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Abstract

Arsenic and its inorganic compounds are classified as class one non-threshold
carcinogens, long term exposure to which causes cancer of the skin, lungs and soft
tissue organs. Arsenic’s main route in to the human body is by ingestion of rice, as
rice is the staple diet of over half the world’s population. Arsenic is present in rice
as a combination of organic (mainly dimethylarsinic acid, DMA) and inorganic
(arsenite AsIII and arsenate AsV) species and the distribution of these varying with
grain origin. Here I present results from global survey of market available polished
white rice, circa 1200 samples were analysed from 29 distinct sampling zones,
across 6 continents. The global average for inorganic arsenic was 66 µg/kg, ranging
from trace levels to 399 g/kg. South America rice was universally high for inorganic
arsenic with a mean value of 98 g/kg, with the peak values coming from Europe at
<400 g/kg. Only southern hemisphere, eastern latitudes had truly low inorganic
arsenic rice, namely East Africa and the Southern Indonesian islands. Existing
agronomic methods of soil arsenic mitigation are not only expensive and labour
intensive, but also scale limited. Water management techniques will reduce the
inorganic arsenic uptake but attention must be paid to crop yields and other
unwanted contamination, e.g. cadmium. Investigations into low uptake or arsenic
resistant rice cultivars have shown some success, but many variables still exist as
the diversity of soil and growing conditions around the globe preclude any clear
answer. Two chapters in this thesis show that effective treatments allow significant
reductions for inorganic arsenic grain content. Novel parboiling is shown to
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decrease the final polished grain inorganic arsenic by 25%, while enriching the
calcium content by 213%. Cooking rice with percolating hot water is shown to
reduce inorganic arsenic content by up to 85%, in conjunction with standard presoaking and washing. These relatively low technology solutions can be applied from
rural settings through to urban kitchens. The last section of this thesis shows that
the western market is reacting to the setting of guidelines and limits for inorganic
arsenic content in certain foods, particularly foods aimed and children and babies.
Although fewer pure rice products seemed available those tested showed lower
inorganic arsenic levels, presumably by selective sourcing on behalf of the
producers. Another approach was the dilution of inorganic arsenic by mixing with
other grains such as maize, oats and barley. Overall this thesis has revealed the
state of play, and addressed some of the avenues of mitigating inorganic in the
global rice market.
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Chapter 1
Introduction

Why is arsenic in rice a problem with respect to human exposure to this element?
Arsenic is a metalloid which is poisonous to humans 1. Arsenic is the 53rd most
common element, averaging a terrestrial abundance of around 5mg/kg. There are a
number of anthropological sources of arsenic contamination in to the environment,
such as the historical use of arsenic containing pesticides, mining and coal burning
industries 2. Arsenic, and its inorganic arsenic compounds, are classified as Class I
carcinogens 3, and long-term exposure to arsenic is known to significantly increase
the risk from cancer of the lungs, skin, kidneys and other organs 2. The Agency for
Toxic Substance Disease Register ATSDR has placed arsenic as number 1 on its
Substance Priority List (SPL), not as a direct measure of toxicity but as “… a
prioritization of substances based on a combination of their frequency, toxicity, and
potential for human exposure…” 4. Arsenic is also found in ground-waters, freshwaters, seas and oceans in both inorganic and organic forms. Some areas contain
significantly more As in water sources, notably Bangladesh, which leads to very high
exposure 5.
The main route of arsenic into the human body is by ingestion of food,
predominantly from rice grain 6, as the rice plant is very efficient in accumulating
arsenic, much more so than other grains 7. Previous surveys have looked at arsenic
levels in both paddy rice and market rice for various regions of rice production 5,8,9.
Earlier investigations were restricted to looking at total arsenic, but modern
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analytical techniques make it possible to quantify arsenic species present, allowing
the comparison of the more toxic inorganic arsenic against the more benign organic
species present in the grain. In a number of studies, rice from the USA has been
shown to have elevated arsenic in the grain, with total arsenic ranging from 0.2 to
0.7 mg/kg, dry weight, inorganic arsenic was found to be in the range 0.07 to 0.2
mg/kg 6,8,10. These findings showed that for USA rice, the organic species fraction
tended to be greater than the inorganic 10. This distribution of organic to inorganic
was not the same in other countries. In Spain and Portugal, total arsenic was in the
range 0.14 to 0.3 mg/kg, with inorganic arsenic in the range 0.07 to 0.16 mg/kg,
showing that the organic to inorganic fraction tended to be evenly split 11. Surveys
of Bangladeshi rice showed arsenic totals in the range 0.02 to 0.33 mg/kg, but the
organic species levels were low, <0.05mg/kg, so inorganic arsenic was much more
favoured 6,12 A recent study of Chinese rice showed total arsenic to be in the range
0.01 to 0.19mg/kg, with inorganic arsenic ranging from 0.009 to 0.13mg/kg, and
although the organic to inorganic fraction was somewhat variable the mean value
was 69% inorganic to 31% organic 13. Taken as a whole this shows a wide
distribution of arsenic levels and of organic to inorganic species fractionation.
As inorganic arsenic in rice is elevated, and that rice is the staple food for
over half-of-the-world’s population, and demand for rice is rising 14, this makes
arsenic in rice highly problematic 2,15 . Meharg et al.2009 6 surveyed the global rice
supply chain and related the reported inorganic arsenic concentrations to dietary
consumption. Three factors affect the risk posed from inorganic arsenic in rice.
Daily consumption, the amount of inorganic arsenic that the rice contains, and gut
bioavailability of arsenic species. Using World Health Organization’s (WHO) Food
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and Agriculture Organization (FAO) online resource data, and data from the World
Bank (WB) for the production and import of rice per country 16,17, the range of rice
consumed was estimated to be 15g/day (France) to 445 g/day (Bangladesh), with
the USA at 24 g/day and China at 218 g/day. This was in agreement with figures
reported in other research 18,19. Based on the actual inorganic arsenic content
measured for rice from those countries, this gives an inorganic arsenic intake (from
rice) to be 2.1 µg/day is the USA, China 35 µg/day and 36.2 µg/day in Bangladesh.
By comparison drinking 1L a day of water at 0.01mg/L inorganic arsenic: WHO risk
assessment criteria 15, would result in an intake of 10 µg, showing Chinese and
Bangladeshi intake to be over 3.5 times higher from rice alone. Research has found
that inorganic arsenic is 90% bioavailable or greater in the gut 20,21 inferring that
most of the inorganic arsenic any type of rice may contain is liable to be taken into
the human body via the gut. Therefore, the higher the inorganic arsenic content a
rice may contain, the higher the risk posed by ingestion.

The biogeochemistry and physiology of paddy arsenic cycling
Paddy rice Oryza sativa, compared to most other plants, is very efficient in the
uptake of arsenic from soil and transferring it through all parts of the plant and into
the grain 9. Natural soil arsenic concentrations vary greatly with geological
conditions such as presence of sulphide and mineral ores, ranging from <1 – 40
mg/kg, and there is an even more variation in the anthropological contribution
from mining, use of arsenical pesticides, and general industrialisation.
Anthropogenic contamination can lead to arsenic concentrations in the grams per
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kilogram range 2. Also, arsenic levels in soil may be exacerbated by irrigation with
contaminated ground waters 22.
In aerobic soil conditions arsenate (AsV) is the dominant species 23. Any
arsenite (AsIII) present may be oxidised to arsenate due to a combination of
microbial action, iron plaque formation and oxygen release from the rice plant
root24. Arsenic mobility in aerobic soils is restricted as arsenate is bound with metal
(iron) oxides and rice grown in aerobic conditions will have significantly less arsenic
in the grain.
In anaerobic soils arsenite in the dominant form in the reducing
environment of flooded paddy fields 25. Any arsenate present may be reduced to
arsenite, even at intermediate redox potentials 26. Flooded soils give rise to
enhanced bioavailability of arsenite in the soil solution 25. Arsenite in solutions at
pH < 8 is present as the uncharged molecule arsenous acid AsOH3. Arsenous acid
has a similar pKa value, 9.2, to that of silicic acid SiOH4, 9.3. Both molecules are
tetrahedral in shape and are of similar size 23.
Arsenic is elevated in paddy rice because it is the only major crop species to
be grown under flooded soil conditions. Flooding induces anerobism in soils, which
leads to arsenic mobilization. Arsenic (V) in soil associates with insoluble iron
oxyhroxides (FeOOH), and arsenic can be co-released, as reduced and more soluble
arsenic (III) in to soil solution when the soil is flooded and insoluble Fe(III) is
reduced to soluble Fe(II). High organic matter content in flooded soils gives rise to
reducing conditions 27. The species of arsenic present in paddy soils will be
dependent on the redox conditions 28, 26.
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Organic species of arsenic, mainly monomethylarsonic acid MMA and
dimethylarsinic acid DMA are also found in paddy soils but at much lower
concentrations than either of the inorganic species 29, 30. These organic species may
be legacies of the use of pesticides and herbicides containing organic arsenic
species, or more commonly formed by microbial action on inorganic arsenic already
present. 31 Figure 1.1 provides a broad overview of biogeochemistry, uptake and
accumulation of arsenic in the rice plant.
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Figure 1.1. Biogeochemistry, uptake and accumulation of arsenic in the rice
plant
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Plant assimilation and transport of arsenic species to grain
Arsenic found in the paddy soil will be assimilated in to the rice plant via the roots,
and is then transported throughout the plant by various mechanisms dependant on
the species in question, the soil conditions and the irrigation scheme employed
23,32–34.

In aerobic soils arsenate is the dominant form of arsenic. Arsenate acts as a
phosphate analogue 35 and will be taken up by the rice plant roots as it shares a
similar uptake pathway, but with phosphate having a higher transport affinity. As
many as 100 phosphorous transporters are known to exist in the roots, some of
which are thought to be involved in the phosphate/arsenate transport 36.
Research has shown that plant roots take can up arsenite via co-transport
with glycerol (also a neutral molecule) by aquaglyeroporins (sub family of
aquaporins) in microbes 37. Critically in rice, an aquaporin (nodulin 26-like intrinsic
membrane protein- NIP) named Lsi1 has been identified as a strong arsenite
transporter. Lsi1’s main function is the transport of silicon (silicic acid) to the rice
plant. Lsi1 is strongly expressed in rice plants roots and as arsenous acid and silicic
acid are so closely matched in certain chemical characteristics this unfortunately
results in rapid and efficient arsenite uptake. Other NIPs which act as silicon
transporters have also been identified as having arsenic transport similarities, but
these are expressed to a much lesser extent and are not considered as significant as
Lsi1 23,38.
The uptake rates of methylated species are less than that of inorganic
arsenic 28,39 and the mechanisms are less well understood. Short term studies have
shown that concentration dependant uptake of MMA and DMA may be described
7

by Michaelis-Menten kinetics or a combination of linear plus Michaelis-Menten
40,41.

Organic species may be co-transported with silicic acid, although the organic

species have much lower pKa values (AsIII/Si, DMA and MMA- 9.2, 6.1, 4.2
respectively)
Arsenic can subsequently be lost by the rice plant after uptake. Arsenate
efflux is thought to be by a similar pathway as silicic acid efflux via aquaporins.
Some speculation suggests arsenite efflux is a mechanism of detoxification by the
plant, as displayed by some microbes 42 which could be proven if the efflux
transporters are more fully identified 23.
Arsenic can then be transported via the plants xylem and phloem vascular
system. From root to shoot, inorganic arsenic has low mobility compared to
phosphate and silicic acid. Arsenate is rapidly reduced to arsenite in the root, with
subsequent complexation with phytochelatin thiols, which are then
compartmentalized into vacuoles, restricting transport 23,43. Although present in
much lower concentrations, organic arsenic species are more rapidly translocated
from roots to shoots as they are less readily thiol complexed. Research has shown
that inorganic arsenic shoot to root ratios across a number of different plant
species, including rice, presented at a median of 0.09, whereas organic arsenic
(DMA) showed to be an order of magnitude higher with a median of 0.8,
speculating that the organic species were not hindered by thiol complexation 28.
Further transport of arsenite via the phloem shows a reducing concentration with
progression through the plant, i.e. roots > stem > leaf > husk > grain 25. Organic
species, mainly DMA, is translocated readily throughout the plant to the grain via
both xylem and phloem. Once in the grain, arsenite was found on or close to the
8

surface of the grain, whereas DMA dispersed throughout the grain, including the
endosperm 44.

Agronomic solutions to removing arsenic from grain
Fertilizing with Si, P or Fe
Mitigation of arsenic uptake may be achieved by reducing arsenic mobility and or
it’s bioavailability in the soil solution in and around the root uptake area. This can
be realised by enrichment of the paddy soils with various mineral nutrients 45.
Using silicon based fertilisers has a beneficial effect on rice crop yields but
also reduces arsenite uptake by the rice in flooded paddy soils. Research has shown
that although arsenic concentrations in the soil solutions may increase, attributed
to silicon (silicic acid) displacing arsenic in iron root plaque, arsenic uptake was
negatively associated with silicon addition. Grain yield was increased and also
arsenic speciation was affected. The organic arsenic (DMA) fraction of the total
arsenic was increased significantly with the addition of silicon, giving inorganic
arsenic reduction of almost 60%. This silicon treatment had a greater influence on
arsenic inhibition on one of two rice variants used, showing that the choice of
variant is also factor 46. Increased silicon concentration also decreases the
expression of the Lsi1 silicon/arsenic transporter also decreasing arsenic uptake
potential 47.
Phosphate is an important mineral for most plants, and phosphate levels in
soil can vary widely. Phosphate fertilisation can be required to maintain an optimal
phosphate uptake by the plant 48. As previously discussed, arsenate is a phosphate
9

analogue due certain similarities: size, structure, pKA value etc., and as such it is cotransported with phosphate by rice plants in to the roots. Studies have shown that
phosphate addition can actually enhance the bioavailability of arsenic leading to
higher grain arsenic content. Iron plaque formation is negatively affected by an
increase in phosphate, restricting arsenic being sequestered by the plaque. Crop
yields were reduced with increasing phosphate, indicating enhanced arsenic
toxicity. Phosphate deficiency can lead to an increase in arsenate uptake. In
response to phosphate deficiency plants increase their uptake capacity through
enhancement of phosphate transported genes, leading to increased arsenate
competition for the phosphate transporters. As such soil phosphate management is
of great importance. 47,49,50.
Iron is an abundant element, with soil content in the range of 20g/Kg to
40g/Kg predominantly as inorganic ferrous (FeII) or ferric (FeIII) compounds 51. Iron
is an essential plant nutrient. It acts as a catalyst for chlorophyll formation, and is
involved in protein and enzyme synthesis. Arsenic has a strong affinity with iron,
and fertilising with iron can lead to decreased arsenic uptake. In anaerobic
condition such as flooded paddy soils, arsenic’s bioavailability is reduced as it
associates with poorly soluble iron (hydr-) oxides which forms as iron plaques
around the rice plants roots 45,52,53.

Water management regimes – noting problems with cadmium under aerobic
conditions
Paddy rice is predominantly grown under continuous flooding conditions, mainly
due to better yields and ease of weeds control, however, other irrigation regimes
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have been investigated. As previously discussed, in flooded soils arsenite is the
predominant species and can be taken up by the silicon uptake pathway. Arsenate
is more dominant in aerobic soils, and although arsenate is taken in the phosphate
pathway, it can also be sequestered by iron plaques around the rice roots 49,54. Rice
can also grow as perennial, producing shoots from harvested plants, more suitable
for growth in tropical regions 33. As alternatives to continuous flooding, other
irrigation methods that have been investigated; intermittent flooding, saturation,
raised beds, ‘aerobic’ conditions and sprinkler irrigation. The general acceptance is
that any change from overarching reducing conditions of flooded paddy soil goes
toward mitigating arsenic (as arsenite) uptake.
Research has shown that intermittent ponding/flooding (lower flooding
levels) during the vegetative growth stage showed a 25% reduction in grain arsenic
with slight a decrease on production yield. This study restricted its various irrigation
treatments to the first 45 day of growth after tillering/planting as longer treatment
times had more profound effects on yield. Saturated conditions (water levels kept
saturated below soil level, not above ground) gave a 5% reduction grain arsenic but
with yields down by 20% even though treatment was returned to flooding
conditions after 45 days. 55
Aerobic conditions (soil allowed to drain to a depth of 0.5 m) gave the
lowest root arsenic concentration and a grain reduction of 18% but yield was
significantly reduced at 29% 56. Aerobic treatment may reduce the inorganic arsenic
content of the rice grain but it enhances the cadmium Cd content 46. Cadmium is
also toxic to humans as similarly to arsenic, cadmium is non-essential and nonmetabolic. Cadmium accumulates in human tissues causing renal diseases,
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pneumonia and gastro-intestinal complications 57. Selective flooding and aerobic
periods of growths can result in both lower cadmium and arsenic concentrations
but at the risk of appreciable levels both toxins, and once again rice plant yields are
negatively affected 56,58.
Rice plants can be grown in similar conditions to other dryland crops using
raised beds. Indeed, rice was historically grown under these conditions before
irrigation techniques improved to facilitate paddy flooding and greater yields, and is
an option for regions where the irrigation water is grossly contaminated with
arsenic, such as certain regions of Bangladesh 59. Some heavier soils do not drain
well and so the creation of raised beds aids adequate drainage. Local water levels
and soil type will dictate the height of bed required 59,60. Research has shown rice
grown in raised beds can maintain adequate yields and reduce grain arsenic. Water
levels were maintained at half bed height (approx. 7cm depth) and 4 different soil
arsenic levels. The raised beds had a slightly lower yields, 7.77 vs 8.92 t/ha, than
flooded at the lowest (11.6 mg/Kg) soil arsenic levels but had higher, although still
diminished yields, 5.21 vs 2.99 t/ha at the highest soil arsenic level trialled (57.5
mg/kg). Globally arsenic in soil averages ~5 mg/kg, with a natural range of 0-40
mg/kg 61 so these trial concentrations represent medium to heavily contaminated
lands. The raised beds resulted in 50% lower total arsenic in the grain then the
flooded treatment at the lowest soil arsenic level (0.26 – 0.54 mg/kg), and a similar,
but increased total arsenic from the highest soil arsenic level (0.35 – 0.34 mg/kg).
This trial shows the potential of raised beds to mitigate the transfer of arsenic from
soil to grain but further research is required as only one rice variety was used (BRRI
dhan 29) and it was transplanted after 45 days’ growth, and also only total arsenic
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levels were tested and a species profile would be invaluable. Cadmium issues also
pertain here.
Another variant of aerobic growth, sprinkler irrigation, has also been
investigated. A number of different rice cultivars (29 japonica and 8 indica) were
grown in 2 separate fields, one with continuous flooding and the other with
sprinkler irrigation 55. The fields were similarly fertilised but had different specific
weed control treatments. The yields from the top 10 producing variants were
similar, averaging 12.2 t/ha with sprinkler and 13 t/ha with continuous flooding.
The total grain arsenic from the continuous flooding ranged from 100 to 240 µg/Kg
and the total grain arsenic from the sprinkler irrigation was in the range 1.5 – 4.5
µg/Kg, showing a 95% reduction on average across the 37 variants. It should be
noted that the soil arsenic for the flooded field was 50% and 100% higher at 20cm
and 40cm depths, attributed to multiple years of historical flooded growth. Even
allowed for the increased soil arsenic levels this represents a significant reduction in
grain arsenic 55. There was no mention of grain cadmium levels and no speciation
data.
These significant reductions were also seen in pot experiments using
‘aerobic’ irrigation, at 70% soil saturation with a single rice variant, also with
different dosage treatments: no addition, arsenate dosage, arsenite dosage 25. Each
of the arsenic treatments showed an increase of total, and species levels, attributed
to dynamic changes between arsenate/arsenite in soil solution in the root uptake
area, as previously discussed. This study not only showed a 90% decrease in total
arsenic from all three treatments, but very different distribution of arsenic species.
In this study, aerobically grown rice grain contained predominantly inorganic
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arsenic, whereas grains from flooded fields contained mostly organic arsenic
(DMA), albeit with a comparatively higher level of inorganic arsenic, approx. times 3
in each case 25.

Breeding & GMO
Growing rive cultivars that naturally accumulate less arsenic could be one of the
most elegant and inexpensive methods of trying to achieve low arsenic rice grain.
Unfortunately, this is not straightforward, as many rice cultivars accumulate arsenic
differently in the diverse variety of rice growing conditions around the world 33.
Cultivated rice has 2 main cultigens Oryza sativa, Asian rice, or Oryza glaberrima,
African rice, with a number of wild relatives. African rice is grown in some parts of
west Africa, whereas Asian rice dominates the global market. Asian rice separates
broadly in to 2-variety groups, indica and japonica, each of which have sub-groups.
2000 years of cultivation has seen diversification due to the many different
climates, soils, and cultural growing practices and has produced thousands of rice
varieties of different sizes, shapes and grain colour 33. Arsenic uptake varies across
these varieties, still influenced by all the previously mentioned growing conditions.
A number of trials have been conducted to explore this area of arsenic mitigation.
One study across 4 different countries, employing circa 300 common rice cultivars
showed that genetic variation was a significant factor in arsenic uptake. Temperate
japonica varieties presented lower grain arsenic compared to other populations,
however environmental factors were also highly significant 62. Another study
identified a number of potential cultivars with low arsenic uptake as possible
candidates for use in breeding programs to lower averages grain uptakes, but also
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showed that the varied growing environments were also significant as a factor
affecting the arsenic uptake 63. Arsenic speciation also varied across cultivars with
some cultivars showing a higher percentage of organic (DMA) arsenic, but once
again the growing environment must be considered as a co-variant 12.

Sourcing low arsenic grain
Some mention has already been made of previous reports and surveys of arsenic
content in the rice grain. Arsenic has been acknowledged as an unwanted
contaminant in rice grain for some time and although earlier studies may have been
restricted to measuring total arsenic, analytical advances allow for sensitive,
accurate and reproducible measurement of inorganic and organic arsenic species.
Previous surveys have looked at regions of Asia 13,64,65 West Africa 66,67, Europe 11,68
and the U.S.A. 8,10. These surveys provided important information but put together
did not encompass all of the major rice growing regions around the world. One
chapter of this thesis reports the results of a comprehensive global market rice
survey, covering 29 distinct sampling zones, across 6 continents in which circa 1200
samples were analysed by various elemental analysis techniques, providing macro,
micro and trace elemental data, plus arsenic speciation. Since publication further
work has brought the total sample number to circa 1600 samples.

Post-harvest processing and cooking to remove (inorganic) arsenic
As discussed previously, it is an inevitable fact that if arsenic is present in the rice
paddy soil, it will be taken up by the rice plant and translocated to the grain, with
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resultant arsenic content being dependant on a variety of factors. The arsenic
shows a reducing concentration with progression through the plant, i.e. roots >
stem > leaf > husk > grain 25. The harvested grain or rough rice, is the fruit of the
rice plant. It consists of an outer, inedible hull or husk which makes up around 20%
of the harvested grain. Inside the hull is the caryopsis which has a number of outer
layers that make up the rice bran, surrounding the germ and endosperm. Milling
the caryopsis (brown rice or whole grain) removes the bran layers and to a certain
extent the germ and the outer endosperm, leaving the core (white rice) 69 Some
traditions include parboiling in their preparation, occasionally on the rough rice but
usually after de-husking. This is explored later in this thesis.
Arsenic distribution within the grain is variable, with higher concentrations to be
found in the outer layers, in the order of husk > bran > milled rice. Indeed rice bran
is found to contain a majority of the of the distribution of most elements including
arsenic 70. Arsenic distribution has been profiled further using surface analysis
techniques such as in situ synchrotron X-ray fluorescence (S-XRF) and μ-X-ray
absorption near edge spectroscopy (μ-XANES), and Laser Ablation ICP-MS (LA-ICPMS), complimented by conventional total element and arsenic speciation by ICP-MS
71.

This study showed arsenic was highly localised on the surface of the brown rice

grain, whereas it was evenly distributed throughout the polished, white rice grain.
Milling
Milling the rice grain after de-husking removes the more highly arsenic
contaminated rice bran leaving less contaminated white rice, reducing the overall
arsenic concentration of the final product. The degrees of milling can vary,
removing the bran layers (~10% of whole grain weight) and polishing the remaining
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grain. Most rice is consumed as white rice after milling, although milling also
removes minerals, vitamins and fibre 33,69. Brown rice contains 10% more inorganic
arsenic than white so removing the bran is of obvious benefit in terms of final
arsenic content 8,71. Figure 1.2 gives an overview of the post-harvest preparation of
rice.
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Figure 1.2. Preparation steps of rice from harvest to polished grain
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Cooking
Parboiling is a common pre-treatment practice for rice post-harvest, either prior to
de-husking or pre-milling. Parboiling has the effect of gelatinising starch, which
hardens the endosperm and can lead to fewer losses due to grain breakages during
milling. A number of different methods have been employed, using steaming or
soaking at different temperatures, with subsequent drying prior to further
treatment. Over treatment by parboiling can detrimentally effect rice quality and
digestibility and also result in the loss of some proteins and minerals, but any level
of such treatment can reduce susceptibility to aflatoxins and can improve storage
times 72,73.
Parboiling or pre-soaking will also remove arsenic to varying degrees,
dependant on treatment time and temperature. Cooking methods can also be
altered to enhances arsenic removal. Sections of this thesis explore various pretreatments cooking methods and report that significant reduction in arsenic
content can be achieved, using existing techniques and common cooking
equipment.

Thesis hypothesis, aims and structure
If we are to minimise the exposure of humans to arsenic through the ingestion of
rice and rice containing products, then we may need to embrace changes to certain
existing practises and methods of preparation and also, where possible, rethink
where we source rice and its derived products from around the globe. The thesis
tested here is that inorganic arsenic in rice can be greatly reduced through a
combination of sourcing and post-harvest processing. Sourcing of is primarily
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relevant to countries that rely heavily on import, and that can select that import
from the global supply-chain. Post-harvest processing and cooking is of relevance to
all importers and growers alike.
As already stated arsenic, and its inorganic arsenic compounds, are classified
as Class I carcinogens 3, and long-term exposure to arsenic is known to significantly
increase the risk from cancer of the lungs, skin, kidneys and other organs 2. The
main route of arsenic into the human body is by ingestion of food, predominantly
from rice grain 6, as the rice plant is very efficient in accumulating arsenic, much
more so than other grains 7. Various agronomic solutions exist but given the
complexity of the biogeochemistry of the rice plant’s uptake of arsenic from the
soil, no one solution will be effective in the different soils types, varied growing
conditions and water management techniques employed by rice growers around
the globe. A similar level of complexity is found in attempts to develop arsenic
resistant rice cultivars as grain quality and yield are of paramount importance,
especially where rice is the staple diet and required as the populace’s main calorific
source.
Chapter 2 presents data from a comprehensive global of market available
white rice, covering 29 distinct sampling zones, across 6 continents in which circa
1200 samples were analysed by various elemental analysis techniques, providing
macro, micro and trace elemental data, plus arsenic speciation.
Chapter 3 presents the results of trials varying different parboiling
conditions with aim of achieving substantial inorganic arsenic removal while
maintaining grain quality post treatment, including post milling. The results show
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marked decreases in inorganic arsenic post parboiling while maintaining grain
quality, also looking at changes in content of other elements.
Chapter 4 presents the results of an experiment using percolating cooking
water for highly efficient removal of inorganic arsenic. Significant decreases in
inorganic arsenic content are realised post cooking, and attention is also paid the
changes in content of other elements.
Chapter 5 presents data metering the UK market’s response to the issue of
European Union regulation 2015/1006, of which Annex 3.5.4 describes limits on
arsenic content of ‘Rice destined for the production of food for infants and young
children’. The survey shows that this EC regulation has forced the market to source
grains containing low levels of inorganic arsenic.
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Abstract

Arsenic in rice grain is dominated by two species: the carcinogen inorganic arsenic
(the sum of arsenate and arsenite) and dimethylarsinic acid (DMA). Rice is the
dominant source of inorganic arsenic into the human diet. As such, there is a need
to identify sources of low-inorganic arsenic rice globally. Here we surveyed
polished (white) rice across representative regions of rice production globally for
arsenic speciation. In total 1180 samples were analysed from 29 distinct sampling
zones, across 6 continents. For inorganic arsenic the global

was 66 g/kg, and for

DMA this figure was 21 g/kg. DMA was more variable, ranging from <2 to 690
g/kg, while inorganic arsenic ranged from <2 to 399 g/kg. It was found that
inorganic arsenic dominated when grain sum of species was < 100 g/kg, with DMA
dominating at higher concentrations. There was considerable regional variance in
grain arsenic speciation, particularly in DMA where temperate production regions
had higher concentrations. Inorganic arsenic concentrations were relatively
consistent across temperate, subtropical and northern hemisphere tropical regions.
It was only in southern hemisphere tropical regions, in the eastern hemisphere that
low-grain inorganic arsenic is found, namely East Africa, ( <10 g/kg) and the
Southern Indonesian islands ( < 20 g/kg). Southern hemisphere South American
rice was universally high in inorganic arsenic, which may be related with
anthropogenic pollution.
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Introduction
Paddy rice is the dominant source of the carcinogen inorganic arsenic to the human
diet 15,32,74. The concentrations of inorganic arsenic in rice are such that both the
WHO 15 and EU 74 have set maximum levels (MLs). Identifying where and why rice
low in arsenic, is important for developing strategies to lower inorganic arsenic in
the diet. Regional studies have shown that with respect to regulation of arsenic
species in rice grain that there is a complex interaction between plant physiology
and genetics, soil biogeochemical cycling, paddy management practice, natural
bedrock geology and soil diagenesis, and environmental contamination 75. In
particular, point source paddy contamination through mine spoil contamination 76,
other industrial activity 77 , and coal burning 77 have all been identified as major
sources of soil pollution. Irrigation can be important source of arsenic to paddy
fields, such as for the Bengal Delta where elevated groundwaters are used for dry
season rice cultivation 64. Arsenic is also present in fertilizers and manures, and this
can lead to its build-up in paddy soils 65.
Arsenic, generally, is either naturally or anthropogenically inputted into soils
in the inorganic state. Under paddy conditions soil microflora can convert inorganic
arsenic to methylated species 78, with the dimethylarsinic acid (DMA) so produced
being readily translocated to grain 79. Geographically, the relative contribution of
inorganic arsenic and DMA to grain arsenic is known to vary considerably, with
higher concentrations of DMA observed in temperate growing regions 6,10, though
the reasons underpinning this variation are not known.
A global understanding of the variation in rice grain arsenic is lacking and is
required to determine if there are any patterns and trends across the growing
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regions of this crop, and if so, to understand the underlying processes, natural or
anthropogenic, responsible. Importantly, this knowledge is also required to source
low-arsenic rice for sub-populations where the consumption of inorganic arsenic
from rice is of particular concern, such as for infants and young children 7. Here we
set out to determine the variation in rice grain arsenic concentrations and
speciation across representative growing regions globally. Twenty-nine cultivation
regions, across 6 continents, that spanned the world’s major paddy rice growing
areas, were selected and market polished (white) rice (to reflect actual dietary
consumption) were analysed for arsenic speciation.

Materials and Methods
Rice sample collection
Polished, locally produced, market rice, n=1180, was purchased from retailers from
29 distinct sampling regions from 6 continents. Surveyed regions and sampling
frequency are given in Table 2.1, and mapped in Figure 2.1

Sample preparation
Rice samples were freeze dried and then milled to a fine powder using a Retsch
Planetary ball-mill (Germany), lined with a zirconium oxide coated grinding
chamber and milling balls. For As speciation freeze-dried milled rice was weighed
accurately to a weight of 0.1 g into 50 ml polypropylene centrifuge tubes to which
10ml of 1% conc. Aristar nitric acid was added and allowed to sit overnight. Batches
of up to 48 samples were prepared which also included 2 blanks and 2 rice flour
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CRM NIST 1568b in all analytical batches. Samples where then microwave digested
in an CEM MARS 6 instrument for 30 min. at 95oC using a 3-stage slow heating
program: to 55oC in 5 min. held for 10 min., to 75oC in 5 min., held for 10 min. to
95oC in 5 min., held for 30 min. The digestate, on cooling, was accurately diluted to
10ml with deionized distilled water and centrifuged at 4,500 rpm for 15 min. A 1 ml
aliquot was transferred to a 2 ml polypropylene vial and 10 µl of analytical grade
hydrogen peroxide was added to convert any arsenite to arsenate to facilitate
subsequent chromatographic detection. The NIST rice flour CRM NIST 1568b was
included in each batch of rice tissues to ascertain percentage recoveries, and
reagent blanks were also included, as per arsenic speciation.
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− 11.5

− 29.8

− 33.5

− 60.7

− 61.9

− 53.9

− 70.2

− 56.4

− 56.3

N. Brazil

C. Brazil

S. Brazil

Chile

Paraguay

Uruguay

6.2

6.8

11.8

− 0.3

− 5.3

− 8.3

Cote d’Ivoire

Mali

− 34.7

− 27.2

2.7

− 14.1

− 62.5

Bolivia

Lat. (°)

Long. (°)

Country

W. Africa Ghana

Region

Arsenic species No. of
values
inorg. As
Σ As sp.
DMA
9
inorg. As
Σ As sp.
DMA
9
inorg. As
Σ As sp.
DMA
10
inorg. As
Σ As sp.
DMA
97
inorg. As
Σ As sp.
DMA
11
inorg. As
Σ As sp.
DMA
27
inorg. As
Σ As sp.
DMA
8
inorg. As
Σ As sp.
DMA
23
inorg. As
Σ As sp.
DMA
87
inorg. As
Σ As sp.
DMA
44
38
64
2
5
6
2
35
36
2
2
3
2
21
39
59
48
112
14
48
103
33
43
86
2
6
6
2
2
0
2

Min. (μg/kg)

minimum and maximum and number of samples collected for each location
25% Per.
(μg/kg)
47
84
6
40
47
7
43
63
15
38
78
57
62
147
105
59
164
47
96
144
55
50
107
12
48
62
4
14
20
13

Median
(μg/kg)
61
127
38
66
147
18
62
92
66
73
124
88
77
169
138
60
198
86
107
183
113
67
193
23
65
93
13
49
64
32

75% Per.
(μg/kg)
88
260
74
114
181
58
72
112
96
91
177
129
96
211
147
66
207
117
141
243
152
87
237
32
104
136
20
75
91
40

Max.
(μg/kg)
94
316
430
154
529
79
81
125
690
105
781
614
245
700
189
68
256
207
155
358
194
94
244
122
156
277
65
116
180
91

Table 2.1. Sampling locations, modelled atmospheric air concentrations and grain median, 25th and 75th percentiles,
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Country

Asia

Mediter

117.3

31.5

Turkey

China

− 6.3

S. Spain

115.2

38.4

− 0.6

C. Spain

Bali

44.5

8.7

Italy

26.4

− 8.6

40.0

37.2

43.7

7.0

France

31.0

− 6.8

− 12.9

Lat. (°)

31.0

36.0

34.3

Long. (°)

Egypt

Tanzania

E. Africa Malawi

W. Africa

Region

Table 2.1. (continued)

Σ As sp.
DMA
inorg. As
Σ As sp.
DMA
inorg. As
Σ As sp.
DMA
inorg. As
Σ As sp.
DMA
inorg. As
Σ As sp.
DMA
inorg. As
Σ As sp.
DMA
inorg. As
Σ As sp.
DMA
inorg. As
Σ As sp.
DMA
inorg. As
Σ As sp.
DMA
inorg. As
Σ As sp.
DMA
inorg. As
Σ As sp.
39

15

21

12

28

106

6

22

88

19

3
2
2
3
2
2
3
5
22
28
23
85
113
2
2
3
1
28
37
20
29
68
13
43
57
2
2
3
2
2
3

31
2
2
3
2
5
7
6
36
42
40
88
126
33
68
111
18
48
84
38
51
89
27
68
96
2
2
3
19
71
96

111
3
5
6
3
9
12
19
48
68
52
114
182
53
92
156
27
64
106
95
75
170
34
78
119
2
13
14
27
82
112

128
6
8
12
8
29
38
43
85
134
66
133
189
91
112
194
75
81
164
235
99
330
70
94
159
4
31
34
34
96
128

238
19
27
40
140
86
219
86
116
176
82
139
192
324
244
425
259
175
362
286
130
388
368
280
647
7
55
63
121
120
198

Arsenic species No. of values Min. (μg/kg) 25% Per. Median (μg/kg) 75% Per. Max. (μg/kg)
(μg/kg)
(μg/kg)
inorg. As
2
19
70
90
156

− 100.4
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141.9

107.0

S. Vietnam

Australia

105.5

N. Vietnam

Australasia

20.0

80.0

Sri Lanka

Mexico

128.0

S. Korea

N. America

11.5

100.0

Malaysia

− 37.3

20.5

9.7

36.5

5.3

− 6.9

107.6

Java

Asia

Lat. (°)

Long. (°)

Country

Region

Table 2.1. (continued)

inorg. As
Σ As sp.
DMA
inorg. As
Σ As sp.
DMA
inorg. As
Σ As sp.
DMA
inorg. As
Σ As sp.
DMA
inorg. As
Σ As sp.
DMA
inorg. As
Σ As sp.
DMA
inorg. As
Σ As sp.
DMA
inorg. As
Σ As sp.

DMA

13

8

46

71

142

56

18

47
2
3
37
55
102
3
35
38
2
2
3
7
36
49
2
2
3
25
79
104
14
21
39

2

Arsenic species No. of values Min. (μg/kg)

17
18
47
74
119
11
55
67
2
24
26
18
57
76
15
55
71
39
83
140
44
55
130

2
35
39
55
80
132
16
64
81
2
36
41
26
69
101
26
70
95
88
91
181
102
58
169

4
58
65
72
89
155
19
82
102
6
54
60
34
91
128
39
79
112
136
102
226
171
79
226

8

99
120
81
103
178
59
145
171
71
134
171
132
399
440
131
107
210
236
125
326
308
102
385
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25% Per. Median (μg/kg) 75% Per. Max. (μg/kg)
(μg/kg)
(μg/kg)

Chemical analysis
To speciate arsenis in rice the digested rice solutions were analysed using a Thermo
Scientific IC5000 Ion Chromatography (IC) system, with a Thermo AS7, 2x250 mm
column (and a Thermo AG7, 2x50 mm guard column), with a gradient mobile phase
(A: 20 mM ammonium carbonate, B 200 mM ammonium carbonate - starting at
100% A, changing to 100% B, in a linear gradient over 15 min., with a flow rate of
0.3 ml/min), interfaced with a Thermo ICAP Q ICP-MS that monitored m/z+ 75,
using He gas in collision cell mode. The resulting chromatogram was compared with
that for authentic standards; DMA, arsenate, monomethylarsonic acid,
tetramethylarsonium and arsenobetaine. The arsenic present under each
chromatographic peak was calibrated using a DMA concentration series. This
calibration was also used to calculate the Limits of Detection (LoD). The rice flour
CRM NIST 1568b was used in all rice speciation analytical batches (n=76), with DMA
returning 100 ± 2.7 % median and standard error recovery; and inorganic arsenic
99 ± 1.1 % recovery. LoD was 3 g/kg for grain inorganic arsenic and DMA.
For in-house quality control the DMA calibration for any given analysis
batch was required to achieve acceptable linearity, meaning the R squared value
for the slope had to be 0.999 or better. If the calibration was acceptable the CRM
recoveries (individual components and sum of species) had to be 100 ± 25%. Any
batch falling outside these parameters was repeated until satisfactory results were
obtained.
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Statistical analysis
All statistical analysis was performed on SPSS v. 25. The Kruskal-Wallis test was
used to test medians between sample groups.
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Results
Globally, inorganic arsenic in polished rice varied from < 2 to 399 g/kg, with a
global

of 66 g/kg (Table 2.1, Figure 2.1). Median values significantly varied

between regions (P<0.0001). The lowest inorganic arsenic rice region was East
Africa with Malawi and Tanzania having

concentrations of 5 and 9 g/kg,

respectively. West African rice was circa. an order of magnitude higher inorganic
arsenic than East African, with the main West African regions being in the northern
hemisphere, and East African in the southern hemisphere (Figure 2.1). The only
other region that approached East Africa with respect to low arsenic
concentrations were in the equatorial, southern hemisphere locations of Bali, (
13 g/kg) and Java (

=

= 35 g/kg). South American rice was universally high in

inorganic arsenic, not showing the trend observed for Africa and Asia where
concentrations decreased towards the equator.
The global

for DMA in rice, 21 g/kg, was a third that of inorganic arsenic

(Figure 2.1). However, DMA was more variable in rice as compared to inorganic
arsenic, with DMA in grain ranging from <2 to 690 g/kg. Medians between regions
were significantly different (P<0.0001). Temperate regions tended to have higher
DMA than subtropical, and then decreasing considerably in southern hemisphere
tropical regions. Northern equatorial regions tended to have intermediate DMA
concentrations, around the global median. The major outlier with respect to grain
DMA was Sri Lankan rice with

= 2.0 g/kg, but had a typical inorganic arsenic

profile for the latitude at 24 g/kg. Tropical southern hemisphere rice, East African
and Indonesian, where very low in DMA with ’s < 5 g/kg. West African and
northern Indonesian rice had DMA > 10 g/kg. South America showed the
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shallowest cline in DMA with temperate/sub-tropical South American rice DMA
being, >40 g/kg,
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Figure 2. 1. Centroid locations of the 29 sampling areas (a). Concentrations of arsenic
species in white (polished) rice across the globe, median concentrations of inorganic
arsenic (b) and DMA (c) in grain at each location, plotted by latitude, with a gold star
for Australia, blue diamond for the America’s, green inverted triangle for Africa, red
circle for Asia, black square for Mediterranean. Bars represent the 25th and 75th
percentiles. The purple dashed line is the median for the 29 regions.
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decreasing to

=18 g/kg in northern Brazil (Figure 2.1). North American, Asian

and European temperate regions also had high DMA (>20 g/kg), similar to S.
America.
The distribution of inorganic arsenic and DMA in global rice is show in
Figure 2.2. There is a peak at <2 g/kg for both inorganic arsenic and DMA, below
the LoD. Besides the samples below LoD, both species followed a unimodal
distribution. For DMA this distribution was normal, but for inorganic arsenic it was
asymmetric, skewed towards higher concentrations. However, the DMA curve was
more extended with respect to higher concentrations. A plot of inorganic arsenic
versus DMA for the entire global dataset showed that inorganic arsenic dominated
when the sum of inorganic arsenic and DMA was low, but this situation reversed at
higher grain concentrations (Figure 2.2). The higher grain concentrations are
dominated by South American and Mediterranean rice production regions, which
can reach up to 700 g/kg DMA. South East Asian and African rice never exceeding
150 g/kg DMA.
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Figure 2. 2. Relationships between inorganic arsenic and DMA in grain from the global
survey: distribution of inorganic arsenic versus DMA for all the samples (a), and
relationship between inorganic arsenic and DMA in individual samples, with each point
labelled as for Figure 2.2 (b).
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Discussion
This current investigation, through market rice survey, has identified that only
southern hemisphere, at eastern latitude, rice growing regions have low-grain
inorganic arsenic. In contrast, rice from the Americas was universally elevated in
arsenic, with little geographical variation. The concentrations found here for other
major production regions are typical as to what has been previously reported from
surveys of Asia 13,64,65, West Africa 66,67, Europe 68,80 and the U.S.A. 8,10.
There has been limited survey of arsenic in African rice with the most
detailed investigations coming from West Africa 66,67. The finding that East African
rice is low in arsenic confirms a study which reported that Malawian paddy rice was
particularly low in total arsenic in a global context 81. The underlying geology of the
East African region surveyed, stretching from southern Malawi to northern
Tanzania, has a diverse topology and geology 82, yet is universally low in inorganic
arsenic. East African rice production tends to be low-input and rainfed 83. As such
East African rice production is conducted under relatively pristine cultivation
conditions in a global context as groundwater irrigation waters 64, pesticides 8 and
fertilizers 84,85 being potential sources of arsenic to paddy soils.
The widespread of elevation of arsenic in rice throughout South America
reported here equates to previous more spatially limited investigations, such as
those for Argentina 86, South Brazil 87 and Ecuador 88. The South American rice grain
inorganic arsenic concentrations are similar to those found through the major rice
growing belts of S.E. Asia and Europe, both from the current study and from
literature investigations 6,10. In particular, confirming our findings, a wide scale
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Chinese study found no trend in inorganic arsenic from south to north of that
county 13.
DMA versus inorganic arsenic relationships in a wide-scale survey of
Chinese rice confirmed our finding that DMA was prevalent at higher sums of
arsenic species in grain 13. However, there were relatively few low inorganic arsenic
rice samples in that study, as also found for China in the current investigation. As
well as South America, as reported here, North American temperate rice
production regions also had elevated grain DMA 6,10. The underlying regulation of
DMA in soils will be related to the balance between methylation/demethylation 89,
and to different paddy management regimens 90. The paddy soils of the America’s
are generally managed using directly sowed rice, where those of Africa and Asia are
dominated by transplanted rice. These have very different water management
regimes, which regulates both soil redox and rice rooting patterns 91. Redox is a
strong regulator of both arsenic availability in soils and of methylation activity
75,78,89,90.

Having identified major global trends in DMA production provides impetus

to identifying the factors involved in soil microbial methylation of arsenic.
Sri Lankan rice was the only country that had an anomalous DMA profile,
being low despite having moderate inorganic arsenic concentrations. Sri Lanka was
surveyed across that country’s diverse climate, geology and topology 92, with paddy
cultivation systems that traverse from lowland irrigated systems to upland rain-fed
93.

That Sri Lankan rice is generally relatively elevated in inorganic arsenic, but low

in DMA, suggest that upland/lowland cultivation of rice, per se, does not seem to
be a major determinant of grain inorganic or DMA concentrations. However, more
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fine-scale investigations are required to investigate more subtle differences
between Sri Lankan paddy agroecosystems.
To explain global patterns of arsenic sum of species concentrations in rice
grain, diffuse anthropogenic pollution needs considering. Environmental
monitoring and subsequent modelling have identified continental wide
atmospheric contamination of arsenic emanating from central-east China and the
Chilean mining belt of South America, which have led to a > 5 orders of magnitude fold variation in atmospheric air concentrations in the troposphere 94. The
deposition of arsenic derived from Chilean copper mining, for example, can be
detected through elevated concentrations in Antarctic ice cores 95. Arsenic
deposition into the Antarctic snow-field increased 22-fold during the 1980s and
1990s compared to previous decades 96. In a historic 19th century base metal
mining and processing region, for an undisturbed ombrotrophic bog there has been
recorded a 40-fold increase in soil arsenic 97. This was solely from atmospheric
deposition, from a pre-industrial baseline ~0.5 to >20 mg/kg soil arsenic for
sustained periods during peak mining activity. Such studies indicate the impact that
diffuse mining pollution can have on soil arsenic concentrations. Evidence is
mounting that the agricultural soils of China have become extensively elevated in
arsenic through diffuse pollution from industrial sources 77. Arsenic plumes pollute,
with differing degrees of severity, the atmosphere of all terrestrial ecosystems,
with pollution being relatively low in East Africa, Southern Indonesia and the very
north-east tip of South America 94. East Africa and Southern Indonesia is where we
have identified cultivation regions that produce low-grain arsenic. The South
American north-eastern locations, namely Guyana, Suriname and French Guiana,
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remain unexplored. The arsenic air measurement data which where modelled were
conducted from 1999-2005, and may have been contributed by then current
industrial emissions with a contribution from resuspension of dust from historic soil
pollution 94. South American emissions of arsenic to the troposphere have declined
in the 21st century 95,96, while Chinese outputs are still increasing 98, and this may be
the difference between the relationships observed for the western versus eastern
hemisphere. If this is indeed the case that arsenic contamination is increasing in
China, it can only be expected that arsenic in rice will rise in the eastern
hemisphere. Chinese rice is universally elevated in inorganic arsenic, from the
south to the north 13. If this due to pollution, rather than natural biogeochemistry,
it underpins the fact that China is a global source of arsenic contamination 94. The
impact of global atmospheric pollution on paddy soil arsenic needs further
investigation to identify if anthropogenic pollution is the reason for the observed
patterns in rice grain arsenic observed here.
Maximum limits (MLs) have been set for inorganic arsenic rice at 200 g/kg
by both the EU1 and WHO2. Only 5 out of 1180 samples analysed, 0.4% of samples,
failed these limits. However, WHO regulatory guidelines were set to ensure that
most of the rice in circulation was below the recommended ML 7. No explanation is
given as to the reasoning for the EU set its rice standard ML where it did.
Surprisingly, the risk posed by the arsenic in the rice was not considered 7. The
inadequacy of regulations for protecting health have been made before 6,7,84,99.
The current findings of this study show is that given the correct growing
environment paddy rice can be low in inorganic arsenic. Identifying why East
African and Southern Indonesian growing conditions are outliers with respect to
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rice globally will hold the clues of how to produce low arsenic rice elsewhere. Also,
if low arsenic rice needs to be sourced for products, such as infant foods 7,
southern hemisphere, at eastern latitudes, is the location that such rice can be
sourced.
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Abstract
Using village-based rice processing plants in rural Bangladesh, this study considered
how parboiling rice could be altered to reduce the content of the carcinogen
inorganic arsenic. Parboiling is normally conducted with rough rice (i.e. where the
husk is intact) that is soaked overnight at ambient temperatures and then either
steamed or boiled for ~10 mins, followed by drying. Across 13 geographically
dispersed facilities it was found that a simple alteration parboiling wholegrain,
instead of rough rice, decreased the inorganic arsenic content by 25 % (P=0.002) in
the final polished grain. Also, parboiling wholegrain had little impact on milling
quality of the final polished rice. The wholegrain parboiling approach caused
statistically significant median enrichment of calcium, by 213 %; and a reduction in
potassium, by 40%; with all other nutrient elements tested being unaffected.
Milled parboiled rough rice had an enriched inorganic arsenic compared to nonparboiled milled rice, but parboiling of wholegrain rice did not enrich inorganic
arsenic in the final milled product. Polished rice produced from the parboiling of
both rough and wholegrain rice significantly reduced cadmium compared to nonparboiled polished rice, by 25%. This study also identified that trimethylarsine
oxide and tetramethylarsonium are widely elevated in the husk and bran of rice
and, therefore, gives new insights into the biogeochemical cycling of arsenic in
paddy ecosystems.
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Introduction
Concern regarding the elevated arsenic content of rice was first raised in
Bangladesh in 2003 22,100. When a wider global survey of arsenic speciation in rice
was conducted it was realised that inorganic arsenic was specifically elevated in
Bangladesh, and elsewhere 12. In comparison to wheat and barley, rice grain was
typically ~10-fold elevated in inorganic arsenic 9. This elevation of inorganic arsenic
is, primarily, due to rice being cultivated under flooded conditions that then results
in anaerobic soil conditions that liberate inorganic arsenic as arsenite; under
aerobic conditions inorganic arsenic, as arsenate, is sequestered within iron
oxyhydroxide minerals 27. As inorganic arsenic is a human carcinogen 101, its
elevation in rice is problematic 102. This is particularly true for Bangladesh where
the populace is amongst the highest per capita consumers of rice, ~450 g per day 9.
Given that there is considerable exposure to inorganic arsenic by the Bangladeshi
populace from drinking water consumption, due to naturally high arsenic in
groundwaters 103, rice ingestion adds a further burden. Rice is the dominant source
of inorganic arsenic exposure in the lower arsenic groundwater regions of
Bangladesh 104. Cadmium is also problematic for Bangladesh, and elsewhere, as rice
is the dominant exposure route to this carcinogen and renal toxicant at
concentrations that cause concern 105. Rice grain nutritional content, in general, is
also an issue as subsistence rice diets are deficient in a range of essential elements
and vitamins 106,107.
Given this background, there is considerable impetus and interest in
reducing rice inorganic arsenic 47,108 and cadmium 109,110, while fortifying mineral
nutrients 111,112. Altering agronomic practices and breeding/selecting of new
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cultivars have been investigated but, as yet, there has not been any practical
solutions for reduction arsenic 47, or for elevation in mineral nutrients17, but there
has been progress made for the reduction of cadmium 109,110.
Post-harvest approaches have been more useful in removing inorganic
arsenic. Cooking rice in high volumes of water removes up to 70 % of inorganic
arsenic, but does not reduce cadmium 112. However, widespread implementation of
new approaches to cooking is subject to education and individual practice, as it is a
domestic process. Arsenic contaminated cooking water, as observed for
Bangladesh, is also problematic when it comes to using cooking to remove
inorganic arsenic 113. Post-harvest rice processing technologies may be a suitable
route to explore to further reduce, in addition to cooking, rice grain inorganic
arsenic and cadmium content, as it is a way to alter rice before it reaches the
consumer. It is known that arsenic is elevated in the bran and germ of rice, and that
these are removed through polishing of wholegrain rice to white rice 114. A pictorial
representation of rice components discussed in the text is given in SI Figure 3.1.
The form of inorganic arsenic in rice grain, both wholegrain and polished rice is,
primarily, the more soluble form arsenite 113. It is this solubility of arsenite that
makes cooking in high volumes of water an effective mitigation strategy 113, and
which may translate into novel parboiling technologies to remove inorganic
arsenic.
In Bangladesh the vast majority of rice is consumed parboiled. Parboiling
involves soaking the rough rice (i.e. with husk intact) overnight in ambient water
and then boiling or steaming, followed by sun-drying, dehusking, and then milling
73,115–120.

This gelatinizes the starch that constitutes the endosperm, causing the
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grain to expand, leading to the separation of the two halves of the hull. Parboiling
can be used to fortify rice with B-vitamins and mineral nutrient by adding them to
the parboiling water 115. The consequences of parboiling procedures on rice arsenic
content has been characterised in Bangladesh, showing that there is little loss of
total arsenic due to typical processing 121. However, there has been no attempt to
alter parboiling protocols to see if arsenic or cadmium can be removed. A recent
study showed that parboiling wholegrain, as opposed to rough rice, caused
fortification with iron and zinc 115. The migration of iron and zinc in wholegrain rice
during parboiling was attributed to removal of the husk that acts as a diffusion
layer between the external medium and the wholegrain.
The altered dynamics of iron and zinc migration on the parboiling of wholegrain
rice is a very interesting development 115, and may have consequences for
inorganic arsenic and cadmium mobility in rough versus wholegrain rice during
parboiling. The husk is specifically high in inorganic arsenic 79,122, and is potentially a
diffusions barrier to the wholegrain it encases, as for iron and zinc 115. The study
presented here set out to see parboiling wholegrain versus rough rice could be
implemented to effect inorganic arsenic removal, while ascertaining what was the
consequences for general mineral nutrition. In rural Bangladesh rice parboiling is
conducted locally in primitive plants (Figure 3.1), and it is these that were tested
for the development of altered parboiling approaches.
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Figure 3.1. Image of one of the village-based parboiling plants used in this study (a−d)
and the location of the parboiling plants (e). Part a. shows the boiler, b. the top of the
ambient water soaking tanks, c. the drain of the ambient water soaking tanks, and d.
the boiling/steaming vessels
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Materials and methods
Parboiling
Traditional small-scale par boiling plants throughout Bangladesh were used. (Figure
3.1). These consist of concrete tanks for pre-soaking rough rice, a ~400 liter
boiling/steaming receptacle for parboiling, a cemented yard for sun drying
parboiled grain before further processing, and an adjacent mill to conduct the
dehusking and polishing of the wholegrain. Parboiling trials used 200 kg of rice per
batch run, with runs conducted in triplicate. Treatments always included rough rice
versus wholegrain rice comparisons. Both parboiling and steaming were initially
trialled (data not shown) at Mymensingh, Bangladesh, focusing on the length and
temperature of soaking, length and temperature of heating stage, steaming as
compared to boiling water, and static as opposed to percolating boiling water,
using four cultivars. Optimal conditions for inorganic arsenic removal were derived
and these parameters and were: dehusking rough rice and then soaking the
resulting wholegrain for 12 hours in in ambient water, then parboiling using boiling
water for 15 minutes, sun-drying the resultant grain, and finally milling to produce
polished white rice. This differs from traditional parboiling only in that wholegrain,
as opposed to rough rice, was parboiled, with all other parameters and treatments
being the same, except that rough rice is dehusked after sun drying, before
polishing. The experiments were trialled at 13 locations throughout Bangladesh
(Figure 3.1). Cultivars used in these studies were recorded and reported in
Supporting Information SI Table 3.1. At one site, Faridpur, 6 cultivars (BRRI dahn29,
BRRI dhan33, BRRI dhan39, BRRI dhan56, BR3 and BR11) were used to determine if
there was any variance in processing due to rice breed. From all parboiling
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experiments the water used to treat the rice was sampled. Husk, bran, wholegrain
and polished rice was obtained for the untreated rice. Polished rice was produced
in the mill attached to the parboiling plant for analysis.

Chemical analysis

Arsenic speciation and total elemental content was conducted using our published
ICP-MS (Thermo, ICAP Q) protocols for waters 123 and rice 112. Briefly, solid samples
were freeze dried and then ground to a fine powder using a Retsch ball mill with
zirconium oxide lined milling chamber and balls. For total elemental analysis,
around 100 mg of sample was accurately weighed into 50 ml polypropylene tubes
to which 2 ml of concentrated Aristar nitric acid was added and left to stand
overnight. Prior to digestion 2 ml of reagent grade full-strength hydrogen peroxide
was added, and then the tube placed in a Mars CEM microwave digestor using a
rice digestion protocol derived in our laboratories18, left to cool on completion of
the protocol, and then diluted to 30 ml with double distilled deionized water. For
arsenic speciation, the same protocol was used except that 10 ml of 1% nitric acid
was used for digestion/extraction. Prior to analysis 7 µl of hydrogen peroxide
added to 700 µl of the extract, to convert arsenite to arsenate for subsequent
chromatography as arsenite elutes at the solvent front. For speciation, authentic
samples of arsenite, arsenate, monomethylarsonic acid (MMA), dimethylarsinic
acid (DMA), trimethylarsine oxide (TMAO) and tetramethylarsonium were used as
outlined previously 112 18,31. An authentic arsenic species chromatogram is
presented in SI Figure 3.2. XRF (Rigaku NEX CG) was performed on the ball milled
51

samples to determine calcium, potassium, magnesium, sulphur and silicon content,
which are problematic by ICP-MS. CRM (rice flour, NIST 1568b) recoveries for all
reported parameters are detailed in SI Table 3.2 for ICP-MS, along with LoDs, and SI
Table 3 for XRF.

Statistical analysis
Where any concentration was below LoD, the value of half-LoD was used in
statistical analysis. Statistical analysis was conducted using non-parametric
comparisons of medians using the software package GraphpadPrism, version 6.
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Results
Initial trials showed that steaming did not remove inorganic arsenic or cadmium, so
trials reported here focused on boiling to parboil rice. Concentrations of arsenic
species, cadmium and macro- and micro- element in polished grain were related to
husk, bran, wholegrain and polished rice from untreated grain, and are given in for
the countrywide experiments (Figure 3.2), with percentage removal through
comparing treatments of polished rice is also reported (Figure 3.3), and the
statistical analysis of these percentage removal findings given (Table 3.1).
Table 3.1. Median and Signiﬁcance (P) as Ascertained Using a Wilcoxon Signed
Rank Test, Using a Theoretical Mean of 100% for Polished Rice That Resulted from
Wholegrain (WG) and Rough Rice (RR) Parboiling, and from Non- Parboiled
Polished (NPBP)a
As
species

WG/RR (%)
median
P

WG/NPBP (%)
median P

iAs
74.4
0.0024 116
0.0888
MMA
95
0.6772 97.9
0.8122
DMA
71
0.1909 102
0.8693
TMAO
100
0.3125 79.5
0.0429
0.1708
Tetra
100
>0.9999 104
Ca
213
0.0034 196
0.0126
Cd
106
0.9697 74.3
0.0014
Cu
75.5
0.0771 120
0.0331
Fe
162
0.1016 303
0.0043
K
59.5
0.001
101
0.9564
Mg
96.3
0.6221 155
0.0112
Mn
82.3
0.2334 85.4
0.0562
Mo
83.3
0.0425 79.1
0.0067
P
82.2
0.0522 148
0.0027
S
93.9
0.3804 110
0.2177
Se
100
0.2969 92.6
0.5184
Si
117
0.2036 180
0.0568
Zn
81.9
0.2036 79.1
0.0046
a Signiﬁcantly diﬀerent results are given in bold.

RR/NPBP (%)
median P
112
135
120
100
100
99.9
83.5
136
207
158
155
103
95.4
139
112
100
130
84.9

0.0574
0.1763
0.0479
0.3125
>0.9999
0.9097
0.8501
0.0122
0.0244
0.064
0.0342
0.791
0.9697
0.0034
0.0522
0.3125
0.2036
0.0034
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Trials on the 6-cultivars at one site (Faridpur) showed there was little
varietal variation in parboiling results, and the data was confirmational of the
regional trials, with just less variance (SI Figures 3.3 and 3.4). Inorganic arsenic was
highly elevated in bran, 2.5-times higher than husk, 5-times higher than
wholegrain, and 7-times greater than polished rice (Figure 3.2). Copper and
potassium had similar elemental profiles. Other species and elements that had
specifically high bran concentrations, but low husk, were tetramethylarsonium,
magnesium, molybdenum, phosphorus (in particular), sulphur and selenium.
Monomethylarsonic acid, calcium, iron and manganese had high concentrations in
both husk and bran. Silicon was very high is husk, and low in other components.
Zinc’s profile was more like that of tetramethylarsonium. The elements and arsenic
species that stand out are dimethylarsinic acid, molybdenum and cadmium, which
were lower in the husk, and have similar levels across other compartments.
With respect to how parboiling procedures impact chemical composition of
polished rice, inorganic arsenic was removed by parboiling wholegrain rice by a
median of 25% (P=0.0014) across all sites (Figure 3.2). Neither parboiling approach
significantly altered the inorganic arsenic content compared to non-parboiled
polished rice. The water used in parboiling had inorganic arsenic concentrations
ranging from 0.17 to 9.5 g/L across the 13 study sites (SI Table 3.1). No other
arsenic species were detected. There was no correlation (P>0.05) between
treatment water and arsenic species in any rice compartment.
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Figure 3. 2. Arsenic species and elemental concentrations between the diﬀerent
components that constitute rough rice, and with diﬀerent parboiling (PB) approaches
across 13 locations across Bangladesh. iAs denotes inorganic arsenic; MMA,
monomethylarsonic acid; DMA, dimethylarsinic acid; TMAO, trimethylarsenic oxide;
and Tetra, tetramethylarsonium. Median values are presented with bars showing the
75th percentiles.
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Trimethylarsenic oxide was reduced in wholegrain versus non-parboiled polished
rice (by 20 %, P=0.043), while dimethylarsinic acid was enriched (by 20 %,
P=0.048), on comparing parboiled rough to non-parboiled rice. Cadmium
concentrations were not significantly affected on altering parboiling procedures,
but the parboiling of wholegrain rice reduced cadmium by 25 % (P=0.0014)
compared to non-parboiled counterpart. For beneficial nutrient elements, calcium
was significantly enriched when parboiling wholegrain was compared to rough
rice, by 213 % (P=0.0034); and to non-parboiled polished rice, by 196% (P=0.0126);
with parboiled rough rice being non-significantly different to non-parboiled rice
(P>0.05). Parboiling, of both wholegrain and rough rice, significantly enhanced
copper (120-136 %), iron (207-307 %) and phosphorus (139-148 %), while zinc
decreased (79-84 %) compared to non-parboiled polished rice, with no difference
in these parameters between wholegrain versus rough rice parboiling. Potassium
was significantly decreased (by 40 %, P=0.001) by parboiling wholegrain as
opposed to rough rice, but not when compared to non-parboiled polished rice.
Molybdenum was significantly decreased by ~20 % compared to both rough and
non-parboiled rice when wholegrain is parboiled. Parboiling of rough rice
(P=0.0034) significantly increases magnesium, but parboiling wholegrain did not
have this result. Sulphur, selenium and silicon content of rice was unchanged
across the treatments.
Milling quality, i.e. the percentage of non-broken grains on polished rice
production, between regions, when assessed non-parametrically by a MannWhitney test found that the new approach to parboiling was significantly lower
than traditional (P=0.0037), with medians of 74.4 and 88.1 %, respectively. For the
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Mymensingh cultivar variance trial, there was no significant difference (P=0.589) in
percentage broken grains, 74.5 and 73.4 % for wholegrain and traditional
parboiling, respectively.
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Figure 3.3 Ratios for each element concentrations in wholegrain vs traditional
parboiling (A), wholegrain vs nonparboiled polished (B), and traditional parboiled vs
nonparboiled polished (C). Median values are presented with bars showing the 25th
and 75th percentiles. The statistical signiﬁcance of this data is given in Table 1. iAs
denotes inorganic arsenic; MMA, monomethylarsonic acid; DMA, dimethylarsinic acid;
TMAO, trimethylarsenic oxide; and Tetra, tetramethylarsonium.
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Discussion
Rice, in its parboiled form, is the dietary staple of Bangladesh 117,121. It is also a
major contributor to inorganic arsenic exposure in Bangladesh, calculated to be
56% in an arsenic elevated region of Bangladesh 104. Other studies confirm the
importance of rice as an inorganic arsenic exposure source for Bangladesh 12. Here
we find that parboiling wholegrain rice, as opposed to rough rice, is an effective
method of centrally reducing inorganic arsenic from the diet of the Bangladesh
populace, with a median reduction of 25%. As Bangladeshi adults consume ~450 g
rice per day 9, and parboiling plants are present in every community in the rice
growing zones of Bangladesh, this simple, low-cost and low-technology
intervention of parboiling wholegrain offers an instantly implementable way of
reducing inorganic arsenic exposure.
Previous investigations on how parboiling affects grain arsenic have been
limited 121; based on one cultivar at one site, with no alteration of procedures, and
with only total arsenic measurements reported. This older study did, however,
suggest that parboiling enhanced the arsenic content of the final polished rice as
compared to non-parboiled polished rice produced from the same grain 121. This
observation that parboiling elevates grain arsenic was also found in the study
reported here, for both the sum of arsenic species and inorganic arsenic, in the
traditionally processed rough rice. Thus, if non-parboiled rice was consumed in
Bangladesh, this would also decrease inorganic arsenic exposure in comparison to
traditional rough rice parboiling. The new wholegrain parboiled rice has the same
inorganic arsenic concentrations as non-parboiled polished rice.
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Inorganic arsenic in grain is dominated by relatively soluble arsenite 79,122.
Arsenite is concentrated in surface bran 79,122. Thus, wholegrain parboiling allows
the inorganic arsenic diffuse directly out to the external media, where parboiling
rough presumably disrupts diffusion from the grain and, perhaps, enables husk
derived arsenite to diffuse into the encapsulated wholegrain. Given that the husk is
also high in inorganic arsenic 79,122, it potentially contributes to wholegrain
inorganic arsenic loading during rough rice parboiling.

Cadmium, which is typically elevated in rice 105, was unaffected by the new
parboiling protocol, but parboiling per se reduced cadmium compared to nonparboiled polished rice. Cadmium is a major issue in Bangladeshi rice 105, and the
fact that parboiling reduces its content in rice grain is fortuitous.

Parboiling wholegrain, compared to rough, rice has the added benefit of
fortifying the polished rice grain with calcium by ~200 %. Again, given that rice is
the dietary staple, this is an important finding as dietary calcium intakes,
particularly amongst young children, are of concern in Bangladesh 106,107. It is
important to note that there is a possibility that a source of some of the calcium
addition (or other elements) could be the parboiling waters, or the vessels used.
The project was conducted over 13 geographically diverse locations, and the
enrichment was similar across all locations so site specific testing would identify
any significant effects. Technological approaches to enhancing food biofortification through breeding 111 cannot approach the enhancement in calcium
observed in the altered parboiling protocols reported here. Given that the calcium
has migrated into grain, this suggests mobility, which may translate into gut
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bioavailability, although this has to be tested. The reason why calcium migrates
into the endosperm on parboiling wholegrain also needs investigating. It is likely
that calcium has enhanced perfusion from the bran to the endosperm on parboiling
wholegrain.
The presence of anti-nutrients is one of the major issues in elemental
nutrition of grain, as phytic acid immobilizes divalent cations 111. Chemical
fortification of rice through spraying nutrients, such as calcium, onto the surface of
rice is not widely practised outside the USA 124. Chemical fortification is particularly
problematic as the common practice of rinsing (for hygiene & culinary preference)
removes these artificially applied nutrients 124. Also, cooking rice in large volumes
of water, another effective way to reduce inorganic arsenic in rice18, removes
chemically fortified nutrients 124.

The parboiling of wholegrain rice does remove a substantial portion of
potassium, confirming our earlier observation that this element is readily leached
from rice grain 112, with others subsequently reporting a similar effect 125. Evidence
is also presented here that molybdenum, in cases, may also be leached, but all
other mineral nutrients remaining unchanged. Parboiling, per se, reduces zinc
concentration in polished rice. Enhancing zinc nutrition being a key problem with
respect to human nutrition in developing countries 111.

Polished rice is a poor source of vitamins, with the exception of the Bcomplex 106,107. Evidence suggests that parboiling fortifies the final polished rice
with B-vitamins 72,115. The effect of parboiling wholegrain rice on B-vitamins needs
further investigation. Given that potassium and B-vitamins are an issue with the
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altered parboiling protocol, if it is to be widely implemented it must be done so
with advice to enhance the consumption of foods that will compensate for this
loss.

Rice milling and eating quality also needs to be considered when changing
parboiling protocols 72,73. The number of broken grains did increase on parboiling
wholegrain versus rough rice in the study presented here across all sites, but where
very similar at the site used in the multiple cultivar study. Also, Patindol et al. 115
found that wholegrain and rough rice give the same head rice (i.e. polished rice)
yield. Broken rice is sold as is for conventional cooking, and used to produce flour,
also a valuable product. The culinary properties, taste, texture, colour etc., should
not be disrupted too much on changing rice processing protocols21. Patindol et al.
115

did find some differences in their studies, but ultimately this needs consumer

testing, or education of consumers to accept a, hopefully slightly, different product
because of health benefits.

Despite the large body of work conducted on arsenic speciation in rice
12,27,47,79,102,112,114,122,

questions remain regarding the full complexity of arsenic’s

chemical form in grain126. An interesting outcome of this study is that, because
analysis used a mixed anion/cation chromatography column, a better separation of
arsenic species was obtained compared to the HPLC-anion exchange
chromatography approach normally used to characterise rice 102,112. In particular,
cationic species trimethylarsenic oxide and tetramethylarsonium would be lost at
the solvent front unless a mixed anion/cation column is used 127, or that both
anionic and cationic columns are chromatography would need performed on each
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sample to given better detailed speciation 126. While the mixed ion exchange
approach has been used on wholegrain and polished rice previously102,112, it had
not been used to characterize arsenic speciation specifically in husk and bran that
relates to polished rice. Tetramethylarsonium has been reported in a limited
number of wholegrain samples 126, however, this current study reports for the first
time that the presence of trimethylarsenic oxide is widespread, in both husk and
bran. It also showed that tetramethylarsonium is present in bran.
Monomethylarsonic acid is not systematically reported in rice grain studies, but
here was found to be above the LoD in husk and bran.

The observation that rough rice components, primarily husk and bran,
contain a wider range of methylated arsenic species than previously realised raises
questions regarding arsenic biogeochemical processing arsenic in paddy fields.
Methylated arsenic species can only derive from microbial metabolism 44. Studies
on microbial metabolism of arsenic in soils, for analytical reasons outlined above
for grain, overlook any trimethylarsenic oxide and tetramethylarsonium that may
be present. Our unpublished results, using mixed ion exchange chromatography,
routinely detects trimethylarsenic oxide and tetramethylarsonium in soil
porewaters. These missing species are important components of arsenic’s
environmental fate; trimethylarsenic oxide is the precursor of trimethylarsine, the
major arsine emitted from paddy soils 127. Also, another route of trimethylarsenic
oxide entry into paddy soils is wet deposition, with ~20% of arsenic deposited into
Bangladeshis (and Sri Lankan) paddy soils being comprised of this species 127.
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The uptake and transport of trimethylarsenic oxide is unknown in rice and
other plants, but transport of other methylated species has been characterised; for
monomethylarsonic and dimethylarsinic acids 28. Dimethylarsinic acid has a
distinctly different mode of arsenic transport to other arsenic species, attributed to
not being readily complexed by phytochelatins that are known to retard transport
of arsenite and monomethylarsonic acid. The pattern of trimethylarsine oxide in
rough rice components is more akin to that of monomethylarsonic acid, than
dimethylarsinic acid. The pattern of dimethylarsinic acid is highly distinctive
compared to other arsenic species and most other elements, with molybdenum
being the exception; both being low husk, and having bran concentrations similar
to that in polished rice. Previous physiological studies had shown that
dimethylarsinic acid is readily unloaded into grain 79.
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Chapter 3 Supporting information.

Supporting Information contains site locations and their characterization,
CRM recoveries for arsenic species, and for elements, analysed, and the findings of
the parboiling trials with respect to cultivar variation.

SI Table 3.1. Locations of parboiling plant experiments, cultivars used, and inorganic
arsenic concentrations in water supply used for parboiling.

location

latitude

longitude

rice
cultivar

inorganic standard
arsenic error
(µg/l)
(µg/l)

Bagerhat

N 22⁰41.556´

E 89⁰03.310´

Hira hybrid

7.00

6.80

Dinajpur

N 23⁰52.614´

E 90⁰23.221´

BRRI dhan34

4.18

3.62

Faridpur

N 22⁰37.625´

E 89⁰49.485´

Hira hybrid

3.16

2.57

Gazipur

N 24⁰14.529´

E 90⁰31.511´

BRRI dhan28

1.64

1.35

Jamalpur

N 25⁰05.326´

E 089⁰46.710´ BRRI dhan28

5.99

5.69

Jessore

N 23⁰16.663´

E 89⁰15.177´

Hira hybrid

0.32

0.12

Munshiganj

N 23⁰32.529´

E 89⁰46.274´

BRRI dhan28

1.04

0.66

Mymensingh N 24⁰49.329´

E 090⁰26.032´ BRRI dhan28

0.57

0.39

Natore

N 24⁰38.100´

E 88⁰38.726´

BRRI dhan29

0.30

0.17

Rajshahi

N 24⁰25.712´

E 88⁰24.963´

Hira hybrid

9.54

4.09

Satkhira

N 22⁰41.557´

E 89⁰03.311´

BRRI dhan28

6.30

3.53

Sherpur

N 25⁰01.767´

E 090⁰00.861´ BRRI dhan28

0.17

0.07

Tangail

N 24⁰36.492´

E 90⁰01.483´

1.51

0.64

BRRI dhan29
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SI Table 3.2. Certified Reference Materials (rice flour, NIST 1568b) recovery for
arsenic species and elements by ICP-MS.

90
180
285
1530
7.42
0.0177
2.35
19.42
2.85
3.65
1.451
0.0224

AsV (µg/kg)

MMA (µg/kg)

DMA (µg/kg)

TMAO (µg/kg)

Tetra (µg/kg)

Species sum (µg/kg)

P (mg/kg)

Mn (mg/kg)

Fe (mg/kg)

Co (mg/kg)

Ni (mg/kg)

Cu (mg/kg)

Zn (mg/kg)

As (mg/kg)

Se (mg/kg)

Mo (mg/kg)

Cd (mg/kg)

Certified
value

0.02

1.51

2.34

2.34

14.45

1.80

0.26

0.0177

6.01

19.23

1267

281.90

<LOD

<LOD

184.29

11.8

84.93

Average
over runs

0.005

0.145

0.033

0.025

1.954

0.155

0.221

0.008

4

0.023

19

0.848

0.848

0.848

0.848

0.848

0.848

Limits of
detection

77

104

64

82

74

77

-

100

81

-

83

99

-

-

102

-

94

Recovery
(%)

33

33

33

33

33

33

33

33

32

33

33

39

39

39

39

39

39

Number of
runs

2.21

0.11

0.02

0.01

1.72

72

0.18

0.0049

3.00

2.21

174.8

27.89

<LOD

<LOD

17.43

0.99

13.62

Standard
deviation

12

7

9

6

12

40

6.9

27.4

27

12

14

10

<LOD

<LOD

9

8.41

16

Coefficient of variation
(%)

SI Table 3.3. Certified Reference Materials (rice flour, NIST 1568b)
recovery for arsenic species and elements by XRF, n=12.

element
certified value (mg/kg)
average (mg/kg)
Standard dev. (mg/kg)
cv (%)
percentage recovery (%)

Ca
118.4
126.2
12.88
0.1
107

K
1282
966.9
20.76
0.02
75.0

Mg
559.0
559.0
35.25
0.06
100

S
1200
865.9
36.35
0.04
72.0

Si
408.8
32.07
0.08
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SI Figure 3.1. Pictorial representation of rice components
discussed in the text.
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SI Figure 3.2. An arsenic speciation mixed standard
chromatogram.
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Abstract
A novel way of cooking rice to maximize the removal of the carcinogen inorganic
arsenic (Asi) is presented here. In conventional rice cooking water and grain are in
continuous contact, and it is known that the larger the water:rice cooking ratio, the
more Asi removed by cooking, suggesting that the Asi in the grain is mobile in water.
Experiments were designed where rice is cooked in a continual stream of
percolating near boiling water, either low in Asi, or Asi free. This has the advantage
of not only exposing grain to large volumes of cooking water, but also physically
removes any Asi leached from the grain into the water receiving vessel. The
relationship between cooking water volume and Asi removal in conventional rice
cooking was demonstrated for the rice types under study. At a water to rice cooking
ratio of 12:1, 57 ± 5 % of Asi could be removed, average of 6 wholegrain and 6
polished rice samples. Two types of percolating technology were tested, one where
the cooking water was recycled through condensing boiling water steam and
passing the freshly distilled hot water through the grain in a laboratory setting, and
one where tap water was used to cook the rice held in an off-the-shelf coffee
percolator in a domestic setting. Both approaches proved highly effective in
removing Asi from the cooking rice, with up to 85 % of Asi removed from individual
rice types. For the recycled water experiment 59 ± 8 % and 69 ± 10 % of Asi was
removed, on average, compared to uncooked rice for polished (n=27) and
wholegrain (n=13) rice, respectively. For coffee percolation there was no difference
between wholegrain and polished rice, and the effectiveness of Asi removal was 49
± 7 % across 6 wholegrain and 6 polished rice samples. The manuscript explores the
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potential applications and further optimization of this percolating cooking water,
high Asi removal, discovery.
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Introduction
Paddy rice is the carbohydrate staple of half the world yet is the main source of
exposure to the class-one, non-threshold carcinogen inorganic arsenic (Asi) 6.
International and national bodies are in the process of setting standards for
inorganic arsenic in rice due to the fact that sub-populations are exposed to levels
that are associated with negative health consequences 32. The UN WHO has just set,
in 2014, advisory levels of Asi in polished (i.e. white) rice grain at 0.2 mg/kg 15, while
the European Union 32 and United States of America 128 are in the process of setting
legal standards for inorganic arsenic in rice based products.
It is highly desirable to reduce the inorganic arsenic content of rice. While
breeding low arsenic rice and altering of rice cultivation practice offer medium to
long-term solutions to reducing inorganic arsenic content of grain 75, if rice
preparation to remove inorganic arsenic is optimized, this offers an immediate
solution to decreasing inorganic arsenic in the diet. Milling, fortuitously for those
who prefer polished (white rice), already reduces the inorganic arsenic content of
rice by ~50 % 71,114. Bran is much more enriched (~10-fold) in Asi compared to
polished (white) rice 71,114, though the milled bran component is only ~10 % of
wholegrain biomass. However, the levels of Asi in polished rice are still highly
problematic 6,71,114,128. The way that rice is cooked has been shown to have an effect
on Asi content. The now common way to cook boiled rice throughout the globe is to
use a volume of water that will result in all the water being absorbed or
evaporated. This does not cause loss of Asi on cooking 129–131. Where the cooking
water itself is elevated in Asi, such as in large tracts of Bangladesh, cooking further
elevates the arsenic content of the cooked product 113. Traditional S.E. Asian
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methods of rice cooking involved extensive rinsing of the uncooked grain followed
by cooking the rice in a large excess of water and discarding that water on cessation
of cooking and this was found to reduce Asi content of food by up to 45 % 131 and 57
% 129 when Asi free water was used. Steaming is another traditional cooking
approach, where rice is not directly exposed to cooking water, but steaming can
only remove up ~10 % of Asi 131.
In the study presented here rice cooking is radically rethought to optimize
Asi removal. It is demonstrated that percolating technology, where cooking water,
either free off, or low in, Asi is continually passed through rice in a constant flow, is
highly efficient at removing Asi. This cooking water percolation potentially
maximizes the removal of Asi, by both enhancing the volume of water the rice
comes into contact with and by physically removing Asi leached from the rice. A
number of variations on percolation technology are trialled; one where the water
percolated through the rice is recycled through distillation; and one where the
perfused water is discarded. The former is suitable where cooking water is itself
elevated in Asi and/or where water is scarce or needs conserved, and the later
suitable for low Asi water sources. The proposed technology can be low-tech and
to demonstrate this in a domestic setting an off-the-shelf coffee percolator was
used to remove Asi from wholemeal and polished rice.
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Materials and Methods

Rice sourcing
Market rice was purchased from major UK retailers in the city of Belfast, or
purchased online through UK retailers, i.e. all products tested were widely available
to the UK populace. Of the 41 samples tested in this study 2 were generically
labelled as being from the EU, 11 from Spain, 6 from Italy, 5 from Thailand, 5 from
France, 2 from Egypt, 1 from Japan, 1 from Australia, 1 from Lebanon, 1 from
Pakistan, 1 from Turkey and 5 from the USA; with 13 being unpolished (wholegrain)
and the rest polished. Descriptions of samples are given in S1 Table.

Cooking rice in different volumes of water
Initial experiments investigated the relationship between cooking water
volume and Asi content. A standardized and repeatable approach was used where a
250 ml round bottomed Pyrex was used as the rice-cooking vessel. This was heated
in an electrothermal heating mantle and the neck of the flask connected to a
dimpled Vigreux 25cm condensing tube (14 rows of 3 dimples = 42 dimples in total)
that returned steam as water to the flask. Evaporative losses as a confounding
factor look in interpreting Asi content of cooked rice and by condensing any
evaporated steam back into the cooking vessel such losses are negated. Rice (20g
packet weight), from 6 wholemeal and 6 polished randomly selected from the
bought packets, was placed in the flask and then double-distilled, deionized water
added to give 3:1, 6:1 or 12:1 water:rice ratios. Rice was boiled until cooked and
then removed from the heat. After cooling the sample was freeze-dried and then
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powdered using a Retch PM100 rotary ball-mill using a zirconium oxide lined vessel
and zirconium oxide grinding balls. Uncooked rice was similarly freeze-dried and
milled.

Cooking rice in where percolating cooking water is recycled through condensation
Here all 41 samples of bought rice were cooked in a standard Soxhlet
apparatus. Rice grain, fresh from the packet, was accurately weighed (2 g) into a
VWR Soxhlet thimble and was then placed into a 25 cm long and 3.5 cm diameter
Quickfit Soxhlet which was attached to a 250 ml receiving flask at one end and a
dimpled Vigreux 25 cm condensing tube (14 rows of 3 dimples = 42 dimples in
total), with the receiving flask sitting within an electrically heated mantle and
supported by a retort stand and clamps. At the start of the experiment the flask
was filled with 200 ml of double-distilled, deionized distilled water. Rice cooking
was timed as per number of Soxhlet reflux cycles, with 3 cycles sufficient to fully
cook the rice. At the end of the 3rd cycle the thimble containing rice was removed
and rice freeze dried and milled as described for the cooking volume experiment.

Home-cooking in a coffee percolator
Six randomly chosen wholegrain and polished rice samples were cooked
from the packet in a domestic environment, at quantities required to feed a large
family, using an off-the-shelf coffee percolator with no adaptations. The coffee
percolator chosen for these experiments was a catering model that is used to fill
vacuum flasks, a Bravilor Bonamat. This type of percolator was used as it has a
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larger filter unit and it does not have a hotplate. Into the filter unit, lined with the
manufacturers supplied paper filter, was placed 500 g packet weight of the rice. The
unit held 2 L of water and this took 10 mins. to fully discharge or cycle through the
filter unit. Two cycles of 10 mins. (i.e. 20 mins of cooking) fully cooked polished rice,
while 3 cycles. (6 L of water, i.e. 3* 2 L) was needed for unpolished rice.
Temperature of the water entering the filter was 98oC. The cooking experiments
were conducted in triplicate for each rice type. The cooked rice was freeze dried
and milled, as for other cooking experiments described above. Arsenic in the tapwater was low with only Asi being detected, at 0.050±0.02 μg/L, with the LOD being
0.036 μg/L.

Chemical analysis
For As speciation powdered cooked and uncooked rice were weighed
accurately to a weight of 0.1 g into 50 ml polypropylene centrifuge tubes to which 2
ml of 1 % conc. Aristar nitric acid was added and allowed to sit overnight. Batches
of 40 samples were prepared which also include a black and rice CRM (NIST 1568b
Rice flour) which has the arsenic species Asi and dimethylarsinic acid (DMA)
concentrations certified, then microwave digested in an CEM MARS 6 instrument
for 30 min. at 95oC using a 3 stage slow heating program: to 55oC in 5 min. held for
10 min., to 75oC in 5 min., held for 10 min. to 95oC in 5 min., held for 30 mins. The
digestate, on cooling, was accurately diluted to 10ml with deionized distilled water.
A 1 ml aliquot was transferred to a 2 ml polypropylene vial and 10 µl of analytical
grade hydrogen peroxide was added to convert any arsenite to arsenate to

77

facilitate subsequent chromatographic detection. For multi-element analysis by ICPMS, a more aggressive digestion procedure was employed, with 2 ml of
concentrated Aristar nitric acid and 2 ml hydrogen peroxide added and left to soak
overnight before microwaving using the same temperature program as before (heat
to 95oC in 5 min. hold for 10 min. to 135oC in 5 min. then hold for 10 min., to 180oC
in 5 min. then hold for 30 min). Blanks and CRM NIST 1568b, which is certified for
both arsenic speciation (Asi and DMA) and for a range of trace and macro elements,
were included in each batch of 40 samples analysed.
To speciate As in rice the diluted 0.2 % nitric acid digested rice solutions
were run on a Thermo Scientific IC5000 Ion Chromatography (IC) system, with an
Thermo AS7, 2x250 mm column (and a Thermo AG7, 2x50 mm guard column) and a
gradient mobile phase (A: 20 mM Ammonium Carbonate, B 200 mM Ammonium
Carbonate- Starting at 100 % A, changing to 100 % B, in a linear gradient over 15
min.) interfaced with a Thermo ICAP Q ICP-MS that monitored m/z+ 75, using He gas
in collision cell mode. The resulting chromatogram was compared with that for
authentic standards; DMA, Asi, monomethylarsonic acid (MMA),
tetramethylarsonium (TETRA) and arsenobetaine (AB). Arsenic present under each
chromatographic peak was calibrated using a DMA concentration series.
Total elements were measured also using the Thermo ICAP Q but in direct
solution acquisition mode. Rhodium was used as an internal standard. All elements
reported were present both in calibration standards and in CRM NIST 1568b with
only elements with good CRM recoveries reported. Additional elements were also
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analysed by bench-top XRF (Rigaku NEX CG) on powered samples. Only elements
present in the CRM and with good analytical recoveries were presented.

Statistics
General Linear Modelling (GLM), using Minitab v.16, was used to analyse the data.
Residuals were tested for normality using the Anderson-Darling test, and where
found to be normal so no transformation of the data was needed, except for
percentage data, which were ranked and the ranks analysed.
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Results
The analysis of the As speciated CRM gave very good recovery results, based on for
n=11, with 91.6±4.4 % recovery for DMA and 88.2±3.3 % recovery for Asi, the only
two species found in that CRM that were also detectable in the rice analysed, giving
a sum of species recovery of 90.3%. The CRM had a certified concentration of 0.182
and 0.092 mg/kg As for DMA and Asi respectively. The limits of detection (LOD) for
both DMA and Asi (calculated from a DMA calibration) in rice was 0.0028 ±0.001
mg/kg DMA rice d.wt., n=5. All samples presented were above LOD for Asi and only
a few samples were below LOD for DMA (2), and in this case ½ LOD was used in
statistical analysis of the data.
The experiment that related Asi content of cooked rice to rice cooking
volume found a linear relationship, where the greater the volume of cooking water
the greater the removal of Asi from the cooked rice (Fig. 4.1). GLM analysis found
that whether the rice was wholegrain or polished (P<0.001), the volume of water
used to cook the rice (P<0.001) and the interaction between rice type (wholegrain
or polished) and cooking volume (P<0.001) were all highly significant with respect
to the Asi content of the cooked rice. Uncooked wholegrain rice had higher Asi
content in uncooked rice than polished, ~2-fold higher on average, but Asi was
more efficiently removed from wholegrain, as observed in the steeper slope in the
regression line and by the highly significant rice type*cooking volume interaction
term. Up to 70 % Asi could be removed at the highest water to rice ratio (12:1), with
average removal of 57±5 % across all rice types at the 12:1 ratio as compared to
uncooked rice, and 53±5 % and 61±3 % for polished and wholegrain, respectively,
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with whole grain having higher initial inorganic arsenic concentrations, so more to
remove.
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Figure 4.1. Asi concentration and percentage in rice that is either uncooked or has
been cooked at different water: ratios. Squares are for wholegrain rice and circles for
polished rice. Solid regression line is for wholegrain, dashed for polished.
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This figure for all rice was 29±5 % and 29±4 % at ratios of 3:1 and 6:1 respectively.
DMA content was not reduced by cooking (SI Figure 4.1), with only the rice type
term being significant (P<0.001), reflecting the fact that wholegrain rice had higher
concentrations of DMA than polished rice. For the Soxhlet cooking experiment it
was found that this type of percolating cooking removed 59±8 % and 69±10 % of Asi
compared to uncooked rice for polished and wholegrain, respectively (Figure 4.2).
On the ranked percentage data (as percentages are not normally distributed)
Soxhlet cooking Asi reduction was correlated with the concentration in the
uncooked rice (P=0.024), while the type of rice (wholegrain or polished) was highly
significantly different (P=0.001) and the rice type*Asi content of uncooked rice
interaction term was significant in the analysis of co-variance GLM analysis, with Asi
in uncooked rice being the covariate. For the absolute Asi concentrations in cooked
rice, the Asi in uncooked rice covariate term was highly significant (P<0.001) while
the rice type and the interaction term were not significant. In some individual
samples up to, and in one case over, 80 % of Asi could be removed by percolation,
for both wholegrain and polished rice. For polished rice there is a trend that the
more Asi present in the uncooked rice the more Asi is removed by cooking. This was
not the case for wholegrain, where there was a very slight trend in the opposite
direction, with the difference between polished and wholegrain probably due to
the whole grain rice having higher inorganic arsenic in the raw rice, and that
inorganic arsenic removal saturates at the higher initial raw rice concentrations. For
DMA (SI Figure 4.2) only the DMA content of uncooked rice was significant in the
GLM analysis of covariance (P<0.001), and no terms were significant for the
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Figure 4.2. Asi concentration and percentage in rice cooked using a Soxhlet apparatus
compared to uncooked rice. Squares are for wholegrain rice and circles for polished
rice. Solid regression line is for wholegrain, dashed for polished.
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percentage of DMA removal. This illustrates that DMA is very poorly removed on
rice cooking, even under the most stringent conditions of this Soxhlet based
cooking method.
When a home cooking with a coffee percolator was trialled 49±7% of Asi
could be removed across all 12 samples, with up to 85% removal observed for one
sample (Figure 4.3). GLM analysis of covariance showed that only the initial Asi
concentration in the uncooked rice had a significant contribution to the actual
concentration in the cooked rice (P=0.045). This figure for DMA (SI. Figure 4.3) was
(P<0.001). Terms containing rice type were non-significant for both Asi and DMA.
None of the terms were significant for the percentage Asi removal experiments,
showing that rice type was not a contributing factor in Asi removal in these coffee
percolating cooking experiments. A pair t-test showed that Asi concentration was
significantly (P=0.009) reduced on cooking. There was no significant reduction in
DMA content between cooked and uncooked rice (P=0.263). When a range of trace
and macro-elements were analysed between coffee percolator cooked and
uncooked only potassium (P<0.001) and phosphorus (P=0.016) were significantly
different, while calcium, copper, iron, manganese, sulphur and zinc were nonsignificant (Fig. 4.4). For potassium 53 % was lost on cooking. For phosphorus this
figure was 7 %.
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Figure 4.3. Asi concentration and percentage in rice cooked using a coffee percolator
compared to uncooked rice. Each point is the mean of 3 replicates. Squares are for
wholegrain rice and circles for polished rice. Solid regression line is for wholegrain,
dashed for polished.
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Fig 4.4. Total calcium, copper, iron, manganese, phosphorus, silicon, sulphur and
phosphorus concentrations in rice cooked using a coffee percolator compared to
uncooked rice. Each point is the mean of 3 replicates. Squares are for wholegrain rice and
circles for polished rice. Solid regression line is for wholegrain, dashed for polished
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Discussion
Mitigating Asi levels in rice is essential as this commodity is the major global source
of this carcinogen, with Asi derived from rice consumption predicted to cause
significant increases in excess lifetime cancer burdens, in the order of ~1-2 in 1,000,
for the highest rice eating communities 6. Using a continual flow of clean cooking
water versus traditional static systems enables up to 85 % of the Asi content of raw
grain to be removed on cooking, much higher than the use of standard static
cooking water or steaming based systems 131. Furthermore, this continual flow
system offers a way of assaying which rice is amenable to have Asi removed on
cooking, and using a Soxhlet based system, the method is also standardized and
repeatable in any laboratory and is not reliant on the purity of water used because
delivery of cooking water is through distilled steam. Although the standardized
cooking methods were developed around reflux/Soxhlet for standardization,
household or commercial scale cookers could adopt the same approach as
demonstrated here in the coffee percolator experiment.
The development of commercial approaches based on continuously flushing
rice with arsenic free cooking water would have application in baby rice
manufacture, for example, as baby rice is of particular concern with respect to
human exposures 102,132 and baby rice is a product where grain is pre-cooked, dried
and milled, much the same as the sample preparation for analysis here. Rice milk is
similarly problematic, being elevated in Asi, and is fed to lactose intolerant children
in quantities that raise concern 133. Rice milk is prepared from cooked rice and
manufacturing processes could be optimized for Asi cooking using the continual
cooking water flow principle demonstrated here. It is not difficult to envisage that
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large-scale rice cookers for baby rice and rice milk manufacture could be based
either on the distillation approach, as demonstrated here by using a Soxhlet system,
or with a continual flow of externally pre-heated water passing through the rice, as
demonstrated here by the commercial coffee percolator approach. With baby rice
if elemental nutrients (i.e. potassium) do need supplementation this is easy to do
and, indeed, many baby rice products are nutrient and vitamin fortified. Vitamin
removal was not assessed here and again may need to be investigated with respect
to commercial production of products such as baby rice, and as rice is an important
source of soluble B-vitamins 134, with vitamin B2 known to be leached from rice on
cooking dependent on processing methodologies 135.
Non-milled, pre-cooked rice is becoming an important market in the
prepared food business, from stand-alone precooked boiled rice to boiled rice in
pre-packed Asian & S.E. Asian foods, and in products such as pre-cooked baby food
jars. For all these products continual cooking water flow cooking approaches could
be applied to lower Asi to consumers. Cooked rice texture using continual flow
cooking, not assessed here, while unimportant for milled baby rice, would be
important for non-milled pre-cooked products, but manufactures could optimize
rice type/source and cooking conditions to optimize final texture of their product.
Home cooking continual flow would need the specific product design, but should be
achievable, and given that there is already a wide penetrance of specific rice
cookers for domestic use, based on steaming, so there is a market for specific rice
cookers. We have demonstrated here that coffee percolator technology could also
be used to cook rice, and that such technologies could be optimized for Asi removal,
and to optimize the heat and water usage to most efficiently achieve this goal. The
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coffee percolator technology is most suitable for cooking rice in regions that have
low Asi available for the cooking water, although distilled/purified water could be
directly used if in high water Asi regions, if available. Where Asi is high in cooking
water then the recycling of water through continuous distillation is the solution.
The key to a home based continual reflux distillation rice cooker development
simply needs a steam condensers unit to supply water to rice suspended in a basket
with a bottom receiver (pot) directly heating the water. Condensers could be based
on water/ice cooling, on thermal properties of materials used for a lid with the
design of the inside of the lid optimized to deliver stream of condensing water to
the rice, or on electro-thermal cooling technologies for the lid/condenser. Homebased appliances for water/ethanol extraction of essential oils from plant-based
material are already available 136 and could be readily adapted, to lower cost and to
increase efficiency.

In situ speciation 114 shows that grain Asi is either as free Asi or as sulfhydryl
complexed As. It is not clear why grains with more Asi release more Asi on cooking
as compared to those low in Asi, but perhaps it is grain geometry, i.e. that Asi in the
outer portions of the grain are more easily removed than those in the inner
portions. It is known that Asi is more elevated at the grain surface than in the centre
114.

The finding that Asi is readily leached from rice while DMA is not, conforms
well with what is known with their rice gut availability where Asi has a high gut
availability where DMA does not [18]. The fact that Asi is readily leached from both
wholegrain and polished rice is also important. Although not tested here, if rice
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bran Asi is readily removed using continual flow of replenished cooking water then
this product which is highly elevated in Asi may be made suitable for the human
food-chain, given that in many aspects it is a highly nutritious product whose health
and commercial value is negated by its Asi content.
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Chapter 4 Supporting Information
Three additional graphs, pertaining to the DMA content of rice that complement
the Asi content of rice shown in SI Figures 4.1 – 4.3. in the main body of the text. A
table of rice sample descriptions is also given, SI Table 4.1.

SI Figure 4.1. DMA concentration and percentage in rice that is either uncooked or
has been cooked at different water: ratios. Squares are for wholegrain rice and
circles for polished rice. Solid regression line is for wholegrain, dashed for polished.
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SI Figure 4.2. DMA concentration and percentage in rice cooked using a Soxhlet
apparatus compared to uncooked rice. Squares are for wholegrain rice and circles for
polished rice. Solid regression line is for wholegrain, dashed for polished.
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SI Figure 4.3. DMA concentration and percentage in rice cooked using a coffee
percolator compared to uncooked rice. Each point is the mean of 3 replicates. Squares
are for wholegrain rice and circles for polished rice. Solid regression line is for
wholegrain, dashed for polished.
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SI Table 4.1. Rice sample descriptions
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Abstract
There has been an increasing realisation that young infants are exposed to elevated
concentrations of the carcinogen inorganic arsenic, relative to adults. This is
because many infant food products are rice based, and rice is ~10-fold elevated in
inorganic arsenic compared to most other foods. The European Commission (EC)
has acted on this concern setting stricter standards for infants, 100 g of inorganic
arsenic per kg of food (100 g/kg), as compared to adults (200 g/kg), for rice
based foods, a law that was brought into place in 1st January 2016. Here we
investigate how this law has impacted on inorganic arsenic in baby food products in
the UK market, and compare the findings to previous baby food surveys taken
before and just after the law came into place. We find that for a wide range of UK
infant products that the new regulations are being adhered to, with all samples
surveyed, being under 100 g/kg inorganic arsenic. The prevalence of pure rice
products had decreased in the UK, and there appears to be careful sourcing of the
rice used in these products to ensure conformity with regulations. There has been
an increased presence of mixed cereal products, with rice and maize as the main
ingredient, appearing on the UK market, with varying rice contents for infant
porridges, cakes and mueslis, with the latter being a relatively innovative product
for infant foods. There was a highly significant correlation (P<0.0001) between rice
content and inorganic arsenic concentration across all infant foods. When UK infant
rice cakes, breakfast cereals and porridges were compare to their general, i.e. not
labelled specifically for being for infant consumption, equivalent it was found that
the adult foods generally exceeded the 100 g/kg inorganic arsenic standard for
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infant foods. Thus, infants should not be given rice products not specifically labelled
as being for them if a lower inorganic arsenic diet is to be maintained.
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Introduction
Rice is widely used as an ingredient in weaning products 137. However, inorganic
arsenic is a non-threshold carcinogen that is found circa. 10-times higher in rice
than in other staple foods 9. Inorganic arsenic, as well as being a carcinogen, also
impacts on child I.Q., growth rates, and immune development, amongst other
effects, at concentrations that can be found in the diet 138–141. Children are
particularly more exposed to food-borne toxins, such as inorganic arsenic, as they
consume circa. 3-times as much food on a body mass basis as adults 142. SignesPastor et al. 142 found that when infants’ urine was sampled before and after
weaning that inorganic arsenic and its metabolites monomethylarsonic acid (MMA)
and dimethylarsinic acid (DMA), with DMA being also the other major arsenic
species in rice 6, increased 4.5-fold after weaning. Surveys of arsenic in rice based
weaning/baby/infant foods have led to growing concern regarding the exposure of
infants to arsenic 142–144.
An assessment of the risks posed by rice as an exposure route of inorganic
arsenic to infants 32 has led to the European Union introducing new laws on the 1st
January 2016, setting the standard for inorganic arsenic in rice based products
intended for young children, those below 5-years of age, at 100 g of inorganic
arsenic per kg of food (100 g/kg) 74 This is half the standard for polished (white)
rice, and a third of that for puffed rice cereals. When arsenic in food containing rice
marketed at young children, less than 5-years old, was surveyed in the UK just after
the new standards were set, ~three-quarter of products were above the legal
threshold 142. Levels had in fact increased from a pre-ban survey 102,142. Typical baby
foods that may be elevated in inorganic arsenic are rice porridge, rice
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crackers/wafers, and puffed rice cereals 102,142. However, there are those which
have general labelling, i.e. not specifically for babies/infants, and the stricter EU
regulations only apply to products labelled specifically for consumption by young
children 74. This constitutes a loophole, and unsuspecting parents have a choice
between two almost identical products, but one labelled for children and one
labelled for general consumption, and with a potential divergence in inorganic
arsenic content. Also, studies have focussed on the UK 102,142, with few surveys of
inorganic arsenic in baby foods elsewhere in Europe, and all of which were before
the new regulations of 2016 145–147
In this present study, we set out to establish inorganic arsenic levels in UK
baby foods, as well as their general, i.e. not specifically labelled as being for infant
consumption, equivalents for the UK. This was to observe how the new EU laws
were being enforced, and to identify if specific children’s products had diverged
from generic porridges, grain cakes and breakfast cereals. The findings of the survey
were also compared concentrations found in previous investigations 102,142. The
results were interpreted with respect as to what is the best dietary advice to give
parents of young children, and how to avoid products with higher exposures, and
strategies for further reducing children’s exposure to inorganic arsenic.
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Materials and methods

Sampling strategy
For the current survey, samples of individual products were sampled from separate
retail outlets, to give duplicate or triplicate samples. Date of sample purchase,
location and formulation details are (S.I. File 5.1). The sampling strategy was to go
to major (ASDA, Boots, Dunne’s, Holland & Barrett, Marks & Spencer, Sainsbury’s)
and minor retailers to purchase 3 (in a minority of cases only 2 were available, see
S.I. File 5.1 “product averages” tab for N) replicates of each individual rice based
product available in baby food sections. In total, 24 stores across the province of
Northern Ireland were sampled (located in Enniskillen Craigavon, Lisburn and
Belfast), see S.I. File 5.1 “all sample details” tab for a breakdown. The bulk of the
data were labelled as being from the EU or produced in UK or Belgium as their
source of origin, only 4 products actually stated the country of origin of the rice
(one Italian, 2 Japanese, 1 Thai), reported in “product averages” tab of S.I. File 5.1.
Details of the UK 2016 and 2014 survey are given in Signes-Pastor et al. [7].

Sample preparation and digestion
Samples were dried in a Christ LD freeze dryer, powderised on a rotary ball mill
(Retch PM 100 planetary ball mill) using a zirconium oxide lined milling chamber
and 20 mm Ø zirconium oxide marbles. From each powdered sample, ~100 mg was
accurately weighed out using OHAUS- Discovery digital weighing scales and
transferred into labelled 50ml polypropylene centrifuge tubes and the precise
weight recorded. Three additional tubes were used as blanks and 3 for CRMs. For
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As speciation, NIST SRM 1568b rice flour was used as the CRM as this contains
certified levels of several relevant As species. Then 1 % nitric acid (10 ml) was
pipetted into each tube and swirled briefly. This was allowed to soak overnight.
Centrifuge tubes were then placed into the carrousel for the CEM Mars 6 1800W
microwave digester heated up to 95oC gradually by heating from ambient to 55oC in
5 minutes, hold for 10 minutes, heat to 75oC, hold for 10 minutes, heat to 95oC in 5
minutes, hold for 30. After cooling each tube was made up to the final weight (10 g)
with 1% nitric acid. The precise weight of this was recorded. Tubes were
centrifuged using a Sorvall Legend RT centrifuge which was set to 3500 rpm (2634
g) for 15 minutes at 20oC.

Ion chromatography fractionation for speciation
From each centrifuge tubes, 700 µl was transferred to a 1ml polypropylene vial and,
finally, 7 µl of Prolabo Analar Normapur hydrogen peroxide 30 % (or similar) was
added using a pipette, and the vials were thoroughly mixed. Vials were arranged
into trays according to a predetermined random run order and placed into the
auto-sampler. A Thermo Dionex IC5000 Ion Chromatograph (IC) system was used
including Dionex IonPac AS7 RFIC analytical column (2x250 mm) and Dionex AG7
guard column. The mobile phase A consisted of 20 mM ammonium carbonate in
deionised water and the mobile phase B consisted of 200 mM ammonium
carbonate in deionised water. The flow rate was 0.3 ml/min using the following
gradient program: 100 % mobile phase A when time = 0 mins, followed by a linear
change to 100 % mobile phase B when time = 10 mins and finally followed by a
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linear change to 100 % mobile phase A when time = 10.5 mins followed by 2
minutes equilibration, total analysis time 12.5 mins.

Arsenic analysis by ICP-MS
The IC was connected to an ICP-MS (Thermo ICAP-Q) detector. The ICP-MS
operating conditions were: Forward RF power- 1550W; Nebuliser gas flow~1L/min, nebuliser sample flow rate- ~0.35 ml/min. Helium was used as a collision
gas at a flow rate of 4.5 ml/min., and the sole element measured was As at a mass
of 75. A mixed species solution was made up containing: AB- arsenobetaine (EC
IRMM BCR626); DMA- dimethylarsinic acid (Supleco [Merck]); MMAmonomethylarsonic acid (Chem Service); Tetra- tetramethylarsonium acid (a gift
from Joerg Feldmann, University of Aberdeen); AsIII arsenite (Sigma-Aldric [Merck]);
AsV- sodium, dibasic, arsenate heptahydrate (Sigma-Aldrich) at 1 µg/L as retention
time check. Five standards were made up including one blank, all in 1 % HNO3, in
the range 0-5ppb using DMA as the calibrant species, and all species concentrations
were measured against this calibration.

Procedure for statistical analysis
For statistical analysis medians for each product class, porridge, crackers or cereals,
were calculated, with either a Mann-Whitney unpaired t-test or Kruskal-Wallis
(equivalent to non-parametric one-way ANOVA) used, to compare medians, using
the statistical package GraphPad Prism v.6. Linear regression analysis was used to
compare inorganic arsenic content to percentage rice in each product.
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Results
Quantification of NIST-1568b CRM, N=4, was 103.4 % (RSD 8.3 %), 94.5 % (RSD 10.4
%), 83.7 % (RSD 12.7) and 96.6 % (RSR 9.3 %) for DMA, MMA, inorganic arsenic and
sum of species, respectively. The limits of detection (LoD) for inorganic arsenic and
DMA was 1 g/kg. Where samples were below LoD, half LoD was assigned for
statistical consideration. The average inorganic arsenic and DMA concentration was
calculated for each sample product, reported for UK samples in SI File 5.1.
The median values for arsenic species concentrations, and N, for the 2017
survey are reported in the “product class medians” tab of SI File 5.1. A range of UK
children’s food products, and their generic, i.e. not specifically labelled for the
consumption of young children, equivalents, inorganic arsenic contents are
presented in Figure 5.1. There were a range of products for babies that contain rice
and these can be considered as pure rice products, cakes and porridge, and multigrain products, cakes, porridges and muesli. For generic products, cakes, both pure
rice, and puffed rice, white and wholemeal, were widely available. Multi-grain
products usually included maize, but could include quinoa, oats and potato in
various quantities (SI File 5.1, “all samples detail tab”). All products specifically for
children fell under the 100 g/kg EU inorganic arsenic standard, with medians also
below this threshold. For baby porridges, pure rice had a median of 66 g/kg, as
compared to 10 g/kg for multi-grain. A similar difference was observed between
children’s pure rice cakes and multi-grain, 60 versus 8 g/kg inorganic arsenic,
respectively. There were only 2 brands of pure baby porridge available in the stores
surveyed. The differences between rice versus multi-grain were both highly
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significant (P<0.0001) for both porridges and cakes. Multi-grain cakes for children
were not significantly lower than for adults, but the variance was lower.
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Figure 5.1. Median inorganic arsenic concentrations. Median concentrations of the
average inorganic arsenic content of individual rice products (reported in S1 File,
“product medians” tab) specifically for infants (shaded blue) and for the general
market (shaded grey). Diamonds are for porridge (pure baby rice, n=6; multi-grain
porridge, n=15), squares for cakes (baby rice cake, n=2; general rice cake, n=14, baby
multi-grain cake, n=10; general multi-grain cake, n=9), triangles for muesli (multi-grain
muesli, 10), hexagonals for puffed rice (white, n=5, wholemeal, n=5). The median
values for each product class are reported in S1 File, “product class medians” tab.
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Generic rice cakes had a median above the EU inorganic arsenic standard at 120

g/kg. These crackers tended, 13 out of 14, to contain wholemeal rice. Generic
white (milled before puffing) puffed rice had a median inorganic arsenic content of
95 g/kg, while wholemeal puffed rice was the highest of any product class at 140

g/kg inorganic arsenic. When inorganic arsenic content of baby foods was
correlated with rice content of the product, where that content was stated on the
packaging (SI File 5.1, “all sample details” tab), there was a highly significant
correlation (P<0.0001) with an R2 of 0.632 (Figure 5.2). The multi-grain porridges
and mueslis, in particular, could have a very low rice content, and a correspondingly
low inorganic arsenic content.
When year of sampling is considered for cakes and porridge, infant mueslis
being a relatively new innovation, at least on a mass distribution basis for UK baby
foods, inorganic arsenic concentrations have dropped in 2017 (Figure 5. 3). The
amount of baby rice cakes found on the shops surveyed was only 2 brands in 2017
compared to previous years when the there was a larger variety of brands and
formulations found, 14 in 2014, 12 in 2016. While the median in 2017 was below
100 g/kg, the fact that there were only 2 brands precludes statistical analysis. Rice
porridge was more prolific as a product and had a median of 66 g/kg in 2017,
compared to 114 g/kg in 2016 and 127 g/kg in 2014. These medians for rice
porridge were statistically significant, P=0.0393.

107

Figure 5.2. Correlation between rice content of infant foods and inorganic arsenic
content. Correlation between rice content of infant foods and inorganic arsenic
content averages for individual products with medians reported in SI File 1, “product
averages” tab. Diamonds are for porridge (pure rice, n=6; mixed grain porridge, n=15),
squares for cakes (rice cake, n=2; mixed grain cake, n=10), triangles for mixed grain
muesli (n=10).
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Figure 5.3. Median concentrations of the average inorganic arsenic content in
individual infant rice products from 2014-2017. Median concentrations of the average
inorganic arsenic content in individual infant rice products sampled from 2014 (cake,
n=14; porridge, n=8), 2016 (cake, n=12; porridge, n=4) and 2017 surveys (cake, n=2;
porridge, n=6).
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Discussion
The findings presented here for the UK market clearly indicate that there has been
a considerable shift in baby food formulation with respect to ensuring those
products fall below the 100 g/kg EU inorganic arsenic standard 74. The approaches
taken by manufactures are three-fold. For the 1st approach, pure rice products,
such as porridges and crackers, it appears that low inorganic rice has been
specifically sourced for formulation. The 2nd approach appears to be a lower
representation of pure rice products being produced/available, though this would
take manufacturer survey to quantify. The 3rd, and most radical, approach is to
blend rice with other gluten free grains, as well as the introduction of multi-grain
mueslis for infants, to dilute out the inorganic arsenic in rice. Although the
manufacturers have not stated or advertised this approach, it seems that they have,
moved to meet EU standards by using dilution of the rice content of infant foods.
However, diversification of grains in the diets of children needs to take account of
all risks, not just inorganic arsenic. For baby foods, the rice alternatives favoured by
manufacturers are maize, oats, quinoa and potato, all gluten free, as preferred,
particularly at weaning, in the infant market. Maize and oats can be problematic
with respect to their mycotoxin content, and surveys of infant cereals show that
relatively high percentages had mycotoxin concentrations exceeding those allowed
by EU standards 148–151. Rice is, generally, low in mycotoxins 152. It is worth noting
that the mixing of other grains and ingredients could be introducing arsenic, either
as inorganic or organic species or even both. Most of these ingredients are not
known to contain arsenic but some of the products had a small fraction of fruit
juices, notably apple juice 153 which could be contributing to the arsenic species
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load. This may have relevance on the species distribution across the mixed product
range, especially those with a higher percentage of DMA.
This UK reduction in rice based infants’ foods will lead to lower levels of
inorganic arsenic exposure in children, however, more can be done. It is important
to note that the EU standard of 100 g/kg inorganic arsenic 74 was not set following
a risk assessment, in fact the logic of 100 g/kg inorganic arsenic as a standard has
not been explained, and the same as for the 200 g/kg inorganic arsenic standard
for non-infant rice products 74. The rational of setting the infant standard at half
that for adults seems arbitrary as young children are effectively exposed to 3-times
more arsenic than adults due to their high food consumption rate on a body mass
basis 102,142, and the fact that children appear more sensitive to inorganic arsenic
than adults 138–141. Even a primitive risk assessment, based on food consumption
rates, would suggest that the children’s thresholds for maximum concentrations of
inorganic arsenic in rice should be at least a 1/3 of that for adults, though even
lower would be better. An illustration of how the infant foods regulation is not well
thought though can be achieved by considering inorganic arsenic intakes by babies
from rice based products. Assuming a 20g portion for a 9.25 kg (1-year old) child 132,
a 100 g/kg EU inorganic arsenic rice based infants food limit, this means a child
will receive a dose of 0.22 g per kg body weight per sitting. Assuming consumption
of 1L (a typical daily consumption) of 3 g/L water for a 70 kg adult person, a dose
of 0.042 g/kg bodyweight per day (g/kg/d). This dose of inorganic arsenic gives
an estimated range of 4-7 cases in 10,000 for the baseline risk of excess bladder and
lung cancer life-time exposure 154. The EU, US and WHO 15 water standards are 10
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g/L, and this same body weight arsenic consumption for a 70 kg adult at 10 g/L
consuming 1L per day is 0.142 g/kg/d. A single portion of a rice based meal at the
EU limit will take the child over the adult 3 g/L water ingestion by 5-fold, and at
the 10 g/L water standard by 1.5-fold, and babies may be fed more than one rice
based meal per day. While 10 g/L is the EU, US and WHO standard, few around
the world are actually exposed to this concentration of inorganic arsenic in their
drinking water, yet children are exposed daily to substantially more inorganic
arsenic, on a body weight dose basis, from rice based foods. While the
epidemiological modelling is for life-time exposures 154, children are known to be
more susceptible to inorganic arsenic than adults 32,138–141. The rational for setting
stricter EU, and elsewhere, standards for inorganic arsenic in rice based baby foods,
and adult foods, as rice is again here a dominant exposure route, is compelling, as
we have previously highlighted 99. Our results show that attaining lower inorganic
arsenic standards in infant foods is readily achievable, i.e. the manufacturers have
already done this, with the median concentration in multi-grain cereals porridge
that contain rice as an ingredient being 9.75 g/kg, a tenth lower than the EC 74
standard. Thus, the move away from away from pure rice cereal products, and the
sourcing of low arsenic rice appears to be a positive step for the UK market.
The WHO, although it does not have an infant standard, has set a standard
for polished rice, at the same value as the EU, 200 g/kg inorganic arsenic 15. Again,
this WHO standard was not set on a risk assessment basis, but at least the logic of
the WHO decision was outlined in their discussion documents 15. The WHO
discussions around where to set an inorganic arsenic in rice standard explicitly state
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that the standard was set so as to keep most of the rice in the global food-chain in
circulation 15. That is, the WHO standard was set on economic grounds, supposedly
using the As Low as Reasonably Practical (ALARP) principle 15. Our UK findings
presented here confound this WHO ALARP assessment interpretation as pure baby
rice can be sourced that is below 100 g/kg, half the WHO 15 standard, for a
commercial product. It is clear that tighter law setting, 100 g/kg for the EU for
infant foods vs. 200 g/kg generically for EU and WHO, is an incentive for lowering
inorganic arsenic in the diet. Given that inorganic arsenic is a non-threshold
carcinogen 132,155 i.e. that every dose carries a carcinogenic risk, exposures to
babies, and adults, should be minimised.
Other strategies, besides dilution with other grains, could be employed to
further lower inorganic arsenic content of rice based baby foods. Inorganic arsenic
is readily cooked out of rice, at removal rates of 80% 155. As infant products are
normally precooked, inorganic arsenic removal at the food processing stage is a
tractable option. Also, rice for infant foods, could be sourced from low arsenic rice
regions 6. This appears to what has occurred for pure rice infant porridges and
crackers in the UK from the results presented here.
While the implementation of a 100 g/kg inorganic arsenic standard for
baby foods has had a positive impact of reducing the exposure of infants to arsenic,
the law does not take into account parents who will feed their children foods
classified as not being labelled specifically for young children 74. Such foods include
rice grain, and parents who make their babies meals from fresh ingredients will
expose their children to higher inorganic arsenic levels than if pre-packaged foods
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labelled as being for children were given as a meal instead. Also, as illustrated by
the findings here, if non-infant food labelled rice breakfast cereals or rice crackers
are given to young children, then their exposures will be higher than giving them
the equivalent child-food product. Puffed rice is off particular concern as it is a food
widely given to children as a breakfast cereal, but the EU law allows it to have the
highest inorganic arsenic concentration of any rice product, 300 g/kg 74.
As rice is not just a problem for infants, it being a chronic carcinogen with
risks measured over life-times 132,155 if inorganic arsenic exposures from rice can be
reduced for infants they also can be reduced for adults. Again, sourcing is a solution
for non-rice growing countries, such as the northern European countries focussed
on in this study, or from simple changes in cooking, such as pre-soaking and using a
large water: rice (ratio) 112. For countries where rice is the subsistence
carbohydrate source, as well as changing cooking, rice processing, such as
parboiling practice 156, can also make an impact. Diversification of diet is also an
option, and this is would generally help the nutritional health of the populace in
countries with rice subsistence diets 157. Agronomic solutions to producing low
arsenic rice, for various reasons, have not emerged 75, but may do so in the future.
Chapters 3 and 4 of this thesis have further explored some of the
aforementioned mitigation methods, such as parboiling and novel cooking
methods. These will be discussed in the flowing chapter.
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Chapter 5 Supporting information

SI File 5.1. Sample information and arsenic speciation for individual samples, and
means per sample type. The file contains an Excel sheet with data tabulated under the
tabs: “product class medians”, “product averages” and “all sample details”.

This file is available online: https://doi.org/10.1371/journal.pone.0194700.s001
Only the “product class medians” tab is printed here. The “product averages” and
“all sample details” tabs were too large to be printed here in any readable way.

Product class median tab

Category

N

average DMA
(µg/kg)

ave inorg. As
(µg/kg)

ave DMA + inorg. As
(µg/kg)

baby muesli
baby porridge mixed
baby rice
cake
cake mixed
porridge
puffed rice cereal - white
puffed rice cereal - wholemeal

10
15
6
16
19
2
5
5

3.337
9.154
39.14
47.35
38.56
38.15
33.38
31.81

7.898
9.753
65.89
114.4
60.36
76.05
94.92
137.4

10.96
22.11
106.0
164.9
107.8
114.4
130.2
171.8
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Chapter 6
Discussions
Arsenic, and its inorganic arsenic compounds, are classified as Class I carcinogens 3
and long-term exposure to arsenic is known to significantly increase the risk from
cancer of the lungs, skin, kidneys and other organs 2. Arsenic is present is most soils
with concentrations ranging from 1 to 40 mg/kg with a global average of ~5 mg/kg
2.

Unlike other crops, rice is highly efficient at taking up arsenic from paddy soils by

a variety of mechanisms dependant on soil conditions, water management and
other factors 23. Rice is the staple diet for over half-of-the-world’s population, and
it’s demand is rising 14 and as such, arsenic’s major route in to the human body is by
the ingestion of rice 6.
Here I set out to explore approaches mitigating inorganic arsenic in rice.
Previous research had been focused on the mitigation on field management and
rice genetics 50,158–161. As discussed in the text, agronomic methods of soil and water
clean-up are both costly and logistically prohibitive on the large-scale 158,162,163,
while changing water management approaches leads invariably to elevated
cadmium in grain 164. Genetics, as yet, has not found any solutions to arsenic
mitigation 62,63. Given these facts, the focus here was on rice sourcing from the
global market, and post-harvest processing, and consumer preparation of grain.
In Chapter 2 I presented results from a global survey of white (polished)
market rice. The survey showed that southern hemisphere rice of eastern latitudes,
have the lowest inorganic (and total) arsenic of all the major growing regions. Rice
from the Americas (North and South) was comparatively much higher. Rice from
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Asia was also higher on average, and some of the highest individual concentrations
were found in European rice. The results from our global survey were in good
agreement with results previously reported from less comprehensive individual
surveys of Asia 13,64,65, West Africa 66,67, Europe 68,80 and the U.S.A. 8,10.
The distribution of arsenic species presented certain global trends. Rice
from the Americas had higher DMA than inorganic arsenic content. Indeed, rice that
had higher total arsenic content showed higher organic arsenic, predominantly
DMA. This was also in agreement with published research from China 13 although
our survey showed more individual instances of low-inorganic rice from China. Rice
grown in North and South America are usually farmed by direct sowing, as opposed
to the transplantation practices generally employed in Africa and Asia. The different
required water management techniques generate different redox conditions in
paddy soil, and redox is a strong regulator of both arsenic availability in soils and of
methylation activity 75,78,89,90. Sri Lanka was the only country that differed by having
relatively lower organic arsenic while showing moderate inorganic content. Sri
Lanka has a diverse climate, geology and topology 92 and subsequently diverse rice
cultivation practices but does not conform to the aforementioned global trend. This
suggests that cultivation practice may not be the major driver in grain species
distribution. More detailed investigations are required to explore why Sri Lanka
shows such differences, as understanding the factors involved in soil microbial
methylation of arsenic could lead to preferentially promoting organic grain content
which would be of great benefit.
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When considering global patterns in terms of total (sum of species) arsenic
content, diffuse anthropogenic pollution should be taken in to account. Mining
activities from Chile and central-east China have be shown to markedly increase
atmospheric air concentrations in the troposphere 94. Another study showed
Chilean copper mining to be associated with increases in arsenic concentrations in
Antarctic ice cores 95. These and other studies 96,97 show the effect that diffuse
mining and other industrial emissions, with a contribution from re-suspended soil
dust, can have on atmospheric arsenic 94 and potentially soil arsenic concentrations
by precipitation 127. East Africa and South Indonesia were found to have relatively
lower atmospheric pollution 94 and these are the regions we found to have the
lowest grain arsenic. Chinese industrial pollution outputs have been increasing 98
which may be a major contribution towards increasing rice grains concentrations
from south to north in that country 13. Additional investigations are required to
ascertain if the observed trends in rice grain arsenic are contributed to by
anthropogenic pollution.
Maximum levels (MLs) of 200 µg/Kg inorganic arsenic have been set by EU 74
and WHO 15 and very few of our survey samples (0.4%) were above this level. WHO
set this recommended limit to ensure that most of the rice in circulation was below
that level 7 to maintain a viable food supply across those countries dependant on
rice as their staple diet. Concerns as to whether the risk posed by arsenic has been
fully considered would suggest this ML is inadequate for protecting the health
6,7,84,99.
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Identifying why the growing environment and practices in East Africa and
South Indonesia produce such low inorganic arsenic rice grain would be of great
benefit for all rice growers. If low inorganic rice is required, specifically for products
for consumption by babies and children, then southern hemisphere, at eastern
latitudes, where such rice can be sourced.
Parboiled rice is the preferred dietary staple in Bangladesh 117,121 often as
parboiled rough rice. This is parboiling with the husk still on, then milling to a
wholegrain or polished grain. In Chapter 3 various different parboiling conditions
were trialled resulting a 25% median decrease in inorganic arsenic content in
wholegrain as compared to parboiled rough rice. In the case of parboiled
wholegrain, this is attributed to arsenite, which accumulates in the surface bran
79,122

being solubilised in to the parboiling media. For parboiled rough rice it is

presumed that the husk disrupts arsenite outward diffusion from the grain, possibly
even enabling arsenite to diffuse inwards. Of added benefit is that cadmium is
reduced by parboiling.
Another benefit of parboiling wholegrain is the polished grain is fortified
with calcium by ~200 %, an increase which cannot be matched by existing
technological techniques 111. Loss of nutrients can be countered by chemical
fortification but practices such as rinsing or cooking in large volumes of water Chapter
4 can

remove such applied nutrients 124. Parboiling can also remove potassium,

molybdenum and to a small extent zinc. The effect of parboiling on vitamins needs
further investigation, and coupled with the loss of potassium the detrimental effect
could be compensated for by appropriate supplements to the diet.
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Attention was paid to grain quality and although the number of broken
grains was increased, said broken rice can have added value (conventional cooking,
rice flour). Culinary properties such as taste, texture and colour etc. should not be
adversely affected 73 but this will require consumer testing and acceptance of a
slightly changed but health enhanced product.
Questions remain regarding the full complexity of arsenic’s chemical form in
grain126 despite the large body of work conducted on arsenic speciation in rice
12,27,47,79,102,112,114,122.

The analysis conducted for this research employed ion

chromatography, specifically a mixed anion/cation column, which facilitated better
separation of organic arsenic species than the previously normal use of HPLC anion
exchange chromatography 102,112. Previous research had reported on wholegrain
and polished rice using mixed ion exchange 102,112 but this study also profiled husk
and bran, finding the presence of trimethylarsenic oxide in both husk and bran and
tetramethylarsonium in bran. Monomethylarsonic acid was also found at trace
levels. That trimethylarsenic oxide and tetramethylarsonium may have been
overlooked leads to many questions regarding the biogeochemical and microbial
processes at work in paddy soils and ultimately has implications on arsenic’s
environmental fate, as trimethylarsenic oxide is the precursor of trimethylarsine,
the major arsine emitted from paddy soils 127. Other work conducted within our
research group, some unpublished, reports trimethylarsenic oxide and
tetramethylarsonium in soil pore waters, and points to wet deposition of as a major
source of trimethylarsenic oxide in paddy soils 127. Further work to identify the
uptake pathway of trimethylarsenic oxide would be of great benefit.
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The way that rice is cooked is known to affect the final inorganic arsenic
content. The most accepted way that rice around the globe is by cooking the rice in
a minimal volume of water such that all the water is absorbed by the grain. No
arsenic is lost in this method 129–131 and if arsenic contaminated water is used it will
only exacerbate the problem, as is the case in parts of Bangladesh 165. Steaming rice
can reduce inorganic arsenic by 10 % 131 and in parts of SE Asia methods of cooking
include repeated grain pre-rinsing, followed by cooking in a large volume of water
(5 times rice volume or more). These methods can achieve inorganic arsenic
reductions of up between 45 % and 57 % dependant on the water used 131. In
Chapter 4 we presented results of cooking trials with percolating hot water. This
method of cooking with a continuous flow of clean cooking water reduced the
inorganic by up to 85%. The initial set up involved the use of a laboratory Soxhlet
reflux system, which could be adopted in to commercial scale rice cookers as
demonstrated by our experiment employing a commercial coffee percolator with
its continuous flow of pre-heated water cooking the rice. In cases where available
water is contaminated with arsenic, systems which recycle condensing clean water
could be used 136.
These methods could be developed for any number of commercial purposes
not least where the rice or rice products incorporated in baby or children’s
products, as infants and young children are more ~3 times more susceptible due
their higher food consumption to body ratio 32,75. Another example would be precooked rice for ready meals, where the rice is precooked prior to packaging.
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Any possible nutrient loss could be rectified with fortification post
processing as many baby rice products are already nutrient and vitamin fortified.
Further work to access these losses 135 would be of great value. Taste texture and
palatability should also be assessed and processing condition could be modified to
optimise these market important factors.
In chapter 5, I presented data from a number of market surveys of foods
intended for babies or children, dated before and after the EU issued an
amendment to EC regulation No 1881/2006 in June 2015 74. A driver for this
amendment is as quoted “The scientific opinion identified high consumers of rice in
Europe, such as certain ethnic groups, and children under three years of age as the
most exposed to inorganic arsenic dietary exposure. Dietary exposure to inorganic
arsenic for children under three years old, including from rice-based foods, is in
general estimated to be about 2 to 3-fold that of adults.” The amendment set a
limit of 100 µg/Kg for inorganic arsenic in such foods. Our findings show the market
adopting a three-fold approach. Firstly, low inorganic rices have been deliberately
sourced for pure rice products. Secondly fewer pure rice products seemed to be
available in the market, although this could be confirmed with a more
comprehensive manufacturer survey. Lastly manufacturers have introduced other
gluten free grains to dilute the inorganic arsenic content. This is not a stated policy
by any manufacturer but does seem to be a mechanism employed to meet the
amended EU standard. This approach is not without risk and some of the grains
used, maize or oats, raise concerns about mycotoxins being present at concerning
levels 148–151 whereas rice is, generally, low in mycotoxins 152.
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This lowering of inorganic arsenic in children’s products is a step in the right
direction but is it enough? Arsenic is non threshold class one carcinogen 155 which
simply put means any accumulation of inorganic arsenic is a risk. The chosen EU
limit of 100 µg/Kg for infants under 3 years, and indeed that of 200 µg/Kg 74 for all
other rice containing products, were not derived with risk assessment in mind nor
has the rationale been explained. The WHO does not have an infant standard but
has set the same limit of 200 µg/Kg and have stated that their discussions were
based on economics in some part 15, so as to keep most of the global food chain rice
from infringing a more stringent limit. The UK findings here show that the market
will respond to the setting of limits, so lowering the limit even further would
provide incentive for the market to respond.
Some rice product not specifically labelled as for infants, are nonetheless
eaten by children of all ages. Breakfast cereals and puffed rice in particular were
shown to contain high levels of inorganic arsenic and the EU limit for these products
in set at 300 µg/Kg 74.
Inorganic arsenic in rice is of major concern for adults and children alike as it
presents a lifetime risk, 2,132 so any attempts to mitigate it presence in rice and rice
products is of principal importance. In chapter 2 I presented our global market rice
survey, giving a comprehensive profile of arsenic levels in market rices for all
around the globe. For rice importers and non-rice-growers (e.g. parts of the EU)
sourcing of low inorganic arsenic rice is demonstrably possible as discussed here.
Manufacturers can dilute the arsenic using other grains or by employing effective
preparation methods such as parboiling, pre-soaking, and novel cooking as also
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shown in chapters 3, 4 and 5. These mitigating cooking techniques could be readily
incorporated in to most domestic settings. Where rice is the staple diet, changes to
the same preparation methods, parboiling, pre-soaking, and novel cooking, can
have a positive impact, in conjunction potential diversification of diet to aid
nutritional balance 157. Until such time as agronomic solutions can preclude arsenics
uptake by the rice plant, either by removal from or restriction of availability in the
paddy soils, or development of arsenic resistant rice plants, any and all efforts to
mitigate arsenic in rice for human consumption are to be implemented where
possible.

Future directions
This body of work represents a significant move towards the ultimate goal of rice
that is free from any form of arsenic or at the very least free of inorganic arsenic,
but as with all research, it has its limitations. Chapter 2 presented data from our
global survey, and while this is the most comprehensive profile of the world’s
market available rice to date, there will always be a need to keep updated for
changing growing conditions over the years, especially as our climate anticipates
changes 166. Since publication of chapter 2 we have expanded the number of
samples from ~1200 to over 1600. A deeper knowledge and understanding of the
contribution from anthropogenic arsenic pollution could provide valuable
information of sources of arsenic in growing soils and the pattern of grain arsenic
globally 94–96,98. Further expansion of sample numbers from each region would
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increase the robustness of the database and provide a viable resource for sourcing
regions that produce low inorganic arsenic rice.
Chapters 3 and 4 explored preparation methods for mitigating arsenic,
preferentially inorganic arsenic, in rice either at the point of production or as an
end product. The parboiling study was limited to a finite number of sites within a
single country, albeit with geographically diverse conditions. A wide range of
market rices were used in the cooking experiment, although these came from a
single (UK) market. Sampling from a wider market would corroborate the research
and provide more a robust database. Further work is required to optimise
conditions to maintain a desirable product that is suitable for consumption. Factors
such as taste, texture and eating quality are very important, as is milling durability.
Other treatment effects on mineral and vitamin content are extremely important
and need further research.
Arsenic has a complex relationship with soil, in its chemistry, bioavailability
and interaction with the rice plant 23,45,167,168 and will continue to be the subject of
substantial research in the future. This will lead to a deeper understanding of how
and why arsenic is taken up and ends up in the rice grain. The distribution of arsenic
species, especially those not previous measured due to limited analytical
techniques requires exploration. Arsenic’s fate in the environment, and its
transport and delivery to paddy soils by wet deposition 123 could provide vital
insight towards understanding arsenic global cycle.
Chapter 5 showed that the UK market has reacted to the setting of MLs by
the EU and WHO 15,74. A greater emphasis on a body weight dose basis, gives a
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realistic measure of the increase in lifetime risk. The provision of more research
data may influence decision makers in to setting stricter limits which would
undoubtedly force further action from the market. The limits could be specific to
the intended market in that rice importing countries could have stricter limits not
solely based on economic factors. Given that a majority of the market samples
tested in chapter 2 were less than existing limits for inorganic arsenic, and the novel
preparation techniques demonstrated here show further reduction are feasible,
this shows that a more ambitious target of 50 g/kg for adults and half of this for
infants should be readily achievable.
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