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Abstract  26 

Rice is a staple food for over half the world's population. This study uniquely 27 

investigates the spatial distribution of key micronutrients (Cu, Mn, Fe, Zn) in cooked 28 

brown, white, and parboiled rice using Synchrotron Micro-X-ray Fluorescence 29 

(sXRF) for the first time. Complementary analysis with Inductively Coupled Plasma 30 

Mass Spectrometry (ICP-MS) validates bulk elemental concentrations. Results from 31 

this dual-approach study reveal significantly higher micronutrient concentrations in 32 

brown rice compared to white or parboiled rice, with nutrients predominantly 33 

localised in the peripheral layers and minimal presence in the endosperm. Notably, 34 

sXRF imaging identified nutrient-rich pockets within the grain periphery, offering new 35 

perspectives on nutrient distribution beyond peripheral accumulation. Additional 36 

insights include the impact of rice section thickness (50 and 150 µm) and beam dwell 37 

times (0.5 and 30s) on sXRF sensitivity and resolution, highlighting trade-offs in 38 

detection capabilities, advancing our understanding of micronutrient localisation in 39 

cooked rice.  40 

 41 

 Keywords: Rice, Nutrient elements, X-ray fluorescence, Synchrotron, Spectroscopy 42 

  43 
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 1.     Introduction  44 

Rice (Oryza sativa L.) supplies up to 70% of the energy requirements for more than 45 

half the global population (Bin Rahman & Zhang, 2023; International Rice Research 46 

Institute, 2013). Currently, global rice production is ~540 million tonnes, and 90% of it 47 

is produced and consumed in Asia (FAO, 2025; OECD, 2015) as white (polished) or 48 

parboiled white rice. Parboiled rice is produced by soaking, steaming, and drying the 49 

harvested grains before milling and polishing (Balbinoti et al., 2018). On the other 50 

hand, brown rice – consisting of the whole (unpolished) grain, which includes the 51 

bran layer – is nutritionally superior (Menon et al., 2024; Saleh et al., 2019) and has 52 

a lower Glycaemic index than white rice (Chang et al., 2014; Kaur et al., 2016).  53 

 54 

The nutrient element concentration of rice varies depending on the rice type (Antoine 55 

et al., 2012; Menon et al., 2022; Pinto et al., 2016) with brown rice (raw or cooked) 56 

shown to be richer in nutrient elements including P, K, Mg, K, Fe, Zn and Mn when 57 

compared to white or parboiled rice. Cooking can significantly affect the stability and 58 

distribution of trace elements within the grain due to water ingress, grain rupture and 59 

gelatinisation. Studies have reported changes in total elemental concentrations in 60 

rice, influenced by rice type and cooking method, primarily determined by Inductively 61 

Coupled Plasma Mass Spectrometry (ICP-MS) (Gray et al., 2015; Menon et al., 62 

2021, 2024). These studies showed a post-cooking loss of nutrients such as P, K, 63 

Mg, Fe, Mn, Cu and Mo, along with toxic elements such as As, depending on the 64 

cooking method and rice type used. Specifically, studies also show that absorption-65 

based cooking methods minimise the loss of nutrients when compared with excess 66 

water-based cooking methods because, in the former, no water is discarded during 67 
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or after the cooking process. Also, these studies consistently showed better retention 68 

of nutrient elements in brown rice compared to white or parboiled rice.  69 

Wet lab analysis methods, such as ICP-MS, can be used to quantify total nutrient 70 

element concentrations in homogenised (powdered and acid-digested) rice samples, 71 

but these methods do not provide information about the distribution of elements 72 

within the grain. Knowing the spatial distribution of micronutrients in rice is crucial for 73 

tackling malnutrition (Welch & Graham, 2004, 2005). This is especially pertinent in 74 

regions that depend heavily on polished white rice (Dipti et al., 2012) as the milling 75 

process removes the nutrient-rich bran layer and germ, significantly reducing 76 

essential nutrients such as iron (Fe) and zinc (Zn). Identifying nutrient locations 77 

within the grain (e.g., aleurone layer, the embryo, starchy endosperm) could support 78 

biofortification efforts to enhance micronutrient content in the edible portion (White & 79 

Broadley, 2009). This knowledge could also be applied to inform crop and yield 80 

improvement strategies, such as identifying rice genotypes that efficiently take up 81 

and translocate micronutrients to the grain or optimising agronomic practices for 82 

better nutrient quality (Cakmak, 2008). 83 

Furthermore, the bioavailability of nutrients is influenced by both their location, 84 

chemical form and the presence of antinutrients such as phytates. Therefore, 85 

understanding the spatial distribution of nutrients enhances our comprehension of 86 

the absorption kinetics of trace elements (Goff, 2018). Specifically, the proportions of 87 

trace elements absorbed in the duodenum and ileum differ from those absorbed in 88 

the colon. Nutrients situated more superficially or migrated into the endosperm are 89 

more likely to be absorbed in the small intestine, whereas those retained in the bran 90 

after cooking are more likely to be absorbed in the colon. Research indicates that 91 

bran undergoes fermentation and breakdown in the colon, supporting the argument 92 
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that phytate-bound trace elements within bran are released during this process and 93 

subsequently absorbed (Nealon et al., 2019; Yilmaz & Li, 2018).  94 

Additionally, rice can accumulate toxic elements like As and Cd, posing food safety 95 

risks (Menon et al., 2020; Shi et al., 2020; Williams et al., 2007). Identifying the 96 

spatial distribution of these contaminants within the grain helps in developing 97 

strategies to mitigate risks and breed rice varieties that either exclude or 98 

compartmentalise these toxic elements in non-edible or discarded parts. 99 

 100 

Qualitative and quantitative high-resolution imaging methods can be used to map 101 

nutrient element spatial distributions, provided such elements are present in 102 

sufficient (i.e. detectable) quantities. Unlike wet lab methods, these imaging 103 

techniques can be performed with minimal or no damage to the original sample. For 104 

instance, previous researchers have used nanoscale secondary ion mass 105 

spectroscopy (nano SIMS) to analyse cereal grains (Moore et al., 2010; Wang et al., 106 

2022). In contrast, others have used synchrotron-based micro X-ray fluorescence 107 

(sXRF) in rice, but these studies were limited to uncooked, unhusked or unpolished 108 

rice grains (Limmer et al., 2023; Lombi et al., 2009; Meharg et al., 2008; Mihucz et 109 

al., 2010; Oli et al., 2016). A significant gap, therefore, exists in the understanding of 110 

nutrient element distributions within cooked rice grains. Specifically, no studies have 111 

employed synchrotron-based X-ray fluorescence (sXRF) to investigate elemental 112 

distributions in cooked rice. This method can also provide detailed insights into the 113 

effects of nutrient diffusion during parboiling or cooking. 114 

 115 

Therefore, this study aims to bridge this gap by applying sXRF to analyse different 116 

rice types, namely brown, white, and parboiled rice, for the first time. The focus is on 117 
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essential nutrient elements—iron (Fe), zinc (Zn), copper (Cu), and manganese 118 

(Mn)—due to their critical roles in public health. A key advantage of sXRF is its 119 

capability to identify nutrient element hotspots within samples, offering detailed 120 

spatial distribution insights. To achieve accurate and reliable results, the study will 121 

also address methodological optimisations, such as determining suitable sample 122 

thickness and beam dwell time, and will validate findings through comparison with 123 

traditional wet lab-based methods like ICP-MS. The primary objectives of this study 124 

were: 125 

1. To investigate the spatial distribution patterns of nutrient elements (Fe, Zn, 126 

Cu, Mn) within cooked rice grains, whilst exploring sample thickness and 127 

beam dwell time. 128 

2. To compare the nutrient element abundances across different rice types 129 

(brown, white, and parboiled) using both sXRF and ICP-MS analyses. 130 

 131 

2.     Methods 132 

2.1   Sample preparation 133 

Since rice is not cultivated in the UK, we sourced three types of Basmati rice (brown, 134 

white, and parboiled; non-organic, origin-unspecified) from a UK supermarket 135 

(Morrisons). We acknowledge that nutrient concentrations will depend on several 136 

factors, such as the origin and agronomic practices. However, our earlier research, 137 

conducted with a substantially larger sample set (54 rice products) available in the 138 

UK, revealed minimal variation in nutrient elements within each rice type, with 139 

significant differences in nutrient elements between different rice types, such as 140 

white and brown (Menon et al., 2022).  141 
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The method of cooking plays a crucial role in determining the concentration of 142 

minerals in cooked rice. Considering the wide range of available techniques, we 143 

employed our previously validated cooking protocol (Menon et al., 2021, 2024), 144 

which has proven effective in reducing toxic elements such as arsenic, while 145 

maintaining a range of essential macro- and micronutrients. This protocol 146 

distinctively integrates both the absorption and the excess water cooking methods.  147 

In this method, rice was first boiled for 5 min in tap water using an initial rice-to-water 148 

volumetric ratio of 1:4 (note that elemental composition data for the tap water is 149 

provided in Supplementary Material 1). This ratio equated to 20±0.25mL (17±0.1g) of 150 

rice and 80mL of tap water. After 5 min, the samples were drained to remove the 151 

excess water, and a fresh volume of tap water (50mL) was added, following which 152 

the samples were cooked until tender and the water fully absorbed (approx. 12-20 153 

min, depending on the type of rice). After cooking, the samples were cooled, and 154 

several firm grains were separated from the cooked mass and transferred to a Petri 155 

dish for thin sectioning. The remaining rice was dried and powdered using a ceramic 156 

ball mill to produce a homogenous sample for micronutrient element analysis 157 

(section 2.2) in triplicate.  158 

 159 

The cooked rice grains were air-dried in Petri dishes overnight to partially firm up 160 

before transferring into an OCT (Optimal Cutting Temperature) medium (Agar 161 

Scientific, UK), then flash-frozen using liquid nitrogen. Sections at thicknesses of 162 

50,100, and 150 µm were taken from the middle of the grain using a Leica CM3050S 163 

cryostat. The temperature in the microtome chamber was -20C. The sections were 164 

transferred onto 1-mm thick high-purity fluorescence-free fused quartz microscope 165 

slides (75 x 25mm, UQG Optics Ltd, United Kingdom). A circular piece of KaptonTM 166 
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tape (polyimide film, free from traces of the elements studied here) was placed over 167 

the thin section to secure it on the slide. Multiple sections were prepared for imaging, 168 

as shown in Fig. 1. Brown rice cross-sections were semi-circular, while white and 169 

parboiled rice were nearly circular when viewed under an optical microscope. Our 170 

focus was to acquire as many reproducible transect scans as possible, focusing on 171 

the peripheral regions of the grain where nutrient concentrations are highest, rather 172 

than scanning the entire grain, which predominantly contains the starchy interior (see 173 

Section 2.3). 174 

 175 

2.2 Micronutrient element analysis in rice using ICP-MS  176 

For elemental analysis, triplicate samples were processed at the School of 177 

Bioscience, University of Nottingham, UK, following the protocol described in our 178 

previous publications (Mauer et al., 2024; Menon et al., 2024). Briefly, approximately 179 

0.2 g (dry weight) of powdered sample was microwave-digested in 6 mL HNO3 180 

(Primar grade, Fisher Scientific), using perfluoro-alkoxy (PFA) vessels (Multiwave; 181 

Anton Paar GmbH). The digested samples were diluted to 20 mL total volume in 182 

Milli-Q water (18.2 MΩ cm). This was then subsampled and further diluted 1-in-10 183 

using Milli-Q water. Analysis of diluted solutions was undertaken by ICP-MS 184 

(Thermo-Fisher Scientific iCAP-Q and iCAP-TQ). A Claritas-PPT grade multi-185 

element calibration standard was used, which included the four elements of interest 186 

for this study (Fe, Zn, Cu and Mn) at concentrations of 0, 20, 40 and 100 µg L–1. The 187 

matrices used for internal standards, calibration standards and sample diluents was 188 

2% HNO3 with 4% methanol (to enhance ionisation of some elements). To quantify 189 

recovery in the digest and analysis procedures, a National Institute of Standards and 190 

Technology (NIST)-certified reference material (NIST 1568b rice flour) was analysed 191 
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in triplicate, giving recoveries for Fe, Zn, Cu and Mn of 89, 93, 96 and 95%, 192 

respectively, with relative standard deviation (RSD) values of 0.62, 0.90, 1.40 and 193 

0.35%, respectively. Additional ICP-MS settings, along with calibration data for the 194 

elements of interest, plus LoD and LoQ values, are provided in Supplementary 195 

Material 2. 196 

 197 

2.3   Elemental Imaging 198 

Imaging experiments were conducted at the UK National Synchrotron (Diamond 199 

Light Source, Didcot OX11 0DE) using I18, the microfocus spectroscopy beamline. 200 

I18 is optimised for performing high-resolution sXRF analysis with relatively high 201 

sensitivity for dilute elements (Adams, 2003). It uses a double-crystal 202 

monochromator to tune the energy of the primary beam and a pair of Kirkpatrick-203 

Baez (KB) focusing mirrors that allow beam size adjustment to match experimental 204 

requirements (Mosselmans et al., 2009). It is important to note that sXRF facilities 205 

are expensive and rare, and are therefore in high demand. Researcher access is 206 

typically limited to short time windows, which restricts the number of samples that 207 

can be realistically evaluated. 208 

 209 

In the first few hours, preliminary test scans were conducted to determine the 210 

scanning parameters, such as spot size, dwell time, excitation energy and detector 211 

distance. Based on this, the beamline spot (i.e. pixel resolution) was set at 10x10 212 

µm2 and the energy at 12.5 keV. A Vortex silicon drift detector was used to collect 213 

the fluorescence signal from the samples. The dwell time was either 0.5s or 30s per 214 

point, depending on the size of the total area scanned.  215 

 216 
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An optical microscope was used to select the thin sections for their structural 217 

integrity prior to imaging. Scans of 50 µm-thick samples and 150 µm-thick samples 218 

were made at 0.5s dwell time, and additional scans focusing on the grain edges 219 

were made at 30s dwell time. These three transect scans aimed to generate 220 

reproducible elemental maps within the allocated beam time. The two different 221 

thicknesses were used to explore what worked best in terms of both sensitivity and 222 

resolution. The duration of each scan was 4-10 hours, depending on the acquisition 223 

time and ROI (region of interest) selected. The ROI chosen for each scan was based 224 

on sample shape, which varied between the cross-sections. 225 

 226 

2.4 Data processing and analysis: 227 

The raw spectra obtained from the beamline were processed with the software 228 

package PyMca (Solé et al., 2007), which was developed at the European 229 

Synchrotron Radiation Facility for the qualitative and quantitative analysis of sXRF 230 

maps. The software implements peak deconvolution and removal of the background 231 

continuum, allowing the user to fine-tune the configuration parameters for optimum fit 232 

of their data. An example of a raw spectrum and the fitted one in PyMca is shown in 233 

Fig. 2. 234 

A reference material developed for the quantification of elements via sXRF imaging, 235 

was used to estimate the concentrations of the elements of interest. The reference 236 

material, from AXO (Dresden), comprises nm-thick layers of 6 metals (including Fe 237 

and Cu), and the manufacturers provide accurately measured mass deposition of 238 

each element. The reference material is measured under the same conditions as the 239 

samples, and this, in conjunction with modelling of the main experimental conditions 240 

(incoming photon energy, detector material, detector window, active area and 241 
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distance from sample), is used to calculate the photon flux on the sample. All this 242 

forms a configuration which, when applied to the sample measurements (their matrix 243 

and thickness also considered), allows the conversion of elemental peak counts to 244 

concentration values (ppm). This resulted in separate elemental concentration maps 245 

from which TIFF images were produced. The original TIFF images were displayed 246 

with MATLAB with a suitable scale range for optimum visualisation without any 247 

image modifications or processing. A final set of images for Cu, Mn, Fe and Zn was 248 

selected for this paper.  249 

It is not possible to give an across-the-board reference for the sensitivity of the 250 

microprobe, as limits depend heavily on a particular set-up, which is fine-tuned for 251 

each experiment. This is on top of the known dependence on sample matrix, 252 

thickness, and elements measured. The ball-park approach is that the sensitivity of 253 

such synchrotron probes is at least single unit ppm levels. 254 

3.     Results and discussion 255 

3.1 Micronutrient elements concentrations in rice using ICP-MS.  256 

The concentration of the elements of interest in this study is presented in Fig. 3. The 257 

mean Mn concentration was highest in brown rice (19.61 mg kg-1), followed by white 258 

(7.68 mg kg-1) and parboiled rice (4.22 mg kg-1). Fe concentration in brown rice 259 

(15.39 mg kg-1) was 4-5 times higher than in white or parboiled rice, whereas Cu 260 

concentrations of the three rice types were very similar, ranging from 1.99 mg kg-1 in 261 

parboiled rice to 2.43 mg kg-1 in white rice and 2.81 mg kg-1 in brown rice. The 262 

concentration of Zn was highest in brown (18.61 mg kg-1), followed by white rice 263 

(15.92 mg kg-1) and parboiled rice (7.45 mg kg-1). Note that for each set of triplicates, 264 

RSD values were <5%, except for Fe in white and parboiled rice, where the RSD 265 

values were 20.6% and 9.0%, respectively.  Samples were corrected against blanks, 266 
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all of which showed negligible contamination. The one-way ANOVA revealed a 267 

statistically significant effect (p < 0.0001) of rice types on all the elements studied. 268 

Subsequent post-hoc Dunnett's multiple comparison test indicated significant 269 

differences between white and brown rice for Cu (p = 0.0004), Mn (p < 0.0001), Fe 270 

(p < 0.0001), and Zn (p = 0.0005). Similarly, comparisons between white and 271 

parboiled rice showed statistically significant differences for Cu (p = 0.0001), Mn (p < 272 

0.0001), and Zn (p < 0.0001), while the difference for Fe was not significant (p = 273 

0.1052). 274 

These results are consistent with our previous study, which showed that Fe and Zn 275 

concentrations were much higher in cooked brown rice than in the other rice types, 276 

whereas Cu concentrations were comparable in all three rice types (Menon et al., 277 

2024). In studies where raw/uncooked rice types were compared for nutrient 278 

elements, brown rice was superior to other rice types, such as white or parboiled. 279 

When we compared (Menon et al., 2022) raw white (n = 36) and brown rice (n =13) 280 

from the UK market, we found that Fe, Mn and Zn concentrations in the latter were 281 

significantly higher than in white rice. Similar nutrient trends across these rice types 282 

were observed in a previous study (Pinto et al., 2016), which compared uncooked 283 

brown, parboiled and white rice sold in Spanish and Portuguese markets.  284 

Conversely, a study on rice sold in Jamaican markets did find that Cu, Zn and Mn 285 

were higher in raw brown rice than in white rice, whereas Fe concentrations were 286 

comparable in both types (Antoine et al., 2012).  However, although broad trends do 287 

show some variation, the composition results presented in this study are consistent 288 

with the majority of previous studies, which show that brown rice is nutritionally 289 

superior to white rice (including for micronutrients) (Wu et al., 2023). Micronutrient 290 

deficiencies remain a hallmark of malnutrition and hidden hunger in the global south 291 
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(Stevens et al., 2022), where rice (in its white rice form) is the main staple and 292 

source of energy (Bin Rahman & Zhang, 2023). Therefore, increasing brown rice 293 

consumption can potentially improve micronutrient status in at-risk populations.   294 

A limitation to micronutrient bioavailability from brown rice is the presence of phytic 295 

acid, predominantly within the aleurone layer, with typical contents ranging between 296 

3-30 g kg-1 of rice (Kumar et al., 2023). While these are not limited to cereals but also 297 

found in pulses and legumes, they chelate with trace elements (Mg, Zn, Fe) within 298 

the intestinal lumen and can inhibit their absorption by up to 50%. However, this is a 299 

manageable limitation with treatments such as soaking (Albarracín et al., 2013), 300 

cooking (Liu et al., 2019), phytase treatment (Kumar et al., 2010) and germination 301 

(Fukushima et al., 2020), shown to significantly reduce phytic acid contents and 302 

thereby increase trace element availability.  Interestingly, regular consumption of a 303 

high phytate diet has been shown to reduce the negative effects of phytates on trace 304 

element absorption (Armah et al., 2015). This may suggest that habitual long-term 305 

consumption of brown rice could at least partly negate the effects of phytates and is 306 

worthy of further study.     307 

   308 

3.2 Distribution of micronutrient elements in rice cross-sections 309 

Elemental maps of Cu, Mn, Fe, and Zn concentrations and distributions in 50 µm-310 

thick brown, white, and parboiled rice samples were produced and displayed in Fig. 311 

4(a-c). Please note that the scale/colour bar changes between these images. The 312 

scale was optimised to improve the visibility of the elements. In particular, for 313 

parboiled rice, adopting a lower concentration range was necessary to visualise the 314 

elements effectively. In general, Fig.4 shows that the abundance of these 315 

micronutrients was highest in brown rice, followed by white and parboiled rice. It can 316 
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be seen from the ICP-MS data (Fig. 3) that parboiled rice had the lowest 317 

concentrations of these elements, which may have hampered their detection in the 318 

corresponding thin sections. 319 

All images show that the nutrient elements were concentrated at the grain's 320 

periphery. In brown rice, this area consists of the bran (incorporating the pericarp 321 

and the aleurone layer) and the sub-aleurone (outer endosperm) layer. 322 

Contrastingly, in white and parboiled rice, the grain periphery consists primarily of 323 

the sub-aleurone layer (and possibly small remnant quantities of the removed bran 324 

layer)(Juliano & Tuaño, 2019). Most importantly, these nutrients overlapped spatially 325 

in these samples. We also visualised nutrient-rich pockets or hotspots within the 326 

periphery. 327 

In Fig. 5, results obtained from the 150µm-thick cross-sections are presented for 328 

brown (a), white (b) and parboiled (c) rice. These additional scans confirmed the 329 

patterns observed in the 50µm scans, although a notable difference between the 50 330 

and 150 µm-thick scans was that elements appeared more diffused around the grain 331 

periphery in the latter. When the beam passes through a thicker sample, it interacts 332 

with more material layers - this can have the twin effect of potentially increasing the 333 

detection of certain elements while also creating a more diffused pattern.  334 

There is therefore a trade-off between sample preparation for higher sensitivity 335 

(thicker sections) or higher spatial resolution (thinner sections) for samples with 336 

elements present in trace levels. It was apparent that the 50 µm-thick samples 337 

provided a sufficiently high fluorescence signal for detecting Cu, Mn, Fe and Zn 338 

concentrations in brown and white rice. In contrast, they failed to produce a 339 

sufficiently strong fluorescence signal in the parboiled rice. A thicker (150 µm) 340 

sample yielded a detectable signal for each measured element due to increased 341 
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elemental mass, making it better for parboiled rice as demonstrated in 342 

Supplementary Material 3. 343 

Additional scans of multiple transects located more narrowly about the edges of the 344 

grain (performed on the 50 µm samples with a 30s dwell time) are presented in 345 

Suppl. Material 4. These scans also confirm that these elements are concentrated in 346 

the peripheral layers of the grain in comparison to the starchy interior endosperm. It 347 

appears that the increased dwell time improved detection when the samples were 348 

thin; however, increasing the dwell time requires vastly increased overall scanning 349 

time, therefore, it is not often possible to accommodate large ROIs (e.g. full or half-350 

grain cross-sections) within the limited experimental beam time often allocated to 351 

projects. 352 

The nutrient element data from images strongly align with the ICP-MS results. Both 353 

white and parboiled rice have a lower concentration of nutrients because the 354 

nutrient-rich bran is removed during processing, unlike brown rice. However, it may 355 

be noted that sXRF provides pixel-level concentration, allowing us to observe 356 

heterogeneity in element distribution across the rice grain, including hotspots and 357 

starchy endosperm areas free from these elements. In contrast, ICP-MS analysis 358 

provides bulk grain concentration based on dried, homogenised, and acid-digested 359 

samples from several rice grains.   360 

Industrial production of parboiled rice involves hydrothermal treatment, comprised of 361 

steeping, steaming and drying unhusked grains before milling, a treatment which is 362 

believed to facilitate the diffusion of nutrient elements from bran to the endosperm of 363 

the grain (Balbinoti et al., 2018). However, cooked parboiled rice images (Fig. 4c & 364 

5c) show that concentrations of nutrient elements in parboiled rice were considerably 365 

lower (note the differences of concentration colour maps in Figs. 4c & 5c) than in 366 
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white or brown rice, supporting the ICP-MS data (Fig. 3). The images do, however, 367 

show a diffused pattern around the edges, suggesting parboiling may enhance the 368 

diffusion of these elements into the starchy endosperm of the grain. Further studies 369 

are needed to confirm these findings, particularly data from single cultivar studies 370 

comparing raw and parboiled variants. A previous study comparing brown and 371 

processed (parboiled or polished) rice showed that most nutrient elements were 372 

reduced due to processing (Runge et al., 2019), except for Cu. However, Mn and Zn 373 

were higher in white rice than in parboiled, whereas Fe was similar. This broadly 374 

agrees with our findings. The evidence from this study and previous investigations 375 

indicates that parboiling does not enrich rice with nutrient elements.  376 

Only a handful of studies have investigated cereals using sXRF. One study imaged 377 

longitudinal (i.e. along the long edge of the grain) sections (70 µm) of unhusked raw 378 

rice (Lombi et al., 2009) using sXRF and showed that Mn, Zn and Cu were mainly 379 

concentrated in areas in and around the embryo. In contrast, Fe was in the 380 

aleurone/pericarp region of the grain. It is worth noting that due to the polishing 381 

process involved in the production, both white and parboiled rice do not contain 382 

embryos. In our study, we utilised cooked processed rice (husked, polished, or 383 

parboiled) and prepared transverse cross-sections. Given the limited access to the 384 

sXRF facility (restricted to three days in our case), we faced a trade-off between 385 

scanning time and the area of the region of interest (ROI) to ensure reproducible 386 

results across the samples.  387 

A recent study (Limmer et al., 2023) compared both transverse and longitudinal 388 

cross-sections of raw brown rice. The Cu, Zn and Mn concentration maps were 389 

broadly similar to our study, and Mn and Zn were strongly accumulated in the ovular 390 

vascular trace. Zn was more diffused into endosperms, although the bulk of it was 391 
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concentrated in the bran. However, their study used thinner (30 µm) cross-sections 392 

with a shorter dwell time (0.3 s). The larger beam spot size (25 µm) also means the 393 

spatial resolution was slightly lower. In contrast to Limmer et al. (2023), we avoided 394 

using epoxy resin because of the potential interferences such embedding methods 395 

can create. 396 

It was interesting to note that we also found nutrient spatial overlap around the edge 397 

of the grain, confirming that the bulk of the nutrients were located in the bran and 398 

aleurone layers (Deng et al., 2023; Limmer et al., 2023; Lombi et al., 2009; Mihucz et 399 

al., 2010). Nutrient-rich bran and aleurone layers may not be removed entirely during 400 

polishing (white and parboiled). This results in the retention of some nutrient 401 

elements in white or parboiled rice, as illustrated in our images. Future studies could 402 

explore how varying degrees of polishing affect the nutrient element content of white 403 

or parboiled rice, since these layers contain most of these elements.  404 

In our data, the 50 µm-thick samples generally worked well for brown and white rice 405 

but not for parboiled rice, where thicker sections were found appropriate. Ultimately, 406 

there is a compromise to be made between sensitivity and resolution for an element 407 

of interest in the sample. However, thin-sectioning cooked rice to obtain complete 408 

cross-sections without damaging the sample integrity is challenging. Nevertheless, 409 

this study confirmed that cooked brown rice was superior in nutrients to the other 410 

processed rice types used. 411 

As part of this study, we also hoped to map other elements of interest, such as As, 412 

which is a toxin of significant concern in rice. There have been many publications on 413 

mapping As in rice (Limmer et al., 2023; Limmer & Seyfferth, 2022; Lombi et al., 414 

2009; Meharg et al., 2008; Mihucz et al., 2010; Moore et al., 2010), but unfortunately, 415 

in the three scan settings used in this study, we were unable to obtain a sufficiently 416 
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strong signal to quantify As. This could be because the As content in the cooked rice 417 

samples was below the detection threshold of the sXRF instrument and configuration 418 

used in this study. 419 

 420 

4.0 Conclusions 421 

We used the microX-ray fluorescence (sXRF) beamline at the Diamond Light Source 422 

in the UK to map the spatial distribution of micronutrients (Cu, Mn, Fe and Zn) in this 423 

study. Complementary elemental analysis using ICP-MS provided bulk concentration 424 

data, with both methods yielding consistent results. Our findings indicate that brown 425 

rice contains significantly higher concentrations of these micronutrients compared to 426 

white and parboiled rice.  427 

The sXRF imaging revealed detailed spatial distribution patterns, highlighting 428 

characteristic nutrient hotspots within grain cross-sections. Notably, these 429 

micronutrients were predominantly localised in the peripheral regions of cooked 430 

brown rice, underscoring its value as a healthier alternative to white and parboiled 431 

varieties. This information is particularly valuable for over half of the world's 432 

population, who rely on rice as their primary staple food. 433 

Our study also provides additional insights into the effects of rice section thickness 434 

(50 and 150 µm) on sXRF sensitivity and resolution. These findings highlight 435 

important trade-offs in detection capabilities. Furthermore, sXRF imaging identified 436 

nutrient-rich pockets within the grain periphery, offering new perspectives on nutrient 437 

distribution beyond peripheral accumulation. Together, these dual-approach 438 

methodologies enhance our understanding of micronutrient localisation in cooked 439 

rice. Future studies are needed to compare different rice processing methods, such 440 
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as polishing and parboiling, and cooking methods, using rice genotypes grown under 441 

identical conditions. 442 
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Figure captions 647 

 648 

Fig 1. A schematic representation of brown rice grain with different layers (a) and screenshot 649 

images of brown (b), white (c) and parboiled (d) cross-sections mounted for imaging.  650 

Fig 2: Representative sXRF spectrum from one pixel of a brown rice segment fitted in 651 

PyMca. The black line represents the raw data, the green line represents the background 652 

continuum, and the red line shows the fitted data incorporating the peaks of the elements 653 

identified.  654 

Figure 3. The mean concentrations of nutrient elements (Cu, Mn, Fe and Zn) in white, 655 

parboiled and brown rice samples based on ICP-MS analysis. The error bars represent the 656 

standard deviation of the mean. 657 

Figure 4. The distribution of Cu, Mn, Fe and Zn concentrations in different brown, white and 658 

parboiled cross sections (50µm) quantified using PyMca. Please note the differences in 659 

scale and dimensions in these panels. 660 

Figure 5. The distribution of Cu, Mn, Fe and Zn concentrations in different brown, white and 661 

parboiled cross sections (150µm) quantified using PyMca. Please note the differences in 662 

scale and dimensions in these panels. 663 
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