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Abstract

Cadmium is a class one carcinogen and long-term exposure to cadmium can cause
damage to the lungs and kidneys. The main route of exposure to the human body is
dietary and rice is the most implicated food product Since rice is consumed by half of
the world’s population, this poses a food safety threat to consumers. In addition to
cadmium, other impurities such as arsenic and its inorganic compounds which are
similarly classified as class one non-threshold carcinogens are also present in rice in
its organic form as dimethylarsinic acid (DMA) and inorganic species.
Here, results from exploring two main techniques for cadmium, inorganic arsenic and
DMA removal from rice grain are presented. The first technique involves the use of
citric acid as a chelating agent for cadmium removal. Two chapters test the use of
citric acid pre-soak for 12 hours, followed by another 12-hour neutralization using
calcium carbonate on both white rice grain, and brown rice grain. For white rice, this
resulted in removal rates of 79% for cadmium, 81% for inorganic arsenic and 66% for
DMA while trace element content, particularly potassium, sulphur and zinc were
severely reduced. For brown rice, this removal technique resulted in removal rates of
about 62% for cadmium and 53% for inorganic arsenic, as well as 41% for DMA.
Similarly, trace elements potassium, phosphorus, and zinc were severely reduced
while calcium was fortified by 2-orders magnitude, as with white rice as well. This
technique was also explored during the rice parboiling stage but conferred no effect
on toxic metal removal, however, a considerable loss in cadmium and arsenic from
the rice husk of about 63% and 67% reduction respectively was reported. The effect
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of this technique on rice grain quality was then explored with regards changes to
grain structural morphology of which considerable changes were observed. In
addition, slight changes to functional groups between each treatment were
observed. As rice can be heavily laden with Bacillus cereus, a pathogenic
microorganism, it was ensured that the proposed technique did not enhance
proliferation of the pathogen. Results showed that there was 99% reduction in the
bacterial population after soaking in citric acid and 96% reduction after soaking in
calcium carbonate, which is an advantage for rice consumers.
The second proposed technique involves the use of food waste citrus peel adsorbent
for toxic metal removal from rice grain. Adsorbents were prepared from lemon and
orange peels followed by a 12-hour pre-soak in each adsorbent and subsequent
boiling. Processed peel resulted in removal of cadmium and arsenic, although to
varying degrees, with lemon peel being responsible for an average of 60% cadmium
removal at 5 g of adsorbent per 25 ml of distilled water and 5 g of rice. Arsenic species
are also reduced by approximately 60% for inorganic arsenic and 25 % for DMA. A
considerable loss of phosphorus and potassium from the rice grain was also reported.
Overall, this thesis has identified two methods which can be translated into the rice
and rice product manufacturing industry for the protection of the health of
consumers especially those in areas where toxic metal load in rice grain is a major
burden.
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Chapter 1: Background
1.1 Introduction
The main focus of this thesis is centred around the removal of cadmium, a toxic metal
which has described as recalcitrant to removal from rice grain (Ishikawa, 2020). In
addition, other contaminants in rice such as inorganic arsenic and DMA need to also
be considered for removal from the grain (Carey et al. 2015). Therefore, this thesis
presents methods for the removal of cadmium, inorganic arsenic and DMA from rice
grain. One proposed method involves the use of citric acid for toxic metal removal,
followed by neutralisation of the acid with calcium carbonate. Another proposed
method involves the use of adsorbent made from food waste citrus peels for toxic
metal removal. Finally, as rice grain can be heavily laden with the pathogenic bacteria,
Bacillus cereus (B. cereus), this thesis then considers the effects these proposed
methods have on the rice quality with regards to the Bacillus cereus load,
morphology, and functional groups. It is important to consider all these abovementioned topics when exploring toxic metal removal from rice and each of the
individual elements considered in the thesis would be discussed in this introductory
chapter.
1.2 Cadmium
Cadmium, a toxic metal with atomic number 48, atomic mass number 112, melting
point 3210C and boiling point 7650C, is a soft, ductile and lustrous element possessing
electropositive properties (Rahimzadeh et al. 2017). Cadmium is reported to have
eight stable isotopes with 112 Cd and 114 Cd being the most common isotopes (Friebel,
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2020). Cadmium was first discovered as an impurity of zinc carbonate, with an
abundance of 0.15 mg/kg in the Earth crust and 1.1 x 10-4 mg/L in the sea (Zhang et
al. 2017). The accumulation of cadmium in rice and its transfer into the food chain
causes various food environmental and food safety issues around the world (Li et al.
2017). Thus, understanding the toxic element cadmium, its mode of transfer into rice
and its toxicity is important in developing methods for its mitigation in rice. This
understanding will give insights into processes that could reduce the burden of rice
dietary cadmium which would then be beneficial to consumers and food safety
matters.
1.2.1 Environmental sources of cadmium
Cadmium has been spread widely in the environment through the air through
processes such as mining and smelting (ATSDR, 2008). Cadmium has been used in
certain battery types, pigmentation of paint, electroplating and polyvinyl chloride
plastic production (Rahimzadeh et al. 2017) and it exists to a considerable amount, in
the environment due to human activities including waste burning, combustion of
metal ore, burning of fossil fuels etc. (Rahimzadeh et al. 2017). According to the
Agency for Toxic Substances and Disease Registry, (ATSDR, 2008), the most important
sources of airborne cadmium are smelters, with incineration of municipal waste such
as nickel-cadmium batteries and plastics also being a major source to the
environment. When cadmium is released into the atmosphere by the processes
described above, cadmium compounds can associate themselves with respirablesized airborne particles which can then be carried across long distances, and is then
deposited onto the earth below by rain or by falling out of the air (ATSDR, 2008).
2

1.2.2 Soil contamination with cadmium and its route to the food-chain
Cadmium is considered to be a primary soil pollutant and a major issue regarding
human health (Khan et al., 2017). Land is the ultimate recipient of waste disposal and
as such cadmium released from both natural and anthropogenic sources eventually
reaches the soil and then accumulate in food crops (Khan et al. 2017). As cadmium
associated airborne particles described above are deposited onto the ground,
cadmium easily moves through layers of the soil, affecting soil quality, and is then
taken up into the food chain by uptake by plants (ATSDR 1999). Also, soils are
commonly contaminated with cadmium via atmospheric emissions, sewage sludge
and the use of phosphate fertilizers, leading to the ready absorption by plants grown
in cadmium-containing soils, especially grains, rice and vegetables (Chunhabundit,
2016). Therefore, cadmium is also present in foodstuffs and based on dietary habits,
there is a variation in its levels in the human system (Julin et al., 2011).
1.2.3 Rice and cadmium in rice
Rice (Oryza sativa L.) is a major food crop which feeds most of the world’s population
(Liu et al. 2014). According to the Juliano (1992), rice grain consists of 80% brown rice
and 20% hull. The harvested rice grain, which is referred to as rough rice is said to be
the fruit if the rice plant, consisting of an outer layer which is inedible and referred
to as the hull or husk (Juliano, 1992). The hull houses the caryopsis which consists of
various outer layers that make up the rice bran and which also surrounds the germ
and endosperm layers. The caryopsis is generally referred to as brown rice and upon
milling, which results in a removal of the bran layer, and to some extent, the germ
and endosperm layers, white rice is obtained, which is also referred to as polished
3

rice (Juliano and Tuano, 2019). Another commonly used term is parboiled rice, which
refers to a partially boiled form of rice, done while the grain is still in the husk or
sometimes in the form of brown rice. It involves soaking, heating and drying
operations that modify the qualitative and processing behaviour of rice (Meresa et
al., 2020). Most rice is consumed as parboiled rice.
Cadmium pollution in soil, impacts the quality of rice grain with relation to its
cadmium concentration (Hu et al. 2009). Rice consumption has been identified as a
major exposure route to cadmium (EFSA, 2012). Li et al. (2017) similarly highlighted
that cadmium contaminated rice is the main cadmium exposure route to humans,
thus posing a health risk. This health risk prompted regulatory bodies to set maximum
concentrations of cadmium allowed in wheat and rice at 200 μg/kg in the European
Union (EU) and limits are set at 40 μg/kg for processed baby foods (Commission
Regulation, 2006). It is important to note that following soil exposure to cadmium
and for uptake of cadmium by rice to occur, various soil conditions such as redox
potential, plant nutrients, organic matter in the soil, soil pH, and the rice cultivar (Li
et al. 2017), have an effect on the bioavailability of cadmium and as such the uptake
by rice. Rice is grown on paddy fields and reports state that when a paddy field is
flooded with water, thus making the soil to be in a reducing condition, any cadmium
in the soil combines with sulfur, forming CdS which has low solubility in water (Ito
and Iimura, 1976). However, when the paddy field is drained, making the soil to be in
an oxidative condition, CdS is then converted to cadmium sulfate (CdSO4) which is
then soluble in water (Ito and Iimura, 1976). This suggests that the solubility of
cadmium in soil and thus its bioavailability can change, and this change is dependent
on the redox potential (Eh) of the soil (Ito and Iimura, 1976). Thus, the drainage
4

period is the most crucial period that enhances formation of the water soluble CdSO4,
thus leading to a higher solubility and uptake of cadmium by rice (Sebastian and
Prasad, 2014).
1.2.4 Mechanism of cadmium transport into rice grain
As earlier mentioned, cadmium is deposited in the soil via anthropogenic sources
after which the rice plant root absorbs cadmium from the soil.

Figure 1.1: A schematic image of cadmium transport from the soil to grains in rice.
Cadmium is absorbed from the soil by the roots, and OsNramp1, OsNramp5, and
OsCadmium1 mediate this process. OsHMA3 plays a key role in cadmium
segregation to vacuoles in root cells and thus negatively regulates cadmium xylem
loading. OsHMA2, OsCCX2, and CAL1 regulate cadmium transport to the xylem.
OsLCT1 contributes to cadmium remobilization from leaf blades via the phloem and
is likely to play a part in intervascular cadmium transfer at nodes.
Source: Chen et al. (2019).
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There are four major processes that mediate cadmium transport from plant root to
shoot and eventually to the rice grain (Fig. 1.1) These four processes, according to
Chen et al., (2019) include:
1. Uptake by roots
2. Translocation to shoots through loading to the xylem
3. The distribution and transportation of cadmium through the nodes
4. The transportation of cadmium to the grain through the phloem from lead
blades.
As cadmium is a cationic element, it is present in soils as free ions and soluble
complexes (Zhao et al., 2020). Cadmium can form soluble complexes with organic and
inorganic ligands, which increases the mobility of cadmium towards the root surfaces
of the rice plant (Zhao et al., 2020). However, it is generally assumed that free Cd2+
ions are the primary cadmium species that are transported across the plasma
membranes and into the root cells (Zhao et al. 2020). After root absorption, cadmium
is transferred to the plant shoot via the xylem in a relatively quick period of time by
translocation (Li et al. 2017). This process of translocation from the plant root to
shoot is the main decisive factor for the accumulation of cadmium in the plant shoot
and the transporters reportedly involved in this process are OsHMA2 and OsHMA3
(Sasaki et al. 2014), members of the heavy metal ATPase (HMA) family. OsHMA3 is
reportedly localized to the tonoplast of all root cells and a mutation of OsHMA3 via a
single amino acid substitution results in an elevated accumulation of cadmium in rice
grain (Ueno et al. 2010). It reportedly plays a crucial role in delivery of cadmium to
compartments of the plant root cells (Takahashi et al. 2012; Li et al. 2017). However,
6

OsHMA2 is reportedly involved in the delivery of cadmium to still developing tissues
(Takahashi et al. 2012). At the nodes, cadmium is then transferred from the xylem to
the phloem and cadmium is transported to the upper nodes after which it is
eventually transported to the panicle rather than into the leaves (Uraguchi et al.
2012).
The transport of cadmium from root to grain during grain maturation is reported to
involve two possible pathways. The transport process could either be by the direct
transportation of cadmium to the developing grains via the xylem or by cadmium
being transported to transpiring parts (such as rachis, culms and flag leaves) and also
to the outer parts of panicles, after which there will be a rapid remobilization to grains
through the phloem (Li et al. 2017). The central plant part responsible for the transfer
of cadmium from the xylem to phloem is identified to be the nodes and plays an
important role in translocation of cadmium from the soil to the grain at the grainfilling stage (Fujimaki et al. 2010).
Rice germination and growth is seriously affected by cadmium stress, and the
excessive exposure to cadmium can cause a decrease in rice seed germination, as
well as chlorosis and necrosis in rice plants at vegetative stage (Chen et al. 2019).
Cadmium stress is also reported to cause extreme physical and physiological changes
to the rice plant such as, a reduction in length, width, and amount of root, shoot and
leaves (Chen et al. 2019). Also significantly affected, is the efficiency of water use,
chlorophyll content, and stomatal conductance (Rascio et al. 2008, Yu et al. 2006).
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1.2.5 Tolerance mechanisms by rice
There are some tolerance mechanisms possessed by rice to cadmium at various levels
including physiological and molecular levels. The rice protoplast is protected against
cadmium toxicity, because the cell wall of the outermost layer has direct contact with
the soil solution (Hall, 2002). Also, the rice plant can reduce the translocation of
cadmium to the shoots through a process of immobilizing the cadmium in the cell
walls and vacuoles of root cells; which reduces the sensitivity of the shoot and lowers
the damage to other cellular organs (Qui et al. 2011, Fu et al. 2011).
1.3 Toxicity of cadmium to human systems after exposure or ingestion
Upon exposure to cadmium, or ingestion of contaminated cadmium products such as
rice, cadmium can elicit toxic effects on various human systems. As early as in the
1930s, damage to the lungs was reported in cadmium exposed workers, with some
bone and kidney toxicity cases reported in the following decades (Rahimzadeh et al.
2017). After the second world war in the 1960s and 70s, different levels of cadmium
pollution were reported to have been suffered by Japanese population resulting in a
condition referred to as Itai-Itai disease, reported to have been caused by chronic
cadmium contaminated rice fields. Between 1910 and 2007, an estimated 400
patients were said to have been affected by the disease (Kaji,2012). A study involving
16 European countries, reported elevated amounts of cadmium in mother-child
couples, to levels that exceeded the tolerable weekly intake, where Poland had the
highest cadmium in urine (Berglund et al. 2015).
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1.3.1 Modes of human toxicity
Cadmium elicits biological effects at very low concentrations and toxicity may be
multifactorial (Rani et al. 2014). Cadmium can affect the proliferation, apoptosis and
differentiation of cells, activities that interact with the repair mechanism of DNA,
reaction oxygen species (ROS) generation, and apoptosis induction (Rahimzadeh et
al. 2017). In addition, it exerts toxicity on some systems and tissues such as, urinary,
cardiovascular, gastrointestinal and nervous systems, respiratory tracts and the
bones (Rani et al. 2014). It has been reported to result in chromosomal aberrations,
exchange of sister chromatids, breaks in DNA strands and protein cross-links
(Rahimzadeh et al. 2017), causing mutations and potential chromosomal deletions
which ultimately render the toxic metal a carcinogen. It is also reported to possibly
inhibit the activity of antioxidant enzymes (Filipic, 2012). However, it is reported that
the principal molecular basis underlying cadmium cytotoxicity is assumed to be
oxidative stress (Rani et al. 2014). Cadmium toxicity can result in oxidative stress by
inducing ROS production, a mechanism that possibly expresses cadmium’s role in the
toxicity of various organs, carcinogenicity and apoptotic cell death (Rahimzadeh et al.
2017).
It has been confirmed that cadmium possesses the potential to affect development
in mammalian species as well as affect reproduction. Zhao et al. (2017) reports that
in vitro incubation of human or mouse sperm cells with cadmium, with an exposure
time of up to 24 hours has the potential to significantly decrease motility of the sperm
in a concentration-and- time dependent manner. It was reported that the short-term
exposure to cadmium did not affect sperm motility but could significantly reduce in
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vitro fertilization rate. Finally, Zhao et al. (2017) observed that exposure to cadmium
at early embryonic development stages dramatically decreases the blastocyst
formation and the effect is dose dependent. Olaolu (2018) highlighted some effects
of cadmium exposure to the female reproductive system to include alteration of
steroidogenesis, delay in puberty, loss of pregnancies, menstrual cycle disorders,
premature childbirth and a host of others.
Furthermore, there are proven deleterious effects of increasing cadmium serum
levels on the cardiovascular system. Turkcan et al. (2015) reported that human and
animal exposure to cadmium impairs myocardial function and could possibly lead to
heart failure. Their experiment proved a pro-inflammatory and fibrotic change in the
presence of cellular hypertrophy based on a cadmium induced effect on the heart of
mice. Similarly, myocardial infraction, also known as a heart attack, has been
reported to be associated with urinary cadmium levels, more prominently in women
(Everett and Frithsen, 2007). Rahimzadeh et al. (2017) supports the above finding,
stating that, following cadmium intoxication, certain events may occur, such as
endothelial dysfunction at the onset of cardiovascular disease, as well as a loss of the
endothelial cell structure which causes cell death. They went on to report that there
exists an association of exposure to cadmium with a risk of high blood pressure. Also,
Eum et al. (2008), following an experiment to examine the effect of cadmium
exposure on the blood pressure of Korean general populace concluded that cadmium
exposures at the levels being experienced in Korea at the time of the research may
have caused an increase in the blood pressure of Koreans while Menke et al. (2009)
reported that environmental exposure to cadmium was associated with
cardiovascular disease mortality, predominantly among men. As described above,
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given the ubiquitous nature of cadmium and the toxicity to multiple body systems,
there is a dire need to screen high risk individuals, such as smokers, industrial
workers, and individuals with clinical indications, so as to treat those with elevated
cadmium levels (Bernhoft, 2013), thus reducing the burden of toxicity.
1.3.2 Carcinogenicity of cadmium
The carcinogenicity of cadmium is of greatest importance in terms of human health
because exposure to this toxic metal is reported to lead to a variety of adverse effects
as described above. The dual ability of cadmium being both a carcinogen as well as
being hormone-like makes cadmium a concern especially with regards to hormonerelated cancers (Eriksen et al. 2015). As it has an extremely long half-life of between
6 to 38 years in the kidneys, and between 4 and 19 years in the liver (ATSDR, 2008),
cadmium is essentially described as a cumulative toxin, such that long past exposures
could still elucidate direct toxic effects on biological systems (Waalkes, 2003).
According to the National Toxicology Programs report on completed cancer hazard
evaluations (2019), cadmium and its compounds are known to be human carcinogens
based on sufficient evidence of carcinogenicity from human studies. Initially, in the
same report in 1980, cadmium and its compounds were listed as “reasonably
anticipated to be human carcinogens”, however, this statement was revised in 2000
to the toxic metal being confirmed a human carcinogen.
The designation of cadmium as a human carcinogen was largely due to the reports of
a link between occupational exposure to cadmium and lung cancer, prostate cancer
and kidney cancer, but also stated that the lung is the most definitive target site in
humans (Waalkes, 2003). These findings are similar to results by Garcia-Esquinas et
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al. (2014) who found that low-to-moderate exposure to cadmium could be associated
with cancer mortality, especially from lung and pancreatic cancer and suggested that
implementing population-based preventive measures for the reduction of cadmium
exposure could contribute greatly to reducing the burden of cadmium-induced
cancer. It was also found, through the consolidation of epidemiological data on
pancreatic cancer and exposure to cadmium, that there exists a significant
association with an elevated risk of pancreatic cancer among populations that have
been exposed to cadmium (Buha et al. 2017). These suggestive findings by Buha et
al. (2017) were corroborated by the fact that laboratory animals exposed to cadmium
were reported to have pancreatic cancer.
1.4 Geographical survey of cadmium in rice grain, consumption rates and human
exposure.

Most recently, Shi et al. (2020) provided a survey on polished rice grain cadmium
concentrations in the global supply chain. Rice from retailers across 32 countries were
analysed and it was reported that East African rice had the lowest cadmium levels
with 4.9 µg/kg for Malawi and Tanzanian rice with China having a median of 69.3
µg/kg.
Also, a study by Meharg et al. (2013) provides a survey undertaken with regards to
the global burden of cadmium in rice grain. In this survey, rice was collected from
various geographic market baskets across 12 countries, including rice samples that
were imported to other countries but properly labelled with the country of origin.
From the survey (Meharg et al. 2013), Bangladesh rice was reported to have the
highest cadmium content, which is corroborated by Shi et al. (2020) which reported
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that rice from certain regions of Bangladesh had a high cadmium content and when
combined with rice daily consumption rate, this high content leads to high cadmium
exposure. It was reported that many of the about 260 samples of Bangladeshi rice
had a cadmium content above 0.1 mg/kg, even though industrial pollution in
Bangladesh is low (Meharg et al. 2013). Following Bangladesh was Sri Lanka, where
in some areas, rice cadmium concentrations reached approximately 0.1 mg/kg
(Bandara et al. 2008), so much so that the residents of this area where attributed to
have renal failure associated with elevated diet cadmium levels. The lowest grain
cadmium concentrations were reported to be from French, Cambodian and Ghanaian
rice, followed by intermediate grain cadmium concentrations from countries like
Italy, Japan, Nepal, Spain, India, Thailand and the United States. United States figures
are also backed up by Shi et al. (2020) where it was stated that figures from The
Americas were typically low in cadmium, with the median for 4 countries in America
being at the limit of detection (LoD). Also, a large-scale survey involving 269 sampling
sites and a field experiment with various rice cultivars at different locations, reports
show that cadmium concentrations in milled rice grains in various locations of
Southeast China, ranged from between 10 ng/g to 340 ng/g (Fangmin et al. 2006).
Similarly, a survey carried out between 2005 and 2008 of cadmium levels in milled
rice sold on the Chinese markets showed mean cadmium levels were at 0.05 mg/kg
(Qian et al. 2010).
Although these values do not reflect a global survey, it shows that due to the
cadmium concentrations across various countries, the risk of cadmium poisoning still
exists especially through rice consumption. Human ingestion of cadmium through the
rice diet is dependent on the concentration of cadmium in the grain, the rate of rice
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ingestion, as well as the body mass of the consuming individual (Meharg et al. 2013).
The rate of rice consumption varies across countries, with European or U.S. patterns
averaging at about 20 g, 100 g for Asians living in Europe or U.S., 200 g for many
Southeast Asian rice consumers and 500 g for Asian countries such as Bangladesh,
Burma and Laos (Meharg et al. 2012). In Japan, for example, rice consumption rates
were reported to have fallen, which led to a fall in cadmium exposure (Horiguchi et
al. 2012), and thus the possibility of similar temporal trends occurring must be
considered when analysing the risk of exposure through human ingestion. As rice
consumption rates vary across countries by nearly 3 orders of magnitude (Clemens
et al. 2013), this can be a greater exposure determinant than the likes of adult body
weight. Therefore, due to the risks outlined above, and the exposure of consuming
populations to rice, thresholds for safe exposure had been set by various government
bodies, some of which are ; the European Food Safety Authority set this at 2.5
µg/kg/week, the U.S. Agency for Toxic Substances and Diseases Registry set the
threshold at 0.7 µg/kg/week, while Joint FAO/WHO Expert Committee on Food
Additives set the threshold at 5.8 µg/kg/week.
These figures show that there is an imminent need to reduce the risk of human
exposure to cadmium due to rice consumption by developing and implementing
interventions for its bioavailability to rice grain or removal from rice grain, whether
it be pre-harvest, post-harvest or during growing.
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1.5 Post-harvest interventions for cadmium removal from rice
1.5.1 Milling for cadmium removal from rice

Milling, which involves, the removal of the husk and bran layer, through the use of
machines which rub the rice grains together under pressure, resulting in white or
polished rice is a post-harvest practice (Bodie et al. 2019). It is reported to reduce
grain cadmium by about 20-40% (Meharg et al. 2013). This is corroborated by a study
by Wei et al. (2015), which highlighted that cadmium concentration in rice was
observed to have decreased after hulling process, and up to about 24% removal of
cadmium was reported after the milling process, which ultimately produces rice
products with lower cadmium concentration.
1.5.2 Microbial fermentation for cadmium removal from rice
The use of microbial fermentation has been identified as one of the promising ways
for the removal of cadmium from rice. The effect of Lactobacillus plantarum on
cadmium levels in rice was evaluated (Zhai et al. 2019). 10 strains of L. plantarum
were reported to have exhibited cadmium removal capacities, depending on their
cadmium binding and acid producing abilities. The experiment involved the mixture
of rice and varied amount of water and bacterial suspension, incubation, allowing
fermentation, and then washing the rice grain before analysing by flame or graphite
furnace atomic absorption spectrophotometry (Zhai et al. 2019). The study
concluded that the process can markedly reduce cadmium levels, predicted to reach
removal percentage of 93%, although with alteration to physiochemical properties of
rice (Zhai et al. 2019), however, this approach is labour and capital intensive and so
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may not appeal to rice producers or rice product manufacturers. Similarly, a mixture
of 5 strains of Bacillus and yeast, Saccharomyces cerevisiae were evaluated for their
fermentation mediated cadmium removal potentials, whereby a bacterial suspension
was prepared, and then added to a rice-water mixture and incubated, after which
rice was washed and analysed by atomic absorption spectrophotometry (Zhang et al.
2017). The rate of removal of cadmium was reported to be 81%, however with
changes to the rice crystal structure, pasting property, and grain morphology (Zhang
et al. 2017). Although this method proves efficient for cadmium removal, the reintroduction of Bacillus strains may not be advisable as rice could already be laden
with the pathogenic microorganism (Gilbert et al. 1987). A bacterial enumeration,
after the washing process would be advisable.
1.5.3 Chelation for cadmium removal from rice
A study compared the effects of organic acids, citric acid, malic acid and tartaric acid,
for the removal of cadmium from contaminated brown rice flour (Wu et al. 2016),
whereby the rice flour and each organic acid were mixed, filtered, precipitate
washed, filtered again, dried and then analysed by ICP-MS for cadmium removal.
Results showed that citric acid and tartaric acid resulted in about 90% cadmium
removal as opposed to malic acid removing about 87%. The difference in removal
capacities is reported to be attributed to the fact that the use of organic acids for
extraction of metals is dependent on the affinity of the organic ligand for the metal,
as well as the extent of complexation between the ligand and the metals, which is
reliant upon the number and stability of metal binding functional groups on the
chelator (Wang et al. 2014), with carboxyl and hydroxyl groups being the metal16

binding functional groups in the aforementioned organic acids. Citric acid has three
carboxyl groups, the most out of the three and thus possesses the possibility of easier
cadmium extraction (Wu et al. 2016). Although this technique proved successful, the
matrix tested was brown rice flour. The effect of a similar technique on white rice
flour, as well as both brown and white rice grain should be explored because
according to the Encyclopaedia of Food and Culture, most rice consumption is as
grain.
Thus, it might be an advantage to test the use of organic acids for cadmium removal
from the grain, which is explored later on in this thesis.
1.5.4 Adsorption and Biosorption for cadmium removal from rice
Adsorption, as defined by the International Adsorption Society, is the use of solids for
the removal of substances from either gaseous or liquid solutions, whereby there is
a “preferential partitioning of substances from the gaseous or liquid phase onto the
surface of a solid substance”. Research shows that the use of natural deep eutectic
solvents (NADES) which are choline chloride based are good for cadmium removal
from rice flour, analysed by graphite furnace atomic absorption spectrophotometer
(GFAAS) (Huang et al. 2018). A range of 51-96% removal was reported, and the
mechanism of removal was identified to be adsorption, however, the procedure
described in the research (Huang et al. 2018) is quite labour intensive and expertise
intensive and as such, may not be desirable for use by rice manufacturers and
producers. Interventions that involve both chelation and adsorption will be explored
later on in this thesis.
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1.6 Arsenic and rice
Arsenic, a ubiquitous metalloid which is poisonous to humans, is the 53rd most
common element and averages an abundance of about 5 mg/kg, is found in nature
in both organic and inorganic forms (Iva et al. 2015). The detrimental effects of
arsenic to the human system are well established, although its toxicity is largely
dependent on the whether it is in its organic or inorganic state and the oxidation state
of arsenic compounds (Adele et al. 2012), and the most toxic form is generally
accepted to be inorganic arsenic (EFSA, 2009).
The main route of exposure to the human body is by food ingestion, predominantly,
rice grain, which has a higher level of arsenic in relation to other grains such as wheat
and barley (Jorhem et al. 2008). The arsenic content in rice varies depending on the
type of the rice cultivar, where it is cultivated and how it is processed, with brown
rice containing a higher concentration of arsenic than white rice (Iva et al. 2015). The
majority of inorganic arsenic in rice is contained in the bran layer, which reportedly
contains 10-20 times more inorganic arsenic than wholegrain rice (Meharg et al.
2008), making the risk from consumption of products made from rice bran higher
than that from polished or white rice (Meharg et al. 2008)
This exposure route to humans poses a health risk because the form of arsenic,
inorganic arsenic is referred to as a first level carcinogen and long exposure is
associated with a greater risk for various carcinomas such as skin, bladder, prostate,
lung, kidney and liver (ATSDR, 2014). Exposure to this carcinogen is also associated
with alterations in cardiovascular, gastrointestinal, neurological, pulmonary,
immunological and reproductive functions in the human system (WHO, 2011).
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1.6.1 Interventions for arsenic reduction in rice grain
Arsenic in rice is very problematic, because inorganic arsenic in rice is elevated, and
rice is a staple food for over half of the world’s population (WHO, 2014), various
solutions have been put in place for the removal of arsenic from grain. Briefly,
fertilization with silicon, phosphorus or iron has been studied whereby paddy soil is
enriched with minerals, thereby reducing the mobility of arsenic or reducing its
bioavailability in the soil solution surrounding the root uptake area (Chen et al. 2017).
Bioremediation strategies have also been studied for arsenic removal, and reports
state that certain soil microorganisms are able to control the concentrations of
minerals in soil via various mechanisms such as mineralization and immobilization,
mechanisms which directly affect the transport, and thus the fate of arsenic in the
environment (Williams et al. 2013). These soil microorganisms can also detoxify
arsenic species by sorption at the extracellular surface or by adsorption of various
organic and inorganic arsenic species by Bacillus, Rhodococcus and Halobacterium
species (Bakhat et al. 2017). Milling and cooking are also possible post-harvest
interventions for arsenic removal from grain, with reports stating that milling of rice
results in a removal of the most arsenic concentrated part of the rice, the bran,
thereby reducing the arsenic concentration in the rice or rice product (Meharg et al.
2013). For cooking, reports state that parboiling or rice pre-soaking removes arsenic
to varying degrees depending on time and temperature, whereby one study reports
that soaking can efficiently remove arsenic by about 40% (Zhang et al. 2020), and that
three grain rinsing cycles followed by boiling in excess water showed significant
decrease in arsenic content, as well as the most toxic form of arsenic (Atiaga et al.
2020). Carey et al., (2015) also reports that cooking rice in a continual stream of
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percolating, near boiling low or inorganic arsenic free water successfully reduces
inorganic arsenic with up to 85% removal from individual rice types. Methods
evaluated for cadmium removal in this thesis will also look at the effect of treatments
on organic and inorganic arsenic in the rice grain.
1.7 Citric acid
Citric acid is a weak organic acid, having the chemical formula C6H8O7. According to
Young (2003), citric acid is a weak acid with a melting point of 1530C, which
decomposes at its boiling point. It is used as a flavouring agent in certain foods.
Ciriminna et al. (2017), furthermore, reported citric acid to be an acidulant, a
preservative, an emulsifier, a sequestrant and a buffering agent that is used widely in
various industries, most especially the food, beverage, nutraceutical and
pharmaceutical companies.
Citric acid was initially crystallized from lemon juice and is identified as a tricarboxylic
acid with a central role, although undisclosed, in the metabolism of aerobic
organisms (Thauer, 1988). Citric acid, being environmentally benign and possessing
outstanding physio-chemical properties, has gained rapid popularity and increase of
use over the years in various industries. Ciriminna et al. (2017) gives a brief summary
of the history of citric acid, beginning from 1915 to 1916 when the production of citric
acid from lemon juice peaked at 17,500 tonnes. It was reported that the direct
extraction of citric acid from concentrated lemon juice happened mainly in Sicily,
whereby lime was added to precipitate calcium citrate and then citric acid was
recovered using diluted sulfuric acid. Ciriminna et al. (2017) went on to report that
following the peak production at 17,500 tonnes, the amount of citric acid production
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began to decline because commercial production of the acid by means of sugar
fermentation was introduced. Sugar fermentation mediated production was
reported to occur first in Belgium in 1919 by Cytromices mold, now known as
Penicillium. Later in 1923, it was discovered that Aspergillus niger in acidified
solutions that contain small amounts of inorganic salts gave off very high yields of
citric acid. The sugar fermentation mediated production was then adopted by various
manufacturers and according to Ciriminna et al. (2017), is still being used till this day,
in order to meet the global demand for citric acid. Ultimately, Ciriminna et al. (2017)
concluded that, from their viewpoint, citric acid will become a key chemical in our
emerging bioeconomy, possessing applications that go beyond its usage in food,
pharmaceutical and cosmetic industry.
1.7.1 Properties and applications of citric acid
Citric acid is extensively reported to be widely distributed in animal species, plants
and fruits. Citric acid is a normal constituent of the human and animal diet and as
such is rapidly and totally metabolised to carbon dioxide and water when ingested
(EFSA, 2015). It is reported that odourless and colourless citric acid is highly soluble
in water, slightly hygroscopic and from an environmental point of view, it degrades
quickly in surface waters, soils and sewage works thus possessing no hazards to both
the environment and human health (Dalman 1937). According to Dalman (1937),
based on experimental data in both animals and humans, citric acid possesses low
toxicity to human health. It is not suspected to be a carcinogen, reprotoxic or
tetratogenic agent. Dalman 1937), furthermore, reported that citric acid is not
mutagenic, both in vitro and in vivo. Similarly, to the environment, it was reported
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that citric acid is highly mobile and will partition to the aquatic compartment.
According to Ciriminna et al. (2017), once citric acid has dissolved in water it is a weak
acid, although it possesses a strongly acidic taste that affects sweetness, providing a
fruity tartness. This fruity tartness is responsible for the use of citric acid in
complementing fruit flavours in the food and beverage industries. In the European
Union, citric acid has the E330 food ingredient code, which indicates its use as a food
additive that can be used as a quantum satis. Also, according to Soccol et al. (2006),
citric acid, being so versatile, is accepted worldwide as GRAS, meaning generally
recognized as safe and this is approved by the Joint FAO/WHO Expert Committee on
Food Additives.
Citric acid is utilized by both the food and pharmaceutical industries due to it being
generally regarded as safe, its pleasant acidic taste, its high solubility in water and its
chelating and buffering properties (Soccol et al. 2006). It is used in cosmetics and
toiletries as a buffer and as a reactive intermediate in chemical synthesis. The main
applications of citric acid are represented in Table 1.1 below (Soccol et al. 2006;
Grewal et al. 1995; Pandey et al. 2001; Vandenberghe et al. 1999; Soccol et al. 2003).
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Table 1.1: Applications and uses of citric acid in industry with their related
functions
Applications
Beverages

Food

Industry
Wines and Ciders

Functions
It is used to prevent
browning in a number of
white wines.
It is used to prevent the
turbidity of wines and
ciders
It is used to adjust the pH
of wines and ciders.
Soft drinks and syrups
It is used to provide
tartness to the drinks and
syrups.
It is used as a natural fruit
flavour stimulant.
It is also used as an
acidulant in beverages
that ae carbonated and
sucrose based.
Jellies,
Jams
and It is used to adjust the pH
Preservatives
of these product
It is used as an acidulant
and it also provides a
desired
degree
of
tartness, tang and flavour
to the jellies and jams.
It causes an increase in the
effectiveness
of
antimicrobial
preservatives used in the
foods.
Dairy Products
It is used as an emulsifier
in ice creams and cheeses.
It acts as an acidifying
agent and an antioxidant
in cheese products.
Candies

It acts as an acidulant and
provides its characteristic
tartness to the candy, as
well as minimizing the
inversion of sucrose.
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Frozen fruit

Agriculture

Animal feed

Pharmaceutics

Pharmaceuticals

Cosmetics and toiletries
Other

Industrial applications

Metal cleaning

It provides a dark colour to
hard candy and prevents
crystallization of sucrose.
It protects ascorbic acid by
inactivating trace metals
It lowers the pH of the
fruit, thus inactivating
oxidative enzymes.
It
acts
in
feed
complementation.
It is used as an
effervescent in powders
and tablets that are in
combination
with
bicarbonates. It is also
used
to
prevent
coagulation during drug
preparation,
and
it
provides rapid dissolution
of active ingredients.
It acts as a buffering agent
and also in adjusting pH.
It acts as a buffering agent
and helps in sequestering
metal
ions
while
neutralizing bases.
It is used in processes that
are regarded as nontoxic,
noncorrosive
and
biodegradable.
It is used to remove metal
oxides from surfaces
made from both ferrous
and non-ferrous metals
and to clean up iron and
copper oxides.

1.7.2 Citric acid and toxic metals
Extensive and emerging uses of citric acid have been studied over the years.
Experiments involving adsorption and hydroponics have been conducted to study the
role of citric acid in the phytoremediation of soils contaminated with heavy metals.
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Chen et al. (2003) reported a decrease in the adsorption to water of lead and to a
greater degree, cadmium following the addition of citric acid. This decrease was
attributed to the decrease of pH in the presence of citric acid. It was stated by Chen
et al. (2003) that the presence of citric acid could possibly alleviate the toxicity of lead
and cadmium to radish, thus stimulating the transport of these heavy metals from
root to shoot. Furthermore, it was observed that following the addition of citric acid
to the soil, the relative abundance of all the forms of lead was altered, and it was
speculated by Chen et al. (2003) that this reported detoxifying effect of citric acid to
lead in shoots might be as a result of the transformation of higher toxic lead forms to
lower toxic forms. For cadmium, the addition of citric acid resulted in an increase in
abundance and thus indicates that the citric acid treatment could transform cadmium
into more transportable forms. Similarly, Ehsan et al. (2014) studied citric acid
assisted phytoremediation of cadmium by the plant Brassica napus L. Their research
highlighted that the addition of citric acid resulted in a significant reduction in
cadmium toxicity in Brassica napus L. plants, as well as a decrease in oxidative stress
and enhanced phytoextraction of cadmium in B. napus.
Also, the efficacy of natural citric acid sources i.e. citric acid extracted from tomato,
lemon and lime to promote solar oxidation and removal of arsenic from drinking
water at the household level, was tested by Majumder et al. (2013). Results reported
that tomato juice was more efficient to remove arsenic from both synthetic and
natural groundwater (78-98% and 90-97% removal), while lemon and lime removed
about 61-83% and 79-85%; 39-69% and 63-70% respectively of synthetic and natural
groundwater. It was reported by Majumder et al. (2013) that the arsenic/iron molar
ratio and the citrate dose show an optimized central tendency on arsenic removal. It
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was, therefore, reported that the antioxidants found in tomato, such as
hydroxycinnamates have a higher capacity to catalyse solar oxidation and removal of
arsenic compared to the flavanones found in lemon and lime. Finally, it was reported
that the competence of arsenic removal improved at specific citrate doses
(Majumder et al. 2013), indicating that the removal of arsenic is citric acid dose
dependent.
Experiments such as those carried out as above show that citric acid is a versatile
weak acid that can be used for the effective removal of heavy metals from a wide
variety of substances with no effect on the human system or the environment. We
therefore hypothesize that citric acid would in turn be effective in the removal of or
reduction in amount of both cadmium and arsenic in rice. This hypothesis would be
tested later on in this thesis.
1.8 Calcium carbonate
Calcium carbonate, a chemical compound with the formula CaCO3, is a substance
found in rocks as the mineral calcite and aragonite and is also the main component
of marine organism’s shells, snails and eggs (Young, 2007). It is an inorganic salt with
E number, E 170, and is authorised as a food additive in the European, as well as a
substance that can be added to foods for specific nutritional purposes (EFSA, 2011).
1.8.1 Calcium carbonate as a neutralizing agent
CaCO3 has also been used in biological systems for pH control, as a neutralizer.
According to Salek et al. (2015), due to the abundance of CaCO3, it has a high potential
as a source of alkalinity in biotechnology applications as a neutralizing agent. Maree
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and Plessis (1994) also identified CaCO3 as a better alternative for neutralization of
acidic effluents when compared with lime due to its lower cost, solubility at pH
greater than 7 and the simple dosing systems required. In a comparison of the
neutralization efficiency of chemicals, with respect to acidic Kopili river water, Kapil
and Bhattacharyya (2017) reported that the use of CaCO3 is very effective, as effective
as calcium oxide, in the neutralization process of Kopili river water.
Based on the above, the use of calcium carbonate for pH neutralization will be
explored later on in this thesis.
1.9 Citrus peels
Citrus (Citrus L. from Rutaceae) is one of the most popular fruit crops in the world
and contains active phytochemicals which have the ability to protect health and also
to provide an ample supply of vitamin C, folic acid, potassium and pectin (Rafiq et al.
2018). These citrus fruits are consumed highly worldwide as fresh produce, and as
juice, and although the peels are reported to contain a wide variety of secondary
components and antioxidant activity when compared with other fruit parts, most
often, the citrus peels are discarded as waste (Manthey and Grohmann, 2001). A
large amount of peels is produced every year, which would have been a good source
of pectin, limonene, molasses and cattle feed when mixed with dried pulp (Bocco et
al., 1998). This shows that citrus peel holds promise for use in various industries and
as such more research should be directed towards its use.

27

1.9.1 Citrus peel as a biosorbent
According to Fomina and Gadd (2013), biosorption is a physio-chemical,
metabolically-independent process, which is based on a host of mechanisms such as
absorption, adsorption, ion exchange, precipitation, etc. Biosorption is primarily
aimed at the removal or the recovery of organic and inorganic substances from
solutions through biological materials such as living or dead microorganisms, plant
materials, agricultural and industrial waste and natural residues (Fomina and Gadd,
2013). The use of citrus peel as an adsorbent has not been studied extensively on
rice, but more for aqueous solutions. Schiewer and Patil, (2008) studied the use of
waste materials (citrus fruits, apples and grapes) from industries as biosorbents for
the removal of cadmium from wastewater and found that citrus peels were the most
promising because of its high metal uptake, as well as physical stability. It was
concluded that due to its low cost, efficient uptake capacity and fast kinetics, citrus
peels are promising biosorbents (Schiewer and Patil, 2008). Similarly, Li et al. (2007)
studied the use of modified pectin prepared from citrus peel for the removal of toxic
metals copper, lead and zinc from wastewater and identified that the use of pectin
from citrus peels is a potential application for toxic metal removal. Feng et al. (2011)
also studied the use of modified orange peel for the biosorption of metal lead,
cadmium and nickel ions, and reported maximum uptakes as 476.1, 293.3 and 162.6
mg/g-1 respectively. They concluded that the use of this modified orange peel is
effective and an alternative biomass for lead, cadmium and nickel ion removal from
wastewater in terms of high biosorption capacity, as well as low cost (Feng et al.
2011). Massimi et al. (2018) also studied the adsorption capacity of 12 food waste
materials, including citrus peels for toxic element removal from wastewater and
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found that orange and lemon peels had good adsorption capacities for cadmium
removal, whereby orange peel resulted in about 92% adsorption and lemon peel
about 68% adsorption from wastewater.
Finally, the only report of the use of citrus peel for toxic metal removal from rice
involved the use of modified sour lemon peel combined with NaCl for rice soaking,
with potential reduction of cadmium by 96% and nickel by 67%, when combined with
rinse washing and a soak in salt (Razafsha and Ziarati, 2016). The analytical method
used here was reported to be flame atomic absorption spectrophotometer which is
reported to often lack precision (Petro, 2014). Also, the effect of the combination of
NaCl and sour lemon peel on the multi-elemental content, as well as pH effect on
biosorption was not studied or reported by Razafsha and Ziarati, (2016). These will
be improved upon later on in this thesis.
1.10 Bacillus cereus
The word Bacillus means rod, and cereus is translated from Latin, meaning wax-like,
representing the easily recognisable morphology of the bacteria when viewed on
blood agar plates under the microscope (Arnesen et al. 2008). Bacillus cereus is a
Gram positive, spore-forming, aerobic-to-facultative rod, that is widely distributed in
the environment (Bottone, 2010, Kotiranta et al. 2000). It is a soil dweller and also
thrives as intestinal flora of various animals (Arnesen et al. 2008). When the bacteria
are allowed access to mammalian tissues, it is an opportunistic pathogen, causing
several local and systemic infections such as endophthalmitis and septicaemia
(Kotiranta et al. ,2000). The bacteria are commonly found present in food production
areas due to its highly adhesive endospores, thus facilitating its spread to all kinds of
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food (Arnesen et al. 2008). It is reported to bear close phenotypic and genetic
relationship to other Bacillus species, most similarly to Bacillus anthracis (Ash et al.
1991). The spores are resistant to extreme environmental conditions including heat,
freezing and drying, as well as radiation, thus is regarded as the infective agent for B.
cereus (Bottone, 2010). According to Arnesen et al. (2008), the B. cereus group, which
is also known as B. cereus sensu lato, is an informal but widely used term that
describes a genetically highly homogenous subdivision of the genus Bacillus, and
comprises of 6 recognised species, being B. cereus sensu stricto, B.anthracis, B.
thuringiensis, B. mycoides, B. pseudomycoides and B. weihenstephanensis.
Under microscopic examination on plates, the bacteria range between 3 and 8 µm in
diameter. In normal conditions, B. cereus produces spores rapidly, and the structure
of these spores is an elongated subterminal one. Its core is surrounded by the inner
membrane, the cortex, as well as the inner and outer coat (Figure 1.2) (Kotiranta et
al. 2000). This bacterial form is reported to lack metabolic activity and the spores, as
mentioned above, are resistant to heat, freezing, drying and radiation. These spores
are however important for the spread of the bacteria, and in some strains, are known
to adhere to human epithelial cells, a possible virulence factor of the bacteria
(Andersson et al. 1997). The germination of B. cereus spores and the initiation of
sporangial growth is very dependent on suitable environmental conditions (Kotiranta
et al. 2000). When using phase contrast microscopy or techniques involving spore
staining, the placement and morphology of the bacterial spores are used commonly
as a distinguishing factor between the various species within the genus Bacillus.
Various plating media are used to isolate, detect and enumerate B. cereus from food,
such as mannitol-egg yolk-phenol red-polymyxin-agar (MYP) and Polymyxin30

pyruvate-egg yolk-mannitol-bromothymol blue-agar (PEMBA) (Holbrook and
Anderson, 1980).
Members of the B. cereus group, except B. anthracis, show a range of various
morphological forms, although dependent upon the milieu in which observation is
carried out (Bottone, 2010). When smears of body fluids are Gram-stained, B. cereus
presents as a straight, or slightly curved and slender bacilli whose ends are squared
off and appear either singly or in short chains (Figure 1.3). As observed in Figure 1.3,
clear cut junctions that separate members of the chains are clearly displayed.
However, when smears are prepared from agar growth, and then Gram-stained, the
morphology shows a more uniform bacillus, with an oval, centrally situated spore
that does not distort the bacillary form (Bottone, 2010). In tissue sections, as seen in
Figure 1.4, long slender bacillary forms usually predominate, and display some
polyhydroxybutyrate vacuoles that may sometimes be confused as spores.
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Figure 1.2: A thin-sectioned spore of B. cereus. IM = inner membrane, C = cortex, IC
= inner coat, OC = outer coat.
Source: Kotiranta et al. (2000).
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Figure 1.3: Morphology of Gram- stained B. cereus.
Source: http://bacteriologynotes.com/morphology-of-bacillus-cereus/
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Figure 1.4: Gram stain of haemorrhagic brain biopsy specimen with histological
sections showing clusters of elongated bacillary forms.
Source: Bottone, 2010.
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B. cereus is grown under aerobic conditions at temperatures between 370C and 450C.
The colonies observed are a dull grey and relatively opaque, rough matted surface,
displayed in Figure 1.5. The perimeter of the colony is irregular, representing the
swarming configuration (a flagellum-driven bacterial group motility on a surface, such
as on solidified agar in petri-dishes (Partridge and Harshey, 2013) from the initial
inoculation site. Sometimes, smooth colonies may be observed to develop either
alone, or in the midst of rough colonies and zones of beta-haemolysis (complete lysis
of red blood cells in the media around and under the colonies, with the area
appearing lightened and transparent) surround and conform to the colony
morphology. However, when grown apart from the initial inoculum, these smooth
colonies are surrounded by a uniform zone of beta-haemolysis and frame the
centrally situate colony, as seen in Figure 1.6.
It has been reported that smears prepared from the distal and frontal advancing
perimeters of a mature colony may reveal two distinct morphological presentations
(Bottone, 2010). Those produced from the distal edge show a more uniform bacillary
form with a prominent and centrally situated spore admixed with chain of Grampositive Bacilli, while smears from the advancing edge are compromised
predominantly of masses of entangled bacillary chains that traverse the microscopic
field, with a remarkable absence of spore-containing bacilli (Bottone, 2010). An
explanation for the above phenomenon could perhaps be attributed to the fact that,
as the colony spreads forward from the initial inoculum site, it leaves behind a trail
of metabolic end products, altering the pH and oxygen content of the growth
environment thus inducing spore formation.
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Figure 1.5: Colonies of B. Cereus growing on 5% sheep blood agar, showing grey,
opaque granular spreading colonies.
Source: Bottone, (2010).
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Figure 1.6: Smooth colonies of B. cereus on 5% sheep blood agar surrounded by
uniform zone of beta-hemolysis.
Source: Bottone, (2010).
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1.10.1 B. cereus and food contamination
B. cereus can be isolated from a wide range of food products and ingredients
including dairy, rice, spices, dried foods and vegetables (Kramer and Gilbert, 1989).
Cross contamination can contribute to the dispersion of spores to other foods. During
harvesting of food crops, cells or spores of B. cereus could accompany plant materials
into the food production area thus being established on equipment for food
processing. The spores of B. cereus are reported to pose a vast advantage for the
organism, such as spores’ attachment to surfaces such as food processing lines, as
well as surviving heat treatment (Arnesen et al. 2008). In addition, Arnesen et al.
(2008) reports that modern large-scale food production technology that involves the
extended use of refrigeration as a means of food conservation, creates a cold niche
which is well suited for the bacteria which can grow at low temperatures. Due to the
resilience of B. cereus spores, and its non-fastidious nature, no food type with a pH >
4.8, according to Kramer and Gilbert (1986), can be exempt as a vehicle of food borne
diseases and risk of food spoilage. The failure of the consumer to follow basic food
preparation rules, thus engaging in food practices such as slow or inadequate cooling,
storage at ambient temperature or prolonged heat keeping at <600C have been
reported to allow the growth of B. cereus.
1.10.2 B. cereus in rice
In relation to rice, according to Gilbert et al. (1974), a number of food poisoning
outbreaks had been reported and found to be attributed to B. cereus. Cooked rice,
most especially from Chinese restaurants and take-away shops are implicated
(Gilbert et al., 1974). Gilbert et al. (1974) assessed the heat resistance of B. cereus
38

spores in aqueous suspension, tested the growth of B. cereus in boiled rice stored at
temperature ranging between 4 and 550C, as well as studied the effect of both
cooking and storage on the growth of B. cereus in boiled and fried rice. Their report
stated that the organism was capable of surviving, germinating and even outgrowth
during the cooking period. It was reported by Gilbert et al. (1974), that the optimum
temperature for growth in boiled rice was between 30 and 370C, as well as during
storage at 15 and 430C. Finally, Gilbert et al. (1974) suggested that to prevent further
outbreaks rice should be boiled in smaller quantities, thus reducing storage time
before frying procedures and that after boiling, rice be kept hot at about >630C or
cooled quickly and then transferred to a refrigerator within 2 hours of cooking,
avoiding storage under warm conditions especially within the range of 15 and 500C.
Similarly, B. cereus was reported to be present in 61 samples of raw Spanish rice, of
unhusked, husked and commercial origin (Sarrias et al. 2002), however, higher in
unhusked rice than husked rice. It was also reported that processing steps such as
drying, husking and polishing of the rice resulted in a reduction of the number of B.
cereus in the final product (Sarrias et al. 2002)
1.10.3 Food poisoning and toxins of B. cereus
Since B. cereus is not a competitive microorganism, and grows well even after cooking
and cooling, heat treatment would only facilitate spore germination and in the
absence of any competing microflora, B. cereus grows at its best (Granum and Lund,
1997). B. cereus reportedly causes two different types of food poisoning, the
diarrhoeal type and the emetic type, with the diarrhoeal type being caused by
complex enterotoxins that are produced during the vegetative growth of the bacteria
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in the small intestine, while the emetic type is caused by emetic toxins that are
produced by the growing cells in the food (Granum, 2007; Granum and Lund, 1997).
Reportedly, however, for both disease types, the food has usually undergone heat
treatment and only the surviving spores would be the source of the food poisoning.
Both the diarrhoeal and emetic toxin types are reportedly generally mild and selflimiting, although some more severe and lethal cases have occurred (Lund et al.
2000).
The emetic syndrome causes emetic disease and was first identified, following
several outbreaks attributed to eating of cooked rice in the United Kingdom in the
early 1970s (Mortimer and McCann, 1974). The disease was said to have been caused
by the emetic toxin, named cereulide that is produced before ingestion of the food.
The disease symptoms include nausea and emesis that manifest a few hours after
digestion of the food. The incubation time is reported to be 1- 5 hours and sometimes
as little as 0.5 hours and up to 6 hours. The duration of the disease is also normally
between 6 and 24 hours (Arnesen et al. 2008). The diarrhoeal disease however is said
to be a toxicoinfection, where viable cells are ingested thus producing protein
enterotoxins in the small intestine (Granum et al. 1993). It typically presents with
abdominal pain, watery diarrhoea, nausea and sometimes emesis, with an incubation
time of over 6 hours, usually in the range of 8 to 16 hours, with the average being 12
hours (Arnesen et al. 2008). The duration of the disease is usually between 12 and 24
hours.
A relatively high number of cells have been found in foods implicated in disease for
both disease types. For the diarrhoeal type, 105 – 108 cells or spores is said to be the
infective dose, however both lower and higher counts have been recorded from
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implicated foods (Arnesen et al. 2008). However, for emetic disease, the number of
cells required to produce sufficient emesis is undetermined, but in implicated foods,
levels of 103-1010 CFUg-1 have been seen. Therefore, any food containing more than
103 B. cereus g-1, should not be considered as completely safe for consumption
(Granum, 2007).
Due to the rapid onset of emetic disease symptoms about 0.5 to 6 hours after meal
consumption, it is indicative that it is an intoxication by a toxin, cereulide, preformed
in the food (Arnesen et al. 2008). Cereulide is resistant to acid conditions, proteolysis
and heat and thus it is not destroyed by gastric acid, the proteolytic enzymes in the
gastrointestinal tract or even by reheating foods that have been stored at room
temperature (Johnson, 1984). Different food stuffs also have a varied ability to
sustain cereulide production. In a study by Shaheen et al. (2006), it was observed that
in infant formula, higher cereulide levels were reached after 24 hours of incubation
at room temperature, probably due to the presence of dairy and cereal ingredients,
thus a higher cereulide production than for rice and non-dairy products. Agata et al.
(2002) similarly reported the presence of higher levels of production and sustenance
of cereulide in rice and other farinaceous foods than in egg, meat and liquid products
like milk and soy milk. Finally, environmental factors such as oxygen, pH, temperature
and the presence of certain amino acids also influences the production of cereulide
(Agata et al. 1999; Ehling-Schulz et al. 2004). It was then reported that stationary
incubation of food supports a higher level of cereulide production, when compared
with aerated incubation (Shaheen et al. 2006).
Three cytotoxins are currently considered the aetiological agents of B. cereus related
diarrhoeal foodborne disease; Hbl, Nhe, CytK. (Lund et al. 2000). Hbl and Nhe are
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reportedly related three-component toxins, while CytK belongs to the family of βbarrel pore-forming toxins. Initial studies reported Hbl as the primary virulence factor
in B. cereus mediated diarrhoea, until Granum et al. (1996) reported food poisoning
outbreaks caused by strains lacking Hbl. Lund et al. (2000) acknowledged CytK as an
enterotoxin responsible for the outbreak of foodborne diseases caused by the strain
NVH 391/98. Fagerlund et al. (2007) went onto detect Nhe in the above same strain
and it was reported that the presence of Nhe could have been a contributing factor
to the pathogenicity of CytK. Presently, genes encoding Nhe are said to be present in
all known B. cereus group strains. Hbl is a three-component haemolysin consisting of
three proteins B, L1 and L2 and possesses enterotoxin activity that has been
characterised. Hbl has dermonecrotic and vascular permeability activities that causes
fluid accumulation in ligated rabbit ileal loop (Granum and Lund, 1997). Thus, Hbl is
reported as a primary virulence factor in B. cereus mediated diarrhoea. Nhe, which
is a non-haemolytic enterotoxin also contains three components which are different
from the components of Hbl. Nhe was found to not have produced the L2 component.
It was first identified from the strain NVH 0075/95 and it is implicated as the most
dominant diarrhoeal toxin. However, multiple toxins, according to Callegan et al.
(2003), may act together to cause gastroenteritis and may act synergistically in the
gastrointestinal tract (Beeccher and Wong, 2000). As earlier stated, Hbl and Nhe are
both three component toxin complexes, with Hbl consisting of B, L1 and L2 proteins,
which are encoded by the hblA, hblB and hblC genes respectively. Nhe is composed
of NheA, NheB and NheC proteins, encoded by the nheABC operon (Granum et al.
1999). The proteins of Hbl and Nhe share similarities that suggest that the six genes
for both enterotoxins have originated from a common gene and thus Hbl and Nhe
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constitute a family of tripartite toxins. According to Beecher and McMillian (1991),
for both Hbl and Nhe, all three components are reportedly essential for maximal
biological activity.
In conclusion, B. cereus is an extremely versatile organism that is harmful in varying
degrees to the human system, with food playing a major role in the pathway to
infection. As rice is highly implicated, measures to understand the factors that aid
the proliferation of B.cereus, as well as a means to control this should be studied to
a greater degree to safeguard the health of the consumer. In this thesis, we therefore
ensure that the quality of the rice following post-harvest treatment remains to a high
standard and that our proposed technique does not create a more favourable
environment for the proliferation of this pathogen.
1.11 Thesis hypothesis, aims and structure
In order to reduce human exposure to cadmium, especially via ingestion of rice and
rice products, the modification of certain post-harvest practices should be
considered. In this thesis, it is highlighted that the pre-treatment of rice grains with
food safe chelators and adsorbents, which are also low cost, in combination with
modifications to “normal” rice cooking practices, can greatly reduce rice cadmium
levels, and fortuitously reduce inorganic arsenic and DMA levels of both brown and
white rice, while maintaining microbial hygiene, in a manner that is not labour
intensive. This is extremely relevant for populations that depend on rice as their
dietary staple, as well as rice product producers, who could, if methods described
here are employed, be introducing to the market, rice-based products that have
lower toxic metal content.
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A reduction of dietary exposure will ultimately lead to improved health and quality
of life of populations, especially populations where rice is consumed to a high degree.
The hypothesis therefore states that the use of food safe chemical compounds such
as citric acid and calcium carbonate, as well as the use of food waste citrus peels, can
successfully strip cadmium and inorganic arsenic from rice grains while concurrently
lowering the incidence of B. cereus. The aim of this thesis is to test the above
hypothesis.
Chapter layout is as follows:
•

Chapter 2 presents the results of trials whereby the use of food-safe
chemicals, citric acid and calcium carbonate were used for rice soaking pretreatment for cadmium, inorganic arsenic and DMA removal from white rice
grains. The results show marked decrease in all aforementioned, however
with considerable decrease in mineral content.

•

Chapter 3 presents the results of applying the optimized technology for
cadmium, inorganic arsenic and DMA from brown and parboiled rice. Results
presented, like for white rice, showed a marked decrease in the toxic metals,
however proved ineffective for parboiled rice.

•

Chapter 4 presents the results of the use of adsorbents made from lemon and
orange citrus peels, for cadmium removal from white rice. The results
presented showed considerable decrease in cadmium, inorganic arsenic and
DMA content of the rice, with lemon peel proving more efficient. The use of
pectin was also explored in this chapter, which proved ineffective for
cadmium removal.
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•

Chapter 5 analyses the effect of the optimized procedures on the rice quality,
relating to changes to functional groups, surface morphology and Bacillus
cereus load of the rice grains. Considerable changes to functional groups and
surface morphologies are observed for both white and brown rice types while
Bacillus cereus load is markedly reduced by the removal technology.
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2.1 Abstract
Cadmium, inorganic arsenic and, potentially, dimethyl arsenic acid are carcinogens
widely elevated in rice. Here it was identified that the food-safe and common
cadmium chelator citric acid efficiently removed cadmium from intact grain after presoaking procedure, while also reducing arsenic species. A two-step pre-soaking stage
was developed whereby rice was first incubated, at ambient temperature, in 1 M
citric acid for 12 h, and then in 1 M calcium carbonate for another 12 h, the latter
step to neutralize pH, followed by cooking. When 10 different individual types of rice
were processed in such a way this resulted in removal rates of 79% for cadmium, 81%
for inorganic arsenic and a 66% for DMA. The technology is particularly suitable for
bulk food processing and could be deployed in the most cadmium and arsenic
impacted regions where rice is a staple.
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2.2 Introduction
Paddy rice is a major source of exposure, globally, to the carcinogen and nephrotoxin
cadmium (Clemens et al., 2013; EFSA, 2012; Shi et al., 2019) and the carcinogen
inorganic arsenic (EFSA, 2009; Carey et al., 2019). Rice can also be elevated in DMA
(DMA) (Carey et al., 2019), which is thought to be a carcinogen (Yamamoto et al.,
1995). Cadmium and arsenic are specific problems for low-land rice cultivation as
paddy management involves anaerobic and aerobic cycling of soils, regulated by
irrigation. Under reduced conditions, i.e. flooding, arsenic species are mobilized in
soil and assimilated by roots, while it is the aerobic periods that cause cadmium
assimilation and mobilization (Arao et al., 2009). There are regions of the world
where cadmium and inorganic arsenic are particularly elevated in rice, such as the
base metal mining zone of South East China, which is also nationally a major rice
production region (Williams et al., 2009). Concentrations of both cadmium and
arsenic routinely exceed 0.2 mg/kg, the Chinese standard, in Guangdong, Hunan and
Fujian provinces (Cai et al., 2019; Nengchang et al., 2018; Williams et al., 2009; Xiao
et al., 2018; Zeng et al., 2015), the concentration that the EU state should not be
exceeded for cadmium (Commission Regulation, 2006) and inorganic arsenic
(Commission Regulation, 2015). As the populace of such regions depend on rice as a
dietary staple, and there being few alternatives, this makes rice production highly
problematic. Thus, if cadmium and inorganic arsenic can be decreased in rice then
rice output from large production regions can be made safer. Post-harvest processing
of rice can be used to lower grain inorganic arsenic, primarily parboiling (Rahman et
al., 2019) or cooking (Carey et al., 2015; Raab et al., 2009), but such simple cooking
technologies are ineffective for cadmium and DMA. A high water: rice volume
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removes up to 45% (Raab et al., 2009), while percolating rice with boil water removes
up to 70–80% (Carey et al., 2015), of grain inorganic arsenic. Inorganic arsenic is
predominantly present in rice as arsenite, which is uncharged and relatively soluble
at neutral pH (Meharg and Zhao, 2012), rice grain itself being circa neutral. Cadmium
is doubly charged and has a high affinity to polar functional groups in biological
matrices (Huo et al, 2016; Wu et al., 2016; Zou et al., 2019). DMA has a pKa of 6.2
(Meharg and Zhao, 2012), requiring acid conditions to become neutrally charged.
Therefore, more astringent methods are needed to remove cadmium and DMA from
rice. Cadmium is readily complexed with dicarboxylic acids, which include cheap and
common food ingredients such as citric acid (Huo et al, 2016; Wu et al., 2016; Zou et
al., 2019). Huo et al. (2016) found that the separation of rice into starch and protein
using an alkaline extraction method, and then followed by washing the protein isolate
with citric acid, efficiently removed the cadmium from the extracted rice protein. Zou
et al. (2019) found that citric acid could remove cadmium from bran, while Wu et al.
(2016) established that citric acid could be used to reduce this element from brown
rice flour. Citric acid treatment also was found to reduce lead (Behrouzi,
Marhamatizadeh, Razavilar, Rastegar, & Shoeibi, 2020) and total arsenic (Behrouzi,
Marhamatizdeh, Shoeibi, Raavilar, & Rastegar, 2020) from rice grain. Here we
optimise procedures to remove cadmium from intact rice using citric acid, and then
developed processes to neutralize the subsequent acidification of pH. The
consequences for inorganic arsenic and DMA, and for mineral nutrients, were also
determined.
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2.3 Materials and Methods
2.3.1 Experiments
Packaged commercial rice grain was purchased from retail stores in Belfast, Northern
Ireland. Ten polished rice samples were tested including Italian, Thai and basmati.
One Italian arborio rice was selected on which to conduct initial optimization trials.
The developed procedure was then validated on the other grains. Throughout, a rice
to preparation/cooking solution ratio of 1:5 was used as this has been shown to very
effective in decreasing inorganic arsenic (Carey et al., 2015). For the initial
experiments rice (50 g) was accurately weighed from the rice packet (dry weight was
calculated separately), and then soaked in 250 ml of a range of concentrations of both
citric and ascorbic acid (0, 0.0001, 0.001, 0.01, 0.1 and 1 M) in a 400 ml flat bottomed
Pyrex beaker for 12 h, pre-determined by experimentation to be optimized soaking
time, in triplicate. After soaking, the rice samples were rinsed thoroughly with double
distilled, deionized Millipore water and then cooked on a traditional hotplate for
approximately 10 mins till soft. The excess water was discarded, and samples were
analysed for cadmium, arsenic species, and a range of mineral nutrients and pH. A
second phase of experiments identified how to neutralize rice after citric acid
treatment. Rice sample weights, soaking ratios and preparation procedures were
identical to the initial phase, but following citric acid treatment and rinsing, a second
12 h soaking stage, followed by a rinse, was tested where calcium carbonate (0, 0.1
and 1 M) was used, and then the rice was finally cooked. Once optimal cooking
procedures were identified, then the 10 different rice samples were prepared. This
involved a 12-hour soak in 1 M citric acid, then a rinse; a 12 h soak in 1 M calcium
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carbonate, and then a rinse, and then cooking till rice was prepared. Throughout,
uncooked (i.e. straight out of the packet) and traditionally cooked rice (straight from
packet and cooked in a 1:5 rice to purified water ratio) were also analysed to test the
efficacy of the modified procedures.
2.3.2 Chemical analysis
For all experiments, uncooked and cooked grain rice was freeze dried overnight.
Samples were then milled to a powder using a Retch PM 100 rotary ball-mill using a
zirconium oxide lined vessel and grinding balls, at 500 rpm for 4mins. Samples were
then analysed for total elementals by ICP-MS and XRF, arsenic speciation by ionchromatography-ICP-MS, and pH. For ICP-MS total elemental analysis, milled samples
were accurately weighed (0.1 g) into 50 ml polypropylene centrifuge tubes. To each
tube, 2 ml of concentrated 69% Aristar nitric acid was added and left to sit overnight.
Analytical grade hydrogen peroxide (2 ml) was then added and allowed to outgas for
15mins. Samples were prepared in batches of 40 and included a blank and a rice CRM,
NIST 1568b rice flour which is certified for a wide range of both trace and macro
elements. Microwave digestion in a CEM MARS 6 instrument was then carried out
under conditions 95 °C for 5 min held for 10 min, 135 °C for 5 min held for 10 min and
180 °C for 5 min held for 30 min. Total elements were then measured using the
Thermo ICAP Q ICP-MS in direct acquisition mode, with rhodium as an internal
standard. All elements reported in results were present in the existing in calibration
standards (SPEX Europe), as well as in CRM NIST 1568. Elements with adequate CRM
recoveries (50–150%) were reported, along with LoDs (Table 2.1).
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For inorganic arsenic speciation, ~0.1 g of powdered rice was accurately weighed into
50 ml polypropylene centrifuge tubes to which 2 ml of dilute 69% Aristar nitric acid
was added and left overnight. Samples were prepared in batches of 40 that included
a blank and CRM NIST 1568b rice flour which is certified for arsenic species.
Microwave digestion was conducted under similar conditions to the table above.
Following digestion, the digestate was then diluted to 10 ml with distilled water and
700 ul was transferred to a 2 ml polypropylene vial, to which 0.7 ul of analytical grade
hydrogen peroxide was added. The rice solution was then run on a Thermo Scientific
IC5000 Ion Chromatography 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 carbonatestarting at 100% A, changing
to 100% B, in a linear gradient over 15 mins) interfaced with the Thermo ICAP Q ICPMS which monitors m/z + 75, using helium gas in collision cell mode. The resulting
chromatogram was compared with authentic standards DMA, inorganic arsenic,
monomethylarsonic acid (MMA), trimethyl arsenic oxide (TMAO), tetramethyl
arsonium (TETRA) and arsenobetaine (AB). A bench top XRF (Rigaku CG) was used to
analyse additional elements using the milled rice samples. Batches of 9 samples were
analysed in triplicate with CRM NIST 1568b rice flour. Approximately 3 g of each rice
sample was weighed into prepared XRF cups lined with proline film and pressed using
a PANAPRESS. Following XRF analysis, elements present in the CRM with good
analytical recoveries (50–150%) were reported (Table 1). To measure the rice pH after
pre-soaking step and subsequent cooking, a 2:1-part water to rice ratio slurry was
made and the pH meter swirled until a steady pH reading was obtained. Half limit of
detection (LoD) was used for elemental concentrations below LoD. LoDs are reported
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in Table 2.1. Statistical analysis was conducted using two-way ANOVA in MiniTab 18
as well as sample t-test where applicable.
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Table 2.1: Recoveries of elements and arsenic species from CRM NIST 1568b, rice
flour, along with limits of detection (LoD).

CRM reported CRM recovery S.E.M

L.o.D.

conc. (mg/kg)

(%)

(%)

(mg/kg)

cadmium

0.0224

72.3

0.002

0.006

arsenic

0.285

77.8

0.018

0.03

potassium

1282

80

4.206

-

zinc

19.42

91

1.298

1.785

calcium

118.4

96

5.004

-

sulphur

1200

85

3.086

-

phosphorus

1530

104

86.801

19.953

inorganic

90

92.2

0.001

0.0004

180

86.1

0.002

0.0004

element

arsenic
DMA
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2.4 Results
Cadmium in the rice investigated ranged by over an order-of-magnitude, from 0.006
to 0.077 mg/kg (Fig. 2.1). Total arsenic in the grain had a similarly large range, from
0.02 to 0.095 mg/kg. Chemical analysis of rice grains before and after pre-soaking
treatment and cooking showed that citric acid pre-soaking resulted in a maximal 81%
removal of cadmium at 1 M concentration (P < 0.0001), with the efficacy of removal
increasing as acid concentration rose (Fig. 2.1). Decrease in cadmium was linear with
log10 increase in citric acid concentration (P < 0.0001). Citric acid inhibited total
arsenic removal, as compared to the control (rice soaked in water), with a linear
increase with log10 increase in citric acid (P < 0.0001). However, even at 1 M citric
acid, the highest concentration, 1/3 of total arsenic was removed as compared to the
uncooked grain. The pH after soaking in citric acid showed a progressive decrease
from a pH of 6.4 to 2.5 (Fig. 2.1).
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Figure 2.1: The effect of 12 hour soaking in molar concentrations of citric acid and
then subsequent cooking in pure water, on cadmium and arsenic content and pH of
Arborio rice. Each acid concentration was conducted in triplicate. “Uncooked” refers
to the rice grain straight from the packet.
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The use of calcium salts for pH neutralization of organic acid treated grain was then
investigated. Trials found that the rice required a 12 h soak for maximum pH
neutralization to occur, with calcium carbonate being the most effective (Fig. 2.2).
The pH increased linearly with time. Soaking the citric acid treated rice in calcium
carbonate linearly (P = 0.0001) increased pH up to 7.5 at 12 h.
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Figure 2.2: The effect of calcium carbonate (0.1 and 1 M) on the pH levels of rice
grain after pre-soaking with citric acid for 12 h and then in calcium carbonate for
12 h and subsequent boiling. Each salt concentration was conducted in triplicate.
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The optimal procedures for removing cadmium were a soak for 12 h in 1 M citric acid,
thoroughly rinsed, and then soaked for 12 h in 1 M calcium carbonate, followed by
subsequent boiling in water (Fig. 2.3). For the 10 rice types this sequence, on average
caused cadmium to be reduced > 60%, with a standard error of 4.6%, of the uncooked
raw rice grain. Standard traditional cooking of rice resulted in a slight enhancement
of cadmium concentration (5%), while treatment with citric acid alone caused an 80%
reduction in cadmium. The calcium carbonate soak caused cadmium in citric acid
treatment to be doubled, probably due to trace cadmium concentrations in the
calcium carbonate, given that the rice in the citric acid treatment was very low in
cadmium. Median changes in grain cadmium, comparing water, citric acid and citric
acid plus carbonate were significant (P = 0.0001) when analysed using Kruskal-Wallis
analysis. For total arsenic, cooking in 5:1 water to rice ratio reduced arsenic to 66%
of uncooked grain, but further reductions were seen when a citric acid pre-soak was
used (46%) and citric acid and calcium carbonate in combination (38%). These
medians were significantly different from each other at P = 0.05.
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Figure 2.3: The effect of rice pre-soaking treatments on 10 polished rice types after
a 12 h pre-soak in citric acid, and another 12 h soak in calcium carbonate and
subsequent boiling, with a 12 h pre-soaking in water as control, on the cadmium
and inorganic arsenic acid content.
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To explore the arsenic data further, speciation was conducted (Fig. 2.4). Inorganic
arsenic dominated species, with inorganic arsenic averaging 0.08 mg/kg, and DMA
0.033 mg/kg.
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Figure 2.4: The effect of treatment of polished rice types after a 12-hour pre-soak
of white rice grain in citric acid, and another 12-hour soak in calcium carbonate
and boiling, with a 12-hour pre-soaking in water as control on the arsenic species.
Each aligned point represents triplicate analysis and an average of all rice
samples.
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Cooking in a 5:1 water to rice ratio reduced inorganic arsenic by ~ 60%, from 0.08 to
0.033 mg/kg, with further reductions on citric acid treatment (to 0.02 mg/kg) and
citric acid plus calcium carbonate (0.015 mg/kg), a maximum 82% reduction, on
average. These percentage differences were highly significant when tested by
Kruskal-Wallis analysis (P < 0.0001). The DMA did not alter concentration on cooking
alone, but a 50% reduction was observed on citric acid, and a 66% reduction on
calcium carbonate treatment, from a starting concentration of 0.032 mg/kg (P <
0.0001). Five-to-one water to rice cooking ratios decreases phosphorus by a 2/3, zinc
by 1/3 and potassium by 5/6 across the 10 rice types tested, with all these differences
being significant at P < 0.0001 (Fig. 2.5). Citric acid pre-soak strips out more
potassium, zinc, sulphur and phosphorus but not calcium. The calcium carbonate
soak has little effect on all nutrients examined except for calcium, which was fortified
in cooked grain by 2-orders of magnitude (P < 0.0001). Calcium carbonate also
restored pH of the rice from a mean level of 2.4 in citric acid alone treated rice to 7.3
when the citric acid treatment was followed by a subsequent calcium carbonate soak
(P < 0.0001).

63

Figure 2.5: Multi-elemental content (potassium, zinc, calcium, sulphur, chlorine
and phosphorus) of polished rice grains. Rice samples were soaked in citric acid
for 12 hours and then in calcium carbonate for another 12 hours with subsequent
boiling with a 12-hour pre-soaking in water as control and analysed in triplicate.
Each point represents triplicate analysis.
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2.5 Discussion
Here we showed that simple soaking treatments in citric acid and then calcium
carbonate reduced cadmium and inorganic arsenic by ~ 80% (60% for cadmium after
pH neutralization), and DMA by 2/ 3, while fortifying with calcium by 2-orders of
magnitude. This means that rice from highly impacted mining regions, typified by the
S.E. China mining belt (Cai et al., 2019; Nengchang et al., 2018; Williams et al., 2009;
Xiao et al., 2018; Zeng et al., 2015), can be made much safer for human consumption.
The loss of essential nutrients observed here, as compared to conventional cooking,
conforms with the study by Mwale et al. (2018) which reported that the use of excess
water in rice cooking for arsenic removal resulted in a significant loss of all essential
elements except iron, selenium and copper. Similarly, Carey et al. (2015) highlighted
a 53% potassium loss following the use of percolating boiling water for rice cooking
to remove arsenic. Fortifying nutrients into grain is common practise, and in many
regions of the globe is used as standard to improve the health of the populace (Dwyer
et al., 2015). We propose that such fortification can be conducted at the
neutralization stage as it was very effective for calcium here. It is well understood
that inorganic arsenic is readily stripped from rice by pre-soaking in and cooking in
large volumes of water to rice, while DMA and cadmium are not (Carey et al., 2015;
Raab et al., 2009). So, having procedures to remove DMA, and particularly, cadmium
from rice is an important advance. The pKa for DMA is 6.2, and this may explain its
enhanced mobility when the pH is dropped, i.e. it becomes fully protonated and,
thence, neutral and mobile (Meharg and Zhao, 2012). Caruso et al. (2001) found that
DMA and inorganic arsenic could be decreased in freeze-dried apple samples that
were treated with a solution including acetic (extraction efficiency range 79% to
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117%). For inorganic arsenic a low pH per se does not enhance mobilization due to a
pKa of 9.2 for arsenite (Meharg and Zhao, 2012), so the reason why lower pH
mobilizes arsenite is not known in the experiments reported here. Cadmium is readily
complexed by dicarboxylic acids, such as citrate (Huo et al., 2016; Wu et al., 2016;
Zou et al., 2019) and this, along with the drop to a low pH, explains its enhanced
mobility and leaching under the protocols developed here. Wu et al. (2016) trialled
citric, malic and tartaric acid for the removal of cadmium from brown rice and found
citric acid to be optimal, removing up to 94%. They noted that quality of brown rice
was not affected. However, they only used up to 0.06 M, as opposed to 1 M here that
removed only up to 80% but causing a considerable drop in pH. Presumably, the
greater cadmium reduction observed by Wu et al. (2016) was due to using flour as
opposed to intact grain as used here, with intact grain being more intractable. A very
highly liquid: solid ratio was optimal, 12:1, with lower ratios extracting less. They did
not test for mineral nutrients. Huo et al. (2016) removed 95% of cadmium from rice
protein extracts using citric acid at 0.5 M citric acid in a 6:1 ratio. They had trialled a
wide range of acids, food safe and non-food safe, (hydrochloric, lactic, maleic, malic,
oxalic, phosphoric and tartaric), and found that concentrations above 0.2 M were
required to be effective, with enhanced removal up to 0.6 M. Liquid:solid ratio had
to be above 6 for effective removal. pH and loss of mineral nutrients were not
recorded. Similarly, 0.15 M citric acid at a 10:1 liquid:solid ratio was effective at
removing 94% of cadmium from rice bran (Zou et al., 2019). The overall chemical
structure of the bran was not greatly affected, while vitamin E compounds and rice
analogues were slightly enriched. The vitamin B suite was not analysed, and neither
were mineral nutrients or pH. They found that citric acid opened the structure of the
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rice (using SEM), and that there was little difference in FTIR spectra. We conducted
SEM and FTIR on our samples, including the calcium carbonate treated samples, and
concluded the same that treatment did not greatly affect the structure of grain (data
not shown). As well as acids, neutral deep eutectic solvents, which act as micelles,
were used to efficiently extract cadmium (> 90%) from rice flour, again with a large
solvent: solid ratio, 12:1, being most effective (Huang et al., 2018). The consequences
on arsenic species, and nutrients and vitamins were not explored. Previous
approaches to cadmium removal from rice have used microbial fermentation.
Incubation with Bacillus and yeast species resulted in 81% removal of cadmium Zhang
et al. (2017). However, it required 60 h of fermentation for optimum cadmium
removal and resulted in a decrease in protein content. Similarly, Zhai et al. (2019)
found that fermentation of rice with Lactobacillus plantarum strains resulted in a 93%
cadmium removal, reducing protein, lipid and ash contents of rice grain. Although
effective at cadmium removal, these post-harvest approaches are labour and capital
intensive and thus may not appeal to rice producers, manufacturers and consumer.
Fermentation is effective in cadmium removal due to increased acidity and to the
opening up of rice structure, making cadmium more leachable. A more radical
approach to reducing cadmium exposure from rice grain was developed by Sun et al.
(2020). They proposed to reduce gut availability of cadmium, derived from rice, by
adding components to food that will absorb cadmium in the gut using an in vivo
mouse model. These included tannic acids, titanium dioxide and zinc glutamate,
amongst others, achieving a 10–98% reduction in gut bioavailability of cadmium.
However, their findings may be limited in translation to humans in that human gut
microbiology is more complex, and that dietary interventions rely on
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palatability/acceptability. The procedures outlined here have their limitations, and
studies still needs to be conducted on food acceptability/palatability, and potential
products for the rice cooked in this way may need developing. Refinement of these
procedures lies in the hands of food technologists. However, we have established
that cadmium, in tandem with inorganic arsenic and DMA, can be removed using
food-safe chemical procedures. Also, we have ascertained that subsequent
neutralization is also a very useful step, not just for readjusting pH, but also for any
potential fortification (calcium in this case).
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Chapter 3: Optimized cadmium removal technologies for brown and
parboiled rice
3.1 Abstract
This Chapter aimed to test the optimized cadmium removal technologies developed
in Chapter 2 on brown and parboiled rice. The two-step pre-soaking stage developed
was carried out on brown rice whereby rice was first soaked in 1 M citric acid for 12
hours and then in 1 M calcium carbonate for another 12 hours, with subsequent
boiling in a rice to water ratio of 1: 5. When 5 different individual types of brown rice
were processed in this manner, it resulted in removal rates of about 62% for
cadmium and 53% for inorganic arsenic, as well as 41% DMA decrease. Trace
elements potassium, phosphorus, and zinc were severely reduced while calcium was
fortified by a 2-orders magnitude. Similarly, the use of citric acid as a chelator was
considered for use during the rice parboiling stage. Using two cultivars of Spanish rice
(rough and cargo) this chapter also considered the alteration of parboiling
parameters for the removal of cadmium and inorganic arsenic. The rice cultivars were
taking through 4 different soaking and parboiling variations which had no
considerable effect on the cadmium, arsenic and multi-elemental concentrations of
the rice grain. A considerable loss in cadmium and arsenic from the rice husk was
reported, whereby when rough rice was soaked in water and parboiled in citric acid,
63% and 67% reduction respectively was reported. For brown rice intervention, this
technology may be applied to food processing industries especially in regions where
soil and rice cadmium and arsenic are most impacted, thus limiting the consumer
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dietary risk to these carcinogens, while the husk intervention technology may be
beneficial to industries that use rice husk for animal food and feed manufacturing.
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3.2 Introduction
Rice is an important staple food that about half of the world’s population depend on
(Oli et al., 2014). Countries like Asia, Africa and South America, are also dependent
on rice for both employment and income (Oli et al., 2014). There is a reported wide
occurrence of cadmium and arsenic contaminated rice in parts of the world such as
southern China, and this occurrence poses a significant risk to public health, as
arsenic is an identified carcinogen (Hu et al, 2016), and cadmium, a nephrotoxin
(Meharg et al., 2013). Rice can be consumed in various forms such as whole grains
(brown, milled or parboiled), as flour, or as fermented products (Oli et al., 2014).
Brown rice is reported to have about 80% more inorganic arsenic than white rice due
to the presence of the germ layer in brown rice which is reported to retain a
substantial amount of inorganic arsenic (Sun et al., 2008). Although limited literature
is available, it is reported that there is a lower amount of cadmium in brown rice than
white rice. Jiang et al., (2012) studied the amount of cadmium in rice and found an
average of 0.02 mg/kg in black brown rice and 0.04 mg/kg in red brown rice as
opposed to 0.06 mg/kgin white rice. Similarly, with reference to chapter 2, white rice
had a higher amount of cadmium ranging between 0.02 and 0.09 mg/kg while brown
rice ranged between 0.004 and 0.020 mg/kg. Thus, just as there is a need to reduce
the cadmium and arsenic content of white rice, it is just as important for brown rice
because a large amount of the population also consumes brown rice.
Rice can also be consumed as parboiled rice and rice parboiling procedures may differ
with cultural practices of each country (Oli et al., 2014). In countries like Bangladesh,
the greater majority of the rice consumed is parboiled rice and the process of
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parboiling involves soaking the rice with the husk overnight in water, boiling or
steaming the rice in water, sun- drying, dehusking the grain and then milling (Hotz et
al., 2015; Oli et al., 2016). This process of parboiling results in a fortification of Bvitamins and various mineral nutrients such as iron and zinc (Prom-u-Thai et al.,
2011), as well as manganese and potassium (Oli et al., 2016). It has been identified
that there is a slight loss of grain arsenic following typical rice processing procedures
(Lombi et al., 2009). However, these parboiling practices had not been modified for
the main intent of cadmium and arsenic removal. Based on the fact that a study
showed that parboiling of wholegrain rice instead of rough rice, resulted in iron and
zinc fortification (Prom-u-Thai et al., 2011), with this migration of iron and zinc being
attributed to the removal of the husk (which acts as a barrier, preventing the diffusion
of materials between the external medium and the wholegrain), Rahman et al. (2019)
devised a new method of parboiling. They studied parboiling wholegrain versus rough
rice, to identify the best practices that would aid arsenic, and possibly cadmium
removal. It was reported that this simple alteration where wholegrain rice is
parboiled rather than rough rice, resulted in a 25% decrease in inorganic arsenic
content, and a 213% increase in calcium (Rahman et al., 2019).
As preliminary studies in Chapter 2 showed that citric acid is effective in the removal
of both cadmium and inorganic arsenic from rice grain, it was therefore hypothesized
that citric acid would have a similar effect, on brown rice, as well as parboiled rice,
whereby removal of cadmium and arsenic would be elicited if rice was pre-soaked in
citric acid and also soaked or boiled in citric acid during the parboiling stage rather
than the conventional soaking in water. These hypotheses were tested in this
Chapter.
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3.3 Materials and Methods
3.3.1 Testing of optimal conditions on brown rice
Five brown rice types available to the UK consumers, were subjected to optimal
cadmium removal and pH neutralisation conditions optimized in Chapter 2. Packet
rice, (50 g) was accurately weighed, and soaked in 250ml of 1 M citric acid for 12
hours. Then 25 g (wet weight) was accurately weighed out and taken through a
second soaking stage to neutralize the pH by soaking rice in 125 ml of 1 M calcium
carbonate for another 12 hours. After this, the rice was boiled in a rice to distilled
water ratio of, 1: 5 on a conventional hot plate until cooked and excess water drained
off.
3.3.2 Parboiling experiment on rough rice
Two Spanish rice varieties were tested, Largo and Redondo and cargo (rough) and
paddy (wholegrain) were tested for each cultivar. Rice (50 g) was soaked in 250 ml in
a range of solutions outlined in Table 3.1, in triplicate for 12 hours. After 12 hours,
the samples were then parboiled in a water bath at 600C for 10 min in either citric
acid or water (Table 3.1). Rice samples were then dried in an oven for 5 hours at 700C.
After this, all husked samples (cargo) were dehusked by hand and then ground to a
fine powder for further analysis. Rice husks were also analysed.

73

Table 3.1: Parboiling factorial experimental treatments.

Rice type

Treatment code

Treatment

Soaking

Parboiling

Paddy Redondo

T1

Water

Water

Paddy Largo

T2

Citric acid *

Water

Cargo Redondo

T3

Water

Citric acid *

Cargo Largo

T4

Citric acid *

Citric acid *

*Citric acid concentration (1 M)

74

3.3.3 Inorganic chemical analysis
For all experiments, after boiling or parboiling, rice was freeze dried overnight.
Samples were then milled to a powder using a Retch PM 100 rotary ball-mill using a
zirconium oxide lined vessel and zirconium oxide grinding balls at 500 rpm for 4mins.
Raw, i.e. uncooked rice grain was also freeze dried and milled in a similar manner. A
control of soaking rice in just water was included in all comparison’s analysis.
To quantify cadmium, arsenic, calcium and a suite of other elements, a multielemental analysis was performed using Inductively Coupled Plasma Mass
Spectrometry (ICP-MS) and X-ray fluorescence (XRF). For ICP-MS, milled samples
were accurately weighed (0.1 g) into 50ml polypropylene centrifuge tubes. To each
tube, 2ml of concentrated 69% Aristar nitric acid was added and left to sit overnight.
Hydrogen peroxide (2ml) was then added and allowed to outgas for 15mins. Samples
were prepared in batches of 40 and included rice CRM, NIST 1568b Rice flour which
is certified for a wide range of both trace and macro elements and a blank. Microwave
digestion in a CEM MARS 6 instrument was then carried out under conditions 950C
for 5 min held for 10 min, 1350C for 5 min held for 10 min and 1800C for 5 min held
for 30 min.
Total elements were then measured using the Thermo ICAP Q ICP-MS in direct
acquisition mode, with Rhodium as an internal standard. All elements reported in
results were existing in calibration standards as well as in CRM NIST 1568b. Elements
with adequate CRM recoveries (50-150%) were reported (Table 3.2).
For iAs speciation, 0.1 g of both uncooked and cooked rice samples were accurately
weighed into 50ml polypropylene centrifuge tubes to which 2ml of dilute 69% nitric
acid was added and left overnight. Similarly, samples were prepared in batches of 40
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including a blank and CRM NIST 1568b Rice flour. Microwave digestion was
conducted under similar conditions to the table above. Following digestion, the
digestate was then diluted to 10ml with distilled water and 700 ul was transferred to
a 2ml polypropylene vial, to which 0.7 ul of analytical grade hydrogen peroxide was
added. The rice solution was then run on a Thermo Scientific IC5000 Ion
Chromatography 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 mins) interfaced with the Thermo ICAP Q ICP-MS which
monitors m/z+ 75, using helium gas in collision cell mode. Resulting chromatogram
was compared with authentic standards DMA, inorganic arsenic, monomethylarsinic
acid (MMA), tetramethyl arsonium (TETRA) and arsenobetaine (AB).
A bench top XRF (Rigaku CG) was used to analyse additional elements using the same
milled rice samples from above. Batches of 9 samples were analysed in triplicate with
CRM NIST 1568b Rice flour. Approximately 3 g of 4each rice sample was weighed into
prepared XRF cups lined with proline film and pressed using a PANAPRESS. Following
XRF analysis, elements present in the CRM with good analytical recoveries (70-130%)
were reported (Table 3.2).
3.3.4 Statistics
Half limit of detection (LoD) was used for elemental concentrations below LoD. LoDs
are reported in Table 3.2. Statistical analysis was conducted using two-way ANOVA in
MiniTab 18 as well as sample t-test where applicable.
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Table 3.2: Recoveries of elements and arsenic species from CRM NIST 1568b, rice
flour, along with limits of detection (LoD). * indicates elements analysed by XRF
rather than by ICP-MS.

element

CRM reported CRM recovery S.E.M

L.o.D.

conc. (mg/kg)

(%)

(%)

(mg/kg)

cadmium

0.0224

72.3

0.002

0.006

arsenic

0.285

77.8

0.018

0.03

potassium*

1210

94

4.206

-

zinc*

18.3

94

1.298

-

calcium*

140

118

5.004

-

sulphur*

1090

91

3.086

-

phosphorus*

1420

111

86.801

-

inorganic arsenic 90

92.2

0.001

0.0004

DMA

86.1

0.002

0.0004

180
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3.4 Results
3.4.1 Testing optimal procedures on brown rice
The pre-soaking sequence, whereby rice was first soaked for 12 hours in 1 M citric
acid, thoroughly rinsed, and then soaked for 12 hours in 1 M calcium carbonate,
followed by subsequent boiling, was carried out on 5 brown rice types. Rice was also
soaked for 12 hours in water as a control.
For cadmium removal from brown rice, there was a progressive loss of 35%, 54% and
62% after pre-soaking in water, citric acid and citric acid + calcium carbonate
respectively (Fig. 3.1). For arsenic removal from brown rice types, after pre-soaking
with water, citric acid and citric acid + calcium carbonate, there was an average of
27%, 26% and 28% removal respectively (Fig. 3.1).
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Figure 3.1: The effect of rice pre-soaking treatments on 5 brown rice types after a
12 hour pre-soak in citric acid, and another 12 hour soak in calcium carbonate and
subsequent boiling, with a 12 hour pre-soaking in water as control, on the cadmium
and arsenic acid content. R1-R5 represents the different 5 rice types.

79

Further elemental analysis showed a marked average enrichment of calcium after
pre-soaking with calcium carbonate by 2,400%, as compared to rice grain and presoaking in water (control). However, after the final pre-soaking treatment with
calcium carbonate and boiling, there was an average percentage decrease in
phosphorus by 76%, sulphur by 28%, potassium by 99% and zinc by 83% (Fig. 3.2).
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Figure 3.2: Multi-elemental content (potassium, zinc, calcium, sulphur and
phosphorus) of brown rice grains. Rice samples were soaked in citric acid for 12 hours
and then in calcium carbonate for another 12 hours with subsequent boiling with a
12-hour pre-soaking in water as control and analysed in triplicate. Each point
represents averaged triplicate analysis for 5 brown rice types.
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Arsenic speciation experiments show that the most predominant species in rice
samples are DMA and inorganic arsenic. DMA and inorganic arsenic were the two
most abundant arsenic species present in the rice and both species were reduced by
treatment with water, citric acid and calcium carbonate. The LoD for DMA and
inorganic arsenic were 0.171 and 0.091 respectively and both gave excellent
recoveries of 95.2 and 98.9%. For DMA, there was a progressive decrease of an
average of 9, 31 and 41% following treatment with water, citric acid and calcium
carbonate respectively. Whereas for inorganic arsenic, there was an average
decrease of 65, 60 and 53% after treating rice grain with water, citric acid and calcium
carbonate (Fig. 3.3).
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Figure 3.3: The effect of treatment of brown rice types after a 12-hour pre-soak of
grain in citric acid, and another 12-hour soak in calcium carbonate and boiling, with
a 12-hour pre-soaking in water as control on the arsenic species. Each aligned point
represents averaged triplicate analysis for 5 brown rice types.

83

3.4.2 Parboiling of rough rice
The parboiling experiment showed no significant effect on the removal of cadmium
and arsenic (Fig. 3.4 a&b) and other elements analysed (Fig. 3.4 c-f).
However, results showed a progressive decrease in cadmium and arsenic
concentrations of the analysed rice husk (Fig 3.5). For cadmium (Fig 3.5a, c), Paddy
Redondo (P=0.0019) results showed a slight 3 and 2% increase in cadmium for T1 and
T2 respectively, however T3 and T4 resulted in a 60% and 48% removal respectively,
while Paddy Largo (P<0.0001) showed a 6% increase at T1 and 7, 66 and 63% removal
at T2, T3 and T4 respectively. For arsenic, (Fig 3.5b, d) Paddy Redondo (P= 0.3709),
there was a 53, 52, 73 and 58% removal, while for Paddy Largo (P= 0.0191), there was
a 46, 55, 61 and 58% removal from the husk for T1, T2, T3 and T4 respectively.
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Figure 3.4: The effect of four treatments (T1-T4) on 4 rice varieties on the cadmium
and arsenic content of rice grain where T1: water for soaking and parboiling, T2: citric
acid for soaking and water for parboiling, T3: water for soaking and citric acid for
parboiling and T4: citric acid for soaking and parboiling. Rice samples were soaked in
either citric acid or water for 12 hours and parboiled in either citric acid or water for
10 mins at 600C. Samples were analysed in triplicate and each point represents an
average and standard errors.
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Figure 3.5: The effect of four treatments (T1-T4) on 4 rice varieties on the arsenic and
cadmium content of rice grain where T1: water for soaking and parboiling, T2: citric
acid for soaking and water for parboiling, T3: water for soaking and citric acid for
parboiling and T4: citric acid for soaking and parboiling. Rice samples were dehusked
after soaking in either water or citric acid and parboiling as above, and the husks
analysed for the cadmium and arsenic loss.
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3.5 Discussion
Rice, as earlier stated, is a dietary staple in most parts of the world (Oli et al., 2016)
but could also be elevated in cadmium and arsenic (Meharg et al., 2013). It was
established here that soaking of brown rice in citric acid and then in calcium
carbonate is able to reduce the cadmium content by of ~ 62% and arsenic by ~ 28%.
In addition, DMA was reduced by about 41% and inorganic arsenic by 53%, while
fortifying calcium by 2-orders of magnitude.
In Chapter 2 above, the use of citric acid and calcium carbonate for pre-soaking had
proved efficient in cadmium and inorganic arsenic by ~80% (60% for cadmium after
pH neutralization. These marked differences in percentage removal between brown
and white rice types may be attributed to the initial amounts of toxic metals in both
rice types, where brown rice reportedly is higher in arsenic than white rice, thus there
is more to remove; however, cadmium shows uniform distribution for both brown
and white rice (Meharg et al., 2008). Such differences between white and brown rice
were also reported in literature. In a study where the effect of polishing, stirring and
rinsing, soaking or cooking on rice arsenic concentration were investigated, it was
reported that while there was a 39% loss in white rice, there was a 27% loss in brown
rice (Yim et al., 2017). Contributing to the increased amount in brown rice, the
presence of the outer fibrous bran layer of brown rice simultaneously prevents the
mobilisation of arsenic and possibly cadmium out of the grain, resulting in a lower
percentage removal when compared with white rice.
The loss of essential nutrients reported here conforms with the study by Zhang et al.,
(2020) where the effects of soaking on arsenic and other mineral elements in brown
rice was studied, they reported considerable loss of elements such as magnesium and
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calcium, which were reported to exhibit a downward trend, as well as total arsenic,
during soaking. Similarly, Carey et al., (2015) reported a 53% reduction in potassium
concentration of rice after the use of a percolating system for arsenic removal, while
a reduction of phosphorus from 255 mg/100g of brown rice to 35-92.4 mg/100 g was
reported after grain soaking treatment of brown rice (Albarracin et al., 2013). As
observed, however, there is a biofortification of calcium to the rice grain. As rice is a
dietary staple, this is an important finding because the dietary calcium intake in some
countries such as Bangladesh is reported to be of concern (Kimmons et al., 2005). A
loss of inorganic arsenic and DMA was reported here and conforms well with reports
by Atiaga et al. (2020) where subjection of rice to various pre-cooking treatments
(relating to rinsing and boiling) resulted in a significant reduction in the most toxic
forms of arsenic species including DMA and inorganic arsenic to various percentages
depending on the type of treatment. This is a welcome advance, especially for DMA
as its loss from rice following pre-soaking practices is not reported in literature (Raab
et al., 2009, Carey et al., 2015). As compared to white rice, the brown rice grain here
was left in a better state after pre-soaking than white rice, with less modification to
the outer grain structure, although pre-soaking results in a disruption of the rice bran
layer, allowing easier water penetration into the rice during cooking (Yu et al., 2017)
which could be an added advantage with regards to improvement of brown rice
texture.
Rahman et al., (2019) described the parboiling of wholegrain rice rather than rough
rice to be an effective method for the reduction of inorganic arsenic from the diet of
Bangladesh population by about 25%. It was reported that the parboiling of
wholegrain allows inorganic arsenic to diffuse directly out, into the external media,
88

whereas due to the presence of the husk, parboiling of rough rice possibly disrupts
the diffusion from the grain, possibly promoting diffusion into the encapsulated
wholegrain (Rahman et al., 2019). Upon this basis, the hypothesis that soaking rice
grain in citric acid or water before parboiling, and then parboiling it in either citric
acid or water would result in a loss of cadmium, was tested. Such a hypothesis is not
reported in literature. Results obtained, showed that a variation in soaking and
parboiling substances did not have any effect on the cadmium, arsenic or other
elements concentration of the rice grain analysed. This may be attributed to the
report by Rahman et al., (2019) where they speculated that the presence of the husk
deters the leaching of these toxic metals. This could also work both ways, where the
presence of this outer barrier prevents the penetration of the soaking solution to the
grain to elicit its effect, which it is proven to have on dehusked grains (Chapter 2).
However, after dehusking of the rice grain after parboiling, the husks were analysed
for cadmium and arsenic loss. As observed, there is a progressive decrease in both
cadmium and arsenic from the husk following each treatment type. Across the two
rice types analysed, the highest husk reduction for both cadmium and arsenic were
reported in treatment 3, where rice was soaked in water and then parboiled in 1 M
citric acid. Although the toxic metal content of husk has not been reported in
literature, due to the applications of rice husk across various industrial fields, this
finding of reduced cadmium and arsenic based on parboiling parameters
modification may be beneficial. For instance, rice husk can be used in the fertilization
of soil based on its high lignin content (Kumar et al., 2013). The addition of husk into
soil fertilizers is reported to help with enhancing the soils properties by improving its
fertility due to the husk’s richness in potassium and silicon (Badar and Qureshi, 2014).
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Thus, if the rice husk with reduced cadmium and arsenic is used in soil fertilization, it
can be speculated that there might be a reduction in the bioavailability of cadmium
and arsenic in the soil. Also, rice husk is reportedly a common additive to pet foods,
providing a source of fibre for pets and meeting the sensation of feeling fully fed
(Kennedy and Burlingame, 2003). Thus, if husks are utilized in the diet of pets, using
husks with reduced cadmium and arsenic reduces the bioavailability of these toxic
metals to the animals which in the long run is beneficial to the animal’s health.
In conclusion, the procedures outlined here are beneficial to the loss of cadmium and
arsenic in brown rice although not to the same degree as for white rice. Also, we have
established that DMA and inorganic arsenic can be removed from brown rice using
food- safe chemical procedures. Limitations however exist and work still needs to be
done on possible vitamin loss, as well as other nutrients such as protein, minerals and
fats, as brown rice reportedly has greater nutritional value than white rice (Saleh et
al., 2019) and it would be important to maintain this nutritional value while also
reducing the toxic metal load. Also, although unbeneficial to cadmium and arsenic
loss in rice grain during the parboiling stage, the use of citric acid during parboiling is
beneficial to cadmium and arsenic loss from the rice husk and this could be beneficial
if the use of rice husk in industry is considered further.
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Chapter 4: Reducing the cadmium, inorganic arsenic, and DMA
content of rice grain using food waste, citrus peel adsorbent.
4.1 Abstract
Rice is often elevated, compared to other crop staples, in the toxic element’s
cadmium and arsenic. Recent studies have identified the potential use of food waste
materials as low-cost adsorbents for toxic metal removal from various matrices. The
study presented in the chapter here developed a method to lower cadmium and
arsenic concentrations in rice grain, where dried and milled, orange and lemon peels,
were used as sorbents. Rice grain was pre-soaked with specified amounts of
adsorbent and water for up to 12 hours, followed by subsequent boiling in a rice to
water ratio of 1:5. The effect of pectin, an important component of peel, on rice grain
cadmium and arsenic concentration was also investigated, as well as the effect of
treatments on multi-elemental concentration of rice grain. Processed peel and pectin
both resulted in removal of cadmium and arsenic, although to varying degrees, with
lemon peel being responsible for an average of 60% cadmium removal at 5 g of
adsorbent per 25 ml of distilled water and 5 g of rice. Arsenic species are also reduced
by approximately 60% for inorganic arsenic and 25 % for DMA. A considerable loss of
phosphorus and potassium from the rice grain was also reported therefore
refortification of these should be considered if this technology is used.
This method is efficient and requires low technology, while putting food waste
materials to good use and can be translated for use in the food industry before rice
products reach the consumer.
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4.2 Introduction
Long term, chronic exposure to cadmium, leads to cancer and kidney disease
(Rahimzadeh et al., 2017). The World Health Organisation (WHO) considers cadmium
to be one of the ten chemicals to be of major public health concern (WHO, 2010).
Thus, measures should be explored for decreasing the human exposure to the
carcinogen. Similarly, according to the Centre for Disease Control and Prevention
(CDC), the acute ingestion of toxic amounts of inorganic arsenic is reported to cause
severe gastrointestinal diseases which may eventually lead to dehydration and shock
(CDC, 2018). Cadmium and inorganic arsenic have been found to be generally
elevated in rice and thus pose a threat to human systems (Kong et al., 2018, Meharg
et al., 2013).
The use of food waste materials for the removal of a host of toxic metals from various
matrices is gaining attention in the food industry (Massimi et al.,2018). A suite of lowcost materials which are identified as agricultural waste by-products have been
developed for the removal of metals from various matrices such as food products,
multi-elemental solutions, and wastewater, such as, tea leaves, which is reported to
be an effective, low-cost bio-sorbent, resulting in removal of lead, iron, zinc and
nickel from solution by 96, 91, 72 and 58% respectively (Ahluwalia and Goyal, 2005).
Also, the use of carboxyl groups-rich material prepared from lemon was effective in
the sorption of cadmium in batch systems of metal solutions (Arslanoglu et al., 2008),
while Ugbe et al., (2014) reported that orange peel is an effective adsorbent for the
sorption of chromium (III) ions from aqueous solution. Massimi et al., (2018) explored
the adsorption capacities of 12 food waste materials for the removal of a host of
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elements including cadmium and total arsenic from multi-element solutions. Lemon
and orange peels were reportedly the second and third most efficient for removal of
copper, nickel, lead and zinc but also reported that lemon and orange peels had a
higher affinity for the removal of cadmium (Massimi et al., 2018).
Pectin was also considered for cadmium and arsenic removal because it is present in
citrus peel, making up about 30% of the peel (Srivastava and Malviya, 2011) and is
known to strongly bind metal ions due to high density of its carboxyl group (Patil and
Schiewer, 2008). Patil and Schiewer, (2008), studied the removal of cadmium by fruit
wastes derived from citrus, apples and grapes, identifying citrus peels as the most
promising bio-sorbent and attributed its high efficiency to be partly due to the
presence of pectin in the citrus peels.
The aim of this current chapter was to explore and evaluate the adsorption capacities
of citrus, orange and lemon, for the removal of cadmium and arsenic from rice grain.
The effects of the citrus peel on the multi-elemental content of the rice grain and pH
was also explored here. This method would not only be safeguarding the health of
the consumer but would simultaneously be addressing the issue of food waste and
sustainable development, as about one third of foods produced in the world for
human consumption annually is wasted (Massimi et al., 2018).
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4.3 Materials and methods
4.3.1 Preparation of adsorbent
Oranges and lemons were purchased from a local UK retail shop and washed
thoroughly. These were then peeled under sterile condition into long strips using a
fruit peeler. The obtained peels were placed on a piece of foil and freeze dried for 5
days. The dried peels were then milled into a fine powder using a Retch PM 100 rotary
ball-mill using a zirconium oxide lined vessel and grinding balls at 500 rpm for 30
second intervals until a smooth powder was obtained. After milling, the powder was
sieved with a 0.25-0.125 mm sieve. The powders were then stored in an airtight
container at room temperature until further use.
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Figure 4.1: Image of the process involved in preparing the adsorbent. (a) shows the peeled
strips, (b) shows the milled peels in a sieve, (c) shows the rice and the adsorbent in a beaker
(d) shows the rice and adsorbent soaked in distilled water.
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4.3.2 Determination of soaking quantity
To determine the most effective amount of prepared adsorbent suitable for cadmium
and arsenic species removal from rice, a range of concentrations of the adsorbent
were tested. Four cultivars of Arborio rice were used for experimentation and
optimization. To accurately weighed 5 g of rice (dry weight calculated separately),
0.05 g, 0.5 g, 5 g and 10 g of each adsorbent i.e. orange and lemon powder was placed
into a 250 ml flat bottomed Pyrex beaker and soaked in a rice to distilled water ratio
of 1: 5, for 12 hours (pre-determined by experimentation to be optimized soaking
time), in triplicate. After soaking, the rice samples were rinsed thoroughly with
double distilled, deionized Millipore water until clear water was obtained and all the
powder had been washed off. The rice was then cooked on a hotplate for
approximately 10 mins or until cooked, in a rice: distilled water ratio of, 1:5. The
excess water was discarded, and samples were analysed for cadmium, inorganic
arsenic, a range of mineral nutrients and pH.
4.3.3 Determination of soaking duration
To determine the effective contact time for adsorption, 5 g (dry weight) of Arborio
rice was accurately weighed with 5 g of lemon powder adsorbent and soaked in 25
ml of distilled water in a 250 ml flat bottomed Pyrex beaker for a maximum of 12
hours. About 1g (wet weight) of rice sample was collected at each three-hour interval.
The collected sample was then boiled on a traditional hotplate until cooked, in a rice
to water ratio of 1:5, after which the excess water was discarded. Samples were then
analysed to determine the amount of time required for optimal cadmium and arsenic
species loss.
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4.3.4 The use of pectin for cadmium and arsenic removal
To 10 g of Arborio rice and 50 ml of distilled water, a range of quantities of pectin
powder (Sigma Alrich, UK) was added (0 g, 0.05 g, 0.5g) was added and soaked in
triplicate for 12 hours. After 12 hours, rice was washed thoroughly until all the pectin
was washed off and cooked on a hotplate for approximately 10 mins or until cooked,
in a rice: distilled water ratio of, 1:5. The excess water was discarded, and samples
were analysed for cadmium, inorganic arsenic, a range of mineral nutrients and pH.
4.3.5 Inorganic chemical analysis
For all experiments, after boiling, rice was freeze dried overnight. Samples were then
milled to a powder using a Retch PM 100 rotary ball-mill using a zirconium oxide lined
vessel and zirconium oxide grinding balls at 500 rpm for 4 minutes. Raw, i.e. uncooked
rice grain was also freeze dried and milled in a similar manner. A control of soaking
rice in just water was included in all comparison’s analysis.
To quantify cadmium, arsenic and a suite of other elements, a multi-elemental
analysis was performed using Inductively Coupled Plasma - Mass Spectrometry (ICPMS) and X-Ray fluorescence (XRF). Full details of operation parameters are outlined
in Chapter 2, however, briefly, for ICP-MS, milled samples were accurately weighed
(0.1 g) into 50ml polypropylene centrifuge tubes. To each tube, 2ml of concentrated
69% Aristar nitric acid was added and left to sit overnight. Hydrogen peroxide (2ml)
was then added and allowed to outgas for 15mins. Samples were prepared in batches
and included rice CRM, NIST 1568b rice flour which is certified for a wide range of
both trace and macro elements and a blank. Total elements were then measured
using the Thermo ICAP Q ICP-MS in direct acquisition mode, with rhodium as an
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internal standard. All elements reported in results were existing in calibration
standards as well as in CRM NIST 1568b. Elements with adequate CRM recoveries (50150%) were reported in Table 4.1.
For arsenic speciation, 0.1 g of both uncooked and cooked rice samples were
accurately weighed into 50ml polypropylene centrifuge tubes to which 2ml of dilute
69% nitric acid was added and left overnight. Samples were prepared in batches
including a blank and CRM NIST 1568b Rice flour. Following digestion, the digestate
was then diluted to 10ml with distilled water and 700 ul was transferred to a 2ml
polypropylene vial, to which 0.7 ul of analytical grade hydrogen peroxide was added.
The rice solution was then run on a Thermo Scientific IC5000 Ion Chromatography
system.
A bench top XRF (Rigaku CG) was used to analyse additional elements using the same
milled rice samples from above. Batches of 9 samples were analysed in triplicate with
CRM NIST 1568b Rice flour. Approximately 3 g of each rice sample was weighed into
prepared XRF cups lined with proline film and pressed using a PANAPRESS. Following
XRF analysis, elements present in the CRM with good analytical recoveries (70-130%)
were reported (Table 4.1).
4.3.6 pH
To measure the pH of the rice grain before and after soaking in the prepared
adsorbent and subsequent cooking, a 2:1-part water to rice ratio slurry was made. A
pH meter was then swirled through until a steady pH reading was obtained.
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4.3.7 Statistics
Half limit of detection (LoD) was used for elemental concentrations below LoD. LoDs
are reported in Table 4.1. Statistical analysis was conducted using two-way ANOVA
and one sample t and Wilcoxon test in GraphPad Prism 18.
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Table 4.1: Recoveries of elements and arsenic species from CRM NIST 1568b, rice
flour, along with limits of detection (LoD). *indicates elements analysed by XRF rather
than by ICP-MS.

element

CRM reported

CRM recovery-

concentration

NIST 1568b

(mg/kg)

(Rice flour) (%)

cadmium

0.0224

71.1

0.46

0.008

arsenic

0.285

58.6

0.49

0.000

potassium*

1210

96

1470

-

phosphorus*

1390

114

1500

-

sulphur*

1070

95

854

-

calcium*

145

123

286

-

inorganic arsenic

0.092

97.4

0.10

0.0002

DMA

0.18

94.6

0.19

0.0002

100

S.E.M (%)

L.o.D
(mg/kg)

4.4 Results
4.4.1 Determination of soaking quantity
Results showed that soaking rice in a range of concentrations of either the orange or
lemon peel adsorbent reduced the cadmium and total arsenic content of rice, to
varying degrees depending on the concentration used. Cadmium in the 4 Arborio rice
investigated ranged between 0.03-0.05 mg/kg concentration and total arsenic,
between, 0.05- 0.12 mg/kg (Fig. 3.2). Chemical analysis of rice grain before and after
pre-soaking treatment and cooking found that using 5 g of orange peel adsorbent for
cadmium removal, there was an average of 60% reduction (P=0.001) in cadmium
levels across 4 rice types (Fig.4.2). Whereas, when 5 g lemon peel adsorbent was
used, there was an average 61% removal (P=0.001) of cadmium (Fig. 4.2). The lemon
peel percentages across the various concentrations used (i.e. 0.05, 0.5 and 5 g), are
marginally greater than those for orange peel, suggesting that lemon peel may be
more effective than orange peel, with a 5 g concentration of the adsorbent being the
most effective concentration for adsorption.
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Figure 4.2: The effect of treatment of 4 rice types after a 12 hour pre-soak of rice
grain in orange and lemon peel adsorbent and subsequent boiling, on the cadmium
content of rice grain. Each point represents averaged triplicate analysis.
Where a. is Italian Carnaroli Risotto, b. is Italian Arborio Risotto, c. is Tesco Arborio
and d. is Marks and Spencer’s Italian Risotto rice.
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With 5 g of orange peel adsorbent for total arsenic removal, there was an average of
32% (P=0.001) reduction in arsenic levels (Fig.4.3) across 4 rice types. Whereas, with
5g of lemon peel, there was an average of 38% removal (P=0.001) of arsenic across
the 4 rice types (Fig. 4.3). Like cadmium removal percentages, the lemon peel
percentage reduction for total arsenic are also slightly greater than those for orange
peel, suggesting that lemon peel may be more effective than orange peel. Also, 5 g
of the adsorbent is seen to be the most effective concentration for removal.
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Figure 4.3: The effect of treatment of 4 rice types after a 12-hour pre-soak of rice
grain in orange and lemon peel adsorbent and subsequent boiling, on the total
arsenic content of rice grain. Each point represents averaged triplicate analysis.
Where a. is Italian Carnaroli Risotto, b. is Italian Arborio Risotto, c. is Tesco Arborio
and d. is Marks and Spencer’s Italian Risotto rice.
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In further exploring the arsenic data, arsenic speciation was conducted. Inorganic
arsenic and DMA were evenly dominant species in the rice grain with an average of
0.08 mg/kg across the 4 rice types for both species. Following pre-soaking treatment
in orange peel adsorbent and cooking in a 5:1 water to rice ratio, inorganic arsenic
was reduced by 61% (P<0.0001) from an average of 0.08 to an average of 0.03 mg/kg
whereas for DMA there was a 25% (P<0.0001) reduction with an average reduction
of 0.08 to 0.07 mg/kg (Fig.4.4 a-d).
On the other hand, following pre-soaking treatment in lemon peel adsorbent and
subsequent cooking in a 5:1 water to rice ratio, inorganic arsenic was reduced by
˜63% (P<0.0001) from an average of 0.08 to 0.03 mg/kg while for DMA, there was an
average reduction by 25% (P<0.0001) with a reduction from an average of 0.08 to
0.07 mg/kg (Fig. 4.4 e-h).
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Figure 4.4: The effect of treatment of 4 rice types after a 12-hour pre-soak of rice
grain in lemon (a-d) and orange (e-h) peel adsorbent and subsequent boiling, on the
arsenic species of rice grain. Each point represents averaged triplicate analysis.
Where a. is Italian Carnaroli Risotto, b. is Italian Arborio Risotto, c. is Tesco Arborio
and d. is Marks and Spencer’s Italian Risotto rice.
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Further elemental analysis showed that when orange peel adsorbent was used, there
was a considerable average loss of 64% of phosphorus (P=0.0188) and an 84% loss of
potassium (P=0.0629) (Fig. 4.5), and an average increase in sulphur and calcium by
17.5 (P<0.0001) and 133% (P=0.0063) respectively (Fig. 4.5), suggesting a possible
biofortification of sulphur and calcium in the rice grain. Similarly, the use of lemon
peel adsorbent resulted in a 72.5% average loss of phosphorus (P=0.0293), 59%
average loss of potassium (0.0629), and a 0.5 (P<0.0001) and 60% (P=0.0036) average
increase in sulphur and calcium respectively (Fig. 4.5), eliciting some biofortification
of sulphur and calcium, although to a lesser degree than orange peel adsorbent.
Therefore, the use of citrus peel adsorbent for pre-soaking strips out more
phosphorus and potassium to some consequence.
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Figure 4.5: The effect of treatment of 4 rice types after a 12-hour pre-soak of rice
grain in orange and lemon peel adsorbent and subsequent boiling, on the multielemental content of rice grain. Each point represents an average of 4 rice types
analysed in triplicate.
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4.4.2 Effect of contact time
The effect of the contact time on the adsorption rate was explored here between 3
and 12 hours (Fig. 4.6). The experiment was carried out using 5 g of adsorbent, 5 g of
Arborio rice and 25 ml of water for soaking for up to 12 hours with samples taken at
each 3-hour interval. It is observed that the most efficient contact time for maximum
adsorption is 12 hours (Fig. 4.6), with the efficacy of removal increasing with
increased time (P<0.0001).
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Figure 4.6: The effect of time on the cadmium and arsenic content of Tesco Arborio
rice. Rice was soaked in lemon peel adsorbent for 12 hours, boiled and analysed at
each 3-hour interval. Each point represents triplicate analysis.
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Also, the pH of the rice samples was analysed at each 3-hour interval and showed a
progressive decrease from a pH of 6.2 for the rice grain to a pH of 4.9 after 12 hours
of soaking in 5 g of lemon peel adsorbent (Fig. 4.7).
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Figure 4.7: The effect of treatment of Arborio rice after a 12-hour pre-soak of rice
grain in lemon peel adsorbent and subsequent boiling, on the pH of rice grain.
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4.4.3 Pectin as an adsorbent
The use of pectin was explored for cadmium and arsenic removal. However, the use
of pectin, although quite beneficial for total arsenic reduction from rice grain,
resulting in a 52% (P<0.0001) loss at 0.05 g dose of pectin, was ineffective for
cadmium (P<0.0001) (Fig. 4.8).
Due to the ineffectiveness of pectin in reducing cadmium load of rice grain, no further
experimentation was conducted using pectin.
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rice grain. Each point represents triplicate analysis.
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4.5 Discussion
The use of natural solid-phase adsorption was explored here, using low cost food
waste materials. Recent studies have identified the potential of the use of food waste
materials as low-cost adsorbents for heavy metal and toxic element removal from
wastewater and multi-element solutions (Massimi et al., 2018; Frezzini et al., 2019;
Patil and Schiewer, 2008). Here, two low cost food waste adsorbents were explored
for removal of cadmium from rice grain. In Chapter 3, it was identified that citric acid
is effective for removal of cadmium from rice grain. Thus, orange and lemon peels
were selected due to their high citric acid content (Penniston et al., 2008). Results
showed that orange and lemon peel adsorbents are in fact efficient for cadmium and
arsenic decrease from rice grain. Although a different matrix, wastewater, this is in
line with study by Massimi et al., (2018) which reported that lemon peel had a 64%
adsorption capacity, while orange peel had a 92% adsorption capacity for cadmium
when used for removal of metals and metalloids from complex multi-element
solutions.
Here, the use of lemon peel here was considerably more effective for adsorption of
cadmium than orange peels. Thirumavalavan et al., (2011) reported a similar finding,
where lemon, orange and banana peel were tested for adsorption of toxic metal ions
(Cu2+, Ni2+, Cd2+, Pb2+ and Zn2+) from aqueous solutions. Following Fourier transform
infrared (FT-IR) spectroscopy, they attributed this efficiency in adsorption of lemon
to the presence of carboxyl and hydroxyl groups which can react with heavy metal
ions in aqueous solutions. The effect of these functional groups is suspected to be
brought about by ion exchange, although largely dependent on ion size of the
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contaminant and the surface functional group (Inyang et al., 2015). Similarly, Husoon
et al., (2013) compared lemon and orange peels for biosorption of toxic metals from
industrial wastewater and found that lemon peel powder had a higher capacity for
toxic metal removal than orange peels, and this capacity was significantly affected by
pH and temperature. Although the effect of temperature was not analysed here, the
results of the effect of pH were similar with Husoon et al., (2013), as the highest levels
of adsorption were reported at a pH of 5, and lowest at a pH of 1. Similarly, Massimi
et al., (2018) reports that the efficiency of adsorption of toxic metals from
wastewater was dependent on pH with the adsorption capacity being most efficient
between pH 2.0 and 5.5. This is corroborated in this study as the adsorption was at
its peak after 12 hours of soaking when the pH was 4.9. pH is reported to play a
significant role in the adsorption process, due to the fact that H+ ions are strongly
competing adsorbents, thus at a pH of 5, there is a decrease in competition between
cations at low H+ concentration.
Also, Brunauer-Emmett-Teller (BET) theory, a theory which explains the physical
adsorption of molecules on solid surfaces in order to ascertain the surface area of
materials showed that lemon peels had a pore diameter of 39.48 Å, compared to that
of oranges which is 15.48 Å Thirumavalavan et al., (2011). The larger pore size
potentially makes lemon peel a better adsorbent than orange peel, due to a higher
porosity. Also, S.E.M images (Thirumavalavan et al., 2011) show that the surface
areas of orange and lemon peels differ and this difference in structure and surface
area morphology may also play a role in adsorption capacity. Lemon peels are seen
to have a looser structure whereas that of orange peel is tightly packed and this may
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affect porosity (Fig. 4.9), such that due to the larger surface area in lemon peels, it is
more porous and thus may possess higher adsorption capacity than orange peels.

Figure 4.9: SEM Micrographs of (a) lemon peel and (b) orange peel. (Thirumavalavan
et al., 2011).
Furthermore, according to Penniston et al., 2008, following a study of the amount of
citric acid in the juice of each fruit found that lemon is a richer source of citric acid
than orange, as it contains 1.44 g/oz of citric acid while oranges contain 0.27 g/oz.
Therefore, as preliminary studies have shown that citric acid is highly efficient in
cadmium removal, the presence of a higher amount in lemons, as well as a larger
pore size could be attributed to its higher capacity to reduce cadmium in rice.
The direct use of pectin was studied here because pectin is a polysaccharide that is
structurally similar to alginate; which is a molecule responsible for the high metal
uptake by algal bio sorbents (Patil and Schiewer, 2008). It could then be expected
that because of pectin’s structural similarity to alginate, it would elicit a similar effect
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as alginate on toxic metals in rice. This was confirmed as lemon and oranges are rich
in pectin, with 20% pectin extracted from lemon and 15% from oranges (Suleiman et
al., 2012). Therefore, the hypothesis considered the use of pectin to directly treat rice
grain, rather than pectin from the peels, and it could elicit a similar effect, for toxic
metal removal. However, although pectin had no effect on cadmium removal, it was
able to reduce the total arsenic levels by 52% at 0.05 g dose of pectin. The use of
pectin directly as an adsorbent has not been reported in literature. It is also
noteworthy that because of the gel like nature of pectin when it comes in contact
with water, its use is not very convenient to handle or discard after soaking.
The loss of nutrients phosphorus and potassium reported here is corroborated by
other studies relating to toxic metal removal from rice after various post-harvest
practices had been modified (Carey et al., 2015; Mwale et al., 2018). If
supplementation of these lost elemental nutrients is necessary, this can be done
easily, as many foods on the market such as baby foods are both vitamin and nutrient
fortified. There however was an increase in sulphur and calcium content of the rice
following adsorption and cooking. The increase in sulphur and calcium could be
attributed to the fact that citrus fruits tend to naturally contain traces of sulphides
and calcium is reportedly the most abundant mineral by weight in citrus tress (Zekri
and Obreza, 2013). As observed above, the use of orange peels gave a slightly higher
fortification of calcium and this may be attributed to oranges reportedly having a
slightly higher amount than lemons (Czech et al., 2020).
In conclusion, the use of citrus peels as an adsorbent is a cheap and simple method
which also puts food waste to good use, for cadmium removal from rice grain. The

118

weakness lies in the colour change observed in the rice grain after soaking due to the
pigments anthocyanin and carotenoids that give the fruit peels a characteristic
yellow-orange colour. However, this method can be applied to for use with rice
products such as rice-based cereals and cakes.
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Chapter 5: The effect of optimized procedures on rice quality
5.1 Abstract
Having optimized a technology for the removal of cadmium, DMA and inorganic
arsenic from white, brown and parboiled rice grain using the two-step pre-soaking
method in 1 M citric acid for 12 hours and then in 1 M calcium carbonate for another
12 hours, with subsequent boiling, this chapter aims to analyse the effect of this
procedure on the rice quality. When 15 different individual rice types (10 white and
5 brown) were taken through the pre-soaking step described above, Fourier
Transform Infrared Spectroscopy (FTIR) revealed that treatment of the rice grains
resulted in considerable changes to the intensities of functional groups of the rice
types, although to varying degrees for either brown or white rice. Absorption bands
at 3271, 2915, 1643 and 993 cm-1 which represent –OH alcohols, phenols and
carboxylic acids –COOH stretch, –OH alcohols stretching mode respectively, had the
most changes in intensity. Also, scanning electron microscopy revealed certain
changes to the structural morphology before and after each treatment, observed
through a looser structure of milled rice, with noticeable interspaces in the rice grains
after each treatment. Finally, analyses for changes in the Bacillus cereus load of the
rice grain revealed a 99% reduction in the bacterial population after soaking in citric
acid and 96% reduction after soaking in calcium carbonate. The changes in structural
morphology may not be problematic especially to rice product manufacturers such
as baby foods and rice cakes, while the reduction in bacterial load is a welcome
observation as it reduces the risk of illnesses caused by the pathogenic
microorganism.
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5.2 Introduction
Rice consumers are reported to have very specific preferences, which makes the rice
market highly segmented (Caple, 2002), such that even low-income populations are
increasingly more conscious of food quality (Demont et al. 2011, Deaton and Dreze,
2009). Consumers also have shown a willingness to pay higher prices for rice with
certain quality attributes (Cuevas et al., 2016) and rice consumers in the Philippines
for example, have certain physical and chemical grain quality attributes they gravitate
to (Cuevas et al. 2016). Grain quality characteristics like percent broken grains, gel
consistency, affected price of grain and varied by income class (Cuevas et al. 2016). It
is therefore important that the effect of post-harvest practices on the grain quality of
rice be determined to ascertain that any changes in quality is acceptable by the
consumer. Post-harvest operations such as milling, significantly alters rice grain
chemical composition through the removal of protein and lipid rich brain layers (Tong
et al. 2019). Eating and sensory quality of rice are also altered (Tong et al. 2019).
Franca and Oliveira, (2011) identified FTIR as an analytical method that can be applied
successfully in the food industry for the detection of substances that affect the quality
of foods. For example, Ying et al. (2017) reported that FTIR analysis of rice-oat flour
showed significant changes in carbohydrate components and protein structures,
which ultimately affected expansion and density of the final product. Similarly,
Sharma et al. (2020) used FTIR for the investigation of molecular changes in the active
bio compounds of rice grain by false smut disease, while Rico et al. (2013) used FTIR
for analysis of rice grain quality to determine changes in the chemical make up after
rice grain was treated with cerium oxide nanoparticles.
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Thus, changes to the chemical properties or composition of the rice grain can be
identified by analysing any changes to intensities of FTIR absorption peaks in the rice
after pre-soaking. These will be analysed in this Chapter.
The use of scanning electron microscopy (SEM) has been employed overtime to give
information about the morphology of rice, from the inner layers to the surface of the
grain. SEM involves the use of a focused high energy electron beam for the
generation of a variety of signals on the surface of a solid specimen (Swapp, 2017).
This gives information regarding the specimen such as external morphology or
texture, chemical composition, crystalline structure and even orientation of
materials. (Swapp, 2017). Kasem et al. (2011) studied the endosperm morphology of
rice and its wild relatives using SEM. Also, Zhai et al. (2019) reported the use of SEM
for determination of physiochemical properties of rice after Lactobacillus plantarum
fermentation was carried out for the removal of cadmium from rice. The use of SEM
was therefore employed in this chapter to determine changes to surface morphology
of the rice grain following the two pre-soaking steps. Any reported changes would
give an insight into changes in rice quality which would help in building information
regarding the use of rice grain of such quality.
Finally, Bacillus cereus (B. cereus), a gram-positive, endospore forming pathogenic
bacteria, which is ubiquitous in the environment and associated with food borne
illnesses especially emetic and diarrheal types, can be present in rice grain (Ankolekar
et al. 2009). Anekolar et al. (2009) analysed 178 raw rice samples for presence of B.
cereus spores and found that spores were present in 53% of the rice samples.
Similarly, strains of B. cereus were used for the modelling of germination, growth and
toxin production in boiled rice and found that 15o C was the minimum temperature
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for germination and growth, with toxin production at temperatures between 15 and
30o C (Finlay et al. 2002). Also, toxin production was detected at 24h incubation, with
a maximum titre reached by 72h (Finlay et al. 2002). Furthermore, Gilbert et al. (2009)
reported that spores of B. cereus survived cooking and were capable of germination
and outgrowth at temperatures between 4 and 55o C, with optimum temperature for
growth in boiled rice being between 30 and 37O C and growth occurring during
storage at 15 and 43O C. These reports all prove the versatility of the pathogen in raw
and boiled rice at various ranges of temperature and storage durations. Because of
this, this chapter, in addition to analysing the changes to functional groups and
surface morphologies, analysed changes to B. cereus load following the two-step presoaking method, to ensure that the optimized technology does not increase the rate
of growth and germination of the pathogen.
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5.3 Materials and Methods
5.3.1 Fourier Transform Infrared Spectroscopy (FTIR)

Having optimized cadmium and inorganic arsenic removal technology (Chapter 2), 10
white rice and 5 brown rice types (labelled as brown basmati rice, organic brown rice,
brown rice, brown basmati and wild rice, and brown wholegrain basmati) were taken
through the pre-soaking treatment whereby packet rice, (50 g) was accurately
weighed, and soaked in 250ml of 1 M citric acid for 12 hours. Then 25 g (wet weight)
was accurately weighed out and taken through a second soaking stage to neutralize
the pH by soaking rice in 125 ml of 1 M calcium carbonate for another 12 hours. After
this, the rice was boiled in a rice to distilled water ratio of, 1: 5 on a conventional hot
plate until cooked and excess water drained off.
All rice samples taken through the above described treatment sequences were
analysed for changes to functional groups using FTIR. The milled rice samples were
analysed using a benchtop FTIR with a single-bounce ATR accessory, diamond crystal,
ZnSe lens and DTGS KBr detector.
About 1 g of milled sample was placed on the diamond crystal sample area, after
which the slip clutch pressure tower was lowered into position on the sample,
keeping the sample in place for spectral analysis. Each sample was analysed in
triplicate; however spectral data was averaged to produce one result for each
sample.
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5.3.2 Scanning Electron Microscopy (SEM)
The use of SEM was employed to provide information about the surface morphology
of the rice grains before and after treatment and cooking. An SEM, Nova Nano SEM
200, FEI Company was used. About 0.1 g of sample was placed onto the sample stub
and viewed at the appropriate magnifications for best imaging. The experiment was
carried out at high vacuum condition in the secondary electron mode.
5.3.3 Microbiological analysis
Microbiological evaluation involved enumerating Bacillus cereus from rice samples.
Rice samples were taken through treatment sequences as described above. Rice
samples were soaked in 1 M citric acid for 12 hours and then in calcium carbonate for
a further 12 hours, after which the samples were boiled and then stored at room
temperature overnight before microbial analysis. A control soak in water was also
included
At each 12-hour stage, 10 g of rice was aseptically weighed into Stomacher filter bags,
to which 90 ml Buffered Peptone Water was added. Each bag was then homogenized
using a Stomacher for 2 min at 260 rpm. Using spread plate method, 100 µl of each
sample was seeded unto triplicate plates of B. cereus- selective mannitol egg yolk polymyxin (MYP) agar and incubated at 370C for 24 hours.
Pink colonies surrounded by a zone of lecithin hydrolysis were counted and reported
to be B. cereus.
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5.4 Results
5.4.1 Fourier Transform Infrared Spectroscopy (FT-IR)
FTIR spectra showed a considerable change in functional groups between untreated
rice grains and rice pre-soaked in water, citric acid and a combination of citric acid
and calcium carbonate
Analysis of each rice grain is represented in Fig 5.1 and 5.2, for brown and white rice
respectively, while the spectra for the other 13 samples are in the supporting
information section. As depicted in Figure 5.2 and 5.3, the intensity of absorption
bands at 3271, 2915, 1643 and 993 cm-1 showed the most changes in intensity. These
band at 3271 cm-1 is attributed to –OH alcohols, phenols and carboxylic acids –COOH
stretch as identified by Massimi et al. (2018). The band at 2915 cm-1 possibly
represents reflect the presence of lipids and fatty acids (Shaman et al. 2020).
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Figure 5.1: The effect of rice pre-soaking treatments on the changes to functional
groups of brown rice. Rice was soaked in citric acid for 12 hours and then in calcium
carbonate for another 12 hours and subsequent boiling. Rice was also soaked in
water as control. All spectra were analysed in triplicate and the average recorded.
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Like brown rice, white rice bands are observed at 3279 and 2921 cm-1 which as stated
above are attributed to –OH alcohols stretching mode (Deeyai et al. 2013), connected
to water in starch and C-H stretch of alkane functional group respectively. Using the
rice grain as reference, band at 2171 cm-1 which is possibly attributed to C, C triple
bond stretch of alkyne functional group is seen to disappear for other treatments.
Absorption bands at 1646, 1150, 1068, 993 and 756 cm-1 represent the C=C stretch
(conjugated) of the alkene functional group, cross- linking or depolymerization
process in starch (Wongsagonsup et al. 2013), C-N stretch (alkyl) of amine functional
group, C-O-H bending and the corresponding polymeric chain in starch molecules
(Thirumdas et al. 2017) and C-H bend (mono) of the aromatics functional group.
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Figure 5.2: The effect of rice pre-soaking treatments on the changes to functional
groups of white rice. Rice was soaked in citric acid for 12 hours and then in calcium
carbonate for another 12 hours and subsequent boiling. Rice was also soaked in
water as control. All spectra were analysed in triplicate and the average recorded.
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5.4.2 Scanning electron microscopy
SEM micrographs were obtained to provide information about changes to the
structural morphology before and after pre-soaking treatments of the rice grain. As
seen in Fig. 5.4, as treatment progresses, using the rice grain as the reference point,
after treatment, rice samples showed a progressively looser structure with noticeable
interspaces. This change is more prominent in white rice types as compared to brown
rice.
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Figure 5.4: Effects of treatment with water, citric acid and calcium carbonate on the
micro-morphologies of rice grain. (A1-4) is for brown rice types while (B1-4) is for
white rice types.

It can be observed that the rice granules become more porous due to larger particles
being broken down gradually, thus increasing the surface area. This agrees with
Zhang et al., (2019) where it was demonstrated that following fermentation of rice
grains by Lactobacillus plantarum, a porous rice structure was induced.
5.4.3 Microbiological analysis
Following optimisation of the process for cadmium and inorganic arsenic removal, a
microbial evaluation of the B. cereus load was carried out to ascertain whether our
procedure was detrimental or beneficial to the prevalence of this food pathogen. For
both brown and white rice types, a similar pattern was observed.
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Following a soak in water, there was a 25% reduction in B.cereus load as compared
with the rice grain. Soaking in citric acid and then calcium carbonate resulted in 99%
and 96% reduction in the B. cereus load respectively (Fig. 5.5).
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Figure 5.5: The effect of soaking of 10 rice types (R1-R10) in 1 M citric acid for 12
hours and then in 1 M calcium carbonate for a further 12 hours and subsequent
cooking on the B.cereus load. A control soak in water was included. H20: water,
C6H8O7: citric acid, CaCO3: calcium carbonate.
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5.5 Discussion
FTIR spectra revealed differences between rice treatments with respect to intensity
of absorption peaks. According to Jones et al. (1952), such differences in peak
intensity are usually attributed to an increase or decrease in the amount of the
functional groups associated with the molecular bond. This corroborates the study
by Liu et al. (2017) which reported that changes in intensity suggest that, although
the surface functional groups are still similar, they are present in larger numbers on
peaks that are higher and thus the functional groups have a higher number of
negative charges. Similarly, Poonsawat et al. (2018) showed that absorption peaks,
after plasma treatment of rice bran, as opposed to untreated bran have higher
absorbance by the functional groups thus indicating an increment in the amount of
functional groups after treatment, whereas thermal treatment resulted in lower
absorbance than the control condition indicative of a decrease in the amount of
functional groups. For brown rice grain, the considerable loss in the -OH stretching at
about 3271 cm-1 band intensities may affect the rice quality. According to Sharma et
al. (2020) the intensity around this absorption band (3600-3200 cm-1) may be seen as
an indication of organic content, or of moisture present in rice plant. Thus, it is
possible that brown rice loses moisture as the pre-soaking treatment progresses. A
reduction in the intensities of the absorption bands at about 2951 cm-1 is seen as presoaking progresses, possibly indicating a loss of lipids and fatty acids in brown rice.
This may be problematic as Liu et al. (2013) stated that the deterioration of lipids and
phospholipids in rice especially during storage is considered as a trigger for the
degradation of rice lipid, which presents a rancid flavour in brown rice. Thus, if lost
via the pre-soaking treatment proposed here, possible biofortification should be
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considered. As observed, the alkyne band at 2171 cm-1 in the white rice grain is seen
to have disappeared following rice pre-soaking. As alkynes are insoluble in water
(Nairoukh et al. 2013) their loss from the rice grain could contribute to an increase in
solubility of the fibre of rice grain in water. Also, Shaman et al. (2020) stated that
absorption bands between the region 1200-800 cm-1 indicates the content of the
starch region, thus reduction in the intensities at these fingerprint regions is
speculative of a degrading of the starch in the rice. This reduction in rice starch, thus
reducing the bioavailability of starch to the human consumer is a welcome result, as
reducing starch digestibility of rice has been reported to increase the potential health
benefits of rice (Hsu et al. 2015).
The SEM micrographs show that the rice granules become more porous due to larger
particles being broken down gradually, thus increasing the surface area and resulting
in a looser structure. This agrees with Zhai et al. (2019) where it was demonstrated
that following fermentation of rice grains by Lactobacillus plantarum, a porous rice
structure was induced.
Microbiological analyses involving basic enumeration of bacteria show that the
presence of citric acid presents an environment where the pathogenic bacteria, B.
cereus struggles to thrive due to the acidity of the treated rice. This finding supports
literature which states that the growth of B. cereus, upon exposure to acid conditions,
is readily affected by a decline in growth rate and an increase in the lag phase upon
subjection to a lowered pH with or without the addition of organic acids (BiestaPeters et al., 2011, Mols et al., 2010, Mols and Abbe, 2011). B. cereus is a spore
forming bacteria that forms endospores allowing survival at adverse conditions,
including low acidic pH and high organic acid concentrations. Mols and Abbe (2011)
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found that the rate of outgrowth of B. cereus into vegetative cells was decreased as
an effect of low pH with the addition of sorbic acid, as well as a delay in germination
and decrease in germination efficiency. This germination process is of interest,
according to Mols and Abbe (2011) due to its importance as the transmission period
between inactive bacterial spores and metabolically active spores, which elucidate
pathogenicity as well as virulent vegetative cells. Due to the slight similarity of sorbic
and citric acids being weak acids, both inhibiting the growth of yeasts and moulds
although to different degrees, and both being used as commercial preservatives, it
therefore might be safe to assume that citric acid could elicit the same effect on B.
cereus. Furthermore, it has been reported, although not extensively, that the use of
calcium carbonate nanoparticles showed very good antibacterial effects after a 16hour exposure of the bacteria (Agrobacterium tumefaciens and Staphylococcus
aureus) to the nanoparticles (Ataee et al. 2011). It could be speculated that these
bactericidal effects act by impairing the membranes of the bacteria, thus making
them less stable and more susceptible to being killed upon boiling.
This reduction in B. cereus growth and proliferation is of great importance to present
day food safety due to the pathogenicity of the bacteria and how the ability to
simultaneously reduce the toxic metal load as well as reduce the bacterial load will
have a positive effect on human health and food safety matters.
In conclusion, overall, the rice quality is not greatly affected, especially if the
proposed method is used for rice products. However, analyses including sensory
analysis and vitamin analysis should be carried out to further ascertain the effects of
the proposed method on rice quality.
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Chapter 6: Discussions
6.1 Discussions
Cadmium, according to the WHO, is classified as a human carcinogen, which is
present, although at low levels, in the environment (Hayat et al. 2019) but highly
increased in level due to human activity (WHO, 2019) and can exert its toxic effects
on the kidneys, skeletal and respiratory systems (Rahimzadeh, 2017). Because
cadmium can be deposited in soil via anthropogenic or natural sources, the level of
cadmium in soil varies with location such that Mohajer et al. (2013) reports more
than 0.8 mg/kg-1 cadmium in 80% of soil samples and in about more than 1 mg/kg-1
cadmium in 70% of soil samples tested in regions of Isfahan, Iran, while Wan et al.
(2018) reports that more than 7% of soils in China contain cadmium at levels that
exceed the acceptable limit. Cadmium from soils is readily absorbed by plants during
growth via various transporters as described in the text, and eventually accumulates
in the edible parts of the plant (Rizwan et al. 2017) and because cadmium is classified
as a human carcinogen, this accumulation in edible parts of plants is a potential threat
to human health (Templeton & Liu, 2010). Rice (Oryza sativa L.) is unfortunately
identified as a major dietary source of cadmium due to it accumulating cadmium
much more efficiently than other cereals (Wan et al., 2018). Cadmium polluted rice
has been identified as a major source of cadmium intake in patients reported to have
the famous Itai-itai disease (Yamagata and Shigematsu, 1970), confirming rice as a
dietary source of cadmium. As rice is the staple diet for over half of the world’s
population (Maclean et al. 2003), this problem of cadmium contaminated rice poses
a risk to human health. Due to this risk posed by consuming cadmium contaminated
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rice, thresholds for safe exposure had been set by various government bodies, some
of which are ; the European Food Safety Authority set this at 2.5 µg/kg/week, the U.S.
Agency for Toxic Substances and Diseases Registry set the threshold at 0.7
µg/kg/week, while Joint FAO/WHO Expert Committee on Food Additives set the
threshold at 5.8 µg/kg/week. This emphasizes the need to develop methods for the
removal of this harmful carcinogen from rice, in order to protect the health of
consumers worldwide.
Approaches for the reduction of levels of cadmium in rice, were explored in this
thesis. Previous research has focused on milling, microbial fermentation and certain
chelation and adsorption processes outlined in Chapter 1 (Zhai et al. 2019; Zhang et
al. 2017; Wu et al. 2016; Wang et al. 2014; Huang et al. 2018), however these
methods are labour intensive, costly and require expertise and as such may not be
readily employed by rice plant growers and rice and rice product manufacturers. The
focus of this research was therefore to develop methods that are cheap, not labour
intensive, and easily applicable in the industry for reduction of cadmium and possibly
inorganic arsenic in rice and rice containing products, while also maintaining an
acceptable B. cereus load as rice can be heavily laden with this pathogenic bacteria.
In Chapter 2, experiments to confirm citric acid as a potential cadmium and inorganic
arsenic chelator were conducted. Song et al., (2016) reported that citric acid, when
compared to four other chelating agents had the highest percentage removal
efficiency for cadmium and to a much lesser extent for inorganic arsenic from
degraded marine sediments. Although a different material, this is in line with results
obtained from this study. Here, citric acid proved itself an efficient chelator by
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successfully reducing cadmium and inorganic arsenic by ~ 80% (60% for cadmium
after pH neutralization), and dimethyarsenic acid by 2/3, while fortifying with calcium
by 2-orders of magnitude. This agrees with reports by Wu et al., (2016), where
experiments for the removal of cadmium from brown rice flour were carried out
using various organic acids, with citric acid reported to be the most efficient, with
excellent removal efficiency. A welcome advance here is that in addition to inorganic
arsenic loss which is readily stripped from rice (Carey et al. 2015; Raab et al. 2009),
DMA is also stripped by 2/3 with this technology and this is attributed to the mobility
of DMA (pKa) following a drop in the rice pH (Meharg and Zhao, 2012). Fortification
with calcium is also a great advancement especially for parts of the world where
dietary calcium intake is reportedly low such as South, East, and Southeast Asia with
<400 mg/day, Africa and South America, both between 400 and 700 mg/day, and
countries such as China, India, Indonesia and Vietnam recording very low calcium
intake under 400 mg/day (Balk et al. 2017).
Although various other interventions have been reported for cadmium removal from
rice and rice flour as discussed in the text, the method established here is cheap, not
labour intensive and requires little expertise and as such can be easily translated to
the food industry in rice and rice product production.
As citric acid proved successful for stripping cadmium from rice, in Chapter 3, the use
of food waste citrus peels, which is rich in citric acid, for their efficiency in removal of
cadmium, inorganic arsenic and possibly DMA was tested. Recent studies have
identified the potential of the use of food waste materials as low-cost adsorbents for
toxic metal removal from wastewater and multi-element solutions (Massimi et al.,

138

2018; Frezzini et al., 2019; Patil and Schiewer, 2008). Here, two low cost food waste
adsorbents from lemon and orange peel were prepared and explored for removal of
cadmium from rice grain. Both orange and lemon peel adsorbents were in fact
efficient for toxic metal reduction from rice grain. Although a different matrix,
wastewater, this is in line with study by Massimi et al., 2018 which reported that
lemon peel had a 64% adsorption capacity, while orange peel had a 92% adsorption
capacity for cadmium when used for removal of metals and metalloids from complex
multi-element solution. Lemon peel was slightly more effective for removal and
according to Thirumavalavan et al. (2011), this may be attributed to the functional
groups in lemon, which are involved in ion exchange which subsequently have an
effect on the toxic metal removal efficiency. Fortification of calcium was also
reported here which is advantageous as described above.
A key outcome here was the utilization of a food waste material, as Sharma et al.
(2017) states that the citrus juice sector generates considerable amount of waste
annually, including the peels, membranes and seeds, but peels representing almost
50% alone. It was concluded that many value- added compounds could be extracted
efficiently from these citrus peels and reused in different ways (Sharma et al. 2017),
which is what this chapter is doing but concurrently solving a food safety issue of
cadmium, inorganic arsenic and DMA concentration of rice grain.
Having optimized the two-step citric acid and calcium carbonate pre-soaking
technology, Chapter 4, then tests this technology on brown rice and during the
parboiling stage. Results showed that, quite similar to white rice, soaking of brown
rice in citric acid and then in calcium carbonate is able to reduce the cadmium content
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by of ~ 62% and arsenic by ~ 28%. In addition, DMA was reduced by about 41% and
inorganic arsenic by 53%, while fortifying calcium by 2-orders of magnitude. The
slight difference in removal percentages between white and brown rice may be
credited to the fact that brown and white rice has uniform distribution of cadmium
(Meharg et al. 2008), whereas brown has more inorganic arsenic than white rice thus
there is more to remove (Meharg et al. 2008), as well as the presence of the outer
bran layer which acts as a barrier to toxic metal stripping from rice. As observed with
white rice, there was a considerable loss in potassium, phosphorus, sulphur and zinc,
which is in line with Mwale et al. (2018) and Carey et al. (2015) after rice cooking. To
resolve this, grain fortification with lost nutrients can be carried out, and is already
widespread in the food industry (Dwyer et al. 2015). Furthermore, the consideration
of applying the optimized technology involving a soak in citric and then in calcium
carbonate proved ineffective for cadmium removal during the parboiling stage
possibly due to the presence of the husk (Rahman et al. 2019) preventing penetration
of chemical compounds and diffusion of toxic metals.
Finally, due to reports that rice consumers have specific preferences especially
relating to rice quality (Cuevas et al. 2016), Chapter 5, explores the effect of removal
technologies on rice grain. The most significant effects were relating to structure
morphology. The rice granules become more porous due to larger particles being
broken down gradually, thus increasing the surface area. This agrees with Zhang et
al., (2019) where it was demonstrated that following fermentation of rice grains by
Lactobacillus plantarum, a porous rice structure was induced. FTIR analyses also
shows differences between rice treatments with respect to intensity of absorption
peaks, which is usually attributed to an increase or decrease in the amount of the
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functional groups associated with the molecular bond (Jones et al., 1952), although
these differences in peaks may not have a colossal effect on rice grain quality.
In addition, treatment with citric acid presents an environment where the
pathogenic bacteria, B. cereus strives to thrive due to the acidity of the treated rice
whereby soaking in citric acid and then calcium carbonate resulted in 99% and 96%
reduction in the B. cereus load respectively. This is in line with Mols et al. (2010) and
Biesta-Peters et al. (2011) which illustrates that upon exposure to acid conditions, B.
cereus is readily affected by a decline in growth. This is of utmost importance to food
safety as the consumer’s risk of illnesses due to B. cereus toxin poisoning is reduced.
These rice cadmium, inorganic arsenic and DMA mitigating techniques can be
incorporated, quite easily in most rice and rice products manufacturing plants
especially in countries where cadmium in rice is most problematic.
6.2 Future directions
These proposed techniques give a message of a safer rice for consumption for the
rice-processing industry. Also, if implemented, the advertisement of rice lower in
toxic metals is a positive incentive for rice and rice product manufacturers. However,
experiments relating to food palatability and acceptability still need to be carried out
for the two proposed cadmium removal technologies. The effect of treatments on
the vitamin content of the rice can be analysed, as well as changes to sensory value
of the rice grains. As observed during experimentation, by taking the rice grain
through several soaking stages increased the amount of water absorbed by the rice
and this resulted in a less intact grain after cooking and this may not be readily
acceptable by consumers. Similarly, rice soaked in citrus peels experienced a
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considerable change in colour which possibly alters the visual appeal of white rice.
Thus, coming up with rice products that can still be produced with rice in that form
should be explored.
The size of the samples tested may also be increased. In this thesis, focus was largely
on testing rice from supermarkets that are available to the consumer. A future
direction could involve experimentation on rough and unprocessed rice grain to
explore the effects of these technologies on rice in its natural state, which would
ultimately increase the strength of the database. In addition, different rice varieties
and textures, may also be experimented upon. Furthermore, as information in
literature regarding global surveys of cadmium in soils and rice is beginning to build
up, a worldwide survey on the proposed technologies may also be carried out to
support the surveys already available regarding global rice cadmium levels. In
Chapter 2, 3 and 4, the pre-soaking treatment technologies were all performed at
ambient temperature. Testing the soaking steps under various temperature
conditions may have a different effect on toxic metal removal and this may be
explored. In Chapter 3, the effects of the treatment using citrus peels on the rice
quality were not explored here and this should be done in order to give an all-round,
robust understanding of the overall effect on the rice grain.
More advanced identification of B.cereus cultured from the rice grain should be
carried out for confirmation of presence and then removal by citric acid. This would
involve the use of Polymerase Chain Reactions (PCR) and further with genome
sequencing to ascertain presence and loss of B.cereus.
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Some questions arise from the results which could be considered in future research,
such as, how much will cadmium and arsenic extraction add to the cost of rice?
Research already shows that factors such as improper management and syndication
between rice channel members, resulting in a situation whereby farmers sell rice at
a lower rate than the consumer buys, seasonal productivity and natural calamities
already have an effect on the price of rice (Rahman, 2019). Thus, considering the cost
of the two proposed technologies, although inexpensive, the price of rice may be
further affected, and this should be considered.
Also, how much cadmium and/or arsenic should ideally be extracted from grains,
given that this process results in the depletion of zinc, phosphorus, and other mineral
nutrients which are essential for human development. Their depletion from the rice
grain after treatment should therefore be addressed. One could consider if reducing
the contact time between rice and citric acid or lemon peel will result in a lower
percentage removal of cadmium and arsenic and as such, zinc.
Finally, how can extracted cadmium and arsenic be disposed? Although these
technologies reduce the amount of cadmium and arsenic from the rice grain, the
resulting solution which is discarded contains these toxic metals and as such proper
measures for its disposal must be considered and put in place. This is paramount
because the possibility of re-introducing these toxic metals back into the
environment would be curbed.
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