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ATOMIC PERSPECTIVES

Applications of Micro X-Ray 
Fluorescence Spectroscopy in  
Food and Agricultural Products

In recent years, advances in X-ray op-
tics and detectors have enabled the 
commercialization of laboratory µXRF 
spectrometers with spot sizes of ~3 to 
30 µm that are suitable for routine im-
aging of element localization, which 
was previously only available with 
scanning electron microscopy (SEM-
EDS). This new technique opens a 
variety of new µXRF applications in 
the food and agricultural sciences, 
which have the potential to provide 
researchers with valuable data that 
can enhance food safety, improve 
product consistency, and refine our 
understanding of the mechanisms 
of elemental uptake and homeosta-
sis in agricultural crops. This month’s 
column takes a more detailed look at 
some of those application areas.
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Food and agricultural prod-
ucts are important contributors 
to human health, and the ele-

mental composition of these products is 
a critical determinant of plant yield, prod-
uct quality, marketability, and nutritional 
value. Accurately analyzing the elemental 
composition of these products is essen-
tial for optimizing agricultural practices 
and ensuring the safety and quality of 
food products. X-ray fluorescence (XRF) 
spectroscopy is a powerful tool for ele-
mental analysis in agricultural and plant 
sciences due to its ease of use and ability 
to provide quantitative or semi-quantita-
tive analysis of solid materials. The non-
destructive nature of XRF analysis allows 
the determination of elemental compo-
sition while preserving sample integrity 
including the analysis of live plants (1).

XRF spectroscopy is based on the 
ejection of an inner orbital electron by 
an incident X-ray, resulting in an elec-
tron hole that is subsequently filled by 
an electron from a higher energy orbital. 
This results in the fluorescent emission 
of element specific characteristic X-
rays which can be detected by either 
an energy dispersive or wavelength 
dispersive spectrometer, yielding infor-
mation on the elemental composition 
of the specimen. Significant advances 
in X-ray optics and detectors have fa-
cilitated the commercialization of labo-
ratory micro XRF (µXRF) spectrometers 

(2). These instruments offer spot sizes in 
the ~3 to 30 µm range, enabling routine 
imaging of element localization within 
samples. Such non-destructive high-
resolution elemental mapping could 
previously only be achieved on relatively 
small areas using scanning electron mi-
croscopy with energy dispersive spec-
troscopy (SEM-EDS), or by using µXRF 
beamlines at synchrotron facilities. The 
development of laboratory scale µXRF 
spectrometers allows for application 
across various research and industrial 
settings. The capability to collect data 
on element distribution from large and 
hydrated samples such as intact plants, 
with performance approaching that of 
synchrotron beamlines, opens a variety 
of new µXRF applications in food and 
agricultural sciences (3). These advance-
ments offer a new tool to enhance ag-
ricultural productivity, food safety, and 
nutritional quality.

Micro-XRF spectroscopy can be uti-
lized to ensure the quality of food prod-
ucts by detecting and quantifying both 
essential and trace elements. While bulk 
analysis techniques such as inductively 
coupled plasma mass spectrometry 
(ICP-MS), optical emission spectroscopy 
(ICP-OES), and conventional XRF analysis 
are well established, these techniques do 
not provide localized spatial information. 
This capability is crucial for verifying nutri-
ent distribution and ensuring compliance 
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with regulatory standards. The accurate 
measurement of elements such as iron, 
calcium, and zinc in food products can 
help manufacturers ensure that products 
meet nutritional guidelines. This tech-
nique is also potentially useful in identi-
fying specific sources of adulteration in 
food products, which is vital for maintain-
ing the integrity of food supply chains and 
protecting consumer health (4). Adultera-
tion can occur intentionally (such as the 
addition of cheaper ingredients to reduce 
costs or inorganic pigments to improve 
color), or unintentionally (through contam-
ination during production or storage). The 

screening of food packaging materials for 
toxic elements such as lead or cadmium 
which may leach into food products can 
ensure the safety of packaging materials.

The imaging capability of µXRF allows 
for quantification or semi-quantification 
of element concentrations, but more 
importantly spatial localization which is 
useful for crop diagnostics (5). The abil-
ity to image the distribution of elements 
within live plant tissue provides new in-
sights into the mechanisms of elemental 
uptake and homeostasis (6). This knowl-
edge is essential for developing strate-
gies to enhance nutrient efficiency and 

mitigate the accumulation of toxic ele-
ments in crops. Micro-XRF can reveal the 
localization of beneficial elements, such 
as calcium, which is important for prevent-
ing disorders like blossom-end rot or to 
detect potentially toxic elements, such as 
cadmium in vegetables (7). The objective 
of this work was to evaluate the efficacy 
of µXRF for elemental imaging in realistic 
samples and to demonstrate its perfor-
mance in applications relevant to food 
and agricultural products.

Experimental
Samples and Sample Preparation
Samples of food and plant materials were 
obtained from retail grocery outlets in 
Northern Michigan. Samples generally 
required no additional preparation steps 
for analysis except as follows: Samples 
were placed either directly on the sample 
stage with a layer of anti-slip material (foam 
shelf liner; tortilla chip, wheat cracker and 
applesauce cup), or placed on polyethyl-
ene terephthalate (PETE) film (“acetate 
film”) supported on a 3D printed frame 
to reduce x-ray scattering from the stage 
(cucumbers, food packaging, and tomato 
leaf). The cucumber samples were secured 
to the acetate with LDPE “cling wrap” prior 
to analysis to prevent drying. Tomato (So-
lanum lycopersicum) leaves were harvested 
from plants grown from seed in the Lake 
Superior State University (LSSU) green-
house and were ~4 weeks old at the time 
of harvest. Evaporation during imaging was 
reduced by covering leaves in 3 µm mylar 
film (Fisher Scientific) and completed within 
~2 hours of harvest. Other samples were 
imaged in air, and dry (vacuum stable) sam-
ples were imaged under vacuum (pressure 
= 2 mbar). Lead(II) chromate used for adul-
teration of cinnamon was purchased from 
Fisher Scientific. 

Instrument Configuration
Elemental imaging by µXRF spectros-
copy was conducted with an M4 Tornado 
Plus spectrometer (Bruker Nano GmbH). 
The spectrometer was equipped with a 
primary source consisting of a rhodium 
anode with polycapillary optics yielding 
an X-ray spot size of ~20 µm, and a sec-
ond X-ray source consisting of a micro-
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Figure 1: Processed Grain Products. Element maps of (a) tortilla chip, and (b) wheat cracker. 

 

Figure 2: Cucumbers. Three different treatments of cucumber fruit slices. (a) Visible light image 
of (from left to right) a freshly slice cucumber, a peeled & vinegared cucumber prepared for a 
salad, and a slice from a whole commercial pickle. (b) µXRF element distribution of potassium 
and calcium in the cucumber fruit slices from (a). (c) Chlorine element map. (d) Sulfur element 
map. (e) Zinc element map. 
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FIGURE 1: Processed grain products. Element maps of (a) tortilla chip, and (b) 
wheat cracker.
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FIGURE 2: Three different treatments of cucumber fruit slices. (a) Visible light 
image of (from left to right) a freshly slice cucumber, a peeled & vinegared cu-
cumber prepared for a salad, and a slice from a whole commercial pickle; (b) 
µXRF element distribution of potassium and calcium in the cucumber fruit slices 
from (a); (c) chlorine element map; (d) sulfur element map; (e) zinc element map.
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focus tungsten anode and variable colli-
mator optics (0.5–4.5 mm). Fluorescence 
x-rays were detected using twin 60 mm2 
silicon drift detectors equipped with light 
element windows, enabling the detec-
tion of the carbon Kα peak at 0.277 keV 
when imaging under a vacuum or helium 
atmosphere. The stage accommodates 
samples weighing up to 7.5 kg and has a 
scan area of 16 x 19 cm (larger samples 
can be accommodated, so long as they 
don’t collide with the interior housing dur-
ing scanning). Peak identification, spectral 
deconvolution, and image processing was 
performed using the instrument software 
(M4 Esprit, Standard).

Results and Discussion
Food Quality Control & Effects  
of Processing on Nutrients
Consumer preference for nutritious food 
of uniform quality has resulted in food 
manufactures devoting significant at-
tention to consistency of product aroma, 
flavor, texture, and appearance. For prod-
ucts where the elemental distribution af-
fects product quality, µXRF offers unique 
advantages over conventional techniques 
for bulk analysis, as it offers insights on the 
element distribution of food components. 
One example where µXRF is particularly 
useful is imaging the distribution of salt 
within food products. Figure 1 shows the 
distribution of salt within a tortilla chip 
and a wheat cracker by mapping the Cl 
Kα (red). In the case of the wheat cracker, 
salt grains are relatively coarse and dis-
tributed at a relatively low density. The 
tortilla chip, by contrast, contains sig-
nificantly smaller grains, distributed at a 
higher spatial density. Both the tortilla 
chip and the wheat cracker also show 
distinct iron rich regions, with the tortilla 
chip also showing potassium/calcium rich 
regions (refer to Figure 1 for color codes). 
Given the nutritional importance of these 
elements, understanding the distribution 
and homogeneity of these elements may 
yield additional insights on the effects of 
food processing on nutrient distribution.

Additional examples of how µXRF can 
be utilized to understand the effects of 
food processing on nutrient distribution 
are illustrated in Figures 2 and 3. Figure 2 

 

 

 

 

 

 

 

 

 

 

 

Figure 3: Bananas. Two µXRF images of banana slices. (a) Image shows nutrient distribution in 
a freshly sliced banana, while (b) the image on the right is a commercially prepared banana chip. 
Three primary nutrients are displayed in each (silicon, phosphorus, and potassium).  
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FIGURE 3: Bananas. Two µXRF images of banana slices. (a) Image shows nutri-
ent distribution in a freshly sliced banana, while (b) the image on the right is a 
commercially prepared banana chip. Three primary nutrients are displayed in 
each (silicon, phosphorus, and potassium). 

FIGURE 4: Adulteration of cinnamon in applesauce. Commercial ground cin-
namon was purposely adulterated with 5000 µg/g lead(II) chromate. (a) Vis-
ible light image; (b) element map (Rh source) of Ca (green), Cr (red), and Pb 
(blue); (c) spectrum (Rh source) showing characteristic fluorescence peaks for 
Ca, Cr, and Pb (+ Kα, ++ Kβ, # Lα, ## Lβ); (d) spectrum (Rh source) of unadul-
terated cinnamon demonstrating that Cr and Pb are not detected.
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illustrates the differences in the elemen-
tal distribution resulting from the pickling 
process. In the fresh cucumber slice (Fig-
ure 2b), calcium is concentrated in the 
outer epidermal layers, along the vascular 
network, and in the ovule. Potassium, on 
the other hand, is abundant in the tissue 
immediately below the peel and is con-
centrated in the locular tissue surrounding 
the ovules. In both wet treatments, this 
localization is lost;, however the calcium 
chloride found in pickling salts has clearly 
permeated the tissue in the pickled slice. 
The impacts of the calcium chloride is 
even more evident in the chlorine map 
(Figure 2c), where the element is virtually 
absent in the first two treatments. Figure 
2d shows the sulfur distribution, while 
Figure 2e shows the zinc distribution. 
These two elements show the same de-
localization of nutrients occurring during 
processing as indicated in Figure 2b (refer 
to Figure 2 for color codes).

Clear differences between a fresh ba-
nana and the commercial banana chip were 
observed (Figures 3a and 3b), particularly 
with regard to the silicon distribution. In the 
banana chip, the silicon distribution is con-
centrated in the central region, while silicon 
appears to be distributed more uniformly 
throughout the fresh banana slice. Possi-

ble explanations include alterations of the 
silicon distribution during the dehydration 
process or potentially the use of silica as a 
desiccant or anti clumping agent (no silica 
addition was indicated in the label ingredi-
ents). Additionally, it is also clear that cal-
cium is enriched in the banana peel, which 
is typically discarded in common practice, 
relative to the fruit. 

Food Adulteration
The presence of potentially toxic elements 
in food is an ongoing concern, whether in-
troduced through natural processes or in-
tentionally added. While some foods have 
long been recognized as a dietary source 
of elements sufficient to result in a public 
health risk (such as mercury in fish), in recent 
years a number of additional foods have 
been a source of concern. For example, in 
2016 the U.S. Food and Drug Administration 
issued a risk analysis suggesting that expo-
sure the arsenic from rice, a common ingre-
dient in baby food, significant increased 
lifetime risk of bladder and lung cancers, 
and may constitute a public health concern 
(8). In addition to exposure from naturally 
occurring elemental impurities in foods, 
additional food safety risks may occur due 
to the intentional economic adulteration of 
foods. A recent example was the discovery 

of lead chromate in cinnamon, first identi-
fied in cinnamon applesauce in 2023 (9). The 
resulting investigation identified cinnamon 
containing lead concentrations as high as 
5100 µg/g, and 1200 µg/g, of chromium, 
and the recall of numerous cinnamon apple 
sauce products in March, 2024 (10). 

As a demonstration of how µXRF 
might be used to detect adulteration 
in food products, commercial cinna-
mon was purposely adulterated with 
lead chromate (~5000 µg/g) and added 
to a commercial plain applesauce cup 
for elemental imaging (Figure 4). Lead 
(blue) and chromium (red) were readily 
detected in the adulterated applesauce 
and are clearly associated with the cin-
namon. Calcium (green) was also highly 
enriched in the cinnamon relative to 
the applesauce, and the elemental im-
ages show that the lead chromate was 
not completely homogenous within the 
cinnamon despite vigorous manual mix-
ing. Spot analysis on the cinnamon was 
subsequently performed using both the 
Rh source with polycapillary optics and 
the tungsten source with the 4.5 mm col-
limator (60 s live time, Figures 4c and 4d), 
and both spectra showed clear lead and 
chromium peaks with excellent signal to 
noise, confirming adequate sensitivity 
under both sets of analytical conditions.

While bulk analysis techniques such 
as ICP-MS and ICP-OES should have suf-
ficient sensitivity to readily identify the 
lead and chromium contamination in 
this example, information on their spatial 
distribution would have been lost in the 
sample preparation/digestion process, 
potentially delaying the identification of 
the cinnamon as the adulterated com-
ponent. Further, as µXRF imaging is non-
destructive, the same sample could have 
been subsequently analyzed by additional 
techniques following imaging, whereas 
utilizing plasma spectroscopy techniques 
first would have precluded further spatially 
resolved analysis.

Identification of Elemental 
Components in Food Packaging
Food packaging is a necessary component 
of many commercial food items, and can 
provide significant benefits with respect to 

Figure 5: Candy wrappers. Elemental pigments and packaging material in food packaging. (a) 
Visible light image of a lollipop wrapper. (b) Element map of the lollipop wrapper. (c) Visible 
light image of a foil wrapper from a holiday chocolate candy. (d) Element map of the foil 
wrapper. 
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FIGURE 5: Candy wrappers. Elemental pigments and packaging material in 
food packaging. (a) Visible light image of a lollipop wrapper; (b) element map 
of the lollipop wrapper; (c) visible light image of a foil wrapper from a holiday 
chocolate candy; (d) Element map of the foil wrapper.
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preservation of product quality as well as 
improving consumer appeal. Nonetheless, 
packaging components must be selected 
with care, as they have the potential to 
contribute to exposure to potentially toxic 
elements through various routes includ-
ing migration into foods under certain 
conditions, hand to mouth transfer, and 
the potential of young children to chew on 
packaging materials (11). A particular risk 
is the potential use of inorganic pigments 
in packaging materials, especially in foods 
which may be consumed by children. While 
plasma spectroscopy techniques such as 
ICP-MS and ICP-OES are able to detect 
inorganic components such as pigments 
with high sensitivity, sample preparation 
and digestion is sometimes challenging 
for some packaging materials, and loss of 
spatial information may confound attempts 
to understand the source of contamina-
tion. For these applications, µXRF imaging 
proves to be advantageous.

Packaging materials for two food items 
(candy) that are likely to be consumed by 
children were analyzed by µXRF (Figures 
5a–5d). The first item was a hard candy 
lollipop with a wax paper wrapper, and 
the second was a chocolate holiday candy 
with a foil wrapper. In both candies, the 
use of metal containing pigments was 
readily identified based on the correla-
tion between metal distributions and the 
printed images. In both candies, vivid 
blue colors correlate to copper distribu-
tion, suggesting the use of copper based 
pigments. Similarly, white colors correlate 
with titanium distribution, suggesting the 
presence of titanium(IV) oxide (titanium 
white), a ubiquitous white pigment. In the 
case of the foil wrapper, aluminum was 
distributed uniformly throughout, con-
sistent with an aluminum foil base as ex-
pected (refer to Figure 5 for color codes). 
Fortunately neither sample was found to 
contain pigments that might pose a high 
degree of risk such as lead chromate or 
cadmium yellow (cadmium (II) sulfide), 
but the relative ease of assigning ele-
ments with visual pigments makes µXRF 
imaging well suited to screening food 
packaging for potentially toxic elemen-
tal components, even in the case of the 
wax coated papers, which could prove 

challenging for other elemental imaging 
techniques such as scanning electron 
microscopy with energy dispersive X-ray 
spectroscopy (SEM-EDS).

Element Localization  
in Agricultural Plants
In conventional agricultural systems, crop 
yields are strongly affected by the avail-
ability of soil nutrient elements such as the 
macronutrients nitrogen, potassium, and 
phosphorus and various micronutrients 
such as calcium, iron, and manganese. Con-
versely, the presence of excess micronutri-
ents or hazardous elements such as arsenic, 
lead, or cadmium may induce plant stress, 
reducing yields, and potentially rendering 
agricultural products unfit for consumption 
(12). Thus, a detailed understanding of the 
mechanisms that control elemental uptake 
and homeostasis is critical to maximizing 
crop yields and improving the sustainability 
of agricultural systems. Additionally, some 
plants show tolerance to elevated concen-
trations of potentially toxic elements and 

the ability to accumulate elevated concen-
trations, leading to growing interest in their 
application to phytoremediation of contam-
inated soils. From an economic perspective, 
identifying suitable species that efficiently 
accumulate elements of interest while still 
yielding usable biomass products or from 
which the elements can be recovered (“phy-
tomining”), would significantly reduce the 
financial resources required to remediate 
contaminated sites. In each of these ap-
plications, the ability of µXRF imaging to 
provide information on the localization of 
elements within plant tissues can provide 
significant insights into the underlying 
mechanisms that affect element transloca-
tion and plant stress responses. 

To investigate the distribution of key 
plant nutrient elements in juvenile tomato 
leaves, a freshly harvested leaf was ana-
lyzed by µXRF under atmospheric condi-
tions (Figures 6a and 6b). Results showed 
that calcium (blue) was distributed 
throughout the leaf tissue, while potas-
sium (red) was localized at higher concen-

 

Figure 6: Intact Tomato Leaf. (a) A freshly picked leaf compared to (b) the µXRF image of the 
same leaf demonstrates the distribution of three major plant nutrients: potassium, manganese, 
and calcium. The µXRF image also clearly demonstrates the mobilization and redistribution of 
nutrients in response to damage (circled in both (a) & (b). 
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FIGURE 6: Intact tomato leaf. (a) A freshly picked leaf compared to (b) the 
µXRF image of the same leaf demonstrates the distribution of three major 
plant nutrients: potassium, manganese, and calcium. The µXRF image also 
clearly demonstrates the mobilization and redistribution of nutrients in re-
sponse to damage (circled in both [a] & [b]).
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trations within the veins. Conversely, man-
ganese (green) was concentrated within 
the leaf tips and the margins. The leaf 
selected also contained a lesion (orange 
circle), with potassium concentrated at its 
margin, which suggests the involvement 
of potassium in plant response to tissue 
damage. Additionally, this data further 
demonstrates that caution must be used 
when using portable XRF instruments for 
in situ element monitoring, as the selec-
tion of analysis location may significantly 
impact results due to tissue localization. 

Conclusion
The ability to perform high-resolution 
elemental imaging in the laboratory pro-
vides valuable data that can enhance food 
safety, improve product consistency, and 
deepen our understanding of elemental 
uptake and homeostasis in crops. By pro-
viding detailed insights into the elemental 
composition of food and agricultural prod-
ucts, µXRF supports efforts to enhance 
nutritional value, prevent contamination, 
and improve crop yields. As this emerg-
ing technology becomes more accessible 
to the fields of agricultural science, new 
and novel uses will continue to be devel-
oped. These applications will likely open 
currently unforeseen avenues of research 
and applications that improve the sustain-
ability of agricultural systems.
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