika and sweet pepper detected or suspected to be
adulterated with Sudan I, Ill, 1V, Para Red, and Sunset Yellow dyes with very
excellent degrees of accuracy and corresponding minimal errors. The full model is the
best model to predict the levels of adulteration of paprika and sweet pepper samples
adulterated with Sudan I, 111, 1V, Para Red, and Sunset Yellow FCF dyes and the best
predictors are the natural WDXRF spectral features of Compton and Rayleigh scatter

intensities with their derivative ratios as the predictors.

WDXRF seem to be a promising tool for screening of Sudan dyes in spices and can

thus be an alternative for the analysis of Sudan dyes in spices.
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5. RECOMMENDATIONS FOR FURTHER WORK

A comparative study of the performance of the developed models based on the
WDXRF technique with standard methods such as HPLC will be appropriate for the
validation of the developed WDXRF method to predict the levels of adulteration of

paprika and sweet pepper with Sudan dyes.

It will be interesting to repeat the study focusing on lower adulteration levels, for
example, between 0.1% to1% (w/w) (or lesser), with more replicates to evaluate the
limits of the WDXRF technique to predict the types of dye adulteration as well as the

levels of adulteration.

There were lots of spice samples such as curry, saffron, etc. which were not used in
this study. The ability of the WDXRF technique to predict levels of adulteration in
these spices and blends of spices as well as with blends of Sudan dyes will be worth
researching given reports of simultaneous detection of Sudan | and IV dyes in some

spices.

The application of the findings of this study to predict the type and levels of Sudan
dyes adulteration in other foodstuffs such as edible oils will be worth investigating to
add to the already known usefulness of WDXRF in the food industry.
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7. APPENDIX

7.1 Pictures of WDXRF analyser, adulterated spices in sample cups and steel cup
holders.

Figure 14: Bruker S4 Pioneer Commercial WDXRF Spectrometer used for the study.

Figure 15: Prepared spice samples in sample cups and steel sample cup holders (left). Sample
cups containing spices adulterated with different dyes (right).
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