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Abstract 

The herb and spice industry is increasing in value and popularity as the consumption 

of herbs and spices continues to grow. Valuable condiments as well as long and 

complex supply chains offer the motivation and the opportunity for fraudsters to carry 

out economically motivated adulteration (EMA) and pose economic and public health 

risks in doing so. Spectroscopy in conjunction with chemometrics, allow for non-

targeted qualitative methods to be developed to detect the ever-evolving criminality of 

adulteration in herbs and spices. In this study, sage, paprika, garlic and black pepper 

were prioritised by industry experts in relation to their risk of adulteration as 

determined by herb and spice industry.  

The carefully selected adulterants in this study were analysed alongside the four herbs 

and spices for the development of classification models. The adulterants were 

morphologically similar to the herbs and spices or could be blended in ground form. 

Green plant cuttings, spent paprika and white powders were analysed alongside sage, 

paprika and garlic respectively. Black pepper adulterants included extraneous parts of 

the plant as well as papaya seeds and chili powder. 

The spectroscopic instruments used in this study were near infrared (NIR) and Fourier 

transform infrared (FTIR). The sage method, developed using FTIR, resulted in binary 

and multiclass supervised models with a measurement of fit (R2) of 0.978 and 0.952 

and a measurement of prediction (Q2) of 0.975 and 0.936 respectively. Following 

validation, the area under the curve (AUC) of 1 indicated excellent method 

performance when a validation set was analysed. Additionally, it was found that sage 

could be classified according to its species. 
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The detection of spent material in paprika was investigated with both NIR and FTIR 

instrumentation. Although separation was observed between spent material and 

paprika, these methods detected adulteration consistently from 50-90% using NIR 

spectral data and 40-90% using FTIR spectral data but was less accurate at low level 

adulteration. Correct classification rates for authentic paprika were 100% and 83.3% 

for NIR and FTIR respectively. An additional step was carried with the addition of 

Sudan dye and it was found to have no effect on the outcome of the results when 

detecting spent paprika adulteration. 

Binary supervised classification models were created following the collection of 

spectral data from garlic and its adulterants on NIR and FTIR. Validation of the 

methods resulted in 100% correct classification for all authentic garlic samples and all 

adulterated samples in the 20-90% range for both spectroscopic techniques. Also, 

following further investigation, it was found that extraneous parts of the garlic plant 

could be separated in an unsupervised model. 

Advances in technology mean that handheld and portable spectroscopy is being 

developed and adapted for the detection of adulteration. In this study, black pepper 

and the adulterants were all analysed using two portable NIR instruments and a 

benchtop NIR instrument. A comparison was carried out between the three methods 

and it was observed that the portable instruments were comparable in terms of 

performance with the benchtop NIR. All three methods had a correct classification rate 

of >90% for authentic black pepper and 100% correct classification for 20-90% level 

adulteration.  

These screening methods for EMA are vital to ensuring the authenticity of herbs and 

spices for the protection of the industry and the consumer. As these are non-targeted 
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methods, they can also cover a wide range of adulterants, including those that are not 

yet known.  
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Abstract 

The global herb and spice industry, valued at approximately US$4 billion, continues 

to grow. This industry is continuously under threat from criminals dealing in 

economically motivated adulteration. Opportunities for criminals to adulterate herbs 

and spices can occur at any point along the long and complex supply chains. This 

review looks at the cases and effects of adulteration in the herb and spice industry, and 

analytical methods being used to detect it and ultimately prevent it. The economy and 

consumer confidence can be negatively affected following a food fraud scandal. Fraud 

may also pose a health risk to consumers, even though it is economically motivated, 

such as the case with nut protein in cumin and paprika. Therefore, for these reasons, 

rapid screening techniques are required to detect and help prevent fraud from occurring 

in the industry. Advances in technology has resulted in an increase in the use of 

spectroscopic techniques being used alongside chemometrics for the detection of 

adulteration in the herb and spice industry. Also, improvements in DNA analysis and 

mass spectrometry are providing faster and cheaper methods of adulteration detection. 

These advancing techniques aim to protect the herb and spice industry and its 

consumers from fraud by detecting, deterring and therefore preventing adulteration. 
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1.1 Introduction: The Herb and Spice Industry 

According to the International Trade Centre, the world market for herbs and spices is 

valued at US$4 billion and is expected to grow to US$6.5 billion in the near future. 

The Asia-Pacific region is expected to have the fastest growing market in the world. 

Over the 2015-2020 period, a Compound Annual Growth Rate of 7% is predicted for 

this region (CBI, 2016). In the EU, imports of herbs and spices amounted to 533 

thousand tonnes, a value of €1.9 billion in 2014, with a slow but steady market growth 

(CBI, 2015a). Dried herbs and spices are sold mainly in three main markets in the EU; 

retail, catering/food service, and the largest category that accounts for 50-60% of trade, 

is food manufacturing (International Trade Centre, 2006). 

The consumption of herbs and spices in the EU increased at a rate of 1.7% per year 

between 2010 and 2013, with the greatest of these consumers in Western Europe. 

There is an increasing popularity for their use, with ready-made meals, health 

awareness and food innovation on the rise (CBI 2015a). From a global perspective, the 

main consumers of herbs and spices are Asian and European; however, the US 

consumers are also becoming increasingly interested in herbs and spices (AMCHAM, 

Trade USA, 2015). The supply is not expected to keep up with future demand of herbs 

and spices worldwide, therefore, prices will rise (CBI, 2016). 

The EU produced just 137 thousand tonnes of herbs and spices in 2013; however, it 

imported over three times this amount. Just 2% of the world’s herbs and spices are 

produced in Europe, 81% in Asia, 12% in Africa, and 3.7% in Latin America and the 

Caribbean. North America and Oceania produce <0.1% of global production (CBI 

2015a). The volume of imports of herbs and spices in the EU grew by 3.8% between 

2010 and 2014, even throughout the economic recession. The value of imports 
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increased by 10% per year in the same period, and the volume of imports did not drop 

when prices rose (CBI, 2015a). In the US, the increasing demand is satisfied with 

imports also, as it is not traditionally a producing market for herbs and spices 

(AMCHAM, Trade USA, 2015). 

Direct imports from developing countries (according to OECD DAC list) in 2014 

amounted to 57% of total EU imports with 302 thousand tonnes or €1 billion imported. 

China is the largest supplier to the EU (35% of the total imports from outside the EU), 

followed by India (17%), Vietnam (11%), Indonesia (6.9%), Brazil (5%) and Peru 

(2.6%) (CBI, 2015a).  Asian exporters accounted for 90% of the US imports in 2014 

with the leading exporters in descending order being, China, India, Turkey, Spain and 

Peru (AMCHAM, Trade USA, 2015). 

The imported volume of crushed and ground herbs and spices in the EU increased from 

23% in 2010 to 31% in 2014. This increase can be due to the desire for ready-meals 

and easy cooking methods that are becoming more popular with busy lifestyles. The 

processing of these products allows suppliers in developing countries to add value and 

increase margins in their products. Asian countries process these products more than 

other countries. As Asia is the largest global producer and has a large domestic market 

for its products, it is more capable of investing in processing techniques. EU 

companies however, still dominate the market for processed herbs and spices (CBI, 

2015a). 

There is a hesitance to buy such processed herbs and spices, as there is a higher risk of 

opportunity for adulteration (CBI, 2015a).  An important reason for adulteration is 

economic gain (CBI, 2015b) and the increase in demand for these products, along with 

the increase in prices cannot be ignored as being a possible motivation for adulteration. 
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The threat of fraud is a concern in the growing herb and spice industry, with valuable 

products at risk. 

1.2 Food Fraud and Economically Motivated Adulteration 

 

Figure 1.1 The Food Risk Matrix (Spink, Moyer, 2011) 

 

The overall areas of concern with food protection are combined in the model, ‘The 

Food Risk Matrix’. The food risk matrix aids the understanding of the role of food 

fraud in the context of other food protection issues such as food quality, safety and 

defence as seen in Figure 1.1 (Spink, Moyer, 2011). In this study of spices and herbs, 

food fraud is the area of concern being focused on. As can be seen from the food risk 

matrix, food fraud is an intentional act for economic gain. This is in contrast to food 

safety issues and food quality issues, which are unintentional acts that may cause harm, 

or food defence, which is an intentional act aimed at causing harm (Spink, Moyer, 

2011). 

Along with the food safety issues such as microbiological, chemical and physical 

hazards in the food chain (Bouzembrak, Marvin, 2016), there is an increasing need to 

combat the rising threat of food fraud. Food fraud is a ‘collective term used to 
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encompass the deliberate and intentional substitution, addition, tampering, or 

mispresentation of food, food ingredients, or food packaging; or false or misleading 

statements made about a product, for economic gain’ (Spink, Moyer, 2011).  Those 

who commit the crime usually do not want to cause a public health risk, but want to 

go unnoticed, and continue with their economic gain. It is also difficult to measure the 

occurrence of food fraud, as the consumer is unlikely to notice the product they have 

bought is fraudulent (Johnson, 2014). Food fraud may also continue to occur unnoticed 

until a public health incident occurs; however, food fraud is never a “victimless crime” 

(Elliott, 2014). As well as industry, the consumer is the victim as they purchase the 

food that is not what it claims to be, as with the case of the oregano scandal in 2015 

(Black et al., 2016). This was an example of the consumer being deprived of the 

product (100% oregano) they thought they were buying. 

Food fraud is a broad term that encompasses the term ‘economically motivated 

adulteration’ (EMA) (Spink, Moyer, 2011). The US Food and Drug Administration 

(FDA) defined EMA as “the fraudulent, intentional substitution or addition of a 

substance in a product for the purpose of increasing the apparent value of the product 

or reducing the cost of its production, i.e. for economic gain” (FDA, 2009). There is 

more incentive to adulterate more costly food products with cheaper alternatives 

(Lakshmi, 2012), and as herbs and spices are valuable products, they are at high risk. 

The act of adulterating food products, although carried out with economic or financial 

motivation, can have an effect that can often lead unintentionally to a public health 

threat as a possible added substance may be unconventional (Spink, Moyer, 2011). 

Adulteration can also negatively affect the food industry and consumer trust (Bo, 2010, 

Spink, Moyer, 2011). 
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1.3 Effects of Food Fraud on the Economy and Consumer Trust 

It is not known how common the occurrence of food fraud is, although food fraud is 

estimated to cost the global food industry US$40 billion dollars per year according to 

John Spink, (PwC, SSAFE, 2016) and US$10 to 15 billion dollars per year according 

to Grocery Manufacturers Association (GMA). The cost of one incident to a company 

can be between 2% and 15% of annual revenue (GMA, Kearney, 2010). 

The economic effect of a food fraud scandal can be detrimental to a company and the 

industry in which it occurs. Many factors need to be considered when accounting for 

financial loss of a food fraud scandal. These costs can include the cost of a ‘product 

recall or withdrawal, incident investigation, liabilities, lost sales, drop in share price’. 

These costs are also driven by the ‘size of the product footprint, scale of the incident, 

toxicity of the adulterants, applicable regulations’ (GMA, Kearney, 2010). In 2004, 

the scandal involving Sudan dyes in spices cost US$418 million (GMA, Kearney, 

2010). 

Current costs for companies includes conducting a food fraud vulnerability assessment 

plan (PwC, SSAFE, 2016). A single food fraud scandal can cause long-term industry 

wide losses, destroy valuable brands, close export markets and damage trust in public 

institutions. Significant investment is required to obtain effective strategies for supply 

chain risk. Addressing and preventing the food fraud risks aids economic growth, the 

movement of food through supply chains, and consumer confidence (PwC, SSAFE, 

2016). 

De Jonge et al. (2004) defines consumer confidence “as the consumers’ general 

expectation that food products will not cause any harm to their health or to the 

environment”. Evidence of good communication and risk management improves 
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consumer trust (de Jonge et al., 2004). An increase in food safety issues has reduced 

consumers’ confidence in the food industry (Grunert, 2002). 

Consumers want improved traceability, clear and correct labelling, shorter supply 

chains, use of local ingredients, more attention to personal communication and 

reassurance, and information about the origin of products (Barnett et al., 2016). There 

are regulatory bodies in place to control the risks of fraud and to protect the consumer 

from being a victim of food fraud. 

1.4 EU and US Regulations to Control Fraud in the Herb and 

Spice Industry 

In the General Food Law Regulation (EC) 178/2002 (EU, 2002), the general principles 

and requirements of food law and procedures of food safety are outlined. With regard 

to the consumer’s interest, the General Food law aims to prevent, “fraudulent or 

deceptive practices, the adulteration of food, and any other practices which may 

mislead the consumer”. 

The European Food Safety Authority (EFSA) was established legally in 2002 under 

the General Food Law, following a number of food crises in the late 1990s. EFSA 

provides scientific advice and communicates risks within the food chain. 

In the United States, the FDA and the US Department of Agriculture (USDA) are the 

principle federal agencies working on food safety. Border protection and import 

authorities, as well as food safety, food defence and food quality authorities broadly 

look after food fraud across a number of federal agencies (Johnson, 2014). The primary 

food safety law administered by the FDA is the Federal Food, Drug and Cosmetic Act 

(FFDCA) (FDA, 1938). This act tightened control over food, drugs, and consumer 

protection, and gave the government enforcement ability. The Food Safety 
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Modernization Act was then passed by US congress (FDA, 2011). This Act amended 

Section 415 of the FFDCA with the aim to prevent rather than respond to 

contamination and outbreaks. 

Specific organisations have become involved in the protection of the herb and spice 

industry. The European Spice Association (ESA) is a non-profit organisation made up 

of national federations of the spice industry from the EU, Turkey and Switzerland. It 

has an aim to protect the industry and its members with regard to processing, 

packaging, quality assurance, food safety and marketing in the herb and spice industry. 

The American Spice Trade Association (ASTA) works similarly in the US, to ensure 

clean and safe spices, and enhance the industry and the business interests of its 

members. The ESA has a set maximum level of 2% w/w extraneous matter in herbs 

and 1% w/w maximum level in spices in the Quality Minima Document (ESA, 2015) 

whereas the ASTA has set a level of extraneous matter at 0.5-1% w/w (ASTA, 2011a). 

One of the difficulties in keeping the herb and spice industry free from fraud, is the 

issue of long industry supply chains that can exist over many countries. 

1.5 Herb and Spice Industry Supply Chains 

Supply chains in the herb and spice industry tend to be long, complex and can pass 

through many countries. Such complexities present many opportunities for criminals 

to carry out EMA. The stages of the supply chain can include grower, collector, 

primary processor, local traders, secondary processor, exporter, importer, trader, 

processor/packager, food manufacturer/retailer/wholesaler, and finally the consumer 

(Figure 1.2). At any stage of this supply chain, a number of fraud opportunities can 

occur including misrepresentation, adulteration and substitution (BRC-FDF-SSA, 

2016). 
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Figure 1.2 The supply chain stages and vulnerabilities within it for herbs and spices 

(BRC-FDF-SSA, 2016) 

 

“Fraud control measures” can be implemented in companies to detect fraud 

opportunities or motivations that may occur either internally, or externally of the 

company (PwC, SSAFE, 2016). The processing and manufacturing needs to be 

carefully monitored to ensure food protection. Cleanliness and protection of the 

product from contamination and adulteration is vital. The cost of maintaining these 

standards can be high. The blending and packaging stage provides an early opportunity 

for adulteration and needs to be carefully monitored. In more modern processing 

plants, the product is often enclosed during this process. In addition, careful 
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monitoring is required for the preparation of ready meals i.e. precooked meals, and 

other food products that have herbs and spices added to them towards the end of the 

supply chain. 

The ESA Adulteration Awareness Document (ESA, 2014) advises companies on ways 

to prevent adulteration: 1. “Evaluation of the supply chain” (knowing the history of 

the supply chain, adherence to legal requirements, traceability, adherence to HACCP 

(Hazard Analysis and Critical Control Points) and adherence to accreditation 

standards), 2. “The nature of the material” (whole or ground, botanical species and 

commercial grade), 3. “Product testing” (there is a range of methods being developed 

for the rapid and accurate detection of fraud). It is important to have these precautions 

in place for both industry and the consumer, however, cases of adulteration continue 

to occur, and there may be useful lessons in reviewing old examples of adulteration. 

1.6 Economically Motivated Adulteration in the Herb and Spice 

Industry 

A large global industry such as the herb and spice sector is under constant threat from 

fraudsters. With valuable condiments such as saffron, oregano, vanilla, turmeric and 

paprika, substantial amounts of money can be made by carrying out adulteration of 

these products at the expense of the consumer and potentially the reputation of food 

businesses. The long, complex supply chains and the increase in crushed and ground 

herbs and spices provide excellent opportunities for EMA. However, other 

vulnerabilities that may affect the chances of adulteration include seasonality and 

availability of the crop, weather events, cultural and geo-political events, economic 

indicators, food safety laws, prevalence of corruption and advances in technology to 

mask fraud (BRC-FDF-SSA, 2016). The 2016 garlic crop had potential to become 
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vulnerable to adulteration following severe weather events of heavy rain and snow in 

late 2015, causing a surge in the price of garlic. (Terazono, Li & Hornby, 2016). This 

surge in the price caused stockpiling of garlic. Circumstances such as these can all 

provide motivation for adulteration.  Preventative measures can include; knowing 

product specification, supplier assurance, product type (ground and crushed and where 

did this process take place), knowing the supply market and being aware of 

vulnerabilities in the supply chain. Verification and testing can be carried out to 

confirm the preventative measures are effective. This can involve devising 

representative sampling and inspection programmes for products, a suitable testing 

strategy that meets objectives, a test method in an accredited laboratory, and supply 

chain verification measures which may include pre-delivery of samples prior to 

purchase for approval, or evidence of authenticity from an accredited laboratory (BRC-

FDF-SSA, 2016). The prevention of fraud is not in detecting each individual fraud and 

controlling one type, but reducing the vulnerabilities, as the fraudsters are always 

evolving and looking for their next crime (Spink, Moyer, 2013). The herb and spice 

industry has been a victim of EMA on numerous occasions. Table 1.1 focuses on 

examples where substitution adulteration occurred with various herbs and spices. 
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Ingredient Adulterant Reference 

Chilli 

Oil, rice flour, bran 

(The Express Tribune, 

2016) 

Ziziphus nummularia fruits (Dhanya et al., 2011a) 

Plant husks, rice powder, sawdust, stone 

powder (The Hindu, 2008) 

Oregano 

Sumac, olive leaves (Choice Magazine, 2016) 

Olive leaves, myrtle leaves (Black et al., 2016) 

Satureja montana L. and Origanum 

majorana L. 

(Marieschi, Matteo, 

Torelli, Bianchi & Bruni, 

2011a) 

Cistus incanus L., Rubus caesius L. and 

Rhus coriaria L 

(Marieschi, Matteo et al., 

2010) 

Cumin 

Almond, peanut, tree nuts, peach and cherry (Garber et al., 2016) 

Fennel seeds (John, 2012) 

Peanut shell (Agres, 2015) 

Black pepper 

Chilli (Parvathy et al., 2014) 

Buckwheat or millet (ASTA, 2011b) 

Papaya (Lakshmi, 2012) 

Cinnamon Coffee husk (ASTA, 2011b) 

Chinese star anise Japanese star anise (Perret et al., 2011) 

Nutmeg Coffee husks (ASTA, 2011b) 

Paprika 

Almond (Whitworth, 2015) 

White pepper, curcuma, barium sulphate, 

brick powder (Lead Action News, 1995) 

Defatted paprika (ASTA, 2011b) 

Paprika of inferior quality substituting 

paprika from the protected designation of 

origin (PDO) ‘La Vera’ region. (Hernandez et al., 2007) 

Falsely declared Szegedi paprika 

substituted for Szegedi Füszerpaprika PDO (Brunner et al., 2010) 

 

Saffron 

Saffron of unknown origin labelled as 

being cultivated in the PDO region in 

Spain can be used for substitution. 

(Rubert et al., 2016) 

Beet, pomegranate fibres, dyed corn 

stigmas, red dyed silk fibres, safflower, 

marigold to red stigma (Heidarbeigi et al., 2015) 

Safflower, gardenia, meat fibres, gelatine 

fibres, curcuma, sandalwood, campeche 

wood powder, stigmas of other saffron 

types, flowers, starch, glucose 

(Soffritti et al., 2016, 

Saffron in Europe- White 

Book) 

 

 

Turmeric 

 

 

Curcuma zedoaria, Curcuma malabarica 

 

(Dhanya et al., 2011b) 

Chalk powder (Nallappan et al., 2013) 

Table 1.1 Examples of substitution adulteration in the herb and spice industry 

The addition adulteration of colour to spices to improve their value is a common 

occurrence. Colour can influence the perception of food and stimulate appetite, 

therefore, increase the value of a product (Downham, Collins, 2000). The addition of 

colourants to foodstuffs dates back to at least 1500 BCE, and up until the middle of 

the 19th century, ingredients such as the spice saffron was added for a decorative effect 
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in certain foodstuffs (Downham, Collins, 2000). Natural dyes were commonly used in 

food around this time, however, as the 1900s began, the use of synthetic dyes became 

the colouring of choice with ease of production, less expense and superior colouring 

ability (Downham, Collins, 2000). 

As with other types of food adulteration, there is a likelihood that certain synthetic 

dyes may be a threat to public health, and historical records show that injuries and even 

death occurred following ingestion of toxic colourants (Downham, Collins, 2000). 

Allergic and asthmatic reactions as well as DNA damage have also been reported 

(Gray et al., 2016). Therefore, the use of most synthetic dyes is forbidden in Europe 

(Gray et al., 2016). The two main types of dyes that may be illegally added to food 

include azo dyes and triphenylmethanes (EFSA, 2005). Examples of these illegal azo 

dyes include Sudan I, II, III, IV, para red, orange II, methyl yellow and rhodamine B. 

Malachite green and its metabolite leucomalachite green are examples of 

triphenylmethane dyes considered genotoxic and/or carcinogenic (EFSA, 2005). 

In May 2003, Sudan 1 was found to be illegally present in chilli powder and foods 

containing chilli powder in the EU (EFSA, 2005).  Following this event, in 2005 and 

2006, numerous tests were carried out for the presence of illegal dyes by the UK Food 

Standards Agency (FSA) (Oplatowska-Stachowiak, Elliott, 2017). Regulatory 

legislation was put in place following the scandal, and member states were required to 

monitor high risk products and provide analytical reports for the presence or absence 

of Sudan dyes as an emergency measure in the European Commission Decision 

2005/402/EC (EU, 2005). This legislation was later repealed in the European 

Commission Regulation (EC) No. 669/2009 (EU, 2009) to a less intensive testing 

regime due to a reduction in the presence of Sudan dyes. 
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Legislation varies in different countries, which can cause problems for importers and 

exporters (Oplatowska-Stachowiak, Elliott, 2017).  In the EU, Regulation (EC) No. 

1333/2008 (EU, 2008) on food additives was developed “…with a view to… ensuring 

a high level of protection of human health and a high level of consumer protection ….” 

With regard to food colours, there are currently 25 natural, and 15 synthetic dyes on 

Annex II of this regulation that can be allowed in food (Oplatowska-Stachowiak, 

Elliott, 2017). The US FDA regulates food additives in the US. To indicate the 

variation between countries, three synthetic dyes approved in the US are not approved 

in the EU, and nine synthetic food colours in the EU are not approved in the US 

(Oplatowska-Stachowiak, Elliott, 2017). There is still a continued risk of adulteration 

with dyes in spices. 

The results in Table 1.2 summarises reported cases of adulteration of spices with dyes 

from 2013 to 2017 in the US. In this work the most common dyes reported were Sudan 

1 and Sudan 4.  These results indicate that adulteration with dyes is ongoing. Continued 

surveillance of spices to detect and prevent adulteration with dyes is vital to the herb 

and spice industry as well as the safety of consumers. Health risks can occur alongside 

both substitution and addition adulteration. They can cause more than an economic 

threat to the consumer. 
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Spice Adulteration 

Red Pepper Chili 

powder 

Sudan 1, Sudan 4, Metanil Yellow, Sudan 3, Oil 

Orange SS, Rhodamine B, Auramine O, Orange II, 

Dimethyl Yellow, Fast Garnet GBC, Malachite Green, 

Allura Red 

Paprika powder Sudan 1, Sudan 4, Acid Black 1, Orange II, Annatto 

Turmeric powder Sudan 1, Mentanil Yellow, Orange II, Lead Chromate 

Sumac Amaranth Red, Basic Red 46 

Curry powder Auramine O, Chrysoidin (Basic Orange II) 

Saffron flower 

Acid Orange II, Mentanil Yellow, Sudan I, Ponceau 

4R, Ponceau 6R 

Cayenne pepper Crystal Violet 

Five spice powder Auramine O 

Table 1.2 Adulteration with dyes as reported by Tarantelli and Sheridan (2014) and 

by Tarantelli (2017) 

1.7 Public Health Risks and Impact Due to Economically 

Motivated Adulteration 

The main motivation for the addition to, or substitution of the authentic product is for 

economic reasons, however, with the cases outlined in Table 1.3, a number of health 

risks were a detrimental result of this criminal behaviour. There is an increasing 

concern over the introduction of hazards from food fraud. It is a constant and growing 

concern in the food industry, with greater actions needed to be put in place to detect it. 

There are three types of food fraud risks that pose a threat to the public: 1. Direct: The 

consumer is put at immediate risk from a short-term exposure leading to acute toxicity 

or lethality, 2. Indirect: The consumer is put at risk over long-term exposure with 

potential chronic effects, 3. Technical: Food documentation may not be representative 

of the food content (Spink, Moyer, 2011). A serious example of a technical fraud risk 
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could be an allergic reaction to an unknown product that has not been outlined in the 

label. 

The detection of undeclared nut protein in cumin and paprika in 2015 was one case 

where adulteration did not result in just economic losses (Garber et al., 2016). This 

crime had serious consequences for public health and strengthened the demand for 

food protection. With food allergies affecting approximately 3-4% of the adult 

population, an estimated 0.6% are allergic to peanut and 0.5% allergic to tree nut 

(Sicherer, Sampson, 2006). All products that come into contact with nut protein need 

to be labelled accurately as the risk of an unsuspecting sensitive individual coming 

into contact with this can be fatal.  In a study by Bock, Muñoz-Furlong, and Sampson 

(2001), it was found that out of 32 fatal cases of anaphylaxis from 1994-1999, 94% of 

the cases were caused by peanut or tree nuts, indicating that the vast majority of food 

induced anaphylaxis is caused by these foodstuffs. The adulteration of spices with nuts 

is a serious public health risk for susceptible individuals. 

Chinese star anise (Illicium verum) is infused in teas to relieve the symptoms of colic 

in children. The adulteration of Chinese star anise with Japanese star anise (Illicium 

anisatum) has in previous years resulted in the intoxication of children. Japanese star 

anise looks similar to Chinese star anise, and they are often even more difficult to 

distinguish as they can be sold in broken or ground form. Therefore, chemical analysis 

is required to distinguish them. Japanese star anise contains neurotoxins and can result 

in a child having neurological and gastrointestinal problems (Perret et al., 2011). 

Papaya seeds have been used to adulterate and bulk black pepper. However, these 

papaya seeds can cause liver and stomach problems, and therefore pose a health risk 

to the unsuspecting consumer (Lakshmi, 2012). 
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Turmeric can contain various adulterants that threaten public health. Yellow chalk 

powder has been used to add bulk to turmeric as it is a cheap material (Nallappan et 

al., 2013, Food Safety and Standards Authority of India, 2012). This adulterated 

product however can cause swelling of the face, loss of appetite, nausea and vomiting 

(Nallappan et al., 2013).  Curcuma zedoaria can be used to adulterate turmeric 

(Dhanya et al., 2011b), and was found to have toxic effects in rats and chickens by 

Latif et al. (1979) if not processed properly. Lead chromate added to turmeric was used 

as a dye as well as a bulking powder. Over exposure to lead can cause delayed mental 

and physical development (Food Safety News, 2016). 

In a case reported in the Times of India (John, 2012), poor grade fennel seeds were 

coated with waste marble dust and dye, and mixed in with the cumin product. In this 

case, it was the treatment of the fraudulent product that caused the public health risk 

rather, than the fennel seeds themselves. 

The use of other plant cuttings such as olive leaves in the adulteration of oregano 

(Black et al., 2016) can also pose a health risk to the consumer. As these leaves are not 

produced for consumption, it is unknown how these cuttings may be treated. In the 

case of olive leaves in particular, evidence of pesticides can be found (Elliott, C- 

personal communication). Pesticide residues pose a health risk, and hazards such as 

toxicity, carcinogenicity and mutagenicity are associated with them (WHO, 2010). 

There are many possible risks with food adulteration. Therefore, it is vital that there is 

adequate policing of the supply chains and the food industry to deter and try to prevent 

any fraud before it is too late. 
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Herb/Spice Adulterant 

Possible Health 

Impact Reference 

Type of 

Food 

Fraud 

Risk 

Cumin, 

Paprika Nut protein Anaphylaxis 

(Sicherer, 

Sampson, 2006, 

Garber et al., 

2016) 

Direct 

Chinese 

star anise 

Japanese star 

anise 

Neurological and 

gastrointestinal 

problems 

(Perret et al., 

2011) 

Direct 

Black 

pepper Papaya seeds 

Liver and stomach 

problems (Lakshmi, 2012) 
Direct 

Turmeric 

 

Yellow chalk 

powder 

Face swelling, loss 

of appetite, nausea, 

and vomiting 

(Nallappan et al., 

2013) 

Direct 

Curcuma 

zedoaria 

Toxicity in rats and 

chickens (Latif et al., 1979) 
Direct 

Lead chromate 

Delayed mental 

and physical 

development 

(Food Safety 

News, 2016) 

Indirect 

Cumin 

Fennel seeds 

coated with 

marble dust and 

dye 

Possible health risk 

from the use of dye 

and marble dust (John, 2012) 

Indirect 

Oregano Olive leaves 

Presence of 

pesticides-

Toxicity, 

carcinogenicity, 

mutagenicity (WHO, 2010) 

Indirect 

Table 1.3 Examples of economically motivated adulteration with possible health 

impact 

Illegal dyes are a constant threat to the international food industry and are found 

intermittently, as indicated by the alerts in Rapid Alert System for Food and Feed 

(RASFF). Examples from RASFF and the possible health impacts can be seen in Table 

1.4. 

It is vital that authentication testing is carried out to detect cases of economic fraud 

and to verify that preventative measures are effectively in place (BRC-FDF-SSA, 

2016).  This prevention not only maintains quality and consumer trust, but also helps 

to prevent the possibility of public health risk (Lohumi et al., 2015). 
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(RASFF portal, EFSA, 2005) 

Table 1.4 The possible health impacts of common illegal dyes 

 

1.8 Analytical Methods for the Detection of Adulteration in 

Herbs and Spices 

Fast, reliable and competent analytical techniques are what is required to confirm the 

authenticity of food with this increasing trend of food adulteration (Lohumi et al., 

2015). 

According to the database records collected by Moore, Spink and Lipp, (2012) from 

1980 to 2010, the top two methods used for detecting food adulteration were liquid-

chromatography and infrared spectroscopy.  Visual inspection and microscopy are 

common methods used to detect adulteration in herbs and spices as reported by the 

Common Illegal 

Dyes Possible Health Impact Examples of Spices 

Sudan 1 

Genotoxic and carcinogenic 

in rats 

Cayenne pepper, Turmeric, 

Chilli, Paprika, Curry 

Sudan 4 

Potentially genotoxic and 

possibly carcinogenic 

Curry, Turmeric, Chilli, 

Paprika, Sumac 

Para Red 

Potentially genotoxic and 

possibly carcinogenic 

Chilli, Cayenne pepper, 

Paprika 

Orange II 

Potentially genotoxic, 

insufficient data on 

carcinogenicity 

Chilli, Safflower, Sumac, 

Paprika 

Methyl Yellow 

Possibly carcinogenic to 

humans (IARC, 1975) Curry 

Rhodamine B 

Potentially genotoxic and 

potentially carcinogenic 

Sumac, Chilli, Paprika, 

Turmeric, Curry 
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British Retail Consortium, the Food and Drink Federation, and the Seasoning and 

Spice Association in ‘Guidance on Authenticity of Herbs and Spices’ (BRC-FDF-

SSA, 2016).  However, it requires highly trained analysts and analysis can take a long 

time, therefore research is continuously being carried out to develop new methods for 

the detection of adulteration in herbs and spices. Fraudsters tend to be one-step ahead 

of the food safety agencies but also, techniques for food adulteration are becoming 

more and more advanced (Lakshmi, 2012). Recent analytical methods for the detection 

of adulterants are listed in Table 1.5. 

1.8.1 DNA analysis 

DNA analysis is increasingly being used in the fight against food fraud as advances in 

methods provide cheaper, more efficient and accurate means of detection of fraud. It 

can be seen from Table 1.5 that DNA analysis plays an important role in the detection 

of substitution adulteration in herbs and spices.  In recent years, sequence characterised 

amplified region- polymerase chain reaction (SCAR-PCR) and DNA barcoding are 

becoming desirable methods for the detection of food adulteration. 

SCAR-PCR is an advancement on the use of random amplified polymorphic DNA 

(RAPD) markers in DNA analysis. RAPD analysis is considered a useful starting point 

as it has low operating cost and can distinguish between botanical varieties (Marieschi, 

Matteo, Torelli & Bruni, 2012, Marieschi, M. et al., 2009). Although RAPD markers 

are a fast and cheap method, their downfall is that repeatability is low and exchanging 

results between laboratories creates difficulties (Babaei, Talebi & Bahar, 2014). This 

problem with RAPD markers was corrected with the development of SCAR primers 

and this increased specificity and reliability (Paran, Michelmore, 1993).  The use of 

SCAR-PCR was observed by Marieschi, Torelli & Bruni (2012) for the detection of 

bulking agents in saffron, where, the method screened large batches with a fast, reliable 
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sensitive and low cost screening method. The detection of adulteration of oregano with 

Cistus incanus L., Rubus caesius L., and Rhus coriaria L., was carried out by 

Marieschi et al. using RAPD (2009) and subsequently with SCAR-PCR (2010) to 

improve the robustness of the method. 

Other SCAR-PCR methods include the detection of olive leaves,  Satureja montana 

L., and Origanum majoranan L. in oregano (Marieschi, Matteo, Torelli, Bianchi & 

Bruni, 2011a, Marieschi, Matteo, Torelli, Bianchi & Bruni, 2011b) , the presence of 

Curcuma zeodoaria/Curcuma malabarica in turmeric (Dhanya et al., 2011b) and the 

presence of plant based materials in chilli (Dhanya et al., 2011a). The development of 

a SCAR and internal transcriber spacer (ITS) region multiplex PCR method allowed 

the detection of both the adulterant safflower and the spice saffron in the one analysis 

(Babaei, Talebi & Bahar, 2014). It is evident that the use of SCAR-PCR has potential 

for EMA adulteration detection in a number of herbs and spices. SCAR-PCR is a 

sensitive method with detection limits at 1% for the adulteration of oregano with Cistus 

incanus L., Rubus caesius L., and Rhus coriaria L. (Marieschi, Matteo et al., 2010), 

1% for the detection of olive leaves in oregano (Marieschi, Matteo, Torelli, Bianchi & 

Bruni, 2011b) and a limit of detection (LOD) of 10g/kg for the presence of Curcuma 

zeodoaria/Curcuma malabarica in turmeric (Dhanya et al., 2011b) indicate this. 

However, a limitation of SCAR-PCR is the need for sequence data for the PCR primers 

design (Ganie et al., 2015). 

DNA barcoding is a relatively new method that was firstly developed by Hebert et al. 

(2003). It is based on the variability within a standard region of the genome, the ‘DNA 

barcode’ (Hebert et al., 2003). It has become increasingly used since its development, 

and there is successful evidence of this method in the detection of adulterants in herbs 

and spices. This method has been used for the detection of adulterants in saffron 



Chapter 1 

 

23 
 

(Huang et al., 2015, Jiang et al., 2014), and chilli adulteration in black pepper 

(Parvathy et al., 2014). DNA barcoding is a fast, reliable and sensitive method for a 

wide range of food commodities, and even strongly processed foods (Galimberti et al., 

2013). There is also the possibility of building reference databases to improve the 

chances of it becoming a routine test for food quality, and traceability (Galimberti et 

al., 2013). 

DNA purity and integrity are concerning with regard to DNA barcodes, which, can be 

a limitation of the test. Poor quality DNA may reduce amplification success of DNA 

barcodes. (Huang et al., 2015). DNA barcoding also relies on the availability of 

sequence libraries to reference against (Ellis et al., 2016). 

Whole genome sequencing is becoming a possibility and it has potential for the 

detection of food adulteration with next generation sequencing (NGS). However, so 

far, little work in this area has been carried out with the complex work flow and high 

costs associated with this method (Burns et al., 2016). 

The methods for the detection of adulteration in herbs and spices using DNA analysis 

described are qualitative. Quantitative methods often result in high measurement 

uncertainty, although advancements in PCR technologies are improving in this way 

(Burns et al., 2016).  Overall, the limitations with DNA analysis may include poor 

integrity and purity of the DNA, poor efficiency of the extraction, and the risk of 

contamination is a concern with these methods (Burns et al., 2016).  Also, low level 

accidental contamination can be misinterpreted as intentional substitution. 

1.8.2 Mass spectrometry 

Mass spectrometry (MS) is a powerful tool in the fight against food fraud, and in many 

industries, it is considered the gold standard technique. Methods include gas 
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chromatography (GC-MS), liquid chromatography (LC-MS), isotope ratio (IR-MS) 

and inductively coupled plasma (ICP-MS). Once a targeted method is developed, mass 

spectrometry can provide a highly specific and sensitive technique that can quantify 

known analytes to sub-µg concentrations (Ellis et al., 2015). Although an expensive 

technique that requires significant expertise and laboratory surroundings, it is highly 

regarded as a confirmatory technique. 

In the study by Black et al. (2016), liquid chromatography coupled to high resolution 

mass spectrometry (LC-HRMS) was used as part of a two-tier approach to detect the 

presence of adulterants in oregano with LC-HRMS used as a confirmatory technique. 

The analysis was untargeted, and with the use of principal component analysis (PCA) 

and orthogonal partial least squares- discriminant analysis (OPLS-DA) chemometrics, 

biomarkers specific to the classes (oregano and various adulterants) were identified. 

The identification of such biomarkers allowed further developments in the detection 

of adulteration with targeted mass spectrometry (Wielogorska et al., 2018). 

Wielogorska et al. used targeted FTIR (Fourier transform infrared) and LC-MS/MS to 

quantitatively detect adulteration in oregano. The studies by Black et al. (2016) and 

Wielogorska et al. (2018) were an improvement on the work of Bononi and Tateo 

(2011) as they identified biomarkers for a number of adulterants, as well the 

development of a quantitative method. In the work by Bononi and Tateo, a targeted 

method was developed for the detection of a characteristic marker of olive leaves, the 

phenolic compound oleuropein, in both oregano and sage with the use of liquid 

chromatography-electrospray ionization mass spectrometry (LC-ESI-MS/MS). This 

compound oleuropein was later found to be also present in myrtle leaves by 

Wielogorska et al. (2018).  Similarly, the use of untargeted ultra-high performance 

liquid chromatography coupled to high resolution mass spectrometry (UHPLC-
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HRMS) merged with chemometrics, OPLS-DA proved to be a successful powerful 

tool in determining products from the PDO of saffron (Rubert et al., 2016). Falsely 

declared saffron from a PDO can be used in substitution of the authentic product. 

GC-MS is another method that has been used to detect possible adulterants. This was 

the case with the study carried out by Ma et al. (2015) when investigating detection 

methods for known fruit adulterants in fennel seed. Essential oils of fennel seed and 

two adulterants were profiled, and distinct differences between fennel seed and two of 

its adulterants were observed. Bononi, Fiordalise and Tateo (2010) were able to use 

GC-MS to detect olive leaves in oregano and sage by using GC-MS with a detection 

limit of 1%. The benefits of this method included the ease of use and reproducibility 

of the results. However, with regard to the detection of adulteration in herbs and spices, 

an issue that may occur with the use of GC-MS is that, only the volatile oils are 

investigated. Therefore, the addition of volatile oils to a product may cheat the GC-

MS adulteration detection method. 

ICP-MS along with PCA and canonical discriminant analysis (CDA) was the method 

used by Brunner et al. (2010) to detect falsely declared Szegdi paprika (PDO). The Sr 

isotopic composition and the multi-elemental analysis is indicative of paprika from the 

region. 

Upgrades in mass spectrometry involve the use of real time analysis of samples by 

directly introducing the samples to the mass spectrometer. Ambient mass spectrometry 

is a relatively new analytical technique that gives comparable results to conventional 

techniques without complex sample preparation (Black, Chevallier & Elliott, 2016).   

Examples of its use include the detection of the adulterant Japanese star anise in 

Chinese star anise using direct analysis real time-high resolution mass spectrometry 
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(DART-HRMS) (Shen et al., 2012) by detecting the presence of anisatin. Advances on 

this method involves the use of direct plant spray combined with orbitrap-HRMS 

(Schrage et al., 2013). This method can detect between the neurotoxic Japanese star 

anise and the Chinese star anise in seconds, and without sample pre-treatment. DART 

ionisation has slightly higher selectivity, no solvents added and the absence of high 

voltages when compared to direct plant spray. The benefits of direct plant spray over 

DART ionisation include the low cost, lower standard deviations and simplicity. Direct 

plant spray and DART ionisation techniques are more successful qualitative methods 

than quantitative methods (Schrage et al., 2013). 

Currently the disadvantages of mass spectrometry in comparison to spectroscopy is 

the cost and the requirement of a laboratory setting and highly trained analysts. 

However, advances to overcome this are ongoing with aims to miniaturize the 

instrumentation, and for the data to be presented so that it is easily interpreted. 

However, these developments require further optimization and are not readily 

available (Ellis et al., 2015). Similarly, to spectroscopy, the validation procedure for 

non-targeted methods in mass spectrometry have not been standardised.  This can 

reduce consistency between laboratories. 

1.8.3 Spectroscopy 

Vibrational spectroscopies, along with chemometrics, have become well known as 

rapid, non-destructive, fingerprinting techniques and are valuable screening tools in 

the detection of adulteration/authentication in the food industry. A range of 

spectroscopic analytical techniques used in the food industry include FTIR, Fourier 

transform near infrared (FT-NIR), Raman, hyperspectral imaging (HSI) (Lohumi et 

al., 2015) and nuclear magnetic resonance (NMR) (Petrakis et al., 2015). 
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In the detection of adulteration of herbs and spices for economic gain, a number of 

spectroscopic methods continue to be developed. Work has been carried out to develop 

competent models to detect corn starch in garlic powder by FTIR (Lohumi, Lee & 

Cho, 2015) and onion powder by FTIR and NIR (Lohumi et al., 2014). Raman has also 

been used to detect corn starch in onion powder and garlic or ginger powder (Lee, 

Sangdae et al., 2015, Lee, S. et al., 2014). Starch may be added to white powders such 

as garlic and onion powder to add bulk to the product. In these studies, a quantitative 

model was built using the algorithm partial least squares regression (PLSR) in 

chemometrics. The Raman, FTIR and NIR spectral data based models described here 

are capable of detecting adulteration in onion powder, garlic and ginger with starch up 

to 35%. 

In a study by Black et al. (2016) on the detection of adulteration in oregano, FTIR was 

used alongside the confirmatory technique LC-HRMS. Following the identification of 

biomarkers for both oregano and its adulterants, and the development of spectroscopic 

classification models using the unsupervised PCA and supervised OPLS-DA 

chemometric algorithms, a rapid screening method and confirmatory method was 

developed. The benefit of this method was that a number of different adulterants could 

be added to the database that was used to build the model. The developed screening 

technique therefore was robust and could identify numerous adulterants at each 

screening in the survey that was subsequently carried out. The results of the survey 

indicated that adulteration was ongoing, but also, it displayed the use of a rapid 

screening technique to help the fight against food fraud. Further development on these 

analytical techniques was carried out by Wielogorska et al. (2018) with the 

development of targeted quantitative methods using FTIR with PLSR and LC-MS/MS 

for the detection of adulteration in oregano. 
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Raman and FTIR methods analyse the sample in the mid infrared region of the 

electromagnetic spectrum. The spectral data consist of sharp bands representing 

inelastic scattering, or information on the fundamental vibrations of the sample 

respectively. This is in comparison to the vibrational overtones and combination peaks 

of the NIR, which does not provide as much information (Ellis et al., 2015).  However, 

in the detection of starch in onion powder, NIR with PLSR chemometric algorithm 

was determined the most suitable method by Lohumi et al. (2014). NIR has the ability 

to penetrate deeper into the sample and therefore is more suitable for bulk samples that 

have little or no sample preparation (Lohumi et al., 2014). Raman has advantages over 

NIR and FTIR as it is not affected by water, and inorganic materials can be analysed 

more easily. Analysis through packaging or glass is also a possibility (Lee, Sangdae et 

al., 2015). Recent improvements to Raman also include the use of surface enhanced 

Raman scattering (SERS) and spatially offset Raman spectroscopy (SORS) which has 

shown its ability to detect counterfeit products through packaging (Ellis et al., 2015). 

The use of proton nuclear magnetic resonance (1H-NMR) combined with 

chemometrics (PCA, OPLS-DA, O2PLS-DA) was investigated and was proven 

successful at determining the quality and authenticity of saffron (Petrakis et al., 2015). 

1H-NMR was shown to give reproducible results rapidly, however, sample pre-

treatment, was more time consuming than required for other spectroscopic techniques, 

and this pre-treatment would require a laboratory setting and trained personnel. 

Therefore, further work carried out by Petrakis and Polissiou (2017) using DRIFTS on 

FTIR minimized the process of sample preparation and sample destruction and proved 

to be successful along with PLS-DA classification and quantitative PLSR models at 

detecting six known saffron adulterants (Petrakis, Polissiou, 2017). 
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Although these spectroscopy methods are often successful on their own, further 

developments are being made to improve the methods by; 1) combining data, 2) 

increasing sensitivity or 3) developing ways to analyse through packaging. 

1) Combining data: Wang et al. (2014) carried out a study that improved FTIR and 

NIR results for the detection of the adulterant Iuicium lanceolatum A.C. Smith 

(ILACS) in Chinese star anise. This method involved combining the NIR and FTIR 

spectral data and the use of PCA and linear discriminant analysis (LDA) chemometric 

techniques. Although the FTIR performed better than NIR in this study when analysed 

separately, the classification results from the combined approach proved to be even 

more successful. 

2) Increasing sensitivity: Vermaak et al. (2013) used hyperspectral imaging with PCA 

and PLS-DA to distinguish between the neurotoxic Japanese star anise and Chinese 

star anise. This emerging method incorporates spectroscopy and imaging to produce 

both spatial and spectral data from a sample (Gowen et al., 2007). This method is also 

non-destructive and rapid with the added advantage that with the acquisition of several 

predictions on the sample, the statistics are better (Vermaak, Viljoen & Lindstrom, 

2013). The quantification of adulterants, buckwheat or millet, in ground black pepper 

was carried out using FTIR and NIR with hyperspectral imaging with PLSR 

chemometrics. NIR with hyperspectral imaging was seen to produce the best 

calibrations which, in this case was largely to do with the larger sample area used with 

NIR, and the spatial information from the imaging system used with it (McGoverin et 

al., 2012). Galaxy Scientific’s classical least squares (CLS)-based Advanced-ID 

algorithm has been developed to detect screening samples to a level as low as 0.01% 

(Galaxy Scientific, 2016).  When it was used to detect paprika adulterants, it detected 

Sudan 1 dye at 0.1%, tomato skin at 0.5% and brick dust at 5%. 
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3) Analysis through packaging: Terahertz spectroscopy by Nallappan et al. (2013) was 

used to overcome the barrier of common packaging materials such as plastics and 

papers. This method is a promising non-intrusive technique that was used for the 

detection of yellow chalk powder in turmeric. 

It is apparent that further improvements and developments are ongoing with the use of 

spectroscopy. Developments seen in benchtop spectroscopic instruments are also 

being transferred to handheld devices.  An added benefit as discussed by Ellis et al. 

(2015) would be to use the advantages of the NIR and FTIR combined, and developed 

into a handheld device. Overall, the ability to transfer this technology to portable and 

handheld devices allows the user to determine authenticity in the field, and can focus 

on vulnerable points of the supply chain. This not only allows improvements in 

traceability and detection of fraud, but at a basic level, it can also act as a deterrent. If 

food fraud criminals are aware of this possibility, they may be less likely to take the 

risks of committing a crime in the first place. 

Limitations of spectroscopy must not be overlooked. Spectroscopy is used as a rapid 

screening technique and therefore, further investigations may need to be carried out by 

confirmatory techniques that require more expertise, time and cost more, such as mass 

spectrometry. This is also true when building models using chemometrics, the purity 

of samples needs to be assured in order to build accurate models. Another limitation 

of spectroscopy, as a non-targeted method, is the lack of a standardised validation 

procedure for all laboratories. 

Following a review of more than sixty scientific publications, Reinholds et al. (2015) 

found that spectroscopic techniques are the major analytical techniques used to 

determine adulteration of herbs and spices in high concentrations. Overall, these 
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techniques provide a good first point of control in the fight against food fraud. 

Although the use of other confirmatory techniques such as mass spectrometry may be 

required in some circumstances, the bulk of screening herbs and spices for EMA is 

possible with spectroscopy. 

Although not a spectroscopic technique, an analytical screening technique called the 

‘electronic nose’, capable of detecting aroma fingerprints, was used alongside PCA 

and artificial neural networks (ANN) to detect adulteration in saffron (Heidarbeigi et 

al., 2015). This technique was found to be promising, as detection was possible at 

higher than 10% adulteration, enough to detect EMA (Heidarbeigi et al., 2015). 

1.8.4 Combination of detection methods 

In some circumstances, there is a need to use more than one technique to verify results. 

Along with the combination of methods already described by Black et al. (2016) the 

combination of microscopy and GC-MS was also carried out for the detection of 

adulteration of fennel seeds (Ma et al., 2015). Screening tests are often carried out with 

rapid techniques, but they have their limitations. In 2014, the USA recalled over 675 

products due to the presence of undeclared nut protein in cumin. In a study carried out 

by Garber et al. (2016), it reported failings in the antibody-assay based technologies 

involved in screening products for allergens. Although these methods are robust, and 

can detect as little as 1µg of allergen, they are not always specific to the allergen they 

are developed to detect. Therefore, with this analytical weakness, DNA and mass 

spectrometry based tests are often used for further investigations. With the use of DNA 

and mass spectrometry analysis, additional allergens were detected; however, further 

work on the development of biomarkers for accurate analysis of a range of possible 

allergens may improve detection (Garber et al., 2016). This case indicates the 
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limitations of screening methods with single analyte testing in some cases, and the 

need for multiple testing methods to understand the adulteration further. 

1.8.5 Chemometrics 

Chemometrics is used to improve the chemical data obtained from analytical 

instruments and to correlate the properties of samples with the use of mathematics and 

statistical methods (Lohumi et al., 2015). Chemometrics has been used in the 

calibration analysis of spectroscopic and spectrometric data. It has been used with both 

targeted and untargeted methods to detect the presence of fraud in food or to determine 

authenticity (Reinholds et al., 2015).  The use of pre-processing is carried out in 

chemometrics to amplify desirable information from raw data and reduce the effects 

of undesirable information in the spectra. There are three key stages in the use of 

chemometrics, data pre-processing, development of a robust model, and the validation 

of a model and the analysis of results (Lohumi et al., 2015). Two commonly used pre-

processing techniques include scatter correction methods, and spectral derivatives. 

Scatter corrective techniques can include multiplicative scatter correction (MSC), 

standard normal variate (SNV) and, normalisation to reduce the effects of physical 

variability caused by scattering (Rinnan, Berg & Engelsen, 2009).  The two commonly 

used spectral derivatives are Norris-Williams (N-W) and Savitzky-Golay (S-G) 

(Rinnan, Berg & Engelsen, 2009). The spectral derivatives aim to smooth the spectra 

without reducing the signal to noise ratio in the spectra too much (Rinnan, Berg & 

Engelsen, 2009). 

The analysis of adulteration using spectroscopy and in some cases mass spectrometry 

requires further investigation with chemometrics. The most common algorithms used 

for the determination of authenticity or the detection of fraud are the 

classification/discrimination algorithms such as the unsupervised PCA, and the 
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supervised LDA, PLS-DA or OPLS-DA.  For the quantification of adulterant in a 

sample, PLSR analysis is used frequently. 

1.8.6 Detection methods for the addition of illegal dyes 

An extensive review of detection methods for illegal dyes has been carried out by 

Oplatowska-Stachowiak and Elliott (2017). Liquid Chromatography is the most 

common method of detection of illegal dyes. Other chromatography techniques were 

used with various detection methods including voltammetric, spectrophotometric and 

capillary electrophoresis.  The use of enzyme-linked immunosorbent assay (ELISA) is 

also a common method of detection in this field (Oplatowska-Stachowiak, Elliott, 

2017). 
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Ingredient Adulterant Reference Detection Methods Chemometrics 

Saffron 

Carthamus tinctorius, 

Chrysanthemum x morifolium, 

Zea mays, Nelumba nucifera 

(Huang et al., 

2015) DNA barcoding 

 

Black 

pepper Chilli 

(Parvathy et al., 

2014) DNA barcoding 

 

Saffron Safflower 

(Babaei, Talebi 

& Bahar, 2014) 

SCAR and ITS 

Multiplex PCR 

 

Saffron Saffron 

(Jiang et al., 

2014) 

Barcoding Melting 

Curve 

 

Chilli 

Dried red beet pulp and 

powdered Ziziphus nummularia 

fruits 

(Dhanya et al., 

2011a) PCR-SCAR markers 

 

Oregano 

Satureja montana L. and 

Origanum majorana L. 

(Marieschi, 

Matteo, Torelli, 

Bianchi & 

Bruni, 2011a) SCAR-PCR 

 

Oregano Olive leaves 

(Marieschi, 

Matteo, Torelli, 

Bianchi & 

Bruni, 2011b) SCAR-PCR 

 

Oregano 

Cistus incanus L., Rubus 

caesius L. and Rhus coriaria L 

(Marieschi, 

Matteo et al., 

2010) SCAR-PCR 

 

Saffron 

Arnica montana L., Bixa 

orellana L., Calendula 

officinalis L., Carthamus 

tinctorius 

L., Crocus vernus L., Curcuma 

longa L., and Hemerocallis sp. 

(Marieschi, 

Matteo, Torelli 

& Bruni, 2012) SCAR-PCR 

 

Turmeric 

Curcuma zedoaria/Curcuma 

malabarica 

(Dhanya et al., 

2011b) SCAR-PCR 

 

Cumin 

Almond, peanut, tree nuts, 

peach and cherry 

(Garber et al., 

2016) 

DNA analysis, 

Antibody based 

technology, 

Microscopy, Mass 

spectrometry 

 

 

 

 

 

Saffron 

Saffron of unknown origin 

labelled as being cultivated in 

the PDO region in Spain can be 

used for substitution. 

(Rubert et al., 

2016) LC HRMS PCA, OPLS-DA 

Fennel seed 

Anethum graveolens fruit (AGF) 

and Cuminum cyminum fruit 

(CCF) (Ma et al., 2015) 

Light microscopy, 

fluorescence 

microscopy, GC-MS  
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Ingredient Adulterant Reference Detection Methods Chemometrics 

Chinese star 

anise Japanese anise 

(Shen et al., 

2012) DART-HRMS  

Oregano 

Olive leaves, myrtle leaves, 

hazelnut leaves, sumac 

(Wielogorska et 

al., 2018) LC-MS/MS, FTIR PLSR 

Oregano Olive leaves 

(Bononi, Tateo, 

2011) LC-ESI-MS/MS  

Sage Olive leaves 

(Bononi,Tateo, 

2011) LC-ESI-MS/MS  

Oregano Olive leaves 

(Bononi, 

Fiordaliso & 

Tateo, 2010) GC/MS  

Paprika 

Falsely declared Szegedi 

paprika substituted for Szegedi 

Füszerpaprika PDO 

(Brunner et al., 

2010) ICP-MS PCA, CDA 

Oregano 

Olive leaves, myrtle leaves, 

cistus, hazelnut leaves, sumac 

(Black, 

Chevallier & 

Elliott, 2016) FTIR, LC-HRMS PCA, OPLS-DA 

Garlic Corn starch 

(Lohumi, Lee & 

Cho, 2015, Lee, 

S. et al., 2014) Raman, FTIR PLSR 

Ginger Corn starch 

(Lee, S. et al., 

2014) Raman PLSR 

Onion 

Powder Corn starch 

(Lee, Sangdae et 

al., 2015, 

Lohumi et al., 

2014) 

Raman, FT-NIR, 

FTIR PLSR 

Saffron 

Crocus sativus stamens, 

turmeric, safflower, gardenia 

(Petrakis et al., 

2015) 1H-NMR 

PCA,  OPLS-DA, 

O2PLS-DA 

Saffron 

Crocus sativus stamens, 

calendula, safflower, turmeric, 

buddleja, and gardenia 

(Petrakis, 

Polissiou, 2017) DRIFTS-FTIR PLS-DA, PLSR 

Chinese star 

anise ILACS 

(Wang et al., 

2014) NIR/MIR LDA, PCA 

Chinese star 

anise Japanese star anise 

(Vermaak, 

Viljoen & 

Lindstrom, 

2013) SWIR-HSI PCA, PLS-DA 

Black 

pepper Buckwheat or millet 

(McGoverin et 

al., 2012) 

NIR hyperspectral 

imaging, FTIR PLSR 

Paprika Tomato skins, brick dust 

(Galaxy 

Scientific) 

FT-NIR & Advanced-

ID algorithm 
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Ingredient Adulterant Reference Detection Methods Chemometrics 

Turmeric Yellow chalk powder 

(Nallappan et 

al., 2013) 

Terahertz 

spectroscopy  

Saffron Safflower dyed corn stigma 

(Heidarbeigi et 

al., 2015) Electronic Nose PCA, ANN 

Table 1.5 Examples of detection methods for substitution adulteration 

1.9 Conclusion 

It is evident that EMA is a constant threat in the growing herb and spice industry. Cases 

of fraud have an economic impact on the industry as well as reducing consumer 

confidence. Potential public health risks following adulteration, such as the case of nut 

protein in cumin and paprika, are a major concern in the industry. Advances in DNA 

analysis include the use of SCAR-PCR and DNA barcoding provide faster and cheaper 

methods of analysis. Further advancement may include the use of NGS as it moves 

into the area of food fraud. Mass spectrometry, commonly used for the detection of 

food fraud is also improving by becoming faster and cheaper with the introduction of 

ambient techniques.  Spectroscopic methods along with chemometric techniques are 

increasingly being used in the fight against food fraud and offer a rapid, robust 

screening technique that is cost effective and requires little expertise. There is an 

increasing need for screening techniques that can detect EMA over a range of products 

in the growing herb and spice industry. 

1.10 The Aim and Objectives of the Study 

The aim of this study is to develop and validate novel methods for the detection of 

EMA in selected herbs and spices. With ongoing cases of adulteration occurring 

worldwide, a consortium of retailers and suppliers from the herb and spice industry 

was formed for this study with the intention of combatting fraud. 
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The objectives are as follows: 

1. Identify the herbs and spices mostly at risk of EMA and the appropriate 

techniques to detect it.  

The products determined mostly at risk from EMA, identified by members of the herb 

and spice industry are sage, paprika, garlic and black pepper. The adulterants identified 

for each of these herbs or spices are decided upon based on intelligence, the scientific 

literature and advice from the herb and spice industry. Adulterants are often 

morphologically similar to a herb or spice or can be blended in ground form. Therefore, 

the concerning adulterants are green leaf cuttings in sage, spent material in paprika and 

white powders in garlic. Exogenous adulterants as well as spent black pepper, husk, 

pinheads, light berries and spiral rejects are identified as black pepper adulterants. The 

detection of adulteration needs to be rapid, robust and inexpensive to allow for method 

dissemination for widespread use, and therefore the spectroscopy techniques, NIR and 

FTIR along with chemometrics are chosen for method development. 

2. Develop a binary classification model and validate the non-targeted method. 

To develop and validate the methods, the spectral data from sage, paprika, garlic and 

black pepper will be collected along with their respective adulterants. Binary 

chemometric models will be developed from the spectral data acquired from the NIR 

and FTIR instruments, with an authentic and adulterant class. The purpose of the 

methods will be to determine the basic question of whether the sample is adulterated 

or not. Validation with an external sample set will be used to determine the best cut-

off point for the test and subsequently, the correct classification rate of the method.   
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3. Develop advanced chemometric models to determine the adulterant being 

used.  

These models will be developed if sufficient adulterants are provided. A multiclass 

chemometric model will be made up of the authentic class and a class for individual 

adulterants. Therefore, once adulteration is detected in the binary classification model, 

a sample can then be analysed against the multiclass model to identify the actual 

adulterants being used.  Further possible investigations will include the development 

of chemometric models for various species, as well as extraneous parts of the plant, to 

determine if methods could potentially be developed in these areas in the future.  

4. Develop adulteration detection methods using both portable and benchtop NIR 

instruments and form a comparison.  

To do this, one of the spices, black pepper, and its adulterants, will be used to develop 

the methods on one benchtop and two portable NIR instruments. Following the 

development of the binary classification models and validation of the methods, a 

comparison will be made based on model performance and correct classification rate 

of the methods to determine if portable instruments perform as well as laboratory-

based benchtop instruments. 
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Abstract 

Sage, a common term for the various species of the genus Salvia L., is an herb 

that is mainly used as a seasoning, or for medicinal purposes. Valuable herbs such as 

sage are under constant threat from criminals dealing in economically motivated 

adulteration. In this study, the development of a rapid screening technique to detect 

adulteration in sage was developed using FTIR and chemometrics. A range of sage 

samples were collected, along with possible known adulterants, olive leaves, myrtle 

leaves, sumac, hazelnut leaves, cistus and phlomis, strawberry tree leaves and 

sandalwood. The samples were analysed on the Thermo Nicolet iS5 FTIR with iD7 

ATR accessory and diamond crystal. Chemometric techniques were applied to convert 

this raw spectral data obtained from the instrument into qualitative models. The 

qualitative chemometric models for adulteration detection were obtained using PCA 

and OPLS-DA following pre-processing of the spectra. The OPLS-DA models had a 

measurement of fit (R2) of 0.978, and 0.952 and a measurement of prediction (Q2) of 

0.975 and 0.936 for binary and multi-class models respectively. The ROC curves 

following external validation had an AUC of 1 indicating excellent method 

performance. The use of FTIR and chemometrics can potentially screen unknown sage 

samples for adulteration and can be used in the fight against fraud in the herb and spice 

industry.  
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2.1 Introduction 

Sage is a member of the mint family (Lamiaceae) and has been used as a seasoning 

and a medicine since ancient times in Europe. It can be found in various dishes such 

as sausages, stuffing and pizzas etc. (Raghaven, 2007).  The word ‘sage’ is the 

commonly used term for the various species of the genus Salvia L. The genus Salvia 

is one of the largest Lamiaceae genera with close to 900 species (Kintzios, 2000). This 

herb is native to North- Eastern Mediterranean region, and is cultivated in Eastern 

Europe, Turkey, China, Italy, Greece and the US (Raghaven, 2007). The European 

Spice Association (ESA) and American Spice Trade Association (ASTA) recognise 

two varieties of sage, Salvia officinalis (Dalmatian or garden sage) and Salvia triloba, 

also known as Salvia fruticosa (Greek sage) (ESA, 2018, ASTA, 2016, Kintzios, 

2000). However, S. tomentosa is also often found to be added to triloba. 

Expensive food commodities such as sage are under constant threat of food fraud. The 

growing herb and spice industry is currently valued at US$4 billion (ITC). There is an 

increasing demand for herbs and spices with interest in new tastes, increase in healthy 

living, and an increasing multicultural population. The prices have therefore increased 

as the demand is growing, however, production is limited (CBI, 2016). Protection 

against fraud is vital and businesses need to ensure appropriate measures are in place 

to prevent or detect vulnerabilities (BRC-FDF-SSA, 2016). The challenges of fraud in 

the herb and spice industry, and the detection methods were reviewed by Galvin-King 

et al. (2018). 

The General Food Law Regulation (EC) 178/2002 (EU, 2002), based on the 

consumers’ interest, aims to prevent “fraudulent or deceptive practices, the 

adulteration of food, and any other practices which may mislead the consumer”. 
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However, recent cases of fraud in the herb and spice industry include the adulteration 

of oregano with olive and myrtle leaves (Black et al., 2016) in which 24.5% of oregano 

purchased in the UK/Ireland were fraudulent, and the adulteration of cumin and 

paprika with nut protein (SSA, 2015, Garber et al., 2016). The economic impact of a 

fraud scandal can be destructive to industry. An example of this was seen following 

the Sudan dye adulteration scandal which cost US$418 million in 2004 (GMA, 

Kearney, 2010). Along with the economic impact of adulteration to the industry, the 

consumer is also often victim of food fraud, and consumer confidence is affected 

following a food related scandal. There is always a potential health risk even though 

the fraudster’s motivation may be economic. This was the case with the use of nut 

protein in cumin and paprika (SSA, 2015, Garber et al., 2016) with the risk of 

anaphylactic shock in susceptible individuals, and the adulteration of turmeric with 

lead chromate leading to lead poisoning (Cowell et al., 2017). These crimes were a 

serious danger to public health, and cases such as these strengthen the demand for food 

protection.  To rebuild confidence, the food industry is required to be consistently 

honest and transparent, and show they have the consumers’ interests in mind (Barnett 

et al., 2016). Prevention is preferable to detection of adulteration, and measurements 

need to be in place to ensure preventative measures are effective, and also, to detect 

adulteration when it occurs (BRC-FDF-SSA, 2016). 

 Detection methods provide a very important tool in the role of deterrence and 

surveillance of possible food fraud.  In the herb and spice industry the recommended 

method of analysis for the detection of extraneous matter from a different plant 

involves visual inspection and/or microscopy (BRC-FDF-SSA, 2016). This method 

however has its drawbacks as it requires a high level of training, expertise and time. 

Also, once a sample is ground, the adulterant and herb may look similar, making 
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detection more challenging. Little work has been carried out on the detection of 

adulteration in the herb sage. One study by Bononi and Tateo, indicates the ability to 

detect fraud by detecting the phenolic compound, oleuropein, of olive leaves, with 

Liquid Chromatography-Electrospray Ionization tandem Mass Spectrometry (LC-ESI-

MS/MS) (Bononi, Tateo, 2011). Olive leaves are a known possible adulterant of both 

oregano and sage. However, it has recently been discovered that oleuropein is also 

present in myrtle leaves (Wielogorska et al., 2018).  

There is a growing demand for rapid screening techniques in the herb and spice 

industry. Techniques such as spectroscopy are inexpensive, require little training, are 

rapid and robust, and with little or no sample preparation, are non-destructive. 

Spectroscopic analytical techniques that are being used in the food industry for quality 

analysis and authentication include Fourier Transform Near Infrared (FT-NIR), 

Raman and Hyperspectral Imaging (HSI) and Fourier Transform Mid-Infrared (FTIR) 

(Lohumi et al., 2015).   

Spectroscopic techniques along with chemometrics have been used as a rapid 

technique for chemotaxonomic discrimination, essential oil composition and carnosic 

content of Salvia officinalis L. (Gudi et al., 2015, Schulz et al., 2005, Elementi et al., 

2006). These methods all used gas chromatography (GC) techniques coupled to mass 

spectrometry (MS) or flame ionisation detector (FID) to obtain reference data for 

essential oil analysis. The reference data for carnosic acid was determined using high 

performance liquid chromatography (HPLC). Spectroscopy therefore is providing a 

faster technique for chemotaxonomic and essential oil analysis in sage, however, it has 

not been found to be used for the detection of adulteration in sage.  
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Spectroscopy and chemometrics have been used to detect adulteration with examples 

such as the detection of waste plant cuttings in oregano using FTIR and orthogonal 

partial least squares-discriminant analysis (OPLS-DA) for qualitative models and 

partial least squares regression (PLSR) for quantitative models (Black et al., 2016, 

Wielogorska et al., 2018). The detection of corn starch in garlic, ginger (Lohumi, Lee 

& Cho, 2015, Lee, S. et al., 2014), and onion powder (Lee, Sangdae et al., 2015, 

Lohumi et al., 2014) was determined using Raman, FTIR and FT-NIR along with the 

chemometric algorithm PLSR. Further examples include the detection of adulteration 

in saffron using proton nuclear magnetic resonance (1H-NMR) and diffuse reflectance-

FTIR (DRIFTS) spectroscopic techniques along with principal component analysis 

(PCA), OPLS-DA and O2PLS-DA for qualitative models, and PLSR for quantitative 

models (Petrakis et al., 2015, Petrakis, Polissiou, 2017). The development of 

classification models using chemometrics, allows the development of a rapid, non-

targeted screening methods. Non-targeted testing is becoming more common, as its 

aim is to indicate deviations from the authentic product (US Pharmacopoeia, 2017).  

The aim of this study was to develop and validate a non-targeted, rapid and robust 

screening method to detect economically motivated adulteration in sage using FTIR 

and chemometrics. With the aid of intelligence from industry, a number of adulterants 

were decided upon and incorporated into the development of a classification model. 

This screening technique could potentially be used to analyse unknown samples for 

the presence of economic adulteration.  
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2.2 Materials and Methods 

2.2.1 Sample collection for sage adulteration model and species model 

A total of 315 samples were provided with full provenance, from leading industry 

suppliers for the development of a chemometric model to detect adulteration in sage. 

The samples included olive leaves (19), myrtle leaves (12), sumac (4), hazelnut leaves 

(4), cistus (16), phlomis (8), strawberry tree leaves (4), sandalwood tree leaves (1), and 

sage (247). The sage samples included the species Salvia officinalis, Salvia triloba and 

Salvia tomentosa. This sample collection also included certified reference materials, 

sage (Salvia officinalis) and olive leaves (Olea europaea) (LGC, Teddington, UK). 

A total of 269 sage samples were selected for analysis of species identification (Salvia 

officinalis, Salvia triloba and Salvia tomentosa) using chemometrics. These samples 

were chosen based on the information provided as all of these samples needed reliable 

information on country of origin and species type to be included in the model. 

2.2.2 Preparation of samples 

Following receipt, the samples were milled to a homogenous powder (~1µm) in the 

Planetary Ball Mill, PM-100 (Retsch, Haan, Germany). Approximately 3-4 g of each 

sample was added to the grinding jars and milled at 500 rpm for 5 min. This was carried 

out for all samples analysed on FTIR as the small sample area requires a homogenous 

powder. 

2.2.3 FTIR data acquisition 

The milled samples were analysed on the benchtop Thermo Nicolet iS5 FTIR (Thermo 

Fisher Scientific, Dublin, Ireland) with a single bounce attenuated total reflectance 

(ATR) iD7 accessory, diamond crystal, ZnSe lens and DTGS KBr detector. Further 

acquisition parameters included: collection length of 47 seconds, 0 levels of zero 
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filling, 12415 scan points, laser wavelength of 852 nm, N-B Strong apodization, mertz 

phase correction, and a background gain of 4.00. The spectral data collected ranged 

from 550-4000cm-1 and 32 scans were acquired for each of the spectra at a resolution 

of 4.00cm-1. To obtain the spectral data from the instrument, the milled samples were 

placed on the diamond crystal sample area and the slip clutch pressure tower was 

lowered into position on the sample. This process keeps the sample in place and applies 

equal pressure to each sample, thus improving reproducibility. All of the samples were 

analysed in triplicate and later this spectral data was averaged to produce one result 

per sample. 

2.2.4 Chemometrics 

Chemometric analysis was carried out using SIMCA 15 software (Umetrics, Sweden) 

for both the adulteration models and the sage species model. Pre-processing prior to 

the development of qualitative models involved the use of standard normal variate 

(SNV), 1st or 2nd derivative, and Savitzky-Golay (SG) with 15 points and a quadratic 

polynomial order. These parameters were chosen to reduce the effects of overlapping 

bands and pathlength, and to smooth the spectra. Pareto scaling was used in the 

development of this model. PCA was carried out to establish if classification could 

initially be observed with this unsupervised technique. Following this, the algorithm 

OPLS-DA, a supervised technique, was used to further develop and improve the 

qualitative models. The algorithm OPLS-DA was developed as it offers a greater 

understanding of all the data in the study with the use of predictive (correlated) and 

orthogonal (uncorrelated) components. The adulterants were set as a whole class 

together in the binary classification model. In the multi-class model, olive leaves, 

phlomis, and sumac were given individual classes, however, myrtle, cistus, hazelnut, 

strawberry tree and sandalwood leaves were combined (Adulterant Blend) for model 
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clarity, and these clusters are also situated quite closely together in the model space. 

Chemometric analysis was focused on the wavenumbers 550-1800cm-1 and 2800- 

3999cm-1 for FTIR.  

2.2.5 Validation procedure  

Validation of the sage SIMCA 15 adulteration models was based on ‘Guidance on 

Developing and Validating Non-Targeted Methods for Adulteration Detection’ from 

the US Pharmacopoeia (US Pharmacopoeia, 2017) and the validation procedure 

carried out by Riedl et al. (2015).  

2.2.5.1 Internal cross validation 

Internal cross validation was carried out in the SIMCA 15 software. Within this 

software, the measurement of fit (R2) and the measurement of prediction (Q2) are 

reported as indicators of the quality of the model. The R2 value was based on the 

residual i.e. the deviation of real data from the model. The explained variation was 

calculated and represented as the R2value.  The Q2 value used in internal cross 

validation involved dividing the data into 7 parts, and each 1/7th was removed in turn. 

A new model was created from the 6/7th left in, and the 1/7th was predicted from this 

new model. The predicted data was then compared with the original data and the 

predicted residual sum of squares (PRESS) was calculated. PRESS was then converted 

into Q2 to indicate the predictability of the model. Similar to R2, the closer Q2 is to 1, 

the better the model. 

2.2.5.1 External validation 

The test samples for external validation included 48 100% sage samples of varying 

species (S. officinalis, S. triloba, and S. tomentosa) that had not been included in the 

original model. These samples were referred to as ‘typical’ samples. A total of 64 



Chapter 2 

 

57 
 

spiked samples were also used for external validation of the model and these were 

referred to as ‘atypical’ samples. The atypical samples were made up of spiked S. 

officinalis and S. triloba sage samples that had not been added to the chemometric 

models previously. These sage samples were spiked individually by all eight 

adulterants at levels of 10, 20, 40 and 80%.  

These typical and atypical samples were tested using a binary classification model 

made up of sage and adulterants, and the classification model made up of sage and 

individual adulterant classes to identify the true positive rate (TPR) and the false 

positive rate (FPR) of the models. 

2.3 Results and Discussion 

2.3.1 Raw spectral data 

Figure 2.1 shows the spectral data of sage and three of the possible adulterants, olive 

leaves, myrtle leaves and phlomis, collected from the FTIR instrument. The functional 

group region of Mid IR typically ranges from 1500- 4000cm-1, and the fingerprint 

region ranges from 500- 1500cm-1 (Lohumi et al., 2015). It can be seen from Figure 

2.1 that the greatest variation in the spectra between sage and its adulterants can be 

seen in the fingerprint region. This is because the bands in this region represent the 

fundamental vibrations due to the chemical bonds within the molecules and are rich 

with information that is specific to the sample type (Ellis et al., 2015).  
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 Figure 2.1 FTIR raw spectral data from sage and the adulterants; olive leaves, myrtle 

leaves, and phlomis. 

Although the fingerprint region provides sample specific information, the functional 

group region can be subdivided further into regions with O-H and N-H stretching in 

the region of 2500-3700cm-1. C-H stretching occurs in the region of 2800-3300cm-1 

with C-H stretching in aldehydes occurring at 2700-2900cm-1. The double bonds C=C, 

C=N and C=O can be detected in the region of 1450-1950cm-1 (Lohumi et al., 2015).    

A variety of bands for the various adulterants visually stand out in the fingerprint 

region when compared to sage (Table 2.1). This table indicates the wavenumber of the 

prominent bands and the adulterants that correspond to the particular band. From this 

table, similarities can be seen between adulterants e.g. olive leaves and phlomis. It is 

obvious that sumac differs the most from the other adulterants. There is a lot of 

variation between adulterants in the region 1680-1770cm-1.  

 

 

Sage 

Olive 

Myrtle 

Phlomis 
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Table 2.1 Distinctive adulterant absorption bands that differ from sage in the FTIR 

fingerprint region  

ᵃ X marks presence of bands  

2.3.2 FTIR classification models 

The raw spectral data was then analysed in the chemometric software SIMCA 15. Pre-

processing was carried out prior to the development of both the PCA and the OPLS-

DA classification models. This involved the use of SNV, 1st derivative and SG for the 

PCA and OPLS-DA models.  

The unsupervised algorithm PCA was firstly used to determine if discrimination 

between the classes could be identified (Figure 2.2). The first four principal 

components accounted for 77.9% of the variation (PC1: 46.8%, PC2: 13.5%, PC3: 

10.8%, PC4: 6.8%). The measure of fit (R2) for this model was 0.989, and the 

measurement of prediction (Q2) was 0.977. This measurement of prediction was 

calculated based on the internal cross validation of the model.  

The R2 for the binary classification (sage and adulterants) OPLS-DA model gave a 

value of 0.978, and the Q2 value was calculated at 0.975. For the multi-class model 

(range of adulterant classes), the R2 value was 0.952 and the Q2 value was 0.936. The 

Absorption 

band  

range in cm-1 

750-

770 

770-

790 

850-

890 

1130-

1280 

1180-

1270 

1290-

1380 

1300-

1330 

1430-

1460 

1520-

1570 

Olive leaves - Xᵃ - - - - X - - 

Phlomis - X - - - - X - - 

Strawberry 

Tree Leaves X - - - X X - X - 

Myrtle leaves X - - - X X - X - 

Cistus - - - - X X - X - 

Sandalwood X - - - X X - X - 

Hazelnut leaves - - - - - - X X - 

Sumac X - X X - X - X X 
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R2 and Q2 values in the binary classification model is higher because there is less 

variation or classes in this model. 

The models generated have potential to detect adulteration of sage as shown by the 

score plots in Figure 2.2 (A and C). In the binary classification model, an unknown 

sage sample can be analysed to determine if it has been adulterated, however, in the 

second model, the adulterant used may be identified, if the adulterant was included in 

the building of the model. Both the binary and multi-class classification models 

indicate that they can be used as methods to predict unknown sage samples for the 

presence of adulteration.  
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(A) 

 

 

(B)        (C)  

 

 

Figure 2.2 (A) Binary OPLS-DA (supervised) classification model scores plot, (B) 

multi-class PCA (unsupervised) classification model scores plot and (C) multi-class 

OPLS-DA (supervised) classification model scores plot for sage and its adulterants. 
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The addition of known adulterants included as classes in the model does not take away 

from the non-targeted ability of the model, as unknown adulterants will still be 

determined as adulterated. To illustrate the non-targeted ability of the multi-class 

model, the phlomis class was removed from the multi-class model and the 100% sage 

and sage spiked with phlomis were tested as unknowns. In this example, it could be 

seen that once the phlomis class was removed, the sage samples spiked with phlomis 

were still determined as being adulterated, as none of them were detected as 100% 

sage. Figure 2.3 illustrates the spiked samples moving away from the sage class as the 

spiking level increases.  
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(A)      (B)  

          

(C)                            

 

Figure 2.3 (A) OPLS-DA model scores plot minus the phlomis class, (B) 100% sage 

and spiked sage with phlomis at 10-20, 40 and 80%, (C) Close up of 100% sage and 

spiked sage with phlomis at 10-20, 40 and 80%. 
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2.3.3 External validation results 

The test set for external validation of the classification models included 48 100% sage 

samples and 64 spiked sage samples. A sample of Salvia officinalis and Salvia triloba 

were spiked with all eight adulterants individually at 10, 20, 40 and 80% for validation. 

In Figure 2.4 an example of a spiked sample (olive leaves and sage) is portrayed as 

raw spectral data in the fingerprint region. In the spectrum, one of the observable bands 

of olive leaves, at 1300-1330cm-1, plays a vital role in the detection of this particular 

adulterant. It can be seen that as the concentration of olive leaves increases, the band 

height also increases. This is similar to the findings by Black et al. in the identification 

of olive leaves in oregano (Black et al., 2016). Similar changes to the spectra was 

observed for all the adulterants. The distinctive bands listed in Table 2.1 all show a 

gradual change as the concentration of the adulterant increases, in comparison to 100% 

sage. However, with chemometrics, all of the spectral data, excluding the ATR 

diamond region 1800-2800cm-1, was scrutinised, as there is information throughout. 

This example (Figure 2.4) is used to highlight the importance of the fingerprint region 

in the classification of the product.  
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Figure 2.4 Raw spectra data of Salvia officinalis spiked with olive leaves at 10, 20, 

40 and 80%. 

The external validation set was used to develop a receiver operating curve (ROC) in 

SIMCA 15, to determine the ability of the model to detect pure and adulterated sage 

samples. A ROC curve was created when the 100% sage samples and the spiked 

samples were tested against the binary classification model. The ROC curve presented 

in Figure 2.5 is used to characterise the relationship between the TPR (sensitivity) and 

FPR (1-specificity). The area under the curve (AUC) for the ROC curve indicates 

method performance and the AUC for this ROC curve was calculated at 1 for sage and 

the adulterants. This indicates that the binary classification model was accurate at 

detecting a clear distinction between 100% sage samples and adulterated/spiked 

samples. This was also true for individual ROC curves for sage versus each of the 
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adulterants (e.g. sage vs phlomis, sage vs olive leaves etc.) with AUC calculated as 1 

(data not shown). The results indicated that the overall methodology described has 

potential to determinate sage adulteration, as both the internal and external validation 

techniques show very good predictability with Q2 results of 0.936 for internal 

validation, and an AUC of 1 with the external validation for all adulterants.  

Adulterant     Sage 

 

Figure 2.5 ROC curve following prediction of the test set against the binary 

classification model. 

There is a lack of a harmonised validation procedure for non-targeted techniques. This 

method described has been validated using an internal cross validation within the 

software and an external validation set of typical and atypical samples. This approach 

has been adapted from the US Pharmacopoiea guidelines and Riedl et al. (US 

Pharmacopoeia, 2017, Riedl, Esslinger & Fauhl-Hassek, 2015) as it uses a multi-class 

approach as opposed to a single class. 
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2.3.4 Sage species classification 

The sage samples in this study were focused upon to determine if they could be 

classified according to their species.  Salvia triloba, and tomentosa are mostly seen in 

Europe, whereas officinalis is more commonly found in the US. 

Differences using the chemometric models can be detected between the sage species 

as can be seen from Figure 2.6. The PCA model initially indicated that even with the 

unsupervised algorithm, the species separated from each other with an R2 value of 

0.962, and a Q2 value of 0.913. S. officinalis samples that came from Albania and 

Turkey are also seen to separate based on country of origin in this unsupervised 

technique. With the use of the OPLS-DA model, the individual classes became tighter 

in their positions, including the differences in countries. The pre-processing for both 

the PCA and OPLS-DA model involved the use of SNV, 2nd Derivative, and SG. The 

OPLS-DA model produced an R2 value of 0.973, and a Q2 value of 0.97. This indicates 

a good measurement of fit and a good measurement of prediction for the sage species 

model. This investigation, although not focused on the detection of adulteration with 

waste products, provides potential for a method that allows the sage species to be 

identified in unknown sage samples. In some cases, products of unknown origin can 

be used to substitute products from a protected designation of origin (PDO), such as 

the adulteration of saffron from the PDO region of Spain (Rubert et al., 2016), and the 

paprika, Szegedi Füszerpaprika PDO, being substituted with falsely declared paprika 

(Brunner et al., 2010). However, with regard to sage, the possibility of determining 

what species is being used may provide further information on the samples currently 

on the market. 
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(A) 

 

 

(B) 

 

 

Figure 2.6 (A) PCA (unsupervised) and (B) OPLS-DA (supervised) scores plots for 

the classification of sage species. 
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2.4 Conclusion 

As there is an ongoing threat of economically motivated adulteration in the 

herb and spice industry, there is a requirement for rapid and robust analytical screening 

techniques to protect the industry and the consumer. The impact of a food fraud 

scandal can have devastating effects economically and it can be a public health risk. 

In this study, the use of FTIR along with chemometric techniques provided a tool to 

detect adulteration in sage samples. Internal and external validation indicated that these 

classification models were capable of detecting the presence or absence of adulterants 

in unknown sage samples as either being adulterated or 100% sage. Following this, it 

was found to provide the added potential of determining what species the sage was. 

This method also has its advantages in that only a small amount of sample is required 

for analysis, and little sample preparation is required. Therefore, it could be used as a 

rapid screening technique to prevent and deter adulteration of sage in the herb and 

spice industry. 
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Abstract 

The spice paprika (Capsicum annuum and frutescens) is used in a wide variety of 

cooking methods, as well as seasonings and sauces. As with all valuable spices, 

adulteration is a huge risk. The oil, paprika oleoresin is a valuable product in its own 

right, however, once the oleoresin has been removed from paprika, the remaining 

waste/spent product can be used to adulterate paprika. NIR and FTIR were the 

platforms selected for the development of methods to detect paprika adulteration. A 

range of paprika samples (n=140) and spent material (n=19) were collected for the 

development of screening methods using both NIR and FTIR in conjunction with 

chemometrics. Principal component analysis was initially used to determine if spectral 

data separation could be observed. Orthogonal partial least squares – discriminant 

analysis a supervised technique, was then used and the measurement of fit (R2) and 

measurement of prediction (Q2) values were 0.853 and 0.819 respectively for the NIR 

method. The results achieved by FTIR were 0.943 (R2) and 0.898 (Q2). Once the 

chemometric models were developed, an external validation set was tested and a 

receiver operating curve created. The area under the curve for both methods were 

highly accurate with 0.951 (NIR) and 0.907 (FTIR). These results along with the 

Youden index of 0.788 (NIR) and 0.733 (FTIR) indicate that these methods can be 

used to detect spent material in paprika to a degree. The fact that paprika and spent 

paprika arise from the same part of the same plant can create difficulties in this 

adulteration detection. The levels of adulteration fully detected were 50-90% (NIR) 

and 40-90% (FTIR). Spent paprika is usually detected by microscopy following an 

acid colour change. The use of spectroscopy for this adulteration with spent material 

in paprika does not appear to have been reported previously, however, it has potential 

to be used as part of a two tiered testing system with spectroscopy being used as a 
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screening technique followed by a confirmatory method if required. Sudan I dye is a 

commonly used adulterant in paprika, and could be used to enhance the colour of spent 

material, however, in this study it was found, the use of this dye had no effect on the 

outcome of the result for spent material adulteration. 
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3.1 Introduction 

Paprika is a spice best known for its use in a wide variety of cooking methods for both 

flavour and colour. It can be found in a variety of foods including seasonings and 

sauces (Raghaven, 2007). The European Spice Association (ESA) lists Capsicum 

annuum and frutescens species of paprika which is a member of the family Solanaceae. 

Paprika consists of dried ground peppers of the sweet and slightly pungent varieties, 

depending on its origin and grade. The characteristic reddish colour is due to the 

presence of carotenoids (Raghaven, 2007).  

Spices such as paprika are often the target for food fraud as they are valuable 

commodities and fraudsters aim to deceive consumers into thinking they are buying 

authentic and safe spices (Galvin-King, Haughey & Elliott, 2018). Paprika is also 

commonly found in many processed foods, and therefore, any fraud in this spice may 

pose a huge risk to consumer safety (Horn et al., 2018). Different forms of adulteration 

in paprika has been found to include substitution adulteration with waste or inferior 

products, falsely declared origin (Hernandez et al., 2007) and addition adulteration 

with the use of illegal dyes such as the commonly found Sudan I and IV according to 

the Rapid Alert System for Food and Feed (RASFF) portal 

(https://ec.europa.eu/food/safety/rasff/portal_en). 

Examples of substitution adulteration with waste products include the adulteration by 

bulking with white pepper, curcuma, brick powder and barium sulphate (Lead Action 

News, 1995). Adulteration in paprika involved the addition of the nut protein from 

almonds in place of paprika (Whitworth, 2015). This case indicated the carelessness 

of the criminals and the serious public health threat that can arise from adulteration, 
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even when only economic gain is the motivation as anaphylaxis can occur in 

susceptible individuals.  

Falsely declared origin has also been an issue with paprika adulteration. In 2004, 

Hungarian paprika was found to be incorrectly marketed as ‘domestic Hungarian 

samples’ when the aflatoxin that was found was from a fungus that could not have 

originated in Hungary due to climate. It therefore became obvious that fraud was 

occurring. The Hungarian paprika had been mixed with paprika from South America 

following a drought in the summer previously (Hodúr, Lászlķ, Horváth, 2007). The 

threat of adulteration means the authentication of paprika from the Murcia and La Vera 

region of western Spain is important as they have protected designation of origin 

(PDO) status (Palacios-Morillo, et al., 2016, Palacios-Morillo, et al., 2014, Hernandez 

et al., 2007, Hernandez et al., 2010). The authentication of Szegedi paprika from 

Hungary as another product with PDO status is also essential (Brunner et al., 2010).  

Various methods have been developed to identify these protected spices and 

characterize the PDO status including DNA typing methods (Hernandez et al., 2010), 

free zone capillary electrophoresis (FZCE) (Hernandez et al., 2007), elemental 

analysis along with chemometrics (Brunner et al., 2010, Palacios-Morillo, Ana et al., 

2014) and UV-Vis with chemometrics (Palacios-Morillo, A. et al., 2016).  

To enhance the colour and value, dyes may also be used to adulterate paprika. In 1994 

lead oxide was added to paprika to enhance colour which resulted in the hospitalisation 

of many consumers (Perlez, 1994). Dyes found in paprika include Sudan I, Sudan IV, 

E160b, Orange II, Rhodamine B and Para Red (RASFF portal) with Sudan I and IV 

being the most commonly found which are possibly carcinogenic and potentially 

genotoxic (EFSA, 2005). 
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Spectroscopy and chemometrics are increasingly becoming the chosen method for 

adulteration detection in herbs and spices. It is a preferable form of analysis for the 

detection of adulteration as it offers a robust, rapid and inexpensive form of analysis 

which requires little expertise to carry out analysis once the test method and 

chemometrics are in place. In Table 3.1, a number of spectroscopic techniques used 

alongside chemometrics for the detection of various forms of adulteration of paprika 

have been outlined.  

In the literature, most studies on the adulteration of paprika using spectroscopy involve 

the detection of dyes. There have been a small number of investigations into detection 

techniques for bulking agents. In a study by Horn et al., (2018) results indicated >80% 

sensitivity and specificity when Fourier transform infrared (FTIR) was used to detect 

lead oxide (3%) lead chromate (3%), silicon dioxide (5%), poly vinyl chloride (10%) 

gum Arabic (10%) and in addition Sudan I and IV were detected to 1%. Galaxy 

Scientific used classical least squares (CLS) based Advanced-ID algorithm to detect 

bulking agents tomato skin (0.5%) and brick dust (5%) (Galaxy Scientific, 2016). 

Oliveira et al. (2020) used portable near infrared (NIR) spectroscopy to detect potato 

starch, acacia gum and annatto and was found to be capable of detecting adulteration 

of paprika both qualitatively using partial least squares- discriminant analysis (PLS-

DA) and quantitatively using partial least squares regression (PLSR). The PLS-DA 

models resulted with a specificity >90% and lower than 2% error. The R2 and root 

mean square error of prediction (RMSEP) values for the PLSR were 0.95 and 2.12 

(potato starch), 0.97 and 1.68 (acacia gum), and 0.87 and 1.74 (annatto).  The use of 

portable spectroscopy in this way can be highly valuable at detecting adulteration at 

various points along the supply chains, and for this reason, it can also act as a major 

deterrent to fraudsters. 
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Method Chemometrics Adulterants Reference 

Fourier transform infrared (FT-IR) 

Principal component analysis 

(PCA), One class soft independent 

modelling class analogy 

(OCSIMCA) 

1% Sudan I, 1% Sudan IV, 3% 

lead chromate, 3% lead oxide, 5% 

silicon dioxide, 10% polyvinyl 

chloride, 10% gum arabic (Horn et al., 2018) 

FT- Near infrared (NIR) 

Classical least squares (CLS) based 

Advanced ID algorithm Tomato skins, brick dust, Sudan I (Galaxy Scientific, 2016) 

NIR – Portable 

Partial least squares-discriminant 

analysis (PLS-DA), Partial least 

squares regression (PLSR) Potato starch, acacia gum, annatto (Oliveira et al., 2020) 

FTIR  Hybrid linear analysis (HLA)/GO Sudan I (Lohumi et al., 2017) 

Raman PLSR, PLS-DA Sudan I 

(Monago-Maraña et al., 

2019) 

Raman hyper spectral imaging (HSI) Linear correlation Sudan I and Congo Red (Lohumi et al., 2018) 

Surface enhanced Raman spectroscopy 

(SERS) PCA Sudan I (Di Anibal, et al., 2012) 

Molecularly imprinted polymers-thin layer 

chromatography-surface enhanced Raman 

spectroscopy (MIP-TLC-SERS) PCA, Linear Correlation, PLSR Sudan I (Gao et al., 2015) 

Solution-NMR (Nuclear Magnetic 

Resonance), Solid State- NMR Linear Regression Sudan I (Hu et al., 2017) 

1H NMR PLS-DA Sudan I-IV 

(Di Anibal, Ruisanchez & 

Pilar Callao, 2011) 

Synchronous fluorescence spectroscopy 

(SFS) PLS-DA Sudan I 

((Di Anibal, Susana 

Rodriguez & Albertengo, 

2015) 

UV-Vis PCA, PLS-DA, PLSR Sudan I and II 

(Márquez, Ruisánchez & 

Callao, 2019) 

UV-Vis 

PCA, PLS-DA, K-nearest 

neighbours (KNN) Sudan I, Sudan I + IV blend 

(Di Anibal, Susana 

Rodriguez & Albertengo, 

2014) 

UV-Vis PLS-DA, KNN, SIMCA Sudan I, II, III and IV (Di Anibal et al., 2009) 

UV-Vis PCA, PLS-DA Sudan I and IV 

(Vera, Ruisánchez & 

Callao, 2018) 

Table 3.1 The use of spectroscopy in the detection of adulteration of paprika 
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The detection of dyes in paprika has been undertaken using a number of spectroscopic 

techniques including Fourier transform near infrared (FT-NIR), FTIR, Raman, nuclear 

magnetic resonance (NMR), synchronous fluorescence spectroscopy (SFS), and UV-

vis. These methods detected mainly Sudan I dye, however methods were also 

developed to detect Sudan II, III, IV and Congo Red and annatto. The chemometrics 

used involved the detection of dyes by both qualitative and quantitative methods 

(Table 3.1). The addition of dyes improves colour and subsequently may add value to 

the product. The paler reds and brown shades of paprika are the poorest quality and 

are also the most pungent (Raghaven, 2007). 

According to the herb and spice industry, a bulking agent used in substitution 

adulteration is spent paprika. The ESA describes a spent material as one that has 

‘…any valuable constituent omitted or removed which misleads the customer (e.g. 

spent and partially spent spices and herbs, de-oiled material, defatted material)’ (ESA, 

2018a). Paprika oleoresin is extracted from the fruit and is an oil soluble extract. It is 

well known for its colouring properties and can be found in cheese, orange juice, 

sweets and sauces. Paprika oleoresin, valued in the European market at €126 million 

in 2015, accounts for 25% of the overall oleoresin market globally (CBI, 2018). Once 

this oleoresin is removed from paprika, the remaining ‘spent’ material is then a waste 

product. The current method (ASTA method 26.1) for the detection of defatted paprika 

in paprika involves the detection of a colour change reaction by microscopy following 

the addition of a sulphuric acid and boric acid reagent (Bates, 2000). This method 

however requires highly trained personnel. There does not appear to be any other 

methods reported on in literature for the detection of spent paprika in paprika other 

than testing to determine if the overall quality standards are met in the ESA Quality 

Minima Document (ESA, 2018c, BRC-FDF-SSA, 2016).  Once this spent material is 
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used as a substitute for paprika, the colour of the product is less vibrant. There is 

therefore a risk that a dye may be used alongside the spent material to ensure 

appearances are upheld. 

The aim of this study was to develop a rapid and robust screening technique to detect 

economically motivated adulteration in paprika with spent material using the 

spectroscopic platforms NIR and FTIR in conjunction with chemometrics. Authentic 

paprika and spent paprika samples were collected and analysed by spectroscopy to 

create a database of representative samples for the classes ‘Paprika’ and ‘Adulterant’ 

in the chemometric models. External validation was carried out to determine the 

correct classification rate of the models and their potential to determine adulteration 

with spent material in unknown paprika samples. Sudan I dye was also added to 

adulterated samples to determine is this affected the ability of the method to detect 

adulteration with spent paprika. 

3.2 Materials and Methods 

3.2.1 Sample collection 

A total of 159 samples were collected for the development of a chemometric model to 

detect spent material in paprika samples. The paprika (n=140) and spent paprika 

samples (n=19) came in powdered form. The samples were provided by highly reliable 

sources from leading herb and spice industry suppliers. The paprika samples originated 

from Peru, China, Hungary and Spain with spent material originating from China, 

India and Spain. Paprika samples also included those which were processed with stone 

milling and hammer milling. The samples had a range of American spice trade 

association (ASTA) colour values (extractable colour of paprika) from 75 to 269. 
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Mixtures of varying seed/pod ratios were also obtained. The extraction procedures for 

the spent material included the use of hexane and acetone/hexane extraction solvents. 

3.2.2 Preparation of samples 

The samples were milled prior to receipt in the laboratory. For NIR analysis, no further 

sample preparation was carried out. Prior to FTIR analysis, the samples were milled 

further to improve homogeneity of the samples for the small sample testing area of 

1.8mm on the diamond crystal of the attenuated total reflectance (ATR) accessory. 

Approximately 10g of each sample was added to the grinding jars of a Planetary Ball 

Mill PM-100 (Retsch, Haan, Germany) and milled at 500rpm for 5 minutes.  

3.2.3 NIR analysis 

The paprika and spent paprika samples were analysed on the Thermo Antaris II FT-

NIR (Thermo Fisher Scientific, Dublin, Ireland). Spectral data was collected in 

reflectance mode. Approximately 10g of each sample was placed into a sample cup 

(minimum of 0.5cm depth) for analysis and the samples were run on the integrating 

sphere module of the instrument. Prior to each analysis a background scan was 

performed. The spectral data was then collected from a rotating sample with a 

resolution of 8cm-1 in the range 4000-12000cm-1. The samples were analysed in 

triplicate, and remixed prior to each spectral data collection. A total of 64 scans were 

acquired for each of the spectra. 

3.2.4 FTIR analysis 

Mid infrared spectral data was collected on the Thermo Nicolet iS5 FTIR (Thermo 

Fisher Scientific, Dublin, Ireland) with diamond crystal on the ATR accessory, ZnSe 

lens and DTGS KBr detector. Following milling, the samples were placed onto the 

diamond crystal sampling area of the ATR accessory and the slip clutch pressure tower 
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lowered into position. This improves reproducibility between samples as it ensures 

equal pressure is applied to the samples prior to analysis. A total of 32 scans were 

acquired for each of the spectra, and the spectral data ranged from 550-4000cm-1 at 

4cm-1 resolution. All samples were analysed in triplicate and averaged prior to 

chemometric model development. Further sample collection parameters included: 47 

seconds collection length, 0 levels of zero filling, N-B strong apodization, mertz phase 

correction, 852 nm laser wavelength, and 12415 scan points and a background gain of 

4.00. 

3.2.5 Chemometrics 

The development of chemometric models was undertaken using SIMCA 15 (Sartorius, 

Malmö, Sweden). The qualitative models created in SIMCA involved firstly pre-

processing the raw data from the FTIR and NIR. This involved the use of standard 

normal variate (SNV), 1st/2nd Derivative, Savitzky Golay (SG) with 15 points and a 

quadratic polynomial order along with Pareto scaling. Pre-processing prior to model 

development allowed focus on the important data points (Rinnan, Berg & Engelsen, 

2009). PCA, an unsupervised technique, was performed initially, to determine if 

separate classes could be observed based on the raw spectral data from both NIR and 

FTIR for paprika and spent paprika.  Following this, a supervised orthogonal partial 

least squares – discriminant analysis (OPLS-DA) model, was created to further 

improve the qualitative models for both NIR and FTIR spectral data. The OPLS-DA 

algorithm uses both predictive (correlated) and orthogonal (uncorrelated) components 

to create the classification model to offer a greater understanding of all the aspects of 

the data. Chemometric analysis was carried out in the range of 550-1800cm-1 and 

2800-4000cm-1 for FTIR analysis and 4000-9000cm-1 for NIR analysis. The classes 
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for the binary chemometric models were made up of ‘Paprika’ (n=104) and 

‘Adulterant’ (n=17). 

3.2.6 Validation procedure 

The validation procedure for the NIR and FTIR paprika adulteration models was based 

on recommendations from the ‘Guidance on Validating Non-Targeted Methods for 

Adulteration Detection’ (US Pharmacopoeia, 2017), Riedl et al. (2015) and McGrath 

et al. (2018). 

3.2.6.1 Internal cross validation 

The software SIMCA 15 carried out internal cross validation of the chemometric 

models. The averaged data was divided into 7 parts and each 1/7th was removed in 

turn. Each time a new model was created using the 6/7th of the data. The 1/7th that had 

been removed, was then predicted using the new model and compared to the original 

data. From this the Predicted Residual Sum of Squares (PRESS) was calculated. 

PRESS was converted into Q2 by dividing by the sum of squares and subtracting from 

one. The is used as an indicator of the predictability of the model. The explained 

variation of the real data from the model is represented by the R2 value, measurement 

of fit. The closer both R2 and Q2 are to 1, the better the model. These values determined 

which models would be used for external validation. 

3.2.6.2 External validation 

All samples chosen for external validation were removed from the chemometric 

model set. For external validation, 100% paprika samples (n=30) were selected as 

‘typical’ samples from the initial 140 paprika samples. Two spent paprika were used 

to spike five out of six different authentic paprika samples at 10-90% levels to form 

the ‘atypical’ test set (n=90). The samples used for external validation included a 
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range of ASTA levels, milling techniques and countries of origin. As suggested in 

the guidance from US Pharmacopoeia (2017), the external test samples were chosen 

from the model centroid, otherwise, the external validation samples may portray the 

method inaccurately.  

A binary model was created for both the NIR and FTIR data as the aim of this work 

was to focus on the detection of spent paprika in paprika. The external test set of 

authentic 100% paprika samples (typical) and 90 spiked paprika samples (atypical) 

were run against the chosen OPLS-DA model. Following this, a receiver operating 

curve (ROC) curve was developed to plot the true positive rate (TPR) against the false 

positive rate (FPR) to determine the performance of the method. 

3.2.7 Sudan dye detection in spent material 

Sudan I was added to 100% spent and 50% spent samples at levels of 0.1, 0.5, 1, 2.5 

and 5%. These samples were then analysed on the FTIR and NIR instruments 

according to the aforementioned procedures. They were then tested as unknowns 

against the chosen chemometric models to determine if the addition of Sudan dye 

affected the model’s ability to detect spent material.  
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3.3 Results and Discussion 

3.3.1 Raw spectral data 

The spectral data for paprika and spent paprika can be seen in Figure 3.1. The visual 

differences between the spectra are circled in the images below.  

(A)  

 

 

(B) 

 

Figure 3.1 NIR (A) and FTIR (B) raw spectral data of paprika and spent paprika 

 

The NIR spectra of 100% paprika and spent material show that there is a clear 

distinction between the bands that correspond to oil, C-H bonds, (4100-4400cm-1, 

5350-6000cm-1) and the water band O-H (5000-5200cm-1). The contrast in oil is 

expected as the spent material will have oils extracted from it in the form of oleoresin. 
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The differences in the functional group region of the FTIR spectra occur at the C-H 

region (2700-3000cm-1) and the O-H region (3000-3600cm-1). There are many 

variations in the bands of the fingerprint region between the spent material and paprika. 

The most obvious band differences between paprika and spent occur at 1743cm-1 

(C=O) (Horn et al., 2018) where bands in the paprika samples can be seen, but not in 

the spent paprika. Although the spectra visually show differences at 100% levels when 

paprika and spent paprika spectra are compared, the level of adulteration can vary in 

adulterated samples, and may not be so clear without the use of chemometric software 

to extract further information from the raw spectral data. 

Following the collection of raw data, chemometric models were created using the 

software SIMCA 15 for both NIR and FTIR. The R2 and Q2 values for the models were 

calculated in the software and used to determine which models performed the best. 
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3.3.2 Chemometric models 

 

(A)         (B)  

 

  

Figure 3.2 NIR (A) PCA (unsupervised) and (B) OPLS-DA (supervised) 

classification models for paprika and spent material 

In Figure 3.2, the NIR classification models for paprika and spent paprika were 

developed using the unsupervised technique PCA and the supervised technique OPLS-

DA. These algorithms were carried out following the pre-processing, SNV, 1st 

derivative (PCA) 2nd derivative (OPLS-DA), SG and Pareto scaling. Separation could 

be seen between the spent paprika and the paprika in the unsupervised model, just from 

the spectral data.  This showed that the separation in the model was reliable. The 

supervised classification model OPLS-DA was then created and proved to have a good 

R2 (0.853) and Q2 (0.819) value. 
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(A)                                                     (B) 

                

   

Figure 3.3 FTIR (A) PCA (unsupervised) and (B) OPLS-DA (supervised) 

classification models for paprika and spent material 

In Figure 3.3, the classification models of spent material and paprika shown were 

developed using PCA and OPLS-DA algorithms with the spectral data from FTIR. The 

pre-processing of these models involved SNV, 1st derivative, SG and Pareto scaling. 

The OPLS-DA model produced an R2 value of 0.943, and a Q2 value of 0.898.     

3.3.3 External validation results  

Following the raw data collection of the spent and paprika samples, the samples were 

randomised and split into a training set and test set. This allowed a separate set of 

samples to be used for external validation of the methods, similarly to the procedure 

explained by Riedl et al. (2015). The training set was used to develop and optimise the 

best model based on the R2 and Q2 performance results as explained in the Internal 

validation section. As advised by the US Pharmacopoeia, ROC curves were created 

for the NIR and FTIR data sets following the external test set prediction.  
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(A)       (B) 

   

  

Figure 3.4 ROC curves and Youden index for NIR (A) and FTIR (B) test methods  

 

The TPR and the FPR, were plotted against each other in SIMCA 15 to create the ROC 

curve to determine model performance for both NIR and FTIR data (Figure 3.4). The 

TPR and FPR referred to by SIMCA, is the sensitivity rate of the test (TPR), and 1-

specificity (FPR). In this study, the sensitivity refers to the rate of correctly identified 

unadulterated paprika samples and the specificity refers to the rate of correctly 

identified adulterated samples. 

The area under the curve (AUC) of the ROC curve indicates method performance 

following the testing of external samples. The diagonal line indicates an AUC of 0.5, 

and this portrays the result of a random decision. The closer the AUC is to 1, the better 

the model performance (US Pharmacopoeia, 2017). The AUC for the NIR dataset and 

the FTIR dataset were 0.951, and 0.907 respectively. According to the guidelines an 

AUC greater than 0.9 is considered highly accurate (Greiner, Pfeiffer & Smith, 2000) 

based on recommendations by Swets et al. (1988). 

Youden 

index 

Youden 
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The AUC gives an indication of model performance however, there is still a 

requirement to calculate the test method’s cut-off point. This is determined by the 

calculation of the Youden index (Youden, 1950). 

The Youden index (J) is calculated to choose the optimal threshold for the test method 

using the calculation J = Sensitivity + Specificity -1. The Youden index not only 

provides an optimal cut-off point for a diagnostic test, it also facilitates a comparison 

between tests (Greiner, Pfeiffer & Smith, 2000, Youden, 1950). As SIMCA plotted the 

TPR and FPR for the ROC plot, the Youden index was calculated through these values 

as J= TPR-FPR. 

The Youden index ranges from 0 to 1 with 1 being the best possible outcome (Youden, 

1950). The Youden index for NIR was calculated as 0.788, and the for FTIR was 0.733. 

Once the Youden index was calculated, the corresponding cut-off value for the test 

was identified from the predicted score value on the classification list from SIMCA 

15. This cut-off value was 0.737 for NIR and 0.922 for FTIR. Therefore, any unknown 

sample being predicted using this model, has its predicted score value compared to the 

cut-off for the test. A sample > the cut-off is considered paprika, but a sample with a 

value < the cut-off value is determined as adulterated. The results of the validation test 

according to the test cut-off calculations set can be seen in Table 3.2.  
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NIR Correct 

Classification % 

FTIR Correct 

Classification % 

100% 

Paprika 100% 83.3% 

10% Spent 20% 50% 

20% Spent 30% 70% 

30% Spent 70% 90% 

40% Spent 90% 100% 

50% Spent 100% 100% 

60% Spent 100% 100% 

70% Spent 100% 100% 

80% Spent 100% 100% 

90% Spent 100% 100% 

Table 3.2 Correct classification rate of external validation set for NIR and FTIR 

paprika adulteration test methods 

According to the ASTA analytical method 26.1 for the detection of defatted material 

in paprika, it is expected that adulteration of spent paprika would be at high 

concentrations, above 20% (Bates, 2000). As observed in Table 3.2, at the cut-off point 

determined by the Youden index, the external validation results for the detection of 

spent paprika in paprika indicate that even at 40% (NIR) and 30% (FTIR) adulteration 

levels, this method did not detect all ten samples with adulteration at these levels. The 

NIR was more accurate at detecting 100% paprika samples, however, it also had a 

reduced ability to detect the adulterated samples. Conversely, the FTIR method was 

slightly more accurate with the adulteration detection (100% at 40% adulteration level) 

and less accurate with the correct classification of the 100% paprika samples (83.3%). 

The results indicated in Table 3.2 are calculated based on the cut-off calculated by the 

Youden index assuming that false positives and false negatives are weighted equally. 

The difficulties with this method may be as a result of the fact that both the spent 

material and paprika are from the same part of the same plant. The level of oleoresin 

removed from the spent material is also unknown and this could affect the outcome of 
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the result. It has also been reported that Bate’s method cannot detect all forms of spent 

material and therefore, investigation into other techniques was required (Lafeuille et 

al., 2020). Although some difficulties can be seen with spectroscopy, it does have some 

prospects as a first port of call for adulteration as a screening technique. The separation 

seen in the chemometric models indicates that clear differences are observed, but the 

external validation results indicate that those difference are just not so clear cut at the 

lower percentage levels. This method does have benefits above some others such as 

DNA techniques which, could not be used due to the fact the spent material is part of 

the same plant.  

Spent material has been detected in black pepper using non targeted methods at 10-

30% (Wilde et al., 2019) and >20% by Lafeuille et al (2020). Spent black pepper can 

be derived from light berries as they are used for oil extraction (Lafeuille et al., 2020). 

Light berries are berries without a seed/kernel (ISO, 1998) and are therefore different 

in nature from a typical black peppercorn. Even prior to oil extraction, they are likely 

to produce different spectroscopic results to black peppercorns. In contrast, according 

to the Commission Regulation (EU) No 231/2012 for food additives, spent paprika is 

produced from ground fruit pods (EU, 2012), a similar part of the plant as paprika 

spice. Therefore, the spent material from light berries may be more easily detected 

than spent material from paprika.  

A combination of detection methods is required to verify results in a two platform 

approach. Both microscopy techniques and gas chromatography mass spectrometry 

(GC-MS) were used to detect adulteration in fennel seeds (Ma et al., 2015). Garber et 

al. (2016) illustrated the need for a range of analytical techniques when mass 

spectrometry, DNA based methods, antibody based technologies and microscopy were 

all employed to clarify the results for the presence of nut allergens in cumin. A two 
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tier test system was previously reported by Black et al. (2016) for the detection of 

adulteration in oregano. This successful process involved the use of FTIR spectroscopy 

followed by liquid chromatography- high resolution mass spectrometry (LC-HRMS). 

A similar two tier approach such as this could perhaps be used by determining the 

difference in the biomarkers present in paprika and spent paprika and therefore 

creating a confirmatory method following screening on spectroscopy.  

3.3.4 Sudan dye 

Sudan I dye was added to 100% spent and 50% spent samples. These samples were 

spiked at 0.1, 0.5, 1, 2.5 and 5% Sudan I dye. These samples were then predicted as 

unknown against the validated OPLS-DA models presented above.  
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(A) 

 

(B) 

    

Figure 3.5 OPLS-DA models (left) and predicted 100% and 50% spent paprika 

spiked with Sudan I dye ranging from 0-5% (right) on NIR (A) and FTIR (B) 

 

In Figure 3.5, it can be observed that the 50% and 100% spent paprika that had been 

spiked with Sudan I dye were mostly found between the Paprika and Adulterant classes 

(50% spent) or in a similar position of the Adulterant class (100% spent), although the 

separation was clearer with the NIR results. Although this method is focused on 
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detecting the economic adulteration of paprika with spent paprika, and is not focused 

on the detection of Sudan I dye, it is worth noting that the higher the spiking level of 

Sudan I dye, the further the samples moved from the Paprika class in both the NIR and 

FTIR models. This is important, as this reduces the chance of Sudan I dye being added 

to cheat the method by moving the samples closer to the Paprika class.  

% Spent % Sudan 1 NIR FTIR % Spent % Sudan 1 NIR FTIR 

Cut-off   0.737 0.922 Cut-off   0.737 0.922 

50% 0.10% 0.587 0.769 100% 0.10% 0.152 0.112 

50% 0.50% 0.577 0.769 100% 0.50% 0.140 0.115 

50% 1% 0.578 0.715 100% 1% 0.129 0.075 

50% 2.50% 0.538 0.602 100% 2.50% 0.094 -0.047 

50% 5% 0.480 0.574 100% 5% 0.043 -0.109 

Table 3.3 The averaged predicted score values of 50% and 100% spent samples 

following spiking with Sudan I dye. 

The predicted score values on the classification list from SIMCA (Table 3.3) were low 

in comparison to the cut-off values of 0.737 (NIR) and 0.922 (FTIR) indicating 

adulteration with spent material. Therefore, the Sudan I dye has no effect on the 

outcome of the results from this test.  

3.4 Conclusion 

NIR and FTIR were used in conjunction with chemometrics to develop methods for 

the detection of spent paprika in paprika as a fraudulent bulking agent. External 

validation was carried out on both methods and the NIR detected 100% of the authentic 

paprika samples as paprika, whereas the FTIR detected 83.33%. The NIR method 

detected all spiked samples in the external test set from the 50% adulteration level, 

whereas the FTIR detected all from the 40% adulteration level.  As there is little 

evidence of a similar rapid screening technique for the detection of spent paprika in 

paprika this method indicates potential in this area as separation was detected in the 
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chemometric models, although low level adulteration was not always detected. To 

assist with the shortfall, this method could possibly be used as part of a two tiered 

system, by following up questionable results with a confirmatory method. Sudan dye, 

a possible addition to spent material to enhance colour, was added to 100% spent 

paprika and 50% spent paprika too determine if it could have an effect on the test 

method for the detection of spent material, however, this had no effect on the result 

outcome. 
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Abstract 

Garlic (Allium sativum) is used daily in a variety of cooking methods worldwide 

however, it is under threat from economic adulteration. Garlic and possible adulterants 

such as talc, maltodextrin, corn starch, cornflour, peanut butter powder, sodium 

caseinate, potato starch, rice flour, cassava and white maize meal were obtained for 

the development of an adulteration detection method. NIR and FTIR along with 

chemometrics were used for adulteration detection method development. Principal 

component analysis models were created to establish if there was natural separation of 

garlic from the adulterants. Orthogonal partial least squares – discriminant analysis 

models were then developed resulting in R2 and Q2 values of 0.985 and 0.914 

respectively for NIR. The FTIR values were 0.994 (R2) and 0.964 (Q2). Following 

validation, the receiver operating curve indicated highly accurate models with an area 

under the curve of 0.997 for NIR and 1 for FTIR. The Youden index was calculated at 

0.984 and 1 for NIR and FTIR respectively and used to determine the test cut-off value. 

These results indicate that the NIR and FTIR methods are capable of detecting 

adulteration in unknown garlic samples and can be used to help protect spice industry 

from fraud.  
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4.1 Introduction 

Garlic is one of the world’s most popular spices. With over 200 varieties, it is used in 

a variety of cooking and spice blends (Raghaven, 2007). The European Spice 

Association (ESA) lists Allium sativum in the ‘ESA list of culinary herbs and spices’. 

Garlic is from the family Alliaceae (onion family) (Raghaven, 2007) and in dried form, 

the bulb is the part of the plant used as a spice (Hemphill, 2014).  

Tridge (https://www.tridge.com/) is a global trade ecosystem that provides importers 

and exporters information on the global market of food and agriculture. It combines 

professional network and data intelligence for secure cross-border trade on a global 

scale. According to the market trend data provided by Tridge, a total of 26.57M tonnes 

of garlic production was reported in 2016. China is the top producer of garlic with 

79.8% share in production with 21.2M tonnes reported in 2018. India is in second 

place at 5.3% of production. China’s garlic exports represent 61% of the total exports. 

Europe imports garlic to a value of US$423.73 million, and the UK is ranked 8th in the 

world for garlic imports with a value of US$57.58 million for 29.23K tonnes reported 

for 2018 (Tridge). 

Food fraud is a risk for valuable products such as herbs and spices (Galvin-King, 

Haughey & Elliott, 2018). It is therefore important to be aware of preventative 

measures when dealing in the market. According to the ‘Guidance on Authenticity of 

Herbs and Spices’ a number of factors should be considered including product 

specification, supplier assurance, product type, knowing your supply market, and 

understanding vulnerabilities in your supply chain (BRC-FDF-SSA, 2016).  

A vulnerability such as reduction in the crop yield can be an incentive for fraudsters 

to adulterate garlic. In 2015, poor weather conditions caused stockpiling in warehouses 
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following heavy rain and snow which caused the prices of garlic to spiral upwards 

(Terazono, Li & Hornby, 2016). In 2010, various reasons caused garlic prices to soar 

such as a belief that garlic could protect from swine flu, a reduction in the land devoted 

to growing garlic, and again, poor weather conditions (Branigan, 2010). However, 

when prices remain steady following a decrease in crop output it raises suspicions. It 

is concerning as it appears that there is more garlic available than has been produced, 

i.e. when mass balances indicate fraud may be occurring (Brehaut, 2017).  

Adulteration of garlic is most likely to occur in the powdered form. Garlic powder has 

the potential to be adulterated with any white powder with talc and chalk powder being 

identified (Brehaut, 2017) as well as starch as adulterants employed (Lee et al., 2014, 

Lohumi, Lee & Cho, 2015).  

Spectroscopy is a technique that can be utilized to detect levels of adulteration that are 

economically valuable to fraudsters, as observed by the study on the adulteration of 

oregano (Black et al., 2016) when the level of adulteration ranged mostly from 30-

70%. Spectroscopy along with chemometrics is being used increasingly as a powerful 

tool in the fight against fraud in the herb and spice industry. These techniques allow 

for rapid analysis, using robust and inexpensive equipment that do not require highly 

experienced personnel for sample testing once the method is up and running.  For the 

detection of garlic adulteration, Fourier transform mid-infrared (FTIR) was used in the 

development of a competent method to detect corn starch adulteration in garlic powder 

with partial least squares regression (PLSR) and variable importance projection (VIP), 

resulting in an R2 value of 0.95 and standard error of prediction of 2.56 (Lohumi, Lee 

& Cho, 2015). A method for the detection of corn starch in garlic was also developed 

using Raman with PLSR and VIP with an R2 value of 0.99 and a standard error of 

correction of 2.16 (Lee et al., 2014). Although a targeted quantitative method has the 



Chapter 4 

 

107 
 

potential to detect adulteration at lower percentage levels there is also a need for a non-

targeted method to detect unknown white powders as well as known adulterants. As 

garlic can potentially be adulterated with any white powder, a targeted method has its 

limitations. Although there is a lack of standardisation and legislation for non-targeted 

techniques, there are guidelines for their validation. Non-targeted methods are valued 

as important screening techniques (McGrath et al., 2018, US Pharmacopoeia, 2017). 

In recent years there have been advances in the use of non-targeted methods using 

spectroscopy and chemometrics for the detection of adulteration in herbs and spices. 

Examples include the detection of adulteration in oregano (Black et al., 2016), black 

pepper (Wilde et al., 2019) and saffron (Petrakis, Polissiou, 2017). These methods 

have the potential to detect any adulterant in the various herbs and spices at an 

economically viable level.  

Chemometrics have become a large part of the fraud detection methods along with 

spectroscopy. Once the spectral data of samples has been collected, chemometrics 

reduces the multidimensionality of the data and extracts the valuable information from 

the variables within the data (Kucharska-Ambrożej, Karpinska, 2019). In a recent 

review of chemometric methods used alongside spectroscopy, it was concluded that 

the unsupervised technique principal component analysis (PCA) and hierarchical 

cluster analysis (HCA) were the most commonly used in the detection of adulteration 

in herbs and spices (Kucharska-Ambrożej, Karpinska, 2019). PCA can be used to view 

the natural clustering, and is often followed by a supervised chemometric model 

(McGrath et al., 2018).  

The aim of this study was to develop a method for the screening of garlic for economic 

adulteration using near infrared (NIR) and FTIR. An inexpensive, robust, and rapid 
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method is optimal for the work of detecting economic adulteration in the industry.  

Both NIR and FTIR benchtop instruments were used to collect the molecular 

fingerprints of a range of garlic samples and possible adulterants. Chemometrics were 

used in the development of classification models to be used in the testing method. 

Following validation of the methods, the criteria for adulteration detection was 

established based on the chemometric models developed. These methods have the 

potential to be used by industry to detect the presence or absence of adulteration in 

new/unknown garlic samples. 

4.2 Materials and Methods 

4.2.1 Sample collection 

A total of 117 garlic samples were collected from reliable industry sources for the 

development of an adulteration detection method on two spectroscopic instruments. 

The samples collected were powdered, granulated, chopped, minced, flaked, roasted 

and toasted. The majority of garlic samples came from China, however, India and 

Egypt were labelled as the origin on one sample each. A garlic (Allium sativum) bulb 

botanical reference material (BRM) (Chromadex, CA, USA) was also obtained for 

analysis. Twelve white powder adulterants were also obtained; maltodextrin (VWR, 

Dublin), talc (Sigma-Aldrich, Dorset, UK), corn starch (Sigma-Aldrich, Dorset, UK), 

rice flour (2), peanut butter powder, sodium caseinate, cornflour, cassava, potato starch 

and white maize meal were purchased or obtained locally. A corn starch certified 

reference material (CRM) (National Research Council, Canada) was also included in 

the sample collection.  

Three samples of different parts of the garlic plant were also obtained i.e. the root, 

stem and garlic skins. These samples were analysed to determine if these extraneous 
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parts of the plant would separate from the garlic bulb on a chemometric model 

following spectral data collection.  

4.2.2 Sample preparation 

Once the samples were received, they were milled to a homogenous powder using a 

Planetary Ball Mill, PM-100 (Retsch, Haan, Germany). All samples, whether, flaked, 

minced or powdered etc. were treated identically to ensure consistency in the sample 

format prior to analysis. Approximately 10g of garlic was added to the grinding jars. 

The samples were milled for 5 minutes at 500 rpm. 

4.2.3 NIR data acquisition 

Spectral data collection of garlic and its adulterants was carried out in reflectance mode 

on the Thermo Antaris II FT-NIR (Thermo Fisher Scientific, Dublin, Ireland). In this 

analysis, approximately 10g of each sample was placed into the sample cup (0.5cm 

depth) and run on the integrating sphere module of the instrument. Following a 

background scan, spectra were collected from a rotating sample with a resolution of 

8cm-1 in the range of 4000-12000cm-1. The spectra for each sample were collected in 

triplicate, and the samples were remixed prior to each collection between replicates. A 

total of 64 scans were acquired for each spectrum. Prior to chemometric modelling, 

the three replicates of each sample scanned were averaged.  

4.2.4 FTIR data acquisition 

Each milled sample was analysed on the benchtop FTIR (Thermo Nicolet iS5, Dublin 

Ireland) with single bounce iD7 attenuated total reflectance (ATR) accessory and 

diamond crystal, ZnSe lens and DTGS KBr detector.  The experiment set up 

acquisition parameters also included 0 levels of zero filling, a collection length of 47 

seconds, 12415 scan points, N-B strong apodization, mertz phase correction, a laser 
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wavelength of 852 nm as well as a background gain of 4. The spectral data of the garlic 

and its possible adulterants were collected by placing the milled samples on the 

diamond crystal sample area of the ATR accessory. Once a sample covered the 

diamond, a slip clutch pressure tower was placed on top of the sample which secured 

the sample in place, indicated by a click. This ensured equal pressure was applied to 

each sample, making the process reproducible. All samples were analysed in triplicate 

and later averaged. Following a background scan, the spectral data collected ranged 

from 550-4000cm-1 with 32 scans at a resolution of 4 cm-1 for each analysis.  

4.2.5 Chemometrics 

To extract and correlate chemical information from both the NIR and FTIR data by 

mathematical and statistical methods, chemometrics was carried out using the software 

SIMCA 15 (Sartorius, Malmö, Sweden). Pre-processing was initially carried out to 

reduce the unnecessary variability in the data, and focus on the data of interest (Rinnan, 

Berg & Engelsen, 2009). To compensate for variation in pathlength, standard normal 

variate (SNV) was used. First or 2nd derivatives were trialled and the best chosen for 

each model, and this process was used to reduce baseline shifts and reduce the effects 

of overlapping bands (Rinnan, Berg & Engelsen, 2009). Savitzky-Golay (S-G) 

algorithm with 15 points and a quadratic polynomial order was used to smooth the 

spectra but not to overly reduce the signal-to-noise ratio in the corrected spectra 

(Rinnan, Berg & Engelsen, 2009). Pareto scaling was chosen in the development of 

the models as it reduces intense bands but can emphasize weaker bands that may be of 

importance. It also maintains the original measurement more than unit variance scaling 

(Worley, Powers, 2013). Centre scaling on the other hand may cause smaller bands to 

be masked (Ivosev, Burton & Bonner, 2008) by letting the larger bands dominate 

which, may result in loss of information.  
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In all cases PCA was used to establish if there was a natural separation of classes with 

this unsupervised algorithm.  The supervised technique orthogonal partial least 

squares- discriminant analysis (OPLS-DA) was then chosen to develop the model 

further. This algorithm takes both predictive (correlated) and orthogonal 

(uncorrelated) components into consideration. The PCA models for garlic show each 

adulterant as its own class. The supervised chemometric models for garlic and its 

adulterants were binary class models, with ‘Garlic’ as one class and ‘Adulterant’ as 

the other. The class ‘Adulterant’ included all possible white powder adulterants of 

garlic. The chemometric models for NIR were based on the spectral range 4000-

12000cm-1. For FTIR the focus was on the range 550-1800, and 2800-4000cm-1. 

4.2.6 Validation procedure 

The validation procedure carried out was based on recommendations for validation of 

non-targeted methods from the US Pharmacopoeia (2017), Riedl et al. (2015) and 

McGrath et al. (2018). 

4.2.6.1 Internal validation 

Internal validation was carried out in the chemometric software. The measurement of 

fit (R2) and the measurement of prediction (Q2) are reported for each model developed. 

The closer these values are to 1, the better the model. The R2 value is based on the 

explained variation of the real data from the model. Internal validation involves cross 

validation by removing 1/7th of the data in turn and predicting it against a new model 

made of 6/7th of the data. This was repeated until all the data was predicted. The 

predicted residual sum of squares (PRESS) was calculated by comparing the predicted 

results and the original data and calculating the sum of squares. The results of this was 

represented as a Q2 value by dividing PRESS by the initial sum of squares and 

subtracting from 1.  
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4.2.6.2 External validation  

A validation set was made up of 15 100% garlic samples (typical) and 63 

spiked/adulterated samples (atypical). The spiked samples included two garlic samples 

that had been individually adulterated with corn starch, talc, maltodextrin, rice flour, 

peanut butter powder, potato starch and cassava at ten percent intervals from 10-90% 

(w/w). The 15 100% garlic samples, and the 2 garlic samples used for spiking in the 

external validation set were not included in the model reference set.  

The typical and atypical samples were then tested against the binary OPLS-DA model, 

made up of the classes ‘Garlic’ and ‘Adulterant’. A receiver operating curve (ROC) 

was developed by plotting the true positive rate (TPR) (sensitivity) against the false 

positive rate (FPR) (1-specificity) of the validation set at the various discrimination 

thresholds (US Pharmacopoeia, 2017). The area under the curve (AUC) of the ROC 

curve illustrates the method performance with the closer the value is to 1, the better, 

and an AUC of 0.5 indicating a random result (US Pharmacopoeia, 2017).  
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4.3 Results and Discussion 

4.3.1 Raw data collection 

         (A)  

 

          (B) 

 

Figure 4.1 Raw spectral data of garlic and its possible adulterants on NIR (A) and 

FTIR (B) 

Once the garlic samples and adulterants were milled, and measured on NIR and FTIR 

spectroscopic instruments, the raw spectral data was collected. Figure 4.1 shows the 

raw spectral data of Garlic and four of the possible adulterants (talc, peanut butter 
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powder, rice flour and sodium caseinate) obtained from the NIR (A) and FTIR (B) 

instruments.                                      

In the NIR raw spectral data example, talc is visually the most different with noticeable 

bands due to OH- stretching vibrations at 7185cm-1 (Petit et al., 2004). According to 

the herb and spice industry, garlic can be adulterated with any white powder. 

Therefore, there is the possibility of an inorganic compound such as talc being used. 

As talc produced a peak at a high wavenumber, the method for the detection of 

adulteration in garlic includes the full NIR spectral range. The combination C-H 

stretching observed in the 4000-4500cm-1, combination N-H and O-H stretching at 

4500-5000cm-1, and C-H and S-H stretching at 5500-6000cm-1 (Acri, Testagrossa & 

Vermiglio, 2016) regions showed great variation between garlic and these adulterants 

in Figure 4.1.  

On the FTIR, talc and sodium caseinate produced the most visually different spectrum. 

An obvious band for talc at 3673cm-1 is most likely due to OH- stretching (Petit et al., 

2004) and Si-O stretching at 942cm-1 (Ossman et al., 2014). The bands for sodium 

caseinate could be due to strong amide I and II bands from 1500-1700cm-1 (Arrieta et 

al., 2013). The bands around 1400cm-1 could be assigned to the carboxylate group (O-

C-O) (Arrieta et al., 2013). Garlic also differed from peanut butter powder, talc and 

sodium caseinate in the 2800-3000cm-1 region due to C-H stretching (Lohumi et al., 

2015). In peanut butter powder, the band at 1636cm-1 was in the region where 

stretching of C=O and C=C was found (Ossman et al., 2014). A C-O bond was 

identified at the 995cm-1 region with the highest intensity seen with rice flour (Fan et 

al., 2012). Both the functional group region and the fingerprint region were included 

in the analysis of garlic and its possible adulterants for the development of 

chemometric models following FTIR analysis.  
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Following the data collection using both NIR and FTIR, the chemometric models, 

using an unsupervised algorithm PCA, was firstly carried out to determine if different 

classes could be established between garlic and the adulterants. 

4.3.2 Chemometric modelling 

(A)  

 

(B) 

                                            

Figure 4.2 (A) NIR PCA chemometric model with garlic and all adulterants, (B) with 

talc and sodium caseinate excluded  
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    (A) 

      

      (B) 

                                 

Figure 4.3 (A) FTIR PCA chemometric model with garlic and all adulterants, (B) 

with talc and sodium caseinate excluded  

In Figures 4.2 and 4.3, the unsupervised PCA chemometric models for garlic and its 

possible adulterants are presented. The PCA models here are presented as multi-class 

models, i.e. each adulterant is separately presented as a class, as well as the garlic class. 

As PCA is an unsupervised algorithm, the class information will not affect the model 
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as it creates natural clustering of the samples (McGrath et al., 2018). In Figure 4.2 (A) 

and 4.3 (A), all the adulterants are included in the model. As expected from the raw 

data in Figure 4.1, talc is far removed from the other adulterants and the garlic class, 

most notably in the NIR spectral data, as is sodium caseinate in the FTIR spectral data. 

The visual differences in the raw data can be seen in the PCA chemometric models. 

For both NIR and FTIR, Figures 4.2 (B) and 4.3 (B), once the talc and sodium caseinate 

are removed from the models, the other adulterants are separated further from the 

garlic class. Pre-processing for both PCA models included SNV, 1st derivative and S-

G, with Pareto scaling.  

As the unsupervised PCA model indicated good separation between the classes, this 

could then be improved further with the use of a supervised algorithm, with the 

addition of known class information. The supervised algorithm OPLS-DA was then 

decided upon to develop a binary classification model.  

(A)                                                                    (B) 

 

Figure 4.4 OPLS-DA Chemometric models for (A) NIR and (B) FTIR analytical 

techniques 
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There is clear separation for both NIR and FTIR binary OPLS-DA chemometric 

models (Figure 4.4). The classes are composed of 100% garlic samples (Garlic) and 

all the adulterants combined into one class (Adulterant). Pre-processing for both 

OPLS-DA models included SNV, 1st derivative and S-G, with Pareto scaling. The 

measurement of fit and measurement of prediction value for the NIR model was 

calculated as 0.985 (R2) and 0.914 (Q2). For the FTIR, these values were 0.994 (R2) 

and 0.964 (Q2). These chemometric models were developed and the optimum models 

were determined based on the R2 values and the internal validation carried out 

represented by the Q2 value. These values indicate that the models have good potential 

for detecting adulteration in unknown garlic samples as the Q2 values have results 

close to 1 for both NIR and FTIR. However, the most accurate process for determining 

the model’s ability to detect adulteration is by carrying out external validation. 

4.3.3 External validation 

External validation began with the randomisation and splitting of data prior to the 

development of a chemometric model. Therefore, the external validation set, made up 

of authentic 100% garlic samples, and samples ranging in adulteration levels at ten 

percent intervals from 10-90% (w/w) could then be run indepedently against the 

chosen OPLS-DA models. Once this was carried out, a ROC curve was created. This 

process was based on the recommendations of the US Pharmacopoeia (2017) and Riedl 

et al. (2015). 
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(A)                                                                    (B) 

 

Figure 4.5 ROC curves and Youden index for NIR (A) and FTIR (B) following 

external validation of the garlic chemometric models. 

The ROC curves for NIR and FTIR as seen in Figure 4.5 indicate that chemometric 

models can detect adulteration in garlic. The AUC for these chemometric models were 

found to be 0.997 and 1 for NIR and FTIR respectively. 

The Youden index (J) was then calculated for both of these models with the calculation 

J= Sensitivity + Specificity -1 (Greiner, Gardner, 2000) or J= TPR-FPR as calculated 

from the chemometric software. A Youden index of 0.984 for NIR and 1 for the FTIR 

methods with chemometrics was derived following external validation. The Youden 

index ranges from 0-1. The closer these results are to 1, the better (Youden, 1950). As 

indicated by the AUC, both methods gave highly accurate results as determined by 

Greiner et al. (2000) based on a guideline by Swets et al. (1988). This Youden index 

value was used to determine the cut-off value for the test as the Youden index indicates 

the maximum differentiating point of the test when false positives and false negatives 

are of equal value (Greiner, Pfeiffer & Smith, 2000). The cut-off value calculated by 

the Youden index then corresponds to the predicted score value on the classification 

Youden Index  
Youden Index  



Chapter 4 

 

120 
 

list produced by the chemometric software. These values were calculated at 0.943 for 

NIR and 0.982 for FTIR.  At this cut-off value, the results of the external validation 

set were classified as adulterated or not i.e. > classed as garlic and < classed as 

adulterated. This could then be used to gain an understanding of the model’s 

capabilities at detecting the various adulteration levels outlined in the external 

validation set. 

The results of the external validation had 100% correct classification for authentic 

garlic detection and adulteration detection in the range of 20-90% for both instruments. 

Economic adulteration is most probable from 20% upwards for it to be economically 

worthwhile for the fraudster, with economic adulteration of oregano found to range 

from 30-70% (Black et al., 2016) and economic adulteration of paprika with spent 

paprika usually greater that 20% (Bates, 2000). Therefore, the focus of adulteration 

detection was from 20% upwards for garlic also. Talc adulteration was not detected at 

the 10% level using NIR spectroscopy and chemometrics, resulting in 85.7% correct 

classification at the 10% level for the NIR method. The predicted score value was 

0.972, so above the cut-off value for NIR, and therefore classified as garlic. However, 

all 10% level adulteration was classified correctly with the FTIR method, and therefore 

overall the FTIR had 100% correct classification for all samples in the validation set. 

Although the method is built on two classes, garlic and a number of white powder 

adulterants, any unknown adulterant could potentially be detected if it falls outside the 

garlic class in the prediction results.  
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4.3.4 PCA analysis of extraneous parts of the plant 

(A)                                                                                             (B) 

 

Figure 4.6 PCA chemometric models for garlic and extraneous parts of the plant- 

root, stem and skins on NIR (A) and FTIR (B) 

 

As there is potential for issues with adulteration of herbs and spices with various parts 

of the plant, the possiblity of detecting extraneous parts of the garlic plant was also 

investigated. As garlic spice is mainly the bulb of the plant once dried, the root, stem 

and skins of the garlic were run on the spectroscopy instruments also and an 

unsupervised PCA chemometric model was created to determine if natural separation 

could be established between the classes (Figure 4.6). It can be observed that the root 

and stem are separating from the garlic class more than the skins. At low levels, it is 

aceptable that extraneous parts of the plant may be incoporated into garlic during 

production. The ESA sets maximum extraneous levels at 1% (w/w) for spices (ESA, 

2018b). If extraneous plant parts are found at high levels, fraud by bulking could be 

suspected as this may lower the quality of the garlic. The purpose of this PCA model 

was to determine the potential for the development of a method to detect bulking with 

extraneous parts of the plant at an economic level as a screening tehnique. The 
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separation observed in Figure 4.6 indicated that with addition of more samples and 

further development, this method could be used in future to ensure high quality garlic. 

4.4 Conclusion 

Garlic is a valuable spice that is used daily worldwide. As with all herbs and spices, it 

is at risk from fraudsters. Poor weather conditions have increased the risk of fraud in 

recent years. Spectroscopy methods offer a rapid, robust and nondestructive method 

along with chemometrics for the detection of adulteration of garlic with white 

powders.  Both NIR and FTIR along with a supervised binary classification model 

were successful at detecting adulteration. The external validation set were correctly 

classified in the range of 20-90% adulteration, as well as all 15 100% garlic samples. 

Therefore, these test methods can be used to protect the herb and spice industry as a 

method of checking supply chains, detecting fraud and deterring fraudsters from 

criminal activities.  
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Abstract 

Black pepper is a spice that is popular in foods worldwide for its aroma and taste. Its 

value is evident as the terms ‘king of spices’ and ‘black gold’ are often used when it 

is being referred to. With the threat of economically motivated adulteration ongoing 

in the herb and spice industry, the need for rapid, inexpensive screening techniques are 

essential for the robust surveillance of the long and complex supply chains. 

Advancements in spectroscopy mean that there is an increase in the availability of 

portable and handheld technologies. Such platforms have the potential to be 

implemented as screening tools for economic adulteration on site at any point along 

the supply chain. Therefore, in this study, an investigation into the capability of two 

portable NIR instruments for the detection of adulteration of black pepper were 

investigated alongside a benchtop NIR.  The results showed that the portable NIR 

instruments and the benchtop NIR had comparable results following method 

development in conjunction with chemometrics. The area under the curve for each 

method indicated highly accurate methods with 0.937, 0.942 and 0.964 being found 

for the benchtop Thermo iS50, portable Ocean Insight Flame NIR prototype and 

portable Si-Ware Neospectra-Micro Development Kit NIR respectively. Following 

analysis with a validation set, the correct classification rates were found to be 100% 

for the detection of adulteration ranging from 20-90% and >90% for authentic black 

pepper classification on all instruments. These results illustrate that the portable NIR 

devices could potentially be used to detect economic adulteration in the field and 

become a major weapon for testing on site to detect and prevent fraud in the spice 

industry.  
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5.1 Introduction 

The ‘King of spices’, or ‘black gold’ are just some of the terms used when referring to 

black pepper (Piper nigrum). This spice is a globular dried unripe berry with the skin 

still intact. It is used worldwide in a variety of dishes and is popular for its aroma and 

taste. It is a native species of India, however, it is now traded globally (Raghaven, 

2007). In 2018 the top exporter was Vietnam and the top importer was the USA 

(https://www.tridge.com).  

Adulteration of black pepper is a common occurrence as it is a highly valuable spice 

with adulterants which can include endogenous and exogenous products as reported 

by Lafeuille et al. (2020) with examples of whole exogenous organic products (papaya 

seeds, buckthorn fruit), ground exogenous organic (chilli, papaya, starch) and 

exogenous mineral (chalk, dust) being just some examples of possible adulterants. A 

number of endogenous adulterants are also reported and include pinheads 

(underdeveloped berry), light berries (berries that lack a seed/kernel), husk (outer shell 

of the peppercorn), spent (defatted pepper) (Lafeuille et al., 2020, ISO, 1998). The 

wide variety of adulterants indicate the importance of a non-targeted method that is 

capable of detecting any unknown adulterant. It is the case with the adulteration of 

many herbs and spices, that the adulterant is more difficult to detect when it has been 

ground and the particles look identical to the authentic product. Therefore, new 

methods are required to be able to detect adulteration, particularly in the ground form.  

Spectroscopy has increasingly been used for the detection of adulteration in herbs and 

spices with many such examples outlined in Table 5.1 pertaining to the use of this 

technology to detect the adulteration of black pepper. 
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Method Chemometrics Adulterants References 

Near Infrared- Hyper 

Spectral Imaging (NIR-

HSI), Mid Infrared 

(MIR) 

Partial Least Squares 

Regression (PLSR) Buckwheat, millet 

(McGoverin et 

al., 2012) 

Diffuse Reflectance 

Fourier Transform 

Infrared (DRIFTS) 

Principal Component 

Analysis (PCA), Genetic 

Algorithm optimized 

Support Vector Machine 

(GA-SVM), Partial Least 

Squares- Discriminant 

Analysis (PLS-DA) 

Sorghum, Sichuan 

pepper (Hu et al., 2018) 

Near Infrared (NIR) PCA Papaya seeds 

(Vadivel et al., 

2018) 

NIR HSI 

PCA, Soft Independent 

Modelling of Class Analogy 

(SIMCA), PLSR Papaya seeds 

(Orrillo et al., 

2019) 

NIR, FTIR 

PCA, Orthogonal Partial 

Least Squares-Discriminant 

Analysis (OPLS-DA) 

Husk, spent material, 

pinheads, papaya seeds, 

chili powder 

(Wilde et al., 

2019) 

NIR 

PCA, SIMCA, PLS-DA, 

OPLS-DA, Multiple Linear 

Regression (MLR), PLSR Cassava starch, cornflour 

(Lima et al., 

2020) 

Micro-Attenuated Total 

Reflectance (ATR)-FT-

MIR imaging PCA 

Pinhead, spent light 

berry, spent white berry, 

talc, papaya, chili, rice 

flour + additional 

adulterants 

(Lafeuille et al., 

2020) 

Table 5.1 Spectroscopy methods for the detection of adulteration in black pepper 

 

The benefits of non-targeted testing have been shown by Wilde et al. (2019) and 

Lafeuille et al. (2020) with the ability of the methods employed used to detect a wide 

range of adulterants. Although, there is overall a lack of harmonisation of validation 

of non-targeted methods, both of these studies used the recommendations from the US 

Pharmacopoeia (2017). Other qualitative non-targeted studies investigated the 

detection of adulteration with cassava starch and cornflour (Lima et al., 2020) and 

papaya seeds (Orrillo et al., 2019). Hu et al. (2018) used diffuse reflectance mid 

infrared (DRIFTS) to determine both adulteration with sorghum and Sichuan pepper 

as well as the geographical origin of black pepper. In all qualitative methods outlined 

in Table 5.1, the chemometric algorithm principal component analysis (PCA) was 

used. Quantitative methods were used for the detection of starch cassava and cornflour 

(Lima et al., 2020), papaya seeds (Orrillo et al., 2019) and buckwheat or millet 
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(McGoverin et al., 2012) to determine the concentration of the specific adulterant. A 

study by Vadivel et al. (2018) found that near infrared spectroscopy (NIR) was 

efficient, accurate and rapid for differentiating the adulterant papaya seeds from black 

pepper when compared to microscopy, phytochemical, high performance thin layer 

chromatography (HPTLC), and gas chromatography-mass spectrometry (GC-MS).  

There is an increasing desire to have portable and handheld testing equipment to detect 

adulteration. The globalisation of food networks means that supply chains are long and 

complex. To police these adequately, testing needs to occur at various vulnerable 

points on the supply chain. These portable and handheld instruments should ideally 

require minimum training, give reproducible results and be information rich (Ellis et 

al., 2015).  

The miniaturisation of spectroscopy instruments has been used for the detection of 

adulteration in various foodstuffs, examples of which can be observed in Table 5.2.  

The studies outlined in Table 5.2 indicate that, overall, the handheld and portable 

devices performed well in these studies. There was one report of handheld and portable 

mid infrared (MIR) instruments (Santos, Pereira-Filho & Rodriguez-Saona, 2013) for 

the detection of adulteration in milk, in which it was reported that the MIR instruments 

performed better than the handheld NIR (Table 5.2).  In the studies where a benchtop 

instrument has been compared to handheld, the reports vary on their comparative 

performance. In some cases, the handheld was reported to give similar results to the 

benchtop (Liu et al., 2018) and there was no loss of reliability found (Guelpa et al., 

2017). However, in other cases, the handheld instrument was reported as performing 

less accurately than the benchtop (Schmutzler et al., 2015, Haughey et al., 2015) with 

the limited spectral range being reported as a possible cause for the reduced accuracy 
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by Haughey et al. (2015). Overall, the literature suggests that the handheld equipment 

has great potential and advances in this area are extremely important to continue the 

fight against fraud. 

Instrument Product Purpose Reference 

Handheld MIR 

 

 

Portable MIR 

 

 

 

Handheld NIR 

 

 

4200 FlexScan FTIR 

(Agilent Technologies 

Inc.) 

 

Cary 630 FTIR 

spectrometer (Agilent 

Technologies Inc.) 

 

microPHAZIR, (Thermo 

Fisher Scientific 

Inc.) Milk 

To detect adulteration 

of milk with tap water, 

whey, synthetic milk, 

synthetic urine, urea, 

and hydrogen peroxide 

(Santos, 

Pereira-Filho 

& 

Rodriguez-

Saona, 2013) 

Handheld NIR 

microPHAZIR GP 4.0, 

(Thermo Fisher 

Scientific Inc.) Veal 

Pork adulteration in 

veal 

(Schmutzler 

et al., 2015) 

Handheld NIR 

microPHAZIR AG 

(Thermo Fisher Scientific 

Inc.) 

Soya bean 

meal 

Melamine adulteration 

detection in soya bean 

(Haughey et 

al., 2015) 

Portable NIR MicroNIR (JDSU) Palm oil 

Lard adulteration 

detection in palm oil 

(Basri et al., 

2017) 

Portable NIR 

 

 

Mobile NIR 

 

Portable- MicroNIR 1700 

(JDSU Corporation) 

 

Mobile- NIRQuest model 

512-2.5 (OceanOptics) Honey 

Authentication of South 

African honey and 

fraud detection from 

imported and 

adulterated honey 

(Guelpa et 

al., 2017) 

Portable NIR Micro-NIR 1700 (JDSU) 

Organic 

milk 

Authentication of 

organic milk 

(Liu et al., 

2018) 

Handheld NIR  

MicroNIR OnSite 

(VIAVI) Fish 

Authentication of 

Atlantic cod from 

haddock 

(Grassi, 

Casiraghi & 

Alamprese, 

2018) 

Portable NIR Visum palm NIR  Palm oil 

Sudan I II III and IV 

detection in palm oil 

(Teye, et al., 

2019) 

Handheld NIR 

SCiO (Consumer 

Physics) Rice 

Authentication of rice - 

Detection of quality 

and origin 

(Teye, et al., 

2019) 

Portable NIR 

DLPR NIRscanTM Nano  

(Texas Instruments) Paprika 

Adulteration detection 

of potato starch acacia 

gum and annatto 

(Oliveira et 

al., 2020) 

Table 5.2 The use of portable and handheld spectroscopy for authentication and the 

detection of adulteration in food 

 

The detection of adulteration in herbs and spices using handheld spectroscopy is not 

widely reported. Oliveira et al. (2020) demonstrated the use of a portable NIR 
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instrument for the detection of potato starch, acacia gum, and annatto in paprika in 

conjunction with chemometrics both qualitatively and quantitatively using PLS-DA 

and PLSR respectively. In this study >90% specificity was reported and <2% errors 

for the qualitative method. The R2 value and root mean square errors of prediction 

(RMSEP) for each of the quantitative models were 0.95 and 2.12, 0.97 and 1.68 and 

0.87 and 1.74 for potato starch, acacia gum and annatto respectively. These results 

indicate the high level of accuracy using the portable instrument, DLPR NIRscanTM 

Nano (Texas Instruments), and therefore its usefulness as a screening technique.  

 

The benefits of handheld and portable spectroscopy instruments are that they are rapid, 

can be used in situ, and have lower costs than their benchtop counterparts. However, 

carrying out analysis in situ may have its challenges also, with variance in conditions 

such as humidity and temperature. Many studies of handheld/portable instruments 

have been carried out in laboratory settings, however, after this initial analysis, the 

work needs to be carried out in the field also (Santos, et al., 2013). In the agri-food 

sector Santos et al. (2013) have reported on the use of handheld NIR for a number of 

products such as fruits, vegetables, meat, fish, beverages, dairy, cereals, feedstock, 

soils, manures, viticulture and olive growing.  The design of a handheld NIR is 

important as there are many aspects to consider to ensure it functions appropriately. 

Accuracy of measurement, user friendliness, safety, robustness, cost, size, weight, 

power consumption and high performance reliability are all factors to be considered 

(Santos, et al., 2013). The goal is to have miniaturisation of the instruments without 

any loss of performance (Liu et al., 2018). 

The aim of this study was to develop and compare rapid, robust and inexpensive 

methods to detect adulteration in black pepper on both benchtop and portable NIR 
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instruments. It has been reported by Ellis et al., (2015) that devices greater than 4kg 

be referred to as portable and those less than 4kg be referred to as handheld.  In this 

study, the instruments were operated on a bench while being attached to a computer, 

rather than being held, therefore they were referred to as portable rather than handheld. 

Black pepper samples and adulterants from a range of countries were analysed and 

chemometric models were developed. A comparison of the methods between all three 

instruments was performed to determine how the portable instruments compare to the 

benchtop NIR methods and if advancement in miniaturisation technology was on a par 

with the larger laboratory-based instruments. To determine the fitness for purpose of 

the portable instruments to be employed across supply chains to detect fraud was the 

major focus of the study.  

5.2 Materials and Methods 

5.2.1 Sample collection 

Black pepper samples were obtained from reliable sources in the herb and spice 

industry. These black pepper samples came in whole and ground form from a range of 

countries including Vietnam, Indonesia, Sri Lanka, Brazil, Malaysia, India and 

Cambodia (n=387). The adulterants for the study were collected and included spent 

black pepper (n=4), husk (n=4), pinheads (n=1), spiral rejects (n=2), light berries 

(n=4), chili (n=4) and papaya seeds (n=3). All samples were stored in the dark at room 

temperature.  

5.2.2 Sample preparation and analysis 

All samples whether in whole or ground form were milled prior to analysis on the 

benchtop and portable NIR instruments to ensure consistency. The samples were 

ground to a homogenous powder using the Planetary Ball Mill PM-100 (Retsch, Haan, 
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Germany). This was achieved by placing approximately 10g of each black pepper or 

adulterant sample into the grinding jars of the mill. The samples were then milled at 

500rpm for 5 minutes.  

5.2.3 Thermo Nicolet iS50 Benchtop NIR  

The black pepper and adulterants were analysed on the Thermo Nicolet iS50 NIR 

(Thermo Fisher Scientific, Dublin, Ireland). A background scan was carried out prior 

to each sample spectral data collection. The samples were placed in a spinning cup at 

a minimum of 0.5cm depth. Each sample was analysed in triplicate and remixed prior 

to each replicate of analysis. The samples were scanned on the integrating sphere 

module of the instrument with 32 scans collected at each analysis at a resolution of 

8cm-1. The spectral data was collected in absorbance mode in the range of 4000-

12000cm-1 (2500-833nm). An InGaAs detector and CaF2 beamsplitter was included in 

the instrument set up. Other parameters included no zero filling, N-B medium 

apodization, and mertz phase correction. 

5.2.4 Portable Ocean Insight Flame NIR optimisation  

Analysis was carried out on a prototype Flame NIR instrument with integrated light 

source for diffuse reflection measurements. The Flame NIR spectrometer (Ocean 

Insight, Duiven, The Netherlands) was placed in a 3D printed casing designed to allow 

a position for the spectrometer, a light source and access to computer connection, as 

well as a sampling interface for analysis through a Petri dish. As this platform was a 

prototype, a number of stability and optimisation measures were carried out initially. 

These steps involved two assessments of the stability of a reflectance standard (Ocean 

Insight, Duiven, The Netherlands), and the best process for sample analysis (static or 

rotation): 1. Reflectance standard intensity variation- The detection of intensity 

variation of the reflectance standard when rotated and when placed in the one position,  
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2. Reflectance standard stability over time and 3. Sample rotation vs. static analysis- 

The optimisation of sample analysis by analysing one sample 3 times in one position, 

and then rotating it. This process was carried out 10 times to determine if it was more 

accurate to rotate the sample between replicates. 

5.2.5 Instrument settings 

Once optimisation was carried out, spectral data from black pepper samples and 

adulterants were collected using the Flame NIR in a 3D printed casing. The samples 

were added to a Petri dish with a minimum depth of approximately 0.5cm. The samples 

were analysed in triplicate in reflectance mode. Integration settings for each sample 

were previously optimised at 285,820µs and 7 scans. Spectral data was collected in the 

range 1650-950nm (6060-10526cm-1) with a 10nm resolution. The Flame NIR 

spectrometer that is housed inside the casing is compact and lightweight measuring 

just 89.1x 63.3 x 31.9mm and just 265g and it uses an InGaAs linear image sensor 

detector.  

5.2.6 Portable Si-Ware Neospectra-Micro Development Kit NIR 

The black pepper and adulterants were placed in a Petri dish at approximately 0.5cm 

depth for analysis on the Portable Neospectra-Micro NIR (Si-Ware, California, USA).  

The spectral data was collected in reflectance mode in the spectral range 2500-1350nm 

(4000-7407cm-1) at a resolution of 16nm. The scan time was 2 seconds with 513 data 

points, and the detector used was an InGaAs photodetector. The physical 

measurements of the sensor are just 2 x 3 x 3cm. Following previous optimisation, it 

was found that continuous rotation of the Petri dish holding the sample improved 

measurement accuracy and therefore, the Petri dish was continually rotated throughout 

analysis.  
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5.2.7 Chemometrics 

After the spectral data had been collected from the benchtop and two portable NIR 

instruments, the three replicates of each analysis were averaged and chemometrics 

were carried out in the software SIMCA 15 (Sartorius, Malmö, Sweden). Following 

randomisation of the black pepper samples, chemometric models were developed with 

the spectral data of black pepper samples (n=300) and the adulterants (n=22). The 

chemometrics carried out incorporated the use of pre-processing techniques standard 

normal variate (SNV), 1st/2nd derivative, Savitzky Golay (SG) with 15 points and a 

quadratic polynomial order along with Pareto scaling. These pre-processing 

techniques were used to reduce the effects of unnecessary information and to focus on 

the data of interest (Rinnan, Berg & Engelsen, 2009). Chemometric analysis was 

carried out in the range 4000-9000cm-1 (2500-1111nm) for the benchtop NIR, 1650-

950nm for the portable Flame NIR and 2500-1350nm for the portable Neospectra. In 

the first instance, following pre-processing of the data, PCA was carried out to 

determine the natural separation between classes using an unsupervised technique. The 

supervised algorithm OPLS-DA was then used to create a binary model using both 

predictive (correlated) and orthogonal (uncorrelated) components.  

5.2.8 Validation procedure 

The validation procedure for the methods on all three instruments was based on 

recommendations from the US Pharmacopoeia (2017), Riedl et al. (2015) and 

McGrath et al. (2018) for non-targeted methods. 

5.2.8.1 Internal validation 

Internal validation was carried out using chemometric software. The measurement of 

fit (R2) and the measurement of prediction (Q2) were reported for each model 

developed. The R2 value was calculated as the explained variation of the real data from 
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the model. Cross validation was carried out to determine the Q2 value. This was 

calculated by removing 1/7th of the data and predicting it against a model made up of 

the remaining 6/7th of the data. This process was repeated until all the data was 

predicted. Once this was carried out, the predicted residual sum of squares (PRESS) 

was calculated. This was then presented as a Q2 value by dividing this value by the 

sum of squares and subtracting from 1. The better the model, the closer the R2 and Q2 

values are to 1. This criterion was used to determine what models would be chosen for 

external validation. 

5.2.8.2 External validation  

Prior to model development and following randomisation, black pepper samples 

(n=86) were removed from the data set to be used as authentic black pepper samples 

(typical) for the external validation set. Adulterated samples (n=36) (atypical) were 

also added to the validation set. The adulterated samples were made up of black pepper 

spiked individually with the adulterants; spent black pepper, husk, papaya seeds and 

chili powder at ten percent increments from 10-90% (w/w) adulteration levels. The 

spiked samples were made up to 10g per sample each until a total of 36 spiked samples 

were prepared. These samples were then manually mixed for 30 seconds and then all 

10g was milled in the Planetary Ball Mill PM-100 at 500rpm for 5 minutes to ensure 

homogeneity.  Therefore, each adulterant had 9 samples each of varying adulteration 

levels included in the validation set. 

The binary OPLS-DA model was chosen based on the optimal R2 and Q2 values. This 

was then tested with the external validation set made up of the 86 typical and 36 

atypical samples. As recommended by the US Pharmacopoeia, a receiver operating 

curve (ROC) was created by plotting the true positive rate (TPR) (sensitivity) against 

the false positive rate (FPR) (1-specificity). The area under the curve (AUC) was 
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calculated to determine the model’s performance. The closer the AUC is to 1, the 

better, and an AUC result of 0.5 indicates a random result (US Pharmacopoeia, 2017).  

The validation process outlined was carried out for all three NIR instruments. The 

samples for the model reference set and the validation set were the same for each 

instrument’s model development to ensure consistency and equal comparison between 

instruments. 

5.3 Results 

5.3.1 Portable Flame NIR optimisation 

The optimisation of the portable Flame NIR with integrated light source in the 3D 

printed casing was carried out prior to the sample analysis. As this was a prototype 

instrument, several fundamental checks were required.  

1. Reflectance standard intensity variation 

The reflectance standard was analysed to determine the variation in intensity at each 

analysis. Analysis was carried out with the standard being replaced in the same 

position and after being rotated. The variation in intensity when the reflectance 

standard was rotated was calculated as 2.3% variation whereas the intensity variation 

once the reflectance standard was replaced in the same position was 0.5%. It was 

shown by these results that there was a greater variation when rotating the reference 

sample, however, this was not enough variation to cause concern for the stability of 

the measurement. Hotelling’s T2 range was used to determine the distance of each 

observation from the model origin in the score space over the range of components. In 

Figure 5.1 it can be observed that all samples fell within 95% Hotelling’s T2 indicating 

that there were no outliers in the rotating reflectance standard test and the signal 

remained stable for both the rotating and static measurements.  
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Figure 5.1 Hotelling’s T2 results for the rotating reflectance standard indicate that 

there were no outliers 

2. Reflectance standard stability over time 

The reflectance standard was analysed over a period of time to determine its stability. 

The raw spectral data can be seen below on Figure 5.2. 

The reflectance standard was analysed in the one static position over a period of time. 

The results indicate that the instrument stabilises after approximately 25 minutes. The 

instrument was therefore left to warm up after being turned on, and the reflectance 

standard is used to calibrate the instrument following this warm up. There was a slight 

drift after 50 minutes, however, to overcome this, the instrument was routinely 

calibrated every ten minutes throughout the testing period. 
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Figure 5.2 The reflectance standard stability over time 

3. Sample rotation vs static analysis 

 

Figure 5.3 PCA of black pepper following analysis in triplicate followed by rotation  

The black pepper sample was analysed three times on the portable Flame NIR 

instrument in one position, and then it was rotated. This process was repeated ten 

times. The results obtained can be observed in Figure 5.3. The classes numbered 1-10 
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represent analysis following rotations. Within each class, three static measurements 

were taken. It is evident both from the PCA and the variation in intensity, that there 

was greater variation following rotation of the sample. The maximum intensity 

variation within the three replicates was 1.18%, and the maximum variation between 

the samples following rotation was 1.4%. Therefore, the samples were rotated prior to 

each analysis to ensure they were well represented. The rotation also ensured a larger 

sample area was measured and this also improved sample representation.  

5.3.2 Raw spectral data of black pepper and its possible adulterants 

The raw spectral data in Figure 5.4 indicate the spectral differences between black 

pepper and the endogenous adulterants (husk and light berries) and the exogenous 

adulterants (chili and papaya) at the 100% levels on all three instruments. The NIR 

bands that indicate the presence of moisture (O-H) are located at approximately 

1940nm (5154cm-1) and 1440nm (6896cm-1). The bands associated with oil (C-H) are 

observed at 2310nm (4329cm-1) and 1725nm (5795cm-1). Bands associated to protein 

may be found in the region of 2148-2200nm (4545-4655cm-1) (Manley, 2014). Once 

the raw spectral data was collected from each instrument, chemometrics was carried 

out to develop models for adulteration detection method development.  
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(A)  

(B)  

(C)  

Figure 5.4 Raw Spectral data from iS50 benchtop NIR (A), portable Flame NIR (B),  

portable Neospectra (C) 

5.3.3 Chemometric models 

The raw spectral data visually has differences at 100% levels as observed in Figure 

5.4. However, adulteration of black pepper can occur at various levels. Chemometrics 
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was then used to develop classification models for which unknown black pepper 

samples can be tested against. The unsupervised chemometric algorithm PCA was 

initially used to determine if there was natural separation of black pepper and the 

adulterants following raw data collection on all three instruments, benchtop iS50, 

portable Flame NIR and portable Neospectra. The models created are presented in 

Figure 5.5. 

(A) 

(B) (C)

 

Figure 5.5 PCA models for benchtop iS50 (A), portable Flame NIR (B) and portable 

Neospectra (C)    

Initially unsupervised multi-class PCA models were developed. In Figure 5.5, natural 

separation can be observed. As expected, the classes with endogenous adulterants from 
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parts of the same plant lie closer to the black pepper class, whereas papaya and chili 

cluster further away from the black pepper class. Pre-processing for these chemometric 

models involved SNV, 1st derivative (benchtop iS50, portable Neospectra), 2nd 

derivative (portable Flame NIR) and SG.  As a general separation of data was observed 

in Figure 5.5 A, B and C, it was possible to improve these classification models for the 

various instruments and use a supervised algorithm OPLS-DA. The supervised 

algorithm OPLS-DA considers both predictive (correlated) and orthogonal 

(uncorrelated) components when building the model and therefore considering all the 

aspects of the data in model development. The OPLS-DA chemometric models were 

developed as binary models where all adulterants were given the class title 

‘Adulterant’ and the black pepper samples ‘Black Pepper’.  
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(A) 

 

  (B)     (C) 

        

   

Figure 5.6 OPLS-DA models for benchtop iS50 (A), portable Flame NIR (B) and 

portable Neospectra (C) 

The supervised OPLS-DA models observed in Figure 5.6 show clearer separation 

between the ‘Black Pepper’ class and the ‘Adulterant’ class. Pre-processing for these 

OPLS-DA models involved SNV, 1st derivative (benchtop iS50, portable Flame), 2nd 

derivative (portable Neospectra) and SG. These supervised models were used to carry 

out external validation to determine their performance with the aim of being used as 

screening methods to determine authenticity of unknown samples in the future. The 

use of the binary model is the first and most important step in adulteration detection 
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as it answers the fundamental question of whether a sample is adulterated or not. There 

is a possibility that a multi-class OPLS-DA model could also be developed at a later 

stage to allow for an estimation of the adulterant being used in adulterated samples. 

As chemometric models remain ‘live’, samples such as adulterants and authentic black 

pepper samples can be added to the model as they become available. The measurement 

of fit (R2) and measurement of prediction (Q2) for the binary OPLS-DA models 

developed for each of the three instruments are reported in Table 5.3 and indicate a 

good measurement of fit and prediction for all three models. 

OPLS-DA 

  
Benchtop 

iS50 

Portable 

Flame 

Portable 

Neospectra 

R2 0.902 0.9 0.905 

Q2 0.889 0.883 0.889 

 

Table 5.3 R2 and Q2 values for the OPLS-DA models the benchtop and portable NIR 

instruments 
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5.3.4 External validation 

 (A)                                                             (B) 

   

(C) 

 

Figure 5.7 ROC curves following external validation for benchtop iS50 (A) portable 

Flame NIR (B) and portable Neospectra (C) 

The models to be used for external validation were chosen based on the optimal R2 and 

Q2 values obtained following the various pre-processing techniques. Although the 

internal validation gave high Q2 values > 0.8 for all three instruments, a validation set 

was required to establish method performance. The external validation set was made 

up of 86 authentic black pepper samples and 36 spiked samples ranging from 10-90% 

Youden index Youden 

index 

Youden 

index 
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(w/w) adulteration with 10% increments using spent black pepper, husk, papaya and 

chili. The same validation set of samples was used for all three instruments to ensure 

consistency and ease of instrument comparison. Once these samples were predicted 

against the models a ROC curve was created to determine the method performance 

(Figure 5.7). 

The AUC was calculated for each instrument (Table 5.4). These values all indicate 

‘highly accurate’ (>0.9 AUC<1) methods (Greiner, Pfeiffer & Smith, 2000) based on 

the guidelines by Swets et al. (1988). 

 Benchtop iS50 Portable Flame  Portable Neospectra 

AUC 0.937 0.942 0.964 

Youden Index 0.831 0.847 0.854 

Cut-off 0.911 0.938 0.873 

 

Table 5.4 The AUC Youden index and cut-off point of the benchtop iS50, portable 

Flame, and the portable Neospectra methods 

The Youden index (J) was calculated to determine the cut-off point of the method for 

each instrument. The Youden index calculation J=Sensitivity + Specificity -1 (Greiner, 

Gardner, 2000) was converted to J=TPR-FPR to correspond with the values used in 

the ROC curve development on the chemometric software. The Youden index ranges 

from 0-1 and the closer the value is to 1, the better. As seen in Table 5.4, all 

spectroscopy test methods had a Youden index >0.8.  The Youden index also allows 

for a further comparison between test methods (Youden, 1950) however, all three 

methods gave similar results. Once the Youden index was established, it was used to 

determine the predictive score value that determined the optimal cut-off value for each 

method (Table 5.4). This value was then used to determine if an unknown sample 

belongs to the ‘Black Pepper’ class or the ‘Adulterant’ class. This was decided by 
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comparing the predictive score of the unknown test sample with the cut-off value and 

if it was > to this value it is determined as black pepper, and < this value was 

determined as adulterated.  

Based on this value, the percentage of correct classification for the validation set was 

established for each instrument. The correct classification rates for the typical black 

pepper samples were 94.2% (benchtop iS50), 93% (portable Flame NIR) and 96.5% 

(portable Neospectra) respectively. In the 20-90% adulteration levels, 100% of the 

validation set were correctly classified as adulterated on all three instruments. At the 

10% adulteration level, the portable Flame NIR detected just 10% chili in black pepper 

as adulterated whereas the other two methods did not detect any adulteration at the 

10% level. Thus, it has been established that these methods are capable of detecting 

fraud at an economically motivated level with an adulteration level greater than 20% 

as found and reported (Bates, 2000).  

The results indicated that there is little difference in terms of performance between the 

portable instruments and the benchtop. Overall, the portable Neospectra gave the best 

results by a narrow margin based on the AUC, Youden Index and validation set results. 

The portable Flame NIR in the 3D printed casing performed well also. As this is 

currently a prototype instrument, it shows great potential as a tool to detect 

adulteration.  

This study made a comparison of the ability of a benchtop instrument and two portable 

instruments to detect the adulteration of black pepper. A similar study of the 

development of a black pepper adulteration detection method using benchtop iS50 was 

performed by Wilde et al. (2019), and therefore, this study went one important step 

further to establish if a similar method could be created in portable instrumentation. 
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The results indicated these portable instruments can perform as well as the benchtop 

instrument and have the much important facet of being used across supply chains.  

The goal with handheld/portable devices for adulteration detection is model 

transferability between different field-deployable devices. This would involve a 

number of different devices, of the same specifications, being deployed at multiple 

sites, and results being determined using the same chemometric model. This would 

determine the level of consistency that can be delivered.   

5.4 Conclusion 

This study involved the development of non-targeted test methods for the detection of 

adulteration in black pepper. This study aimed to advance the detection of black pepper 

fraud by undertaking a comparison of methods between a benchtop NIR, and two 

portable NIR instruments. As the same process was performed for each method 

developed, a good comparison could be made. The portable instruments proved to be 

successful at detecting adulteration in the validation set following method 

development with similar correct classification detection rates achieved as the 

benchtop NIR. This study therefore showed that in a laboratory setting, these portable 

NIR instruments could all detect adulteration of black pepper at an adulteration level 

of 20% or greater. This work must be further advanced by carrying out a study on site 

at various points of a supply chain as the studies to date indicate great potential. 

Reliable portable technology would be of great benefit in the fight against fraud in the 

herb and spice industry as these instruments are low cost and allow analysis at any 

point of the supply chain, therefore allowing rapid and unplanned testing and possible 

fraud detection.  
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The herb and spice industry continues to grow in popularity and value. There is a 

greater interest in herbs and spices among consumers with an increase in health 

awareness, ready-made meals and food innovation. However, “Where there is money, 

there is crime. And where there’s big money, there’s big crime.” (Andy Morling, 

National Food Crime Unit, FSA) and EMA is an ongoing problem in this industry of 

valuable condiments. It can occur in various forms including addition and substitution 

adulteration in order to portray a product as having greater value than it actually does. 

It can be very difficult to detect as the aim of the fraudster is to go unnoticed in an 

attempt to make money and not get caught. The victims in this process however are 

the consumer and the industry. There are many opportunities for fraud in the herb and 

spice industry as the supply chains are often long and complex.  Also, adulteration can 

also pose a health risk to consumers, as a consequence of the crime. These risks also 

can have a detrimental effect on consumer confidence, especially following a fraud 

scandal. Product testing is one of the ways identified to control the risk of adulteration 

in the supply chains. For this, inexpensive, rapid and robust testing techniques are 

essential. 

Spectroscopy combined with chemometrics has been employed as a rapid, non-

destructive, inexpensive and robust screening tool in recent years for the detection of 

adulteration. NIR and FTIR were used in this study for the development of adulteration 

detection methods. This work was carried out, not just as scientific research, but to 

provide practical methods for adulteration detection for the herb and spice industry 

that could be used following this study. Four products were therefore prioritised by the 

food industry as they were deemed to be under the most threat from economic 

adulteration. These products were; sage, paprika, garlic and black pepper.  
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1. Sage has the potential to be adulterated with any green leaf cuttings as these 

are morphologically similar. A range of identified adulterants were collected and 

included olive leaves, myrtle leaves, sumac, cistus, phlomis, hazelnut leaves, 

sandalwood and strawberry tree leaves. The method for the detection of adulteration 

in sage was carried out using FTIR and chemometrics. In the first instance, it was clear 

that there was separation between the grouped adulterants and sage in the unsupervised 

binary PCA model. Following this, binary supervised OPLS-DA model produced a 

good measurement of fit of 0.978 (R2) and measurement of prediction of 0.975 (Q2). 

The abundance of adulterants collected allowed for a multiclass OPLS-DA model to 

be developed also with an R2 of 0.952 and a Q2 of 0.936. Following external validation 

of the binary model, the AUC of 1 on the ROC curve indicated that a clear distinction 

between the adulterants and authentic sage could be identified. These models could 

then be used to detect adulteration in a two-step process. In the first instance, the 

unknown samples could be run against the binary model to determine whether the 

sample is adulterated, and the multiclass model could be used to estimate the 

adulterant. Although the main aim was to develop an adulteration detection method, 

the multiclass model could also be highly beneficial at determining what adulterant 

was being used by fraudsters. It provides an insight in the criminal activity and helps 

to keep up to date on the current trends of cheating. If there is a shift in the results from 

the multiclass model, it can indicate that there is a new adulterant being used. 

A range of sage species were collected for the adulteration detection method to ensure 

the model was robust and representative of the sage in the market. The species 

collected included S. officinalis, S. tomentosa, S. triloba. As an additional 

investigation, these sage samples with species information included were used to 

develop a chemometric model to determine if separation could be observed as a proof 
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of concept. Both the PCA and OPLS-DA models showed clear clusters separating the 

species with the OPLS-DA model producing an R2 and Q2 value of 0.973 and 0.97 

respectively. This study indicated that the species of a sage sample can be identified 

using spectroscopy and chemometrics. This could be valuable if an investigation is 

being carried out into a sample. As a proof of concept it shows potential and may prove 

useful in the future. 

2. Paprika adulteration often occurs with the substitution of paprika spice with 

spent or defatted paprika. Spent material is the waste product left over following the 

extraction of the highly valuable oil, oleoresin. As the current technique for the 

detection of adulteration with spent paprika is carried out by an acid colour change and 

analysis by microscopy, an investigation into the possibility of using NIR and FTIR 

for this adulteration detection was carried out as a more rapid technique that requires 

less expertise. Following the collection of a range of paprika samples with varying 

origins, ASTA levels, milling techniques and seed: pod ratios, along with a range of 

spent paprika samples, analysis on both spectroscopic instruments was carried out. The 

spectral data obtained was then used to build chemometric models.  

Following analysis on the NIR and FTIR, it was clear that the main differences 

between the paprika and spent paprika were in the oil and water bands of the spectra. 

Although separation could be seen in the unsupervised PCA model, the supervised 

OPLS-DA models showed much clearer separation between the paprika and spent 

paprika classes with an R2 of 0.853 and 0.943 and a Q2 of 0.819 and 0.898 for NIR and 

FTIR respectively. The external validation, however, did indicate that there were some 

inaccuracies in the lower level of adulteration. The method consistently detected 

adulteration in the validation set from 50-90% and 40-90% for NIR and FTIR 

respectively. There is a possibility that this difficulty arises from the fact that both 
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paprika and spent paprika arise from the paprika fruit pod. There is also no evidence 

of the level of extraction carried out in the spent paprika that were provided. These 

factors can cause difficulty in determining a clear separation between paprika and low-

level adulteration. 

In the literature, most studies involving both spectroscopy and paprika adulteration 

involve the detection of Sudan dyes in paprika. Therefore, to determine if these 

methods could still be used despite the addition of a dye, Sudan I dye was added to 

50% and 100% spent paprika. It was determined that the methods could still detect 

spent paprika in a similar way and the addition of the dye had no effect on the outcome 

of the test. 

Overall, this method shows potential, although it has some difficulties in the lower 

level adulteration. There are no reports of similar techniques for the detection of spent 

paprika in paprika, and therefore, this method development could perhaps be used as 

a starting point for further research. In its current state, the process of spent paprika 

detection as an adulterant using NIR and FTIR could be modified to include a 

confirmatory technique to work alongside these methods to provide further clarity and 

assurance to questionable results. 

3. In recent years, garlic crop failures have resulted in stockpiling and increased 

prices of garlic. However, this also provided criminals with an opportunity to 

adulterate garlic. Garlic, as a spice, in dried form, according to the herb and spice 

industry, can potentially be adulterated with any white powder. Therefore, a non-

targeted rapid and robust method is required. In this study, both NIR and FTIR and 

chemometrics were used to develop such methods. A range of garlic samples 

representative of those found in the industry, were collected in various forms such as 
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minced, flaked and ground, and once milled, they were all similar on the models. A 

variety of white powders were collected including talc, maltodextrin, corn starch, 

cornflour, peanut butter powder, sodium caseinate, potato starch, rice four, cassava 

and white maize meal, and created an adulterant class when grouped together. Clear 

separation between the authentic garlic class and the adulterant class made up of the 

various white powders was observed both in the unsupervised PCA model and the 

supervised OPLS-DA models for both NIR and FTIR instruments. The values for the 

OPLS-DA NIR model were 0.985 (R2) and 0.914 (Q2) and for the FTIR model were 

0.994 (R2) and 0.964 (Q2). These methods correctly identified 100% of the authentic 

garlic samples and all the adulterated samples in the 20-90% level in the external 

validation set. These results indicate that economic adulteration in garlic could be 

detected using these methods and this method could be used to protect the garlic 

industry. 

The possibility of using this instrumentation and chemometric modelling to detect 

bulking with extraneous parts of the same plant was investigated using both NIR and 

FTIR alongside a PCA chemometric model. The root, stem and skins of the garlic plant 

were analysed alongside the garlic spice from the bulb of the plant. It was observed 

that these extraneous parts of the plant separated from the garlic spice in the PCA 

model, indicating that if bulking from extraneous parts of the plant began to cause 

issues to a level of economic adulteration, then this method could be developed further 

to provide a rapid test for detection. This also illustrates how information rich and 

valuable these spectroscopic techniques are. 

4. The development of a non-targeted method for the detection of economic 

adulteration of black pepper was carried out using three NIR instruments; one 

benchtop and two portable. Handheld instruments are the future in terms of 
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spectroscopy. Their benefits include low cost, ease of use, on site analysis and can also 

act as a deterrent in the case of fraud as testing can be carried out at anytime and 

anywhere with these instruments. Following the optimisation of the prototype 

instrument, the portable Ocean Insight Flame NIR in a 3D printed casing, method 

development was carried out with all three instruments and a comparison was made. 

These included the benchtop iS50 NIR, portable Flame NIR and portable Neospectra.  

A range of black pepper samples from different origins were collected in both ground 

and whole form. All samples were ground prior to analysis. The adulterants collected 

included spent black pepper, husk, pinheads, light berries, spiral rejects, chili powder 

and papaya seeds. The PCA models firstly indicated that separation between the black 

pepper samples and the adulterants was achieved in the binary models. The OPLS-DA 

models were then developed and the optimum models were chosen to carry out 

external validation based on the R2 and Q2 values. These values were 0.902 (R2) and 

0.889 (Q2) for the benchtop iS50 NIR, 0.9 (R2) and 0.883 (Q2) for the portable Flame 

NIR and 0.905 (R2) and 0.889 (Q2) for the portable Neospectra. External validation of 

the test methods resulted in >90% correct classification for authentic black pepper and 

100% correct classification for adulterated black pepper at the 20-90% adulteration 

levels. The results were similar for all three methods, and this not only proves the 

capabilities of the benchtop NIR, but it shows the very promising potential of the two 

portable NIR instruments Ocean Insight Flame NIR and Si-Ware Neospectra. All three 

methods indicated that both the endogenous and exogenous adulterants could be 

detected.  

To advance this work, these portable devices could be taken out onto the field to 

determine how the instruments perform in varying conditions as opposed to a 

controlled laboratory environment as there is a requirement of portable devices to be 
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robust in their performance. Once the initial method has been developed, portable 

devices are known for their ease of use. Therefore, an investigation into the results 

obtained from the devices with a wide range of users is also beneficial to determine 

whether these portable devices could eventually be taken out into the field and used 

by any person. A centralised database could be used to collect the spectra from the 

different instruments. A comparison of instruments is important with the range of users 

being increased as the instrumentation is deployed to more areas. A single 

chemometric model would need to be used to ensure consistency with the results on 

all instruments. Different approaches could be used for method transfer to various 

devices. This could involve the development of a model using one instrument and 

adjusting all other instruments to align with one master instrument. Alternatively, 

spectral data from a number of spectroscopy instruments could be used to develop one 

model for their use, perhaps even with the use of a centralised database. This could 

improve the variability in the model and make the test method more robust. Ultimately, 

the aim would be to allow for multiple testing devices to perform in a similar manner 

to ensure consistency with results. The results currently may still need interpretation 

in the laboratory. The ability to send these spectra for analysis would provide the best 

outcome until a chemometric model could be accessed from the device to allow for an 

immediate result and class identification for the tested sample on site.  

The external validation steps carried out in this study involve the manual spiking and 

mixing of the samples prior to milling. Both the manual mixing of the samples and the 

milling were carried out with the aim to produce a homogenous sample, although these 

measures can never completely ensure homogeneity, especially with the small sample 

area of the FTIR. However, this homogeneity issue was intentionally representative of 

the process of analysing samples that arrive to be tested in the lab. This external 
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validation set was carried out to provide an understanding of the method’s capabilities 

with the sampling process.   

The steps in the validation process for spectroscopy reported by Williams et al. (2017) 

include the use of an independent validation set. In this study, the authentic samples in 

the external validation set were removed from the model set. The reduced number of 

adulterants in some cases meant that the adulterants used for spiking could not always 

be removed from the model set. Ideally the external validation would involve samples 

that were in no way present in the model set as outlined by Williams et al. (2017), and 

as more adulterants become available, the adulterants used for spiking can be removed 

from the model set to ensure a completely independent set for validation. The score 

plots indicate similarities between specific types of adulterants, (e.g. olive leaves in 

Figure 2.2 (B) and (C)) and therefore, it is probable that the removal of one of these 

adulterants from the model would result in similar detection levels. Also, as seen in 

Figure 2.3, the removal of phlomis from the model set still resulted in the detection of 

adulteration of sage samples spiked with phlomis, this also indicates that the adulterant 

used should have little effect on the outcome of adulteration detection. There could 

also be further independent analysis of the external validation set involving analysis 

on a different day and also with a different analyst to ensure there is no bias with the 

sample testing. Further validation steps of such test methods could also include 

repeatability and reproducibility in the future.  

The results in this study mainly focus on the detection of EMA, and therefore focus on 

adulteration from 20% and greater. Consideration to improve the detection of 

adulteration at lower levels could include a targeted approach such as a regression 

model. There is also the possibility of selecting the bands in the spectra that have the 

most influence on the classification of the authentic versus the adulterant samples. 
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Also, future work on the chemical interpretation of spectral bands could help to 

identify the compounds that are commonly present in adulterants and are responsible 

in the classification of the samples. Especially with the use of FTIR, as it acquires 

information on fundamental vibrations, the spectral data can be used to identify 

specific compounds in the adulterants. This could be used to detect adulteration, as 

well as the adulterant being used.  

Fraudsters will seek to use adulterants that they know cannot be detected by laboratory 

methods, however, the use of non-targeted methods prevents this from happening. Any 

sample that deviates from the authentic class raises alarm bells with regard to 

adulteration, and the adulterant does not need to be known or incorporated into the 

method development for the adulteration to be detected. Non-targeted methods 

therefore can remain a step ahead of the fraudster by detecting adulteration with any 

material. The methods for all herb and spice adulteration detection in this study were 

made with a binary class model, and the main goal was to develop a method that could 

identify when a sample does not belong to the authentic class, i.e. is adulterated. 

However, because of sample availability with the sage study, the additional adulterants 

created a case where a multiclass model could also be developed. This is considered 

an added bonus to the method, as it can provide information on the type of adulterant 

being used. This does not retract from the benefits of the binary models as these can 

still be used to detect adulteration, by a comparison with a robust authentic database 

of samples.  

These chemometric models are ‘live’ meaning that they can and should be updated 

regularly when new samples become available, or new information or intelligence is 

known. Adulterants can be routinely added to the model to improve the ability of 

detecting the adulterant being used by the fraudsters. It is also important for the number 
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of authentic samples to be increased.  This can include the addition of samples from a 

variety of seasons, years etc. to ensure a robust and reliable method is available and 

kept up to date with the herbs and spices over changing seasons. These authentic 

samples can be obtained from reliable suppliers in the industry or can be added once 

they have passed the test method and are determined as authentic. As new models are 

developed, testing with an external validation set needs to be carried out to ensure the 

level of accuracy is maintained and the method is still working at its optimum. Daily 

monitoring of the methods could include controls being run alongside the samples 

being tested. These controls can include a 100% authentic sample and adulterant as 

well as two spiked samples at varying levels, but preferably representative of the level 

of EMA commonly found. These controls can then ensure that the method is working 

correctly. 

The use of spectroscopy and chemometrics for the detection of EMA in herbs and 

spices in this thesis has proven that these methods can be very beneficial to the herb 

and spice industry. The level of adulteration that is economically worthwhile for the 

fraudster was established as > 20% as determined by the Bates method for the detection 

of spent material in paprika and black pepper (Bates, 2000), and the results of the study 

carried out on the level of adulteration in oregano where EMA was mostly found to be 

from 30-70% (Black et al., 2016). The methods for sage, garlic and black pepper were 

all successful in detecting adulteration at this level as determined by the external 

validation. In some cases, adulteration was also detected at 10% adulteration levels. 

Sample analysis using these methods could occur with samples being sent to the 

laboratory, or as a method transfer to other laboratory sites. Also, as stated, there is 

great potential for portable instruments, and further research into this area, could be 

the future for industry to control their supply chains. This research study has provided 
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insight into adulteration in the herb and spice industry and has developed methods to 

detect it. With these methods in place and continued advances in this area of science, 

the industry and consumers will be further protected in the fight against fraud.   
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