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Abstract
Financial gain is a main driver for committing food fraud and replacement of ingredients with cheaper alternatives is an easy 
way to do it. Coconut sugar is becoming popular as an alternative to beetroot or cane sugar due to its high mineral content and 
lower glycaemic index. As its market price is about twice as high as that of conventional sugar, coconut sugar may become 
target to fraudulent manipulation. The present work explores the feasibility of using energy-dispersive X-ray fluorescence 
as a screening tool to verify its authenticity. Mass fractions of P, Cl, S, K, Ca, Fe, Cu, Br, Rb, and Sr determined in eleven 
coconut, ten cane, and one beetroot sugar samples, purchased in Belgian, Spanish, Polish, and Italian supermarkets were 
used for discriminating the different sugars. On average, the mass fractions of all the mentioned elements were higher in 
coconut than in cane and beetroot sugars. Multivariate analysis of the elemental fingerprint by Soft Independent Modelling 
of Class Analogies was used for authentication purposes. Models constructed were characterised by zero false positives; 
three coconut sugars (27%) could not be classified as such, neither as cane sugars.
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Introduction

The expression “food fraud” covers a set of malpractices 
aiming at deceiving consumers to increase financial profit as 
reflected in the definitions given by several organisations [1].

Substitution of expensive products by cheaper ones is an 
easy way to achieve economic benefit and it is one of the 
main types of food fraud.

Palm sugars are natural sugars obtained from the sap or 
nectar of the flowers of several species of palms: sugar palm 
(Arenga pinnata), palmyra palm (Borassus flabellifer), nipa 
palm (Nypa fruticans), and coconut palm (Cocos nucifera) 
[2]. The demand of coconut in the world has increased 500% 
in the last 10 years, making producers to have problems to 
keep pace [3]. Coconut sugar is strongly advertised as being 
richer in minerals and with a lower glycaemic index than 
cane sugar [4, 5]. Due to claims about its health beneficial 

effects, consumers are willing to pay a high price for coconut 
sugar; the price of a kilo coconut sugar can vary from 15 to 
45 €, while the price of the common refined sugar in 2017 
was 0.75 € [6]. Hence, substitution practices would result in 
a financial gain, as it is the case for other types of palm sugar 
such as Palmyra palm (Borassus flavellifer) [7].

The fraudulent addition of exogenous sugars to several 
food commodities has been frequently detected by 13C/12C 
isotopic analysis with Elemental Analysis Isotope Ratio 
Mass Spectrometry (EA-IRMS) [8] and after separation of 
the sugars by liquid chromatography (LC-IRMS) [9, 10]. 
Coconut is the fruit of a C3 plant, which assimilates CO2 
with participation of the enzyme ribulose-1,5-bisphosphate 
carboxylase/oxygenase (Rubisco), while cane is a C4 plant 
that fixes CO2 with phosphoenolpyruvate (PEP) carboxy-
lase. C3 plants have a 13C/12C ratio lower than the C4, and 
this difference is the basis of the IRMS-based methods. The 
method has been used to detect addition of cane sugar to 
coconut water [11] and to coconut sugar [6]. Beet is also a 
C3 plant, and for that reason, IRMS could not be applied to 
detect the addition of beetroot sugar to coconut sugar. The 
approach is sensitive and efficient, but it requires developed 
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analytical skills and expensive instruments, and is not suit-
able for screening purposes [12].

Other approaches have been applied to detect adulteration 
of sugars. Nine different parameters, such as pH, reducing 
sugars, titratable acidity, and others, were used to detect 
adulteration of palm sugar [17] and trace-element finger-
prints obtained by inductively coupled plasma-mass spec-
trometry (ICP-MS) has been used to control the authentic-
ity of organic cane sugar [13]. The elemental fingerprints 
have also been used to classify honey (a matrix that consists 
mostly of sugars) on the basis of their botanical composi-
tion and geographical origin [14, 15]. Rodushkin et al. [16] 
characterised raw and refined cane and beetroot sugars using 
different analytical approaches, Atomic Emission Spectrom-
etry-Inductively Coupled Plasma (AES-ICP), mass spec-
trometry-ICP (MS-ICP), and thermal ionization MS (TIMS); 
the concentrations of most elements were higher in raw than 
in refined sugars. In the same work, IRMS is used to classify 
sugars according to their geographical origin. Processing 
has a big influence in the elemental content of sugars. Non-
centrifugal cane sugar (NCS) (also called rapadura, pan-
ela, gur, kokuto, chancaca, piloncillo, muscovado, jaggery, 
etc.) is an unrefined sugar obtained by evaporation of cane 
juice without any further processing, and it is different than 
the so-called “brown sugar” or “turbinado sugar” that are 
obtained mixing refined saccharose with sugar cane molas-
ses [17]. The concentrations of Ca, Cl, Cr, Cu, I, Fe, Mg, 
Mn, P, K, Se, Na, and Zn are significantly higher in NCS 
than in refined sugars as indicated in a review published 
on the nutritional and functional components of NCS [17].

Since coconut sugar is claimed to have a different ele-
mental content than cane sugar, elemental characterisation 
of the coconut sugars was considered a suitable option for 
authentication purposes. In contrast to ICP-MS, energy dis-
persive X-ray fluorescence (ED-XRF) allows the simulta-
neous determination of several elements without requiring 
any sample treatment other than milling and preparation of 
pellets.

In this work, the multivariate evaluation by Soft Inde-
pendent Modelling of Class Analogies (SIMCA), of the 
elemental fingerprint of coconut, cane, and beetroot sugars 
obtained by ED-XRF, was used to classify coconut sugars.

Materials and methods

Coconut, cane, and beetroot samples

Twenty-two commercially available sugars (11 coconut, 10 
cane, and 1 beetroot) were purchased in Belgian, Spanish, 
Polish, and Italian supermarkets along a year. According to 
the labels, none of the sugars had undergone a refining pro-
cess; nevertheless, differences in their colour were observed: 

five of the cane sugars were light brown in colour, while 
all the remaining sugars (coconut, cane, and beetroot) were 
dark brown. According to their respective labels, Sugar 013 
is “rapadura” and Sugar 020 is “panela”; as mentioned in 
the introduction, both terms are used to define the sugar 
obtained by evaporating the water from the juice produced 
pressing the cane without any further processing.

The beetroot sugar was produced in the EU, no infor-
mation about geographical origin was given for three cane 
sugars, four coconut sugars were produced in Indonesia, 
two cane sugars in the Antilles, and one cane sugar in Latin 
America, according to their labels. For the remaining sam-
ples, the only reference to their geographical origin was” 
Product of non-EU agriculture”.

The previously mentioned information together with 
the dates that the sugars were purchased is summarised in 
Table 1.

Sample preparation and instrumentation

ED-XRF measurements were carried out on 40 mm-diame-
ter pellets made with 5 g of sugar thoroughly mixed with 1 g 
of wax, CEREOX® (Fluxana GmbH, Bedburg-Hau) using 
a metal-free spatula. Attempts to prepare the pellets only 
with sugar without the addition of wax resulted in a non-
homogenous appearance of the sample, with a gradient of 
colour going from dark in the centre of the pellet to lighter 
close to the border. Measurements carried out on a pellet 
made only with wax showed that the mass fractions of all 
the elements used in this study for authentication purposes 
were below the quantification limits (LoQ) of the method.

An ED-XRF method previously validated for the anal-
yses of different organic and inorganic samples was used 
for the determination of P, Cl, K, Ca, Cr, Fe, Cu, Br, Rb, 
and Sr, with an Epsilon 5 ED-XRF spectrometer (PANa-
lytical, Almelo, The Netherlands). Detailed information 
about the ED-XRF instrument and the analytical method 
used, including its performance characteristics, has been 
published elsewhere [18]. To summarise, the calibration 
curves used for quantification purposes are built-up with 47 
Certified Reference Materials (CRMs), 23 out of which are 
organic matrices. The accuracy of the method was evalu-
ated using 21 CRM (10 organic and 11 inorganic matrices) 
and 4 reference materials of organic matrix. The organic 
matrices used to evaluate the accuracy of the method are: 
corn bran (BRAN-1), durum wheat flour (DUWF-1), soft 
winter wheat flour (SOWW-1), rice flour (NIST 1568b), 
brown bread (BCR-191), tobacco (PVTL-6), mussels tissue 
(ERM-CE278IK), tuna fish (ERM-CE464), skimmed milk 
(ERM-BD150), and feed (IMEP-119). Unfortunately, to the 
best of our knowledge, there is no CRM with certified values 
for elemental mass fractions in sugar. However, wheat flour, 
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rice flour, corn bran, and brown bread are good representa-
tives of matrices that consist mainly of carbohydrates.

The standard uncertainty was calculated analysing in trip-
licate three pellets in one measurement session. One pellet 
was analysed on three different measurement sessions, using 
a newly constructed calibration curve in each session. Also 
the influence of different analysts and amounts of sample 
used to prepare the pellets was studied. The main contribu-
tion to the uncertainty of the results was the within-pellet 
variation which was larger than the uncertainty due to the 
between-pellet and between-session variations. In the Epsi-
lon 5 spectrometer, the pellets spin during the measure-
ments, so that the results obtained are calculated taking into 
consideration the mass fractions in different points of the 
pellet reflecting the dispersion of results due to the hetero-
geneity within a pellet. For that reason, one pellet per sugar 
sample was measured. The expanded uncertainty (k = 2), 
given in Table 2, includes within- and between-pellet varia-
tion calculated by Analysis of Variance (ANOVA) for a con-
fidence interval of 95%.

The LoQs were empirically calculated as those mass frac-
tions for which certain trueness and intermediate precision 
were achieved.

The ED-XRF performance was checked once a week with 
the reference sample FLX-S13 (Fluxana, Bedburg-Hau). The 
ED-XRF was recalibrated every week with the mentioned 

reference sample to correct the normal drift. Tobacco is, 
among all the matrices measured to evaluate the accuracy of 
the method, the one in which more elements were certified, 
and for this reason, the CRM PVTL-6 was measured every 
week after measuring the FLX-S13 standard. No systematic 
bias was observed for any of the measured elements in the 
period of time in which the sugar analyses were carried out.

Multivariate analysis

The multivariate analysis of the data was carried out using 
the software SIMCA Version 15.0.2, Umetrics (Malmö, 
Sweden) [19].

Principal Component Analysis (PCA) was used as non-
supervised multivariate tool to evaluate whether coconut 
sugars form a cluster separated from cane and beetroot sug-
ars, based on their elemental composition.

Soft Independent Modelling of Class Analogies (termed 
PCA-Class in the SIMCA software from Umetrics) was used 
to construct models for coconut and cane sugar. A model 
for beetroot sugar could not be built up, because it was not 
possible to find more than one non-refined beetroot sugar 
commercially available. To avoid overfitting, keeping in 
mind that the amount of samples available was not large, 
the number of principal components was kept to 3.

Table 1   Information on the 
coconut, cane, and beetroot 
sugar samples analysed

ND no data

Sample id Type Colour Origin Purchased in Purchased on

Sugar 001 Coconut Dark brown Indonesia Belgium 01/03/2019
Sugar 002 Cane Light brown ND Belgium 01/03/2019
Sugar 003 Beetroot Dark brown EU Belgium 01/03/2019
Sugar 004 Cane Light brown Antilles Belgium 28/03/2019
Sugar 005 Cane Light brown Antilles Belgium 28/03/2019
Sugar 006 Cane Light brown ND The Netherlands 28/03/2019
Sugar 007 Coconut Dark brown Indonesia Belgium 28/03/2019
Sugar 008 Coconut Dark brown ND Belgium 28/03/2019
Sugar 009 Coconut Dark brown ND Belgium 28/03/2019
Sugar 010 Coconut Dark brown ND Italy 27/03/2019
Sugar 011 Coconut Dark brown ND Belgium 06/04/2019
Sugar 012 Cane Light brown ND Belgium 06/04/2019
Sugar 013 Cane (rapadura) Dark brown ND Belgium 06/04/2019
Sugar 014 Cane Dark brown ND Belgium 06/04/2019
Sugar 015 Coconut Dark brown Indonesia Belgium 27/04/2019
Sugar 016 Coconut Dark brown ND Spain 15/04/2019
Sugar 017 Coconut Dark brown ND Spain 15/04/2019
Sugar 018 Coconut Dark brown Indonesia Belgium 27/04/2019
Sugar 019 Cane Dark brown ND Spain 15/04/2019
Sugar 020 Cane (panela) Dark brown Latin America Spain 15/04/2019
Sugar 021 Cane Dark brown ND Poland 09/05/2019
Sugar 022 Coconut Dark brown ND Poland 09/05/2019
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The presence of outliers was assessed using the 
Mahalanobis distance (DModX PS+), which is the distance 
from a point to the centroid of the distribution. Samples for 
which the Mahalanobis distance was larger than Dcrit (95% 
confidence interval) were considered outliers.

PCA-Class was the supervised technique used for clas-
sification purposes. The Mahalanobis distance was used to 
detect false positives (FP) (related to the specificity of the 
approach), which are cane sugars not flagged as outliers by 
the coconut sugar model. To detect false negatives (FN) 
(related to the sensitivity of the approach), which are coco-
nut sugars flagged as outliers by the coconut sugar model, 
different PCA-Class models were constructed leaving each 
time one of the coconut sugars out and using the resulting 
models to classify the sample that had been left out.

For the construction of PCA and PCA-Class models, two 
different approaches were used: (1) to use only the mass 
fractions above the LoQ of the method, and (2) to use all 
the results as provided by the Epsilon 5 software, also those 
below the respective LoQs of the different elements.

Results and discussion

Elemental fingerprint of coconut and cane sugar

One of the reasons why the price of coconut sugar is higher 
than that of cane and beetroot sugars is the claim that it con-
tains higher levels of essential elements. The results of the 
analysis carried out in this study, Table 2, confirmed that the 
mass fractions of the quantifiable major and trace elements 
are higher in coconut sugar than in cane sugar (Student’s t 
test, 95% confidence interval). The mass fractions obtained 
for the beetroot sugar sample are also given in Table 2 for 
informative purposes, showing that its elemental composi-
tion is more similar to cane than to coconut sugar.

Some elemental mass fractions were below the LoQ 
(< LoQ) of the method. The mass fractions of P, Cu, and Br 
were < LoQ in all cane sugars and the same applies to Rb 
and Sr with the exception of one and two samples, Sugar 
013 and Sugar 020, respectively. It was also observed that 
the K mass fraction was lower in the light brown cane sugars 
than in those with a dark colour; a similar trend although not 
so marked is followed by Cl, only the Cl content in sample 
Sugar 012 was above the LoQ. Although, according to the 
labels, all samples were not refined, differences in the pro-
cessing steps, such as extraction, concentration, and crystal-
lisation, may have led to the differences in the colour of the 
sugars and also in their elemental fingerprints. This could 
also explain the relatively higher contents for most of the 
elements in samples Sugar 013 and 020 (rapadura and panela 
according to their labels), the only ones among the cane sug-
ars where Rb (in Sugar 013) and Sr (in Sugar 013 and 020) 

could be quantified. K, Ca, and Sr mass fractions in Sugar 
013 and 020 and Fe and Rb in Sugar 013 are higher than 
those reported by Rodushkin et al. [25]. The mass fractions 
found in Sugar 013 and 020 are in good agreement with the 
values reported in a review on NCS [17].

The mass fractions of the elements in the different sugar 
types are reported in Table 2; median and mean values are 
only reported if more than five samples contained quantifi-
able mass fractions. Following this approach, median and 
mean were reported only for Ca and Fe in cane sugars. For 
samples with a content < LoQ, half of the value of the LoQ 
was used to calculate median and mean. The median can be 
considered as a robust estimate of the mean, which, contrary 
to the arithmetic mean, is not strongly affected by extreme 
outliers. The element content of the coconut sugars seems 
to be normally distributed, because there is always a good 
agreement between median and mean. The same does not 
apply to cane sugar for which there is a large difference 
between median and mean, reflecting a more random distri-
bution of the mass fractions among different samples.

Other elements such as Mg, S, Mn, Ni, Zn, As, Cd, Ba, 
and Pb were also measured, but are not included in Table 2, 
because either the mass fractions were < LoQ for all sam-
ples, or were quantifiable in only one or two samples of all 
those analysed.

An easy way to classify coconut and cane sugars would 
be the use of cut-off values, at least for those elements that 
could not be quantified in any of the cane sugars, such as P, 
Cu, and Br; the respective LoQs would be suitable cut-off 
values (171, 1.2, and 1.7 mg kg−1, respectively). The mass 
fraction range of Rb in cane sugars and in coconut sugars 
did not overlap, but could be quantified in some cane sugars; 
the cut-off value for Rb could be fixed dividing by two the 
difference between the lowest Rb content in coconut sugars 
and the highest in cane sugars (cut-off value of 20 mg kg−1). 
Nevertheless, the use of cut-off values would not allow 
detecting coconut sugars to which a certain amount of cane 
sugar had been added, given that the amount added is small.

To include in the classification process the mass fractions 
of all the elements that could be detected in coconut sugars, 
multivariate analyses were used.

Classification studies using a chemometric approach

The larger differences in the elemental fingerprints of coco-
nut and cane sugars supported the idea that they can be used 
for classification purposes. PCA is a way to reduce the num-
ber of variables, i.e., the mass fractions of the ten elements 
scrutinised, to a smaller number of principal components 
that preserve the available information.

One of the problems of the present study could be the 
rather small amount of samples included in the study. The 
impact of small sample size in chemometrics has been 
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studied [20] and there are methods available to calculate 
the minimum amount of samples to be used in PCA in some 
specific fields [21]. The amount of samples recommended 
to validate a method is 30–50 [22]. According to the devel-
opers of the software used, PCA can accept situations in 
which observations > variable, observations < variables, and 
observations = variables (square matrices) [31]. In this study 
both, the amount of observations (22) and of variables (10) 
is small, with a ratio observation/variable of 2.2. It seems to 
be generally accepted that a ratio of 10 is optimal, but since 
the study was conducted on commercially available samples, 
it was difficult to find such a large amount of sugar samples 
from different brands. Samples of the same brand when pur-
chased at different locations, even if in different countries, 
could just be representatives of one single batch of sugar 
distributed to different retailers. The number of observations 
would be artificially high and the standard deviation of the 
model artificially low. Although the performance character-
istics of the method would be good, the model could fail to 
classify any sample not belonging to that batch. A similar 
problem would occur with models constructed with genuine 
samples obtained from one single producer in the country 
of origin.

Initially, only mass fractions above the LoQ of the 
concerned elements were used in the construction of the 
PCA models. Paradoxically, the intrinsic large differences 
between the fingerprints of the two populations jeopardised 
the proper classification of coconut sugars samples using 
multivariate analysis. The large number of cane sugar sam-
ples where most of the mass fractions of most elements was 
less than the LoQ hampered the creation of PCA models 
due to the lack of numerical information (missing values). 
For that reason, the results as provided by the Epsilon 5 
software, even if < LoQ, were used to build up the models, 
since they would be representative of the variability within 
the samples, although not fit for strict quantitative purposes.

Figure 1 shows the PCA score plot obtained for all the 
sugar samples included in this study, where two perfectly 
separated clusters can be observed for the coconut and cane 
sugar populations. The beetroot sample clusters together 
with the cane sugars. Further studies were, hence, run using 
all the results, including those < LoQ.

No outliers in any of the two models (coconut and cane) 
were found by making use of the Mahalanobis distance as 
described in Sect. 2.3, and all of them were used for further 
class modelling. However, Sugar 013 and Sugar 020 were 
projected away from the rest of the cane sugars; this was 
expected considering their elemental profile, as described 
in Sect. 3.1. The mass fractions of most elements in those 
two samples were much higher than in the other cane sug-
ars although lower than in the coconut sugars. As discussed 
above, this could be due to some differences in the process-
ing of the sugar during manufacturing. Other factors that 

could explain this behaviour, such as the geographical ori-
gin, could not be evaluated, because the geographical origin 
of Sugar 013 was not indicated on the label. Sugar 020 was 
produced in “Latin America”, but the information about the 
specific country was not available.

The appropriateness of the PCA-Class models to separate 
the coconut and cane sugars was confirmed by the lack of 
false positives. All cane sugars and the beetroot sugar had 
a DModX PS + higher than the Dcrit of the coconut sugar 
model and were, therefore, flagged as outliers of that popu-
lation, Fig. 2, indicating that the specificity of the model is 
100%.

The sensitivity of the PCA-Class models was evaluated 
as mentioned in Sect. 2.3. Eight samples out of the eleven 
were properly classified as coconut sugar, corresponding to 
a specificity of 72.7%. Sugars 010, 011, and 018 could not 
be classified, neither as coconut nor as cane sugar. Figure 3 
shows the PCA-class score plot of the coconut sugars and 
it can be seen that, although not flagged as outliers by the 
Mahalanobis distance, the three samples are projected sepa-
rated from the rest.

The low concentrations of Ca and Sr in Sugar 010 and of 
Br and Rb in Sugar 011 are very likely the cause of the prob-
lem. The mass fractions of the other elements were in good 
agreement with those of the other coconut sugars, although 
the content of K in Sugar 010 was the lowest in the popula-
tion. Neither the label information nor the visual observation 
of the sample helped to explain the mentioned differences in 
elemental content in those two samples.

Sugar 018 was an interesting case, as the mass fractions 
of all elements were above the respective LoQs, but when 
examined in detail, the P, Cl, K, Ca, and Cu contents were 
lower than in the other coconut sugars, even when consider-
ing the expanded measurement uncertainties associated with 
the results [18]. The mass fractions for the other elements 

Fig. 1   PCA score plot for all sugar samples included in this study: 
coconut, cane and beetroot sugar
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followed the same trend but not when taking the expanded 
uncertainties into considerations. Figure 4 shows a compari-
son of the mass fractions in Sugar 018 and the mean of the 
coconut sugar population. Such a systematic trend could be 
due to a mixture of coconut sugar with a different type of 
sugar.

Just on the basis of the elemental fingerprints, it is not 
possible to elucidate if the three samples that could not be 
classified are false negatives resulting from a poor fit of 
the model or cases of fraudulent substitution of coconut 
sugar by a cheaper one.

Unfortunately, little information about the geographical 
origin of the coconut and cane sugars analysed was provided 

on the labels. Coconut palm grows in the cost of Indian and 
Pacific oceans and, according to the Dutch Ministry of For-
eign Affairs, the main suppliers of coconut sugar are Indo-
nesia, the Philippines, and Thailand [23]. The production of 
sugar cane is more distributed around the world, Brazil being 
the main producer followed by India, China, and Thailand 
[24]. As indicated in the Materials and methods section, 
four coconut sugars came from Indonesia and two cane sug-
ars were produced in Antilles and one in “Latin America”, 
but no information about the exact production region was 
provided for the remaining ones. Strictly speaking, the two 
clusters observed in Fig. 1 could be due to the geographi-
cal origin (Asia vs America) more than to the type of sugar 

Fig. 2   Result of false positive 
test based on the Mahalanobis 
distance, DModX PS+. Num: 
identification number of the 
sample

Fig. 3   PCA-class score plot for 
the coconut sugars
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(coconut vs cane). Nevertheless, the differences in elemental 
composition are too large to be exclusively due to a differ-
ent geographical origin. Rodushkin et al. [25] reported the 
normal ranges for 63 elements, in a set of cane and beetroot 
sugars of different geographical origin, and used carbon 
isotopic ratios to classify the sugar samples on the basis of 
their origin. The concentrations in coconut sugar found by 
ED-XRF are clearly outside those ranges. The geographical 
origin could have an impact of some elements not related 
to the composition of the soil but to other factors. Waheed 
et al. [25] report Br values in NCS and brown cane sug-
ars from Pakistan of 4.54 and 5.88 mg kg−1, respectively, 
attributing this relatively high Br content to the use of Br-
containing fumigants. In this work, similar Br contents were 
found in all coconut sugars, while the Br mass fractions in 
cane and beetroot sugars were always below the LoQ of 
the method (1.7 mg kg−1). This could be due to the use of 
the mentioned fumigants in some regions but not in others. 
Some of the issues previously discussed could be solved 
including “certified” genuine coconut, cane, and beetroot 
sugars together with the commercially available ones. Ide-
ally, genuine samples should come from the main producing 

countries (Indonesia, Philippines, and Thailand) and from 
other countries in the coastal Pacific region, for instance 
Central and South American countries. In addition, genuine 
samples from the different producing regions within each 
country should also be included to cover the maximum vari-
ability among genuine samples. Commercially available 
samples must also be included in the models to incorpo-
rate changes during transport and storage under different 
conditions. Unfortunately, most control laboratories do not 
have access to such a broad amount of genuine samples. 
The use of commercially available sugars purchased in dif-
ferent countries, from different brands, and purchased along 
a year, could be a way to incorporate into the models the 
large variability expected in this type of food commodity. 
For all the mentioned reasons, it was considered that the 
selected set of samples would fulfil the requirements of our 
feasibility study.

Conclusions

This work, although purely observational due to sampling 
from retail outlets instead of using samples with docu-
mented traceability for building the statistical models, has 
demonstrated the potential of elemental fingerprinting to 
authenticate coconut sugar. To make the approach fit for 
official control purposes, a higher number of samples 
would contribute to a better coverage of the natural varia-
tion in elemental composition of coconut sugars, including 
geographical origin, production techniques, and year of 
production. This would very likely increase the sensitiv-
ity of the approach reducing the amount of false negatives 
and/or of samples that cannot be classified.

ED-XRF is a suitable technique for the authentication 
of coconut sugar, because it has the sensitivity required 
to analyse many of the essential elements P, Cl, K, Ca, 
Fe, Cu, Br, Rb, and Sr in coconut sugar. The lack of sen-
sitivity to detect most of the mentioned elements in cane 
sugar, and seemly in beetroot sugar although more sam-
ples in this category should be analysed to confirm this 
hypothesis, makes this method particularly suitable for 
the purpose of detecting substitution of coconut sugar by 
cane sugar. A coconut sugar in which the mass fractions 
of several of the elements mentioned are either below the 
LoQ of the method or outside the normal range should 
be considered suspect and if deemed necessary undergo 
further, more elaborated/specific tests. As hardly any sam-
ple treatment is needed, ED-XRF analysis in combination 
with statistical data treatment would be a good screen-
ing method for authentication/classification of coconut 
sugar, being an attractive alternative to IRMS. Many 
control laboratories have experience in the analysis of 

Fig. 4   Comparison of the mass fractions of the different elements 
in Sugar 018 with the mean of the coconut population: a P, Cl, K, 
Ca and b Fe, Cu, Br, Rb and Sr. The error bars correspond to the 
expanded uncertainty. The mass fractions in Sugar 018 as % of the 
mean of the population are indicated on top of the Sugar 018 series
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major and trace elements and could easily implement the 
method described. ED-XRF analysis can be carried out 
with hand-held devices, making it very competitive from 
an economic point of view.
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