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Abstract: This review paper aims to synthesize the current applications of rapid and simple chemical 

analysis methods for the geographical classification of edible nuts. Techniques such as Inductively 

Coupled Plasma (ICP), spectrophotometry, and mass spectrometry have been widely employed to 

differentiate nut origins based on their unique chemical signatures. Recent years have witnessed a 

significant increase in the number of studies using these methods, reflecting growing scientific 

interest in food authentication and traceability. By summarizing key findings and highlighting 

commonly used techniques, this review provides a comprehensive overview of the field and 

identifies promising directions for future research in the classification and origin verification of edible 

nuts. 
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1. Introduction 

The authentication of the geographical origin of food products has gained increasing attention 

in recent years due to growing concerns about food fraud, quality assurance, and consumer 

protection [1,2]. Edible nuts, such as almonds, walnuts, pistachios, and cashews, are high-value 

agricultural commodities that are frequently traded globally. Their market value and quality are 

often influenced by their origin, as environmental factors such as soil composition, climate, and 

agricultural practices can affect their chemical composition and sensory attributes [3,4]. Therefore, 

developing reliable methods for geographical classification is essential to ensure product authenticity 

and traceability. 

Traditional analytical approaches for origin determination, including isotopic and 

chromatographic techniques, often require expensive instrumentation and time-consuming sample 

preparation [5–7]. In contrast, rapid and simple chemical analysis methods—such as elemental 

profiling, spectroscopic measurements, and basic physicochemical tests—have emerged as 

promising alternatives due to their cost-effectiveness, accessibility, and ease of implementation [8]. 

When combined with appropriate statistical or chemometric tools, these methods can provide 

sufficient discriminatory power to classify samples based on their geographic origin [9–11]. 

In recent years, advanced analytical techniques such as ICP/MS, GC/MS, and FTIR have been 

widely applied for food authentication due to their high sensitivity and rapid analysis capabilities. 

However, despite their speed and accuracy, these methods still require sophisticated instrumentation 

and skilled personnel, limiting their routine use in on-site or resource-limited settings. As a result, 

there is growing interest in the development and application of simpler, cost-effective analytical 
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methods that can be easily implemented for preliminary screening or large-scale classification [12–

15]. 

This study aims to review and synthesize previous research related to the use of rapid and 

simple chemical analysis methods for the classification and geographical traceability of edible nuts. 

By consolidating existing findings, this work seeks to identify knowledge gaps and highlight nut 

types or regions that remain under-investigated. The outcome of this synthesis will support scientists 

in efficiently targeting future research and contribute to the development of comprehensive data 

systems on edible nuts. Moreover, it emphasizes the clear potential of rapid and simple chemical 

analysis techniques as powerful tools for the authentication of nut origin. 

2. Classification of Edible Nuts 

Edible nuts refer to seeds that can be consumed either raw or after processing, often 

characterized by their high nutritional value and frequent use as food. Botanically and culinarily, 

nuts are derived from various plant sources and can be classified into several major categories: 

− Cereal grains: Examples include rice, wheat, corn, oats, and barley. These are the seeds of 

grasses belonging to the Poaceae family and are staple foods consumed globally. They serve as 

essential components of daily diets, providing carbohydrates, proteins, fiber, vitamins, and 

minerals, and are major energy sources in human nutrition. 

− Legume seeds: Examples include soybeans, mung beans, red beans, lentils, and peas. These are 

the seeds of plants in the Fabaceae family. Legume seeds are typically used in side dishes and 

are less commonly consumed directly. They are rich in plant-based proteins, fiber, vitamins, 

and minerals, and are widely consumed worldwide as part of balanced diets. 

− Oilseeds: Examples include walnuts, almonds, macadamia nuts, cashews, chia seeds, flaxseeds, 

and sunflower seeds. These seeds contain high oil content and can either be cold-pressed for 

edible oil or consumed directly as nutritious snacks. They are rich in healthy fats, essential 

fatty acids, vitamins, and minerals, offering significant health benefits. 

− Fruit seeds: Examples include pumpkin seeds, melon seeds, and sesame seeds. These are the 

seeds found inside various fruits, often encased in a soft or hard shell. Some of these seeds are 

edible and nutrient-dense, while others may be inedible or even toxic. Fruit seeds are valued 

for their content of healthy fats, proteins, fiber, and essential micronutrients, playing an 

important role in human health and diet. 

In this study, we focus exclusively on edible oilseeds, particularly those commonly consumed 

as snacks after simple processing such as roasting, and typically eaten whole. These nuts can be 

broadly classified into two main groups: true nuts (botanical nuts) and drupe nuts (culinary nuts). 

True nuts are dry, hard-shelled fruits that do not open at maturity to release the seed, whereas drupes 

are fruits with a fleshy outer layer surrounding a hard shell (pit or stone) that encases the seed 

(kernel). There are more than a dozen commercially significant nut types in this category, with 

popular examples including chestnuts, hazelnuts, acorns, almonds, walnuts, pecans, cashews, 

peanuts, pistachios, Brazil nuts, macadamia nuts, pine nuts, pili nuts, Marcona almonds, kola nuts, 

and saba nuts. 

According to the Observatory of Economic Complexity (OEC) [16], the total global export value 

of edible nuts reached approximately $17.8 billion in 2023, corresponding to a trade volume of about 

3.3 million tons. The United States was the leading exporter, accounting for $8 billion, or 44.9% of 

global exports. European countries followed with $2.72 billion (15.3%), then India ($1.12 billion), 

China ($1.06 billion), Canada ($683.55 million), United Arab Emirates ($553.89 million), Turkey 

($518.24 million), Vietnam ($392.7 million), Mexico ($353.8 million), Japan ($335.39 million), and 

South Korea ($293.99 million) [17]. Major global importers include China ($1.89 billion, 10.6%), 

Germany ($1.81 billion, 10.1%), India ($1.54 billion, 8.66%), Italy ($1.3 billion, 7.31%), the United States 
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($869 million, 4.88%), and Spain ($822 million, 4.61%). Furthermore, the export value of edible nuts 

has grown steadily at an average annual rate of 1.5% from 2015 to 2024, highlighting the strong 

growth potential and economic importance of the nut industry. 

Among tree nuts, almonds had the highest global production, reaching over 1.4 million tons, 

followed by walnuts (1.156 million tons), cashews (1.095 million tons), pistachios (747.3 thousand 

tons), hazelnuts (585 thousand tons), pecans (164 thousand tons), and macadamias (78 thousand tons) 

[18]. Almonds, walnuts, cashews, pistachios, and hazelnuts represent the top five most produced and 

consumed nut types worldwide. Their production volumes have shown consistent year-over-year 

growth, with average annual growth rates illustrated in Figure 1. This trend reflects the increasing 

global demand for edible nuts. 

 

Figure 1. Average annual global production growth rates of selected tree nuts (adapted from International Nuts 

and Dried Fruits, Nuts & Dried Fruits Statistical Yearbook 2022/23). 

3. Distribution of Previous Studies Related to Nuts 

Approximately 100,000 documents (excluding book chapters) related to the keyword 

“geographical origin” in food were found on the Elsevier platform alone. Among them, over 81,000 are 

research articles specifically addressing the geographical origin of food. The number of publications 

in 2024 has tripled compared to a decade ago (Figure 2). Of these, studies on the geographical origin 

(GO) of edible nuts consistently account for around 10% of food-related GO research. This indicates 

that studies on food traceability in general—and on nuts in particular—are receiving increasing 

attention from the scientific community. 

 

0

10

20

30

40

50

60

70

Almonds Walnuts Cashews Pistachios Hazelnuts Pecans Macadamias Pine Nuts Brazil Nuts

An
nu

al
 a

ve
ra

ge
 in

cr
ea

se
 in

 p
ro

du
ct

io
n

(m
ill

io
n 

to
ns

/y
ea

r)

3,117

387

3,465

383

3,803

424

3,919

466

4,596

513

4,790

504

5,766

585

6,995

696

6,942

693

7,415

673

9,538

880

3,967

365

0

1000

2000

3000

4000

5000

6000

7000

8000

9000

2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025

Research artiles of GO in Food Review articles of GO in Food

Research articles of GO in Nuts Review articles of GO in Nuts

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 17 June 2025 doi:10.20944/preprints202506.1435.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202506.1435.v1
http://creativecommons.org/licenses/by/4.0/


 4 of 11 

 

Figure 2. Increasing trend in the number of publications on the geographical origin of food in general and edible 

nuts in particular. 

Among GO studies focusing on nuts, peanuts, almonds, walnuts, chestnuts, and hazelnuts are 

the most frequently studied, with corresponding publication counts of 2,979 (20%), 2,820 (19%), 2,089 

(14%), 2,530 (17%), and 1,170 (8%), respectively, as of the end of March 2025. Together, these five nut 

types account for nearly 80% of all GO-related nut publications, while each of the remaining nut types 

accounts for less than 6% (Figure 3). Review articles typically constitute about 20%–30% of the total 

number of publications for each nut type. Furthermore, the number of studies has increased steadily 

over the years. Since current research is concentrated on only a few types of nuts, expanding GO 

studies to other nut varieties—particularly those with unique regional characteristics—offers 

promising potential. 

 

Figure 3. Phần trăm các công bố nghiên cứu về GO của các loại hạt. 

In recent years, chemical analysis methods combined with chemometric approaches have gained 

increasing interest for food discrimination studies [5]. Commonly used rapid and simple chemical 

methods include ICP with MS detection [7] and/or OES [8], mass spectrometry (MS) [9], and FTIR 

spectroscopy [12]. Although these techniques differ in analytical procedure, sensitivity, and target 

analytes, they share the advantages of multi-compound detection, fast analysis time, and relatively 

simple procedures. As a result, these methods are highly suitable for classification and subsequent 

traceability of food products, where the collection of large sample sets is often necessary. 

4. Rapid and Simple Chemical Analysis Methods 

Recent advancements in analytical chemistry have led to the development of rapid and simple 

methods that are increasingly used for food authentication and geographical origin classification. 

These techniques offer a practical alternative to more complex or time-consuming approaches, 

enabling high-throughput screening with minimal sample preparation and reduced operational 

costs. In the context of edible nuts, such methods are particularly valuable due to the growing 

demand for traceability, quality assurance, and fraud prevention in global trade. 

This section provides an overview of selected rapid and simple chemical analysis techniques—

including ICP-MS, ICP-OES, FTIR, and GC-MS—that have shown promising results in the 

classification and origin identification of edible nuts. The principles, analytical capabilities, and 

applications of each method are discussed in detail below. 

4.1. Application of Inductively Coupled Plasma Mass Spectrometry and Optical Emission Spectroscopy 
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Inductively Coupled Plasma Mass Spectrometry (ICP-MS) and Inductively Coupled Plasma 

Optical Emission Spectroscopy (ICP-OES) are two well-established elemental analysis techniques 

widely employed in food authenticity and traceability studies. These methods allow for the 

simultaneous quantification of multiple macro- and micro-elements, offering high sensitivity, 

precision, and throughput—features that make them ideal for classifying the geographical origin of 

edible nuts. 

ICP-MS provides ultra-trace detection capabilities [19], with limits of detection in the parts-per-

trillion (ppt) to parts-per-billion (ppb) range, enabling the identification of minor variations in 

elemental profiles that may arise from differences in soil composition, climate, agricultural practices, 

and environmental exposure across regions. In contrast, ICP-OES, while generally less sensitive than 

ICP-MS, allows for the robust quantification of major elements with excellent repeatability and 

shorter analysis times, making it suitable for routine quality control. 

Several studies have successfully applied ICP-MS and/or ICP-OES to classify nuts such as 

almonds, walnuts, and pistachios based on their elemental fingerprints. For example, variations in 

elements such as Ca, Mg, Fe, Zn, Cu, Sr, and Rb have been used as reliable discriminators of 

geographical origin. The elemental composition is often influenced by the mineral content of the soil 

in which the nut trees are grown, and thus serves as a natural marker for regional identification. 

The integration of ICP data with multivariate chemometric techniques such as Principal 

Component Analysis (PCA), Linear Discriminant Analysis (LDA), or Partial Least Squares 

Discriminant Analysis (PLS-DA) has further enhanced the classification accuracy. These 

combinations allow for the development of predictive models capable of distinguishing nuts from 

different regions with high reliability. 

Due to their versatility, relatively fast analysis times, and compatibility with a wide range of 

sample matrices, both ICP-MS and ICP-OES continue to be among the most widely used techniques 

for the rapid and cost-effective geographical classification of edible nuts. Their continued application 

is expected to contribute significantly to the development of traceability systems and food 

authentication platforms in the nut industry. 

4.2. Application of Fourier Transform Infrared Spectroscopy (FTIR) 

Fourier Transform Infrared Spectroscopy (FTIR) is a vibrational spectroscopic technique that 

measures the absorption of infrared radiation by molecular bonds within a sample, providing 

detailed information about its chemical composition and molecular structure. FTIR is widely 

recognized for its rapidity, minimal sample preparation, and non-destructive nature, making it a 

valuable tool for the analysis and classification of food products [14,15], including edible nuts. 

In the context of edible nuts, FTIR can detect characteristic absorption bands corresponding to 

functional groups such as lipids, proteins, carbohydrates, and other organic compounds. The spectral 

fingerprint obtained from a nut sample reflects its biochemical profile, which is influenced by factors 

like species, geographic origin, cultivation practices, and environmental conditions. 

Researchers have demonstrated the effectiveness of FTIR combined with chemometric 

methods—such as Principal Component Analysis (PCA), Partial Least Squares Discriminant Analysis 

(PLS-DA), and Support Vector Machines (SVM)—to classify nuts according to their geographical 

origin. These statistical tools help extract relevant spectral features and build predictive models that 

differentiate nut samples from various regions with high accuracy. 

FTIR offers several advantages over other analytical techniques, including faster analysis times, 

lower operational costs, and the ability to analyze solid, liquid, or powdered samples directly without 

the need for extensive chemical reagents. However, the technique typically provides qualitative or 

semi-quantitative data and may require complementary methods to confirm elemental or compound-

specific information. 

Overall, FTIR represents a promising rapid and simple chemical analysis method for edible nut 

authentication and origin classification, especially when integrated within multi-analytical strategies 

aimed at ensuring food traceability and combating fraud. 
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4.3. Application of Gas Chromatography–Mass Spectrometry (GC-MS) 

Gas Chromatography–Mass Spectrometry (GC-MS) is a powerful analytical technique that 

combines the separation capabilities of gas chromatography with the sensitive and selective detection 

offered by mass spectrometry [20–25]. GC-MS is widely used for the qualitative and quantitative 

analysis of volatile and semi-volatile organic compounds in complex food matrices [26–30], making 

it particularly suitable for profiling the chemical composition of edible nuts. 

In edible nut analysis, GC-MS can identify and quantify a range of organic compounds such as 

fatty acids, sterols, volatile oils, and flavor-related metabolites, which are often influenced by the 

nut’s variety, cultivation environment, and geographical origin. The unique chemical profiles derived 

from these compounds can serve as robust markers for origin authentication and classification. 

The typical GC-MS procedure for nut samples involves sample preparation techniques such as 

solvent extraction, derivatization (if necessary), and injection into the chromatographic system. The 

separated compounds are then ionized and fragmented in the mass spectrometer, producing mass 

spectra that enable precise identification based on known spectral libraries. 

By integrating GC-MS data with multivariate statistical analyses, including Principal 

Component Analysis (PCA) and Partial Least Squares Discriminant Analysis (PLS-DA), researchers 

can effectively discriminate nut samples from different regions or cultivars. This approach enhances 

the detection of subtle differences in chemical composition related to geographical origin. 

Although GC-MS is highly sensitive and specific, it often requires longer analysis times and 

more extensive sample preparation compared to spectroscopic methods such as FTIR. Nevertheless, 

its ability to provide detailed molecular-level information makes it an indispensable tool in food 

authenticity studies, including the geographical classification of edible nuts. 

5. Chemometric Tools for Data Interpretation 

Chemometric tools are essential for extracting meaningful information from complex datasets 

generated by analytical techniques such as ICP-MS, ICP-OES, FTIR, and GC-MS. These statistical and 

mathematical methods are used to analyze, interpret, and visualize large volumes of chemical data, 

enabling the identification of patterns, classification of samples, and development of predictive 

models [7]. 

In the context of edible nut authentication and geographical classification, chemometrics plays 

a crucial role in transforming raw analytical data into actionable insights. Each nut sample analyzed 

by chemical techniques yields a large set of variables—such as elemental concentrations or 

absorbance values across wavelengths—that cannot be easily interpreted without advanced data 

analysis. 

Principal Component Analysis (PCA) is one of the most commonly used unsupervised methods. 

It reduces the dimensionality of the dataset by transforming correlated variables into a smaller 

number of uncorrelated principal components. PCA is effective in visualizing the natural grouping 

of nut samples based on their chemical characteristics and identifying potential outliers. 

Partial Least Squares Discriminant Analysis (PLS-DA) and Linear Discriminant Analysis (LDA) 

are supervised classification techniques that build predictive models by finding directions in the data 

that best separate predefined classes, such as nut samples from different geographical regions. These 

methods are particularly useful when sample groups are known and the goal is to classify unknown 

samples. 

Support Vector Machines (SVM) and Random Forest (RF) algorithms, which are examples of 

machine learning-based approaches, have also been increasingly applied to enhance classification 

accuracy. These methods can handle nonlinear relationships in the data and are robust against 

overfitting, especially when dealing with high-dimensional datasets. 

Effective application of chemometric tools requires careful preprocessing of the data, including 

normalization, scaling, and sometimes feature selection to remove irrelevant or redundant variables. 
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The choice of chemometric method depends on the nature of the dataset, the analytical technique 

used, and the classification objectives. 

In summary, chemometric tools are indispensable for interpreting complex analytical data and 

building reliable models for the geographical classification of edible nuts. When combined with rapid 

and simple chemical analysis methods, these tools contribute significantly to the development of 

efficient and accurate food authentication systems. 

6. Research Gaps and Future Perspectives 

Despite significant progress in applying rapid and simple chemical analysis methods for the 

geographical classification of edible nuts, several research gaps remain that need to be addressed to 

further advance the field [21–34]. 

1. Limited Diversity in Studied Nut Types: 

Current literature tends to focus on a few commercially important nuts such as almonds, 

walnuts, peanuts, and hazelnuts. Other edible nuts, including pili nuts, kola nuts, marcona almonds, 

and region-specific varieties, remain underexplored. Broadening the range of studied nut types 

would help develop a more comprehensive database and strengthen global traceability systems. 

2. Regional Bias and Uneven Sample Distribution: 

Most studies concentrate on samples from a few geographic regions (e.g., the US, Europe, or 

East Asia), leading to a lack of representative global coverage. To ensure robust and generalizable 

classification models, future research should involve well-designed sampling strategies that include 

diverse geographical origins and environmental conditions. 

3. Lack of Standardized Protocols: 

There is currently no universally accepted protocol for sample preparation, data acquisition, and 

chemometric analysis in the context of nut authentication. The absence of standardized methods 

makes it difficult to compare results across studies and hinders the development of interoperable 

databases. Establishing harmonized procedures would improve data reproducibility and model 

transferability. 

4. Integration of Multi-Omics and Hybrid Approaches: 

Most existing studies rely on a single analytical technique (e.g., ICP-MS or FTIR) for 

classification. However, integrating multiple complementary techniques—such as combining 

elemental profiling with volatile compound analysis or spectral fingerprinting—may enhance 

classification accuracy and robustness. Future work should explore the potential of multi-modal 

approaches and machine learning algorithms to manage such integrated datasets. 

5. Need for Real-World Validation and Industrial Application: 

While many studies demonstrate high classification accuracy under laboratory conditions, there 

is limited validation of these methods in real-world supply chains. Collaborations with industry 

stakeholders are essential to test the scalability and practicality of analytical tools under commercial 

settings, including post-harvest processing, packaging, and storage variations. 

6. Data Sharing and Open Access Repositories: 

The creation of shared, open-access databases containing reference chemical profiles of nuts 

from different regions would support broader research and authentication efforts. Data sharing 

would also enable the development of AI-powered predictive models and facilitate international 

cooperation in food safety and fraud prevention. 

In future research, efforts should focus on expanding nut coverage, improving methodological 

consistency, and integrating advanced chemometrics and artificial intelligence. These steps will not 

only close current knowledge gaps but also pave the way for reliable, rapid, and cost-effective 

systems for nut origin authentication—supporting food traceability, protecting regional products, 

and building consumer trust in global food markets [35–40]. 
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7. Conclusions 

The geographical classification of edible nuts plays a crucial role in ensuring food authenticity, 

quality control, and consumer trust. This review highlights the growing application of rapid and 

simple chemical analysis methods—particularly ICP-MS, ICP-OES, FTIR, and GC-MS—in 

combination with chemometric tools to differentiate nut origins based on their compositional 

fingerprints. These techniques offer significant advantages in terms of speed, sensitivity, and ease of 

implementation, making them highly suitable for routine screening and large-scale food traceability 

efforts. Despite the growing number of studies, research remains concentrated on a few major nut 

types, leaving clear opportunities for expanding origin-based classification to a broader range of 

regional and specialty nuts. Future work should focus on building comprehensive chemical 

databases, standardizing protocols, and integrating multi-analytical approaches to enhance the 

robustness and scalability of these methods in both scientific and industrial settings. 
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