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Abstract 

There are over 40 000 different types of rice, several of which are known to contain 

significant amounts of inorganic arsenic (As), i.e. the most toxic form of As.  Because rice 

requires water for cultivation, groundwater has a great impact on rice’s toxic content. Given that 

over 3 billion people share a diet consisting mainly of rice, risk assessment of toxic species of As, 

chromium (Cr) and selenium (Se), is important. 

This thesis investigates both toxic and essential elements in both cooked and uncooked 

rice, as previous studies have shown that cooking may in fact convert the species of As in rice to 

the most toxic species. This thesis focuses on organic white and brown rice, basmati rice and 

baby rice cereal.  Baby rice cereal has not been studied previously, despite the fact that itis one of 

the first foods given to infants, who are at greater risk because of their small weight.   

Speciation analysis of the bio-accessible fraction was conducted on As, Cr and Se to 

determine which portion was actually toxic, as some species of these elements are non toxic.  To 

this end, ion-exchange chromatography (IEC) was used to separate the various species of the 

elements monitored, which were then quantified by performing on-line inductively coupled 

plasma (ICP) mass spectrometry (MS) analysis of the effluent, i.e. using ICP-MS as a detector 

for IEC. Electrothermal vaporization (ETV) coupled to ICP optical emission spectrometry (OES) 

was also used to study glutinous rice that is commonly consumed in Asian countries.  The ability 

to conduct total analysis of the solid without the need for an acid digestion is beneficial in 

providing a quick and simple screening through determination of the total amount of toxic, 

potentially toxic and essential elements present in the solid sample. This study focuses on 

various rice-based samples and the potential risk they pose to human consumption on a regular 

basis.           
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Chapter 1 

Introduction 

 

1.1 Rice  

There are over 40 000 different varieties of rice, several of which are known to contain 

significant amounts of inorganic As, i.e. the most toxic species [1]. This is largely due to the 

geographical region where they are grown being rich in As [1-6].  Indeed the geographical 

location does have an impact on arsenic content [2].     

As quoted in Rice: Chemistry and Technology, Nathan Childs said: “Rice (Oryza sativa L.) 

is one of the leading food crops in the world and the staple food for more than half the world’s 

population”[7]. Rice is grown in every continent except Antarctica and is considered a semi-

aquatic grass plant [7], which is a staple food in many well-balanced diets [8]. As mentioned 

above, there are various types of rice, which are prepared in various ways. Long grain rice is 

likely one of the most common types of rice eaten in the everyday household. Short grain rice is 

usually used to make sushi, which is likely the largest consumption of short grain rice today. 

This can be seen in a local grocery store where the most common types of rice sold are white and 

brown long grain rice.   

Many studies have linked a contamination of As, Cr, Se and Cd as well as other elements 

when associating toxicity in rice as well as other foods [9-12]. Due to the fact that most people 

have had rice at some point in their lives, it is crucial that we further investigate it, knowing that 
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rice may be exposed to several potentially toxic elements in its growth stage, depending on its 

location [8].       

Geographical location has a direct impact on the elements that are present in the rice itself. 

Figure 1-1 describes rice at different stages of the refining process, which involves the removal 

of various layers before the final product is ready.  White rice is the most processed rice, having 

both the bran and husk removed. There are studies that have shown the role the husk plays in the 

rice seedling, protection to the seed from environmental factors [9].  As a result, white rice 

commonly contains less toxic content than brown rice because the removal of layers during the 

refining process may reduce its toxic content [13].     

   

 

Figure 1-1: Depiction of rice at the different stages of the refining process involved in white 

and brown rice adapted from reference [14] 
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1.2 Food Safety Assessment  

As the field of analytical chemistry grows, faster and more efficient detection methods 

become available, enabling better food safety assessment. This can be seen in the numerous 

studies done by the World Health Organization (WHO) [15, 16], Food and Agriculture 

Organization (FAO) [15,17] and U.S. Food and Drug Administration (FDA) [18].  From such 

studies, provisional tolerable weekly intake (PTWI) values can be determined. These values take 

into consideration long-term exposure and risk involved with various potentially toxic elements 

including but not limited to Arsenic (As), Mercury (Hg), Cadmium (Cd) and Lead (Pb) [15].       

Food safety assessment must be done for all varieties of foods and, as the common consumer 

becomes more aware of their daily intake and health, the need for assessment increases. The 

Beauchemin group has studied rice, seafood, bread, cereals, nuts and corn bran as well as various 

other foods [13,19-25]. Other labs have conducted analysis of edible seaweed [26], water 

samples [27], meat, eggs, potatoes and various fruits and vegetables [28].  The underlying goal 

of all these studies is to limit toxic intake, to detect problematic foods early and, if possible, to 

propose realistic and applicable changes to how we consume food to increase their safety. 

A major component of food safety assessment is measurement of bio-accessibility (in-vitro) 

and bio-availability (in-vivo).  By definition, “Bio-accessibility refers to the fraction that 

dissolves during gastrointestinal digestion and is available for absorption during transit through 

the small intestine” [29]. Bio-availability, on the other hand is defined as “The fraction of parent 

compound that reaches the systemic circulation…” [30]. Bio-availability can thus only be 

smaller than or equal to bio-accessibility. To measure bio-availability, a group of individuals is 

placed on a closely monitored diet for approximately 2 weeks.  During this time, blood and urine 

samples are collected daily for analysis. This enables measurement of the toxicants actually 
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entering the blood stream, where they may then pose an immediate threat to the body [19, 31].  

This thus provides a realistic assessment of the risk of exposure and allows officials to set limits 

and regulations based on toxicity. However, there are several drawbacks to bio-availability 

studies.  It is very difficult to find willing participants to take part in such studies.  It is also 

unethical to expose participants to food that may be toxic and a risk to human health.  Hence, 

there is a great deal of ‘red tape’ associated with getting the permission to conduct this work, 

which can also be expensive, as participants likely expect to be compensated for their time and 

effort [32].  Finally, blood samples usually require pre-treatment prior to analysis. Experiments 

must also be conducted carefully, as blood is in limited quantity and new samples or replicates 

cannot always be obtained.        

The key goal is for laboratory experiments to mimic values obtained in both human and 

animal studies, as seen in Kulkami et al. [33, 34].  Although human or animal studies would 

provide the most realistic conditions and experiments, there are many issues with conducting 

such studies, as discussed above, which explains their scarcity [30].  Also, there is no guarantee 

that the test subjects’ blood content will be completely due to the diet they have been exposed to 

in the previous few weeks.  If sufficient data can be obtained by making the assumption that the 

maximum bio-accessible content is equal to the bio-available content, then one would save a lot 

of time and money [30].  Furthermore, the assumption enables an assessment of the “worst-case 

scenario”.   

In this work, leaching was performed using artificial saliva, artificial gastric juice 

followed by artificial intestinal juice to assess bio-accessibility. By doing so and comparing the 

bio-accessible concentration to the total concentration of toxicants, the percentage that could 

leach into the body can be determined [13, 19]. This assessment also leads to a ‘worst case risk 
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assessment’ as it assumes all that is leached by the juices will then pass into the blood stream 

where it can become an actual risk. By conducting this form of analysis, recommendations can 

be made to the producers, consumers and policy makers. Every country sets its own limits and 

normally countries will collaborate to effectively set limits on contaminants in foods. Within 

Health Canada, the Health Canada’s Bureau of Chemical Safety, Food Directorate assesses risk 

to human health by exposure to chemical contaminants [35]. Maximum levels are set based on 

level of exposure, adverse impact to human health and consideration of how individuals are 

affected by the contaminants themselves [35]. There are only a limited number of foods that have 

maximum contaminant levels and Health Canada as well as the Canadian Food Inspection 

Agency vigilantly keep an eye on any future risks [35]. The suggestion of a worst-case 

assessment setting regulatory levels can allow for extra precautions to be put in place, which 

would lead to limits being set closer to levels that can cause harm rather than levels that can lead 

to death, which would be the case for a bio-availability recommendation.  

A bio-accessibility study is also beneficial as it can be done in the comfort of the 

laboratory and the preparation of artificial gastro-intestinal juices can still contain many of the 

enzymes associated with ‘real’ gastro-intestinal juices.  The analysis of samples can be 

conducted without the need for human subjects and this saves time and money [32]. The analysis 

can be conducted on a larger amount of samples, as there is no limitation based on what will be 

consumed by human subjects.  Finally, as this analysis has no ethical issues associated with it, it 

does not require any permission and is not first subject to approval [32].  This thesis will put a 

focus on the advantages associated with a bio-accessibility study and make recommendations 

towards limits that are currently in place for toxicants in rice as well as proposed limits.            
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Bio-accessibility studies have been conducted by many people using numerous samples. 

Many of these studies do not consider leaching that occurs in saliva but rather only place an 

emphasis on leaching by gastric and intestinal juices. Past studies showed that a majority of 

leaching occurred with the gastro-intestinal juices [36]. This makes it essential to conduct 

speciation analysis on the bio-accessible fraction to determine which species of As, Cr and Se is 

present in the rice being consumed. By continuing this essential work, this laboratory-based, 

realistic analysis enables recommendations to help make food safety analysis a driving force in 

policy making.     

 

Although this study is interested in potentially toxic elements, it is important to also 

highlight essential elements as that provides a well-rounded view of the risks and benefits 

associated with rice.  For this reason, several essential elements are studied such as Cu, Fe, Se 

and Zn. The importance of the elements studied is that even essential elements can have negative 

effects in excessive amounts [18]. The regulated limits in place for toxicants in rice are very 

sparse.  In fact, in 2016, the FDA announced the release of a proposed limit for inorganic As in 

baby rice cereal [37]. Until this point, there was no limit for arsenic in any form of rice. There is 

hope that this limit will lead to further regulations for toxicants in rice and other foods.  

In water, the WHO has set limits for the following elements: As, Cd, Cr, Cu, Pb, Hg, Ni, 

Se and many more [15, 16, 18]. This is incredibly important, as the concentrations found in food 

samples are typically higher [9-12].  How much of this food sample is consumed determines over 

time what will be its impact. As rice is consumed by so many, often, it becomes even more 

important to study as many elements in as many samples as possible.     
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1.3 Arsenic Content  

When determining various potentially toxic elements, it is essential to not only determine the 

total amount present but, more importantly, the present form of the element. In regards to the 

analysis of arsenic, “the actual toxicity levels for different arsenic compounds vary greatly” [38]. 

It is essential to conduct speciation analysis on the various species of arsenic. A study done by 

Gong et al. discusses how there are close to two dozen arsenic species in environmental and 

biological systems [39].  

Many studies have simplified the matter into two classes of arsenic; organic and inorganic 

[1,13], organic being further separated into monomethylarsonic acid (MMA) and dimethylarsinic 

acid (DMA) for our purposes, with there being many more organic forms present for arsenic 

species [1]. Inorganic species consist of arsenate and arsenite (As(V) and As(III), respectively), 

both considered to be more toxic than their organic counterparts [1]. Arsenobetaine (AsB) is the 

predominant species of organic arsenic found in seafood [22].  It is considered to be nontoxic to 

humans [22] and for this reason was not considered along with the potentially toxic MMA and 

DMA [40]. Table 1-1 gives an idea of toxicity levels between species [41], where LD50 or lethal 

dose 50 is defined as the amount of toxin required to kill half of the population tested.  Acute 

LD50 determines short-term exposure and its impact to the population typically within a 4-h 

interval [41].     
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Table 1-1: Acute lethal dose to kill 50% of a population (LD50) values for oral 

administration to mice and rats 

Arsenic Species Chemical Formula 
LD50 values (mg/kg of body 

weight) 

As(III) 

Arsenite 
As(OH)3 15-42 

As(V) 

Arsenate 
AsO(OH)3 20-800 

MMA 

Methylarsonic acid 
AsCH3O(OH)2 700-1800 

DMA 

Dimethylarsinic acid/cacodylic 

acid 

As(CH3)2O2H 1200-2600 

AsCh  

Arsenocholine 
As(CH3)3(CH2)2OH 6500 

AsB 

Arsenobetaine 
As(CH3)3CCH2O2 >10 000 

 

Over time, with enough exposure to arsenic, there can be serious and lasting health effects 

[42]. These include cancer in the kidney, lung, bladder, liver as well as issues with the 

gastrointestinal tract, cardiovascular function and neurological difficulties [42].  Finally, it is 

important to note that inorganic arsenic is defined as a class 1 carcinogen [2] and has the ability 

to cause adverse health effects to fetal development [42].     

For many years, water has been of concern in regards to contamination of arsenic [43].  More 

recently, the focus has shifted as maximum arsenic limit values have been set for drinking water, 

making food the next major intake source for arsenic [43]. Due to the soil’s exposure to many 



 9 

elements at high concentrations, many studies have been conducted to determine the bio-

accessible content of the contaminants.  One study in particular [44] determined the bio-

accessible fraction of arsenic, chromium, lead and cadmium in order to determine exposure from 

soil.  The findings in this study show that, because there is a viable amount that is bio-accessible, 

further studies should take into consideration growing conditions.   

 Regions that contain enhanced soil and water arsenic content can lead to direct 

contamination of various foods.  Many foods grown in aquatic environments, in the ground or 

both, are at high risk of arsenic uptake. There has been much work to show that “man-made” 

contaminants have furthered the presence of arsenic in the ground and water from industrial 

waste as well as commonly used pesticides [42]. For this reason, it is crucial to conduct further 

analysis in regards to food safety.       

1.4 Determination of metals in rice     

1.4.1 Instrumentation  

In most studies, inductively coupled plasma – mass spectrometry (ICP-MS) has been a 

powerful method to conduct trace and ultra-trace multi-elemental analysis [45]. The use of ICP-

MS allows for low limits of detection, quick analysis and multi-elemental data acquisition [40]. 

There are instances where, due to cost or availability, other analysis methods have been used [46, 

47], such as atomic fluorescence spectrometry (AFS). One study [46] used hydride generation 

(HG) AFS and analyzed a total of 80 rice samples from around the world, with results in 

agreement with reference values and 97% recovery from DMA spike [45]. HG-AFS is a suitable 

alternative for As and Se speciation analysis, although this method is limited to species that form 

hydrides [47]. For example, As speciation analysis involved HCl and L-cysteine to convert As 
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species into hydride-forming forms after which continuous HG with NaBH4 and NaOH was 

conducted [45].   

Hydride generation can only be used for specific elements; however, these elements are 

important when conducting environmental analysis [47]. The following elements: As, Se, Bi, Sb, 

Te, Ge, Sn and Pb are able to form volatile hydrides for atomic spectroscopy [47].  Under 

optimal conditions, up to 100% transfer of analyte to detector is possible [45, 47]. HG-AFS is 

not immune to interferences; however, dilution of samples can reduce said interferences [47].   

Although ICP-MS can have its share of spectroscopic and non-spectroscopic interferences 

(further discussed in Chapter 2) [48-51], it is still a preferred technique of analysis for a wide 

variety of elements because it provides sub-ng/L level limits of detection. In fact, it allows for 

both trace (mg/kg) and ultra trace (μg/kg) analysis of the majority of the elements in the periodic 

table. By using this powerful technique, the concentration of several elements with both toxic 

and essential properties can accurately and precisely be determined.  The use of ICP-MS also 

allows for the quick and easy coupling of a high performance liquid chromatography (HPLC) 

system for the speciation analysis of As and other potential toxicants in rice and food samples 

[52,53].  

This study also utilizes the combination of electrothermal vaporization (ETV) with ICP 

Optical Emission Spectrometry (ICP-OES). ETV is a method commonly used for solid, slurry 

and even liquid sampling [54-56]. By introducing a few mg of sample almost completely into the 

plasma, increased sensitivity and lowered limits of detection can be achieved [54]. ICP-OES uses 

many of the same principles as ICP-MS with a major differentiation in the form of detection. 

ICP-MS focuses on mass-to-charge (m/z) ratios, ICP-OES detects photons at characteristic 
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wavelengths based on the element being detected.  As each element can emit at several 

characteristic wavelengths, more alternatives are available in cases of interferences when 

compared with ICP-MS, where several elements only possess a single stable isotope (As for 

example). As the sensitivity and limits of detection associated with ICP-OES are not competitive 

with those obtained by ICP-MS. The combination of ETV to ICP-OES allows for competitive 

limits of detection and sensitivities that become comparable to those obtained with liquid 

introduction into ICP-MS [54].  

 

1.5 Motivation  

With the sheer number of individuals consuming rice on a daily basis in one form or another, 

this work was essential. Many studies have been conducted in the past that only determine the 

total concentrations of toxicants in various types of foods, which does not provide enough 

information for a realistic risk assessment.  As the body is a complex system, an attempt was 

made to mimic the body system and how it interacts with the food eaten on a daily basis.   

This study focuses on both potentially toxic and essential elements content in long grain rice, 

baby rice cereal and glutinous rice. The following samples have been investigated: white long 

grain organic rice from California, brown long grain organic rice from Arkansas and white long 

grain basmati rice from India. For baby rice cereal, Gerber, Heinz and Parent’s Choice were 

studied. Glutinous rice samples from brands: Koda, Bob and Pacific were also analyzed using 

ETV. The organic rice samples were chosen from two American States that were known to 

contain significant amounts of arsenic in their rice as well as being two of the largest rice-

producing states in that country. Basmati rice was chosen from India due to its geographical 

proximity to Bangladesh to see if there is a relationship between the movement of naturally-
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found arsenic across geographic borders.  The specific baby rice cereal samples that were chosen 

are two of the most popular brands (Gerber and Heinz) as well as the lower-priced Walmart 

brand (Parent’s Choice). The most popular brands of glutinous rice flour were chosen to assess 

the risk as many Asian countries consume glutinous rice on a regular basis.  The selected 

samples are new to our study. To a large extent, organic rice samples do not seem to have been 

focused on in past studies focusing on the bio-accessibility analysis. This thesis will examine 

samples that have not been previously tested, including the determination of a new set of 

elements.  

   

Rice contains many potentially toxic and essential elements [9-12] and in this work we strive to 

find a balance between analyzing both as well as determining the bio-accessibility of both 

potentially toxic and essential elements.  Due to the fact that long grain rice is most commonly 

consumed, this study will focus on different types of long grain rice.                     

The interest in a healthier lifestyle in North America has led to many changes by food 

producers [57]. A major component of this change has been the wide scale production and 

distribution of organic foods [57]. As soil and water contamination play a role in the toxicity of 

rice [9-12], the question that remains is whether organically grown rice makes a difference. 

Because no real studies have considered organic rice but many have studied conventionally 

grown rice, it is possible to compare new data with those obtained in the past in order to 

qualitatively determine if organic growth plays a role in rice toxicity [58].   The outcome of this 

work should allow us to determine the impact that rice can have as part of a balanced diet.  It will 

also assess how closely the elemental or species content falls within government regulations and, 

if regulations have not yet been set, where they might be set.   
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1.6 Objectives 

 

This thesis explores the application of several techniques, namely ICP-MS, ICP-OES, HPLC and 

ETV, to risk assessment of food safety.  The combinations of these methods allow for precise 

analysis and separation techniques.  This thesis aims to explore a few key issues in relations to 

food safety analysis on rice. 

1) Measure bio-accessibility and perform speciation analysis of As, Cr and Se 

simultaneously in the sample to determine the risks associated with consuming rice.   

In contrast to previous speciation analysis studies, a method of conducting simultaneous 

speciation analysis of As, Cr and Se was developed to take advantage of the multi-

elemental capability of ICP-MS. The organic, basmati and baby rice cereal samples were 

analyzed for the first time in terms of bio-accessibility of essential and potentially toxic 

elements and of speciation of As, Cr and Se. Chapter 3 focuses on the safety associated 

with consuming rice as part of a balanced diet. Chapter 4 considers an in-depth analysis 

of 3 brands of baby rice cereals using the same method to assess bio-accessibility.   

2) Develop a method for total extraction of As, Cr and Se species from the sample rather 

than just the bio-accessible fraction.  

This study was conducted at the French Agency for Food, Environmental and 

Occupational Health & Safety (Agence nationale de sécurité sanitaire de l'alimentation, 

de l'environnement et du travail (ANSES)) in Paris, France, because ANSES has 

validated methods for the extraction of As species as well as Cr(VI) from food. The use 

of validated methods on rice samples will allow a comparison to determine if the total 

extraction species differ from the species that were deemed to be bio-accessible.  Chapter 
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5 investigates various extraction methods that can be applied to the elements/species of 

interest and hopefully will allow a better understanding of the present in rice samples.  

3) Develop a direct solid sampling analysis method for a quick and simple total screening 

process for rice samples.  

The coupling of electrothermal vaporization to ICP-OES allows for the quick and simple 

analysis of solid samples and thus completely avoids time-consuming digestion steps, 

which can lead to contamination and loss of analyte. The ETV-ICP-OES setup was 

modified to obtain even lower limits of detection, which become comparable to those 

obtained with liquid samples using ICP-MS.  Chapter 6 explores the use of ETV-ICP-

OES for quickly screening total concentrations in rice samples. Chapter 7 demonstrates 

that quantification with ETV-ICP-OES can be simplified with the use of liquid standard 

calibration curves.  

 

1.7 Scope of this thesis 

 

The next chapter reviews the ICP-MS technique along with the benefits and limitations 

associated with conventional sample introduction techniques. Methods currently being 

used to conduct food safety analysis are discussed as well as the coupling of ETV to improve the 

capabilities of using a direct solid sampling technique. The coupling of HPLC-ICP-MS is also 

discussed at length, specifically to ion-exchange chromatography that is used in this study. 

Chapter 3 and 4 describe the use of a bio-accessibility study to both rice and baby rice 

samples along with the speciation analysis of As, Cr and Se in rice samples.  

Chapter 5 investigates the total extraction of As, Se and Cr conducted at ANSES in 
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France.  

Chapters 6 and 7 describe the use and development of a solid sampling (SS)-ETV-ICP-OES 

system to increase the amount of solid that can be introduced without extinguishing the plasma. 

As will be shown in Chapter 7, this system improved the reproducibility of results for 

inhomogeneous samples, such as rice. Finally, the conclusions and future work are discussed in 

Chapter 8. 
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Chapter 2 

Literature Review  

2.1 Rice analysis  

Table 2-1 summarizes the work done so far on rice and rice-related products and 

comments on the results obtained from these studies.  Arsenic is typically the focus of the 

majority of these studies, although many investigate other potentially toxic elements as well. As 

can be seen, few people have studied organic rice and even fewer have measured the bio-

accessibility of elements from rice and baby cereals.  The majority of papers used ICP 

spectrometry, in particular ICP-MS, to measure total concentrations or for the detection of 

species separated by high performance liquid chromatography.  The remainder of this chapter 

reviews the principles of the most widely used techniques along with those of other techniques 

used in this work.  
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Table 2-1: Summary of past analyses conducted on rice and baby rice cereal samples 

Sample 

Elements or 

compounds of 

interest 

Method of Analysis Results Additional Information Reference 

White rice As HPLC-ICP-MS 

Over 90% of As was 

found to be bio-

accessible 

Cooking rice converted 

As(V) to As(III) 
[1] 

White and brown 

rice 

As, Cu, Fe, V 

and Zn 
HPLC-ICP-MS 

Washing rice greatly 

impacted the bio-

accessible fraction 

leached 

Cl was separated when 

conducting speciation of 

the gastric juice leachate 

[2] 

16 rice grain 

samples from 

China 

Pb, Cd, Cu, Cr, 

Sb, Ni and As 
ICP-MS 

Pb, Cd, Cr, Ni and As 

were below Chinese 

threshold standards 

Assuming 100% bio-

accessibility & 100% iAs in 

samples leads to values 

above acceptable daily 

intakes (ADI) 

[3] 

Rice grains from 

a mining region, 

China 

Pb, Zn, Cu, Cd 

and As 
ICP-MS 

Contaminated versus 

uncontaminated areas 

had over 10 times the 

amount of As (0.3 

mg/kg vs 3.8 mg/kg) 

Limits were exceeded for 

the allowance in a child’s 

diet 

[4] 

 

Various rice 

samples 

worldwide 

As HPLC-ICP-MS 
Total arsenic ranged 

from 0.03-0.4 mg/kg 

iAs ranged from 11-90% in 

the range of studies 
[5] 

Rice from 

Bangladesh 
As 

Hydride generation-

Atomic Absorption 

Spectrometry (HG-

AAS) 

Based on the variety, 

arsenic content can be 

as high as 1.7 mg/kg 

Concentration in rice plant 

roots ranged from 1-267 

mg/kg 

[6] 
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Sample 

Elements or 

compounds of 

interest 

Method of Analysis Results Additional Information Reference 

Rice and rice 

products 
As ICP-MS 

Urine studies show 

elevated As in infants 

that eat rice cereal and 

rice products 

Baby rice snacks contained 

between 36-568 ng/g of As 

and 5-201 ng/g of iAs 

[7] 

 

Organic and 

Conventionally 

grown Brazilian 

Rice 

As HPLC-ICP-MS 

No significant 

difference was found 

between organic and 

conventionally grown 

rice 

iAs was higher in organic 

polished rice than 

conventionally polished 

rice 

[8] 

 

Se enriched rice Se 

Capillary 

Electrophoresis (CE)-

ICP-MS 

The species of selenium 

present was SeMet 

An 18 minute recovery led 

to 90-103% recovery 
[9] 

Rice- baby food iAs HPLC-ICP-MS 
Over 60% of total As 

was iAs form 
 [10] 

Baby cereal 
iAs, MMA, 

DMA 
LC-ICP-MS 

Total As was 40.1-

323.7 μg/kg 
iAs was predominant [11] 

Baby foods 
Ca, Fe, Zn, Mg, 

Cu, K, Na and Se 
ICP-OES/MS 

Essential elements are 

in lower levels than on 

the label 

 [12] 

Rice 

Ca, Mg, K, Cd, 

Cu, Fe, Mn, Mo, 

Cr, Zn, Co, Pb 

and Ni 

 

Mixed-gas plasma ICP-

OES 

Limits of Detection 

between 0.005-0.132 

mg/kg were obtained 

Rice slurries used [13] 
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Sample 

Elements or 

compounds of 

interest 

Method of Analysis Results Additional Information Reference 

Rice and rice 

products 

As, Cu, Zn, Se, 

Cd and Pb 
HPLC-ICP-MS 

The rice contained 1:1 

iAs and DMA while the 

urine had 90% DMA 

There was a great deal of 

variability in As content in 

the urine, 40% of arsenic in 

rice was excreted in the 

urine 

[14] 

Baby rice cereal iAs HPLC-ICP-MS 0.06-016 mg/kg 

Medium consumption was 

higher than drinking water 

maximum exposures 

[15] 

Baby Rice Cereal Total As ICP-MS 0.128-0.494 mg/kg 

Arsenic in rice products 

was higher than all other 

baby foods tested 

[16] 

Milk and cereal 

products 
Cr(VI) HPLC-ICP-MS 

Cr(VI) was below 

LOQs 

An alkaline extraction was 

conducted 
[17] 

Rice, Iran and 

other Asian 

countries 

iAs ETAAS 

Total iAs ranged from 

40-118 ng/g for the 

samples tested 

Microwave extraction with 

1-undecanol followed by 

reduction of As(V) to 

As(III) 

[18] 

Rice, Southern 

Brazil 
As 

Hydride generation 

AAS 

Only hydrides of As(III) 

and MMA were 

generated. iAs ranged 

from 54-169 ng/g 

Species were extracted with 

HNO3 assisted extraction 

Selective generation was 

conducted with NaBH4 and 

HCl 

 

[19] 
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Sample 

Elements or 

compounds of 

interest 

Method of Analysis Results Additional Information Reference 

Rice, Iran iAs 
EAAS after solid-phase 

extraction 

This method allowed 

for 94-97% recovery of 

As in spiked rice 

samples 

Modified Fe3O4 

nanoparticles for extraction 

and pre-concentration 

 

[20] 

Rice, USA As CE-ICP-MS 
iAs was measured 

beween 81-139 ng/g 

(α-amylase)- assisted 

water-phase microwave 

extraction 

[21] 

Rice, rice foods, 

apple and other 

juices, USA 

As HPLC-ICP-MS 

74-183 ng/g of iAs was 

extracted from rice 

samples 

A HNO3 acid extraction 

was performed 
[22] 

Rice, China As HPLC-AFS 

iAs of 260 samples 

ranged from 0 to 158 

ng/g 

 

A HNO3 acid extraction 

was performed 
[23] 

Rice, China As HPLC-HG-AFS 

Total concentrations 

were from 9-322 ng/g 

with As(III) being the 

predominant species 

Microwave-assisted 

extraction with methanol 

and water 

[24] 

Rice CRM As Selective HG-ICP-MS 

iAs found to be 95-107 

ng/g and matched with 

other standard 

speciation techniques 

NaBH4 and HCl HG 

extraction was conducted 
[25] 
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Sample 

Elements or 

compounds of 

interest 

Method of Analysis Results Additional Information Reference 

Rice, Japan As 
Pentafluorophenyl 

column HPLC-ICP-MS 

iAs content in samples 

ranged from 10-173 

ng/g 

A HNO3 extraction was 

performed 
[26] 

Rice Plants As HG-ICP-MS 
As(III) is between 22-

88% of As 

 

 

 

[27] 

Rice samples As(V) CPE-ETAAS 
Extractions were 

between 90.8-113.1% LODs were 10 ng/L [28] 

Rice- baby 

products 
As and iAs HPLC ICP-MS 

Content varies from 

0.1-0.4 iAs 
iAs will affect long term 

health 
[29] 

Rice 
As and As 

species 
HPLC-ICP-MS 

Bio-accessibility was 

almost 100%  [30] 

Rice 
As and As 

species 
HPLC-ICP-MS 

As(III) and As(V) are 

predominant species  [31] 

Rice 
As and As 

species 
HPLC-ICP-MS 

Removing the bran 

layer reduced As by 51-

70% in white and 

brown rice 

 [32] 

Rice 
As and As 

species 
HPLC-ICP-MS 

As(III) and As(V) are 

the major species in the 

grain 

iAs was 700% of the PTWI 

for an adult of 60 kg 

bodyweight 

[33] 
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Sample 

Elements or 

compounds of 

interest 

Method of Analysis Results Additional Information Reference 

Rice As species HPLC-ICP-MS 

Arsenite and DMA 

were the major species 

detected 
iAs ranged from 53-88% [34] 

Rice iAs SPE speciation HG-AFS 
iAs ranged from 45-235 

ng/g 
This method was 10% of 

the cost of HPLC-ICP-MS 
[35] 

Brown, polished 

& milled rice 

16 elements and 

As species 
HPLC-ICP-MS 

iAs ranged from 13-

105% 
As and Cd concentrations 

depend on cultivation 
[36] 

Rice iAs LC-ICP-MS 
iAs was between 0.03-

0.68 mg/kg  [37] 

Rice grains As fs LA-ICP-MS 
Total As ranged 

between 91.7-101 ng/g 
Higher arsenic distribution 

was found in the rice husk 
[38] 

Rice iAs 
HG ICP-MS & HPLC-

ICP-MS 

iAs ranged from 30-133 

ng/g  [39] 

Rice grains Total and iAs HG-AFS 

Spike recovery of up to 

200 ng/g of DMA was 

achieved 
 [40] 
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2.2 ICP-MS   

Since the mid-1970s, the argon (Ar) inductively coupled plasma (ICP) has been a 

powerful source in optical emission spectrometry (OES).  ICP-OES features a wide linear 

dynamic range, freedom from chemical interferences (like those experienced in flame atomic 

absorption spectrometry (FAAS)), the advantage of working with solutions (i.e. simplified 

calibration and better control of homogeneity than solid sampling techniques like that described 

in Chapter 6), similar precision and better sensitivity than FAAS, and multi-element capability.  

Because all elements of the Periodic Table, with the exception of F, He and Ne (which have a 

higher ionization potential than Ar), can be significantly ionized in the Ar ICP, it was coupled to 

mass spectrometry (MS) in an attempt to improve several features: low limits of detection, easy 

isotope analysis and rapid acquisition of mass spectra. Due to the active physical extraction of 

ions in ICP-MS, it is not as robust (free of chemical interference) as ICP-OES, where 

measurement of emitted light is passive. ICP-MS is nevertheless well established because of its 

multi-elemental, ultra-trace detection capability and wider linear dynamic range than ICP-OES.  

 

This section reviews the shared principles, instrumentation and features of ICP-MS and 

ICP-OES. It also discusses important applications as well as the use of alternative sample 

introduction strategies, such as chromatography, which is used to increase the selectivity of 

speciation analysis.  Some limitations of ICP-MS are also discussed, along with ways to avoid 

them. Ways in which ICP-OES differs from ICP-MS will also be briefly discussed, as many of 

the techniques, components and outcomes are the same.     
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2.2.1 Basic ICP-MS Instrument Setup 

2.2.2 Plasma Generation and Analyte Ionization  

 

An ICP torch consists of three concentric quartz tubes (Figure 2-1).  The outer tube Ar 

flow (10–18 L/min) maintains the plasma and cools the torch walls, to prevent melting. The 

intermediate Ar gas flow (0–2 L/min) maintains the plasma position above the torch injector (i.e. 

central or inner tube), while the inner Ar gas flow (0.5–1.5 L/min) transports sample aerosol into 

the central channel of the plasma [41]. Other gases, such as nitrogen and very rarely hydrogen 

[42], can be added to generate a mixed-gas plasma in the central or outer torch channels; but a 

pure Ar plasma is first generated and the other gas are then slowly added. 

 

 

Figure 2-1: Graphical representation of the sampling interface in a typical ICP-MS 

instrument. 

A two- or three-turn load coil (copper coil) (or interlaced coils on some instruments) 

surrounds the top of the torch.  The coils are connected to a radio frequency (RF) generator, 
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which supplies an alternating current that oscillates at a rate corresponding to the frequency of 

the generator (27 or 40 MHz), producing an electromagnetic field at the top of the torch [41]. As 

Ar flows through the torch with an applied RF power (750–1500 W) to the load coil, some of the 

Ar atoms are ionized by a Tesla spark. The resulting electrons are accelerated by the magnetic 

field and further ionize Ar upon collision, in a chain reaction, ultimately creating a plasma. A 

continual transfer of energy from the RF generator to the load coil leads to a sustained plasma 

within the torch tip in a process known as inductive coupling [41].  

 

Several regions exist in an ICP as can be seen in Figure 2-2 [43]. The toroidal shaped 

(“doughnut-shaped”) base of the plasma, obtained from the sample aerosol punching a hole in its 

center, is the induction region (IR), with a temperature of around 10 000 K, where energy is 

inductively transferred from the load coil to the plasma. The initial processes of desolvation, 

vaporization and atomization of sample aerosol occur in the preheating zone (PHZ), while the 

final two steps; excitation and ionization occur in the initial radiation zone (IRZ) and normal 

analytical zone (NAZ). Ionization usually involves collisions with high-energy electrons or less 

frequently charge transfer from Ar+ [44]. The top of the ICP plasma is commonly called the tail 

plume [41].  
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Figure 2-2: The various zones in a typical ICP along with approximate temperature regions. 

 

A secondary discharge between the plasma and sampling interface can occur if adequate 

electrical grounding of the load coil is not maintained. Electrostatic (capacitive) coupling 

between the load coil and plasma discharge can produce a potential difference between 100-200 

V [45]. Such discharge can lead to a wide spread in the kinetic energy of extracted ions, an 

increase in the number of doubly-charged ions, and the formation of ions generated from the 

sampling interface, in turn decreasing the lifetime of the sampling interface [46]. Usual 

grounding methods include balancing the oscillator within the electronic circuitry of the RF 

generator itself [47], inserting a plate or grounded shield between the coil and the torch [48] or 

using two interlaced coils where the RF fields travel in opposite directions [49]. 
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2.2.3 Plasma Sampling Interface  

 

At atmospheric pressure, ions must be physically extracted from the plasma, using a 

differentially pumped interface (Figure 2-1) [46], where the majority of the Ar is evacuated. The 

ICP is positioned so the sampler orifice is a few mm downstream from the tip of the IRZ to 

obtained maximum sensitivity (i.e. slope of the calibration curve). The water-cooled interface is 

made of material such as aluminium or copper as to dissipate the heat from the plasma quickly.  

The interface typically consists of two cones (usually made of nickel) and is maintained by a 

mechanical rotary vane (roughing) pump at ~2 Torr. For more corrosive materials, the cones can 

be made of other materials, such as platinum. Ions travel through the first cone, called the 

sampler, with an orifice diameter of approximately 0.8–1.2 mm, and then the smaller, sharper 

skimmer cone, which has an orifice diameter of typically 0.4–0.8 mm.  An array of lenses and/or 

mirrors is then used to isolate the positive ion beam and guide it to the mass analyzer for 

separation and detection of ions [46].  

 

2.2.4 Quadrupole Mass Analyzer  

 

In commercially available quadrupole-based ICP-MS instruments, ions are separated 

according to their mass-to-charge (m/z) ratio by a mass analyzer that is maintained at 10-6 Torr or 

lower by a turbo-molecular pump. Every mass analyzer exhibits some mass bias, i.e. non-

uniform response over the mass range, which must be corrected for when measuring isotope 

ratios, using either an external correction with a standard of known isotopic composition or an 

internal correction with another element of similar atomic mass in the sample (such as 203Tl/205Tl 

to correct for Pb207/Pb208, even though these Tl isotopes can fractionate) [50]. 
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Quadrupole-based ICP-MS is now thought to be an established, high-throughput, ultra-

trace element detection technique. A quadrupole consists of four hyperbolic or cylindrical rods, 

of equal diameter (~1 cm) and length (15–20 cm), they operate at a frequency of 2–3 MHz and 

are typically constructed of molybdenum or stainless steel. Ions are filtered through a dynamic 

arrangement of electromagnetic fields, in which only ions of a certain m/z are able to take a 

stable path. Both direct current (DC) and radio frequency (RF) fields are applied to the rods so 

that opposite rods have the same sign and adjacent rods have opposite signs to stimulate an 

oscillating trajectory through the quadrupole, which is only stable for ions of one m/z (Figure 2-

3), other ions being lost or deflected [51]. Scanning the DC potential versus the RF potential 

allows for ions of different m/z to consecutively exit the quadrupole and reach the detector. 

Changing from one m/z to another is not instantaneous however, scanning and settling normally 

taking 0.1-10 ms. For this reason, the more ions of different m/z that are monitored, the less 

amount of time is spent measuring each ion, which can lead to degradation of the signal-to-noise 

ratio and precision if the total measurement time must be kept the same as the number of 

analytes monitored is increased.   
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Figure 2-3: Schematic representation the operational principles of a quadrupole mass filter. 

 

A quadrupole mass filter is characterized by a resolving power (R), defined as:  

𝑅 = 𝑚
∆𝑚⁄   (1) 

where m is the nominal mass of the desired peak and Δm is the mass difference, typically 300-

400, between two resolved peaks of equal intensity [52]. Resolution, which is the peak width at 

10% of peak height, is typically 0.7–1.0 amu. The ability to perform accurate ultra-trace analysis 

on real samples is dependent on abundance sensitivity, which is the ratio of the analyte signal at 

its m/z to the signal at the same m/z contributed by an ion at an adjacent m/z, for example 75As 

and 74Ge (i.e. either one mass lower or one mass higher) [53].  Abundance sensitivity is typically 

106 or greater.  

Some instruments come equipped with a collision/reaction cell (CRC) upstream from the 

quadrupole to alleviate spectroscopic interference, which occurs when another ion has the same 
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m/z as the analyte of interest (see Section 2.6).  A hexapole or octopole is generally preferred to 

a quadrupole as a CRC because it allows a more efficient transport and confinement of product 

ions [54] while still being able to maintain comparable transmission efficiency [55].  On the 

other hand, a quadrupole, called dynamic reaction cell (DRC), can be a more selective option in 

terms of m/z as it operates with a narrow bandwidth [55].  Collision-induced dissociation may be 

used to fragment polyatomic ions using a collision gas, which then leads to ions of different m/z 

than the analyte ions that are then easily separable by the quadrupole. A reaction gas may also be 

used to chemically modify some ions, by adding a fixed mass to shift the analyte ion to a m/z 

that is not subject to spectroscopic interference and can then be easily monitored [56]. 

Alternatively, a reaction can be conducted with the major interferent to shift its m/z to a higher 

value, thereby allowing detection of the analyte at its m/z interference free.  Common 

collision/reaction gases include H2, He, O2, CH4 and NH3, with other possibilities, depending on 

the analyte being monitored. While a CRC does improve the signal-to-background ratio, it does 

lead to some decreases in analyte sensitivity.  An alternative to this method is a collision reaction 

interface (CRI), where the collision/reaction gas is introduced through the tip of a hollow 

skimmer (or occasionally through the sampler cone) to achieve a similar effect as a CRC, 

although it requires a much higher flow rate of said collision/reaction gas.  Figure 2-4 shows the 

effect of introducing H2 in a CRI to alleviate the interference from 40Ar35Cl+ on mono-isotopic 

As at m/z 75.  
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Figure 2-4: Effect of the introduction of 65 mL/min H2 in the collision reaction interface 

(CRI) on the ArCl+ background at m/z 75 caused by HCl and NaCl in gastric juice (upon 

nebulization of the latter starting at 75 s). 

 

Figure 2-5 depicts the introduction of a CRI gas on the Varian 820MS, the same ICP-MS 

instrument used in all the studies conducted in this thesis. The gas is introduced through the 

skimmer cone into the plasma after it passes through the sampler cone.  The Figure depicts how 

the reaction gas is introduced into the system.  
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Figure 2-5: Schematic of the Bruker CRI system on the 820MS [57] 

 

2.2.5 Detectors 

2.2.5.1 Discrete Dynode Electron Multiplier (DDEM) 

 

To detect ions, a discrete dynode electron multiplier (DDEM) is generally installed off 

the ion beam axis, with an electrostatic deflector pushing ions into the DDEM so as to minimize 

the background signal from neutrals and photons. The DDEM consists of 10-24 dynodes with 

increasingly negative gradient potentials applied to them (Figure 2-6).  When an ion strikes the 

primary dynode, it may emit secondary electrons, each of which generates more secondary 

electrons upon contact with the next dynode, and so on, thereby amplifying the incident ion 
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signal.  Not every ion striking the first dynode produces at least one secondary electron, as this 

depends on the mass and energy of the incident ion.  The gain in amplification is typically 104-

108, depending on the application.  It is generally lower in analog mode, when a high ion current 

is measured, than in pulse-counting mode, when ultra-trace analysis is performed [58].    In the 

latter mode, there is a pulse pileup limit beyond which a single count is generated upon several 

ions simultaneously striking the DDEM.  Hence, dual detection mode is commonly used to 

extend the linear dynamic range, as the lower range of the analog mode overlaps the upper range 

of the pulse-counting mode.   

 

 

Figure 2-6: A schematic of a discrete dynode electron multiplier (DDEM), where an initial 

signal is multiplied as it travels past each dynode. (Courtesy of Shimadzu Corporation, Kyoto, 

Japan) 
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2.3 Conventional Sample Introduction and Calibration Strategies  

2.3.1 Conventional Sample Introduction  

2.3.1.1 Nebuliser and Spray Chamber  

 

A nebulizer, spray chamber and peristaltic pump are part of the standard sample 

introduction system to provide the sample solution to the plasma [59].  Prior to entering the 

plasma, the sample solution must be transformed into a fine aerosol to allow efficient energy 

transfer from the bulk plasma [41,44]. This also reduces the likelihood of clogging the torch 

injector with solid particulates or extinguishing the plasma, and possibly damaging the torch in 

the process [60]. A digestion or extraction is commonly required if the sample is solid, followed 

by either dilution or pre-concentration [41,61].  For optimal performance, the nebulisation 

system should have high transport efficiency as well as stability against changing sample 

matrices so as to deliver sample to the plasma in a reproducible manner [60]. Transport 

efficiency is defined as the proportion of the amount of analyte reaching the plasma to the 

amount of analyte that was initially aspirated [53]. Transport efficiency is estimated by 

comparing the waste volume exiting the spray chamber to the total sample uptake volume [62]. 

Sensitivity and detection limit are affected by the nebulisation system as it determines the 

transport efficiency.  
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2.3.1.1.1 Nebulizers  

2.3.1.1.1.1 Pneumatic Nebulizer 

 

One of the most commonly used pneumatic nebulizers is illustrated in Figure 2-7 [41]. In 

the concentric design, which is most commonly used, and used in this study, the sample is 

introduced through a small diameter capillary to a low pressure region created by Ar rapidly 

flowing through the annulus between the capillary and the body of the nebulizer, resulting in the 

formation of an aerosol [60].  

 

Figure 2-7: A concentric nebulizer designs used for ICP-MS (courtesy of Burgener Research, 

Mississauga, Canada). 

 

2.3.2 Spray Chambers 

2.3.2.1 Cyclonic versus Scott Double-Pass Spray Chambers 

 

Due to the fact that nebulizers generate aerosols with a broad droplet size distribution, 

and only droplets with a diameter smaller than approximately 10 µm eventually result in analyte 

ions in the plasma, a spray chamber typically removes large droplets that could overload the 

plasma. The two most common types used are shown in Figure 2-8 [41]. In a Scott double-pass 

spray chamber (used in this work), only the smallest droplets can pass through the inner tube and 

through to the outer tube into the torch injector, after colliding with the walls, the larger droplets 
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going down the drain [41].  In a cyclonic spray chamber, the tangential flow produces a vortex of 

sample aerosol and Ar within the chamber forcing larger droplets to the walls and down the 

drain, only allowing smaller droplets to enter the torch injector [60]. The finer aerosol exiting a 

double-pass spray chamber is at the cost of a longer wash-out (proportionate with the larger 

volume) and 2-5% transport efficiency, as opposed to about 40% transport efficiency with a 

cyclonic spray chamber [60, 63].  For this reason, the latter is most widely used.  The addition of 

a baffle to the cyclonic chamber can provide even smaller droplets and accommodate for heavy 

matrices, but at the cost of transport efficiency and even further increased wash-out times [64].  

 

 

Figure 2-8: Photographs of cyclonic spray chamber (left) and Scott double-pass spray 

chamber (right). 

2.3.3 Memory Effects 

 

Certain elements, such as Hg or B, have a tendency to adhere to borosilicate glass or 

quartz spray chambers, leading to long washout times (also called memory effect) and a 

potentially non-linear calibration curve, loss of sensitivity over time and matrix-dependent 

analyte signal intensity [65]. Hg for example may adhere not only to the sample introduction 

system but also to the sample uptake tubing, making accurate/precise measurements very 
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difficult [66, 67]. Memory effects may be overcome by washing with HBr [68] or Na2S and KBr 

[69], or by adding Au [70], Triton X-100/ammonia/ethylenediaminetetraacetic acid [71] or 2-

mercaptoethanol [72] to solutions. However, these remedies are not applicable when performing 

speciation analysis. 

2.3.4 Heating/Cooling Effects 

 

The temperature of a spray chamber greatly affects the size of droplets. Peltier-cooling 

lowers the temperature of the walls of the spray chamber to improve plasma stability and reduce 

oxide interferences by decreasing solvent load [60]. Volatile organic solvents can be safely 

handled at -10 °C [60,73].  On the other hand, heating can be used to pre-vaporise droplets, 

which removes an important source of noise in the plasma and allows for overall improvements 

in system operation [74,75].   Heating from 100 to 350˚C can allow for the determination of Ni, 

V and Mn in petroleum products and biofuels using a torch integrated sample introduction 

system (TISIS). This virtually eliminates matrix effects, which would otherwise have been 

important with a regular standard sample introduction system [72]. Peltier cooling was utilized 

for the Scott double-pass spray chamber used in the Varian 820MS ICP-MS instrument, while 

pre-vaporization was used in Chapter 7 of this thesis in combination with ETV-ICP-OES for the 

analysis of glutinous rice.  

2.3.5 Calibration Strategies  

The calibration strategies used in ICP-MS are compared in Table 2-1.  The simplest and most 

widely used ones, including in this thesis, are external calibration and internal standardization.  
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Table 2-2: Calibration strategies used in ICP-MS  

Calibration 

Strategy 
Requirements Features Limitations 

External Calibration 

 1 isotope free of 

spectroscopic 

interference per 

analyte 

 may require 

matrix matching 

to the samples 

 may require a 

correction for 

drift (internal 

standardization 

or frequent 

calibration) 

 Simplest and 

quickest 

calibration 

procedure, 

providing the 

highest sample 

throughput 

 Applicable to all 

analytes free of 

spectroscopic 

interference 

Matrix matching is 

only possible if 

matrix composition 

is known and can be 

replicated (i.e. 

contains a few 

major matrix 

components of 

known 

concentrations) 

Internal 

Standardization (IS) 

Element not present 

in the sample, with 

similar properties 

(m/z, ionization 

potential, etc.) as the 

analyte without 

interfering with the 

latter 

 Compensates for 

drift; 

 May compensate 

for matrix effects 

 Frequently 

complements 

external 

calibration 

Requirements are 

difficult to meet in 

complex matrix 

containing virtually 

all elements 

Standard addition 

 1 isotope free of 

spectroscopic 

interference per 

analyte 

 Preliminary 

analysis of the 

sample to 

estimate of how 

much analyte 

standard to add 

 may require a 

correction for 

drift (IS) 

 

 Compensate for 

matrix effects; 

 Applicable to all 

analytes free of 

spectroscopic 

interferences 

Most time-

consuming 

calibration strategy, 

as several aliquots 

of each sample must 

be spiked with 

increasing amounts 

of analyte standard 
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Calibration 

Strategy 
Requirements Features Limitations 

Isotope dilution 

 2 isotopes free of 

spectroscopic 

interference per 

analyte 

 Preliminary 

analysis of the 

sample to 

estimate of how 

much spike 

isotope to add 

and to measure 

mass bias 

 Equilibration of 

the spike isotope 

with the sample 

 Compensates for 

matrix effects 

and drift 

 Most accurate 

and precise 

calibration 

strategy 

 Time-consuming 

 Not applicable to 

monoisotopic 

elements 

 Enriched 

nuclides are 

expensive 

 Isotope ratio 

must be 

corrected for 

mass bias 

 

2.3.5.1 External Calibration 

 

External calibration, involves a series of standards encompassing the sample’s analyte 

concentration.  Linear regression analysis of analyte signal versus concentration yields the 

equation of the line of best fit used to convert the sample’s analyte signal into concentration.  

Blank subtraction is also done, using a blank prepared like the sample but without sample.  If 

significant matrix effects are present, matrix matching may prevent biased results (Figure 2-9). 

The work in this study utilized matrix-matching wherever possible in order to preemptively 

avoid errors in calibration.     
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Figure 2-9: External calibration conducted with and without the use of matrix-matched 

standards in order to determine the proper concentration of the sample.  

2.3.5.2 Internal Standardization 

 

Internal standardization is widely used to compensate for drift, i.e. change of analyte 

signal versus time, and may help alleviate matrix effects.  If the internal standard behaves 

similarly to the analyte (similar m/z, ionization potential, etc.), it should be affected the same 

way as the analyte, such that the analyte/internal standard signal ratio is independent of drift 

(Figure 2-10). This study used an internal standard whenever required (i.e. total analysis and 

batch method) in order to alleviate instrumental shortcomings.      
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Figure 2-10: The use of internal standardization to counteract drift. 

 

The use of calibration strategies is integral to any and all ICP use.  The coupling of secondary 

systems to ICP-MS and ICP-OES will be further discussed.  As there are many systems that can 

be coupled, the ones used in this thesis will be highlighted.   

2.4 Coupling to ICP-MS – HPLC  

 

High Performance Liquid Chromatography (HPLC) is a separation technique utilized in several 

fields of analysis. In the past, this was also referred to as High Pressure Liquid Chromatography 

where high pressure refers to 2000-6000 psi [76]. Although the names are commonly 

interchangeable, the general principles of HPLC are very simple. They involve the difference in 
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interaction between species of interest and the mobile and stationary phase. Based on the proper 

selection of both components, a successful separation can be conducted.  

When coupling HPLC to an ICP system, a conventional nebulizer and spray chamber setup can 

be used. It is recommended that the optimal parameters obtained for ICP-MS and ICP-OES be 

used and further optimized for speciation analysis. The end of the analytical column tubing can 

be directly attached to the nebulizer, which allows for a very simple connection between the two 

systems. It is important that the flow rate of the HPLC is closely matched with the nebulizer and 

spray chamber of the system.  If flows are not properly optimized they can lead to problems in 

the separation such as band broadening. The optimization of flow rates as well as column care 

can work to minimize band broadening.     

There are several types of high performance liquid chromatography and they all have their own 

advantages and limitations. This study uses ion exchange chromatography; so, the specifics will 

be discussed.   

2.4.1 Ion Exchange Chromatography 

 

This form of chromatography has two major types: anion exchange and cation exchange 

chromatography.  Ion exchange chromatography (IEC) [77] has been a technique implemented 

since the time of Moses all the way to the Manhattan project [78]. Ion exchange involves the use 

of a charged stationary phase, which will attract the opposite charge and exchange with a 

counter-ion. Anion exchange involves a stationary phase with a net positive charge (R+).  The 

following equilibrium is achieved in equation 14:  
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𝑅+𝑌−  + 𝑋−   ↔  𝑅+𝑋−  + 𝑌−   (eqn 1) [77] 

 

Where X- is a sample anion in the mobile phase and Y- is the attracted negative counter-

ion. Cation exchange follows the same principle with a surface holding a negative charge site 

where exchange will occur  [77].  Based on the retention strength between the ions and the 

exchange site the retention and capacity factor k’ values will change (small k’ for poorly retained 

and large k’ for strongly retained) [77].   

Major factors affecting ion-exchange chromatography are the pH of the environment, [79,80] the 

ionic strength of the mobile phase and the nature of the ion exchanger [79]. Ion exchange 

separations involve an increase of ionic strength through a gradient as the chromatographic 

separation is carried out [79]. It is rare that ion exchange causes degradation of the sample [77]. 

If degradation is seen, a change in temperature, pH or ionic strength can be used to compensate 

[77].  The manufacturers recommendation should be followed to ensure the stability of the resin 

and to predict in advance if temperature, pH will impact the column [77].  It is noted that 

reproducibility between ion-exchange resins can be poor and so some standardization should be 

conducted [77].  There are numerous applications when it comes to IEC-ICP-MS.  Many of these 

applications are in the food safety realm and are of elements such as As, Se and Cr.  Based on the 

type of ion exchange being conducted, many samples can be analyzed and in a quick and 

reproducible manner. 

A table of IEC applications is shown below (Table 2-3).   
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Table 2-3: Relevant applications of IEC-ICP-MS  

Analytes Sample 
Sample Pre-

treatment 

Calibration 

Strategies 

Additional 

Information 
Comments Ref. 

As(III), 

As(V), 

MMA and 

DMA 

Rice Saliva and gastric 

juice extraction 

EC AG7 and AS7 

anion 

exchange 

column 

 

[1,2] 

iAs Rice-

based 

baby 

foods 

from 

Spain, 

UK, 

China and 

USA 

Products were 

oven dried before 

a HNO3 

extraction 

EC with Rh 

IS 

A PRP-X100 

anion-

exchange 

column was 

used 

iAs was 

higher in 

rice than 

other 

samples [10] 

MA, 

DMA and 

As(V) 

Baby rice 

cereal 

Hot water 

extraction 

4-point 

matrix 

matched EC 

Anion 

exchange with 

gradient 

elution 

 

[81] 

As(III), 

As(V), 

MA and 

DMA 

29 rice 

products 

HNO3 and H2O2 

extraction 

EC Gradient 

elution was 

conducted 

with anion 

exchange 

column 

 

[82] 

As(III), 

As(V), 

MMA, 

DMA, 

AsC and 

AsB 

Rice Samples were 

washed, dried, 

milled and 

homogenized 

after which a 

water extraction 

was conducted 

EC Anion and 

cation 

exchange 

column using 

gradient 

elution 

Limits of 

Detection 

(LODs) 

were 

between 0.2-

0.9 ng/g 

[83] 

AsB, 

As(III), 

DMA, 

MMA and 

As(V) 

Paddy 

rice 

samples 

Samples were 

ground and dried 

followed by a 

amylase and 

water extraction 

EC PRP-X100 

anion-

exchange 

analytical 

column 

70-98% of 

total arsenic 

was iAs 

 

 

[84] 
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EC= External Calibration IS= Internal Standard ID= Isotope Dilution

Analytes Sample 
Sample Pre-

treatment 

Calibration 

Strategies 

Additional 

Information 
Comments Ref. 

As(III), 

As(V), 

MMA and 

DMA 

Rice Samples were 

dried and milled 

followed by a 

Trifluoroacetic 

acid (TFA) 

extraction 

Ge IS PRP-X100 

anion 

exchange 

column 

 

[85] 

As(III), 

As(V), 

AsB, 

MMA and 

DMA 

Rice HNO3 extraction EC 

 

PRP-X100 

Anion 

exchange 

column 

 

[86] 
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HPLC is one of the most popular separation techniques used today [76].  By coupling this 

technique to a highly selective and sensitive instrument the results are very advantageous.  HPLC 

coupled to an ICP system (OES or MS) allows for low limits of detection, high sensitivity and 

the ability to separate and analyze the majority of elements that can be separated. As lower limits 

of detection can be obtained when coupling HPLC to ICP-MS, it is not common to use ICP-OES. 

The requirement to extract the analyte from solid sample and the lower resolution compared to 

gas chromatography and capillary electrophoresis are limitations with this method and the reason 

another separation technique such as gas chromatography may be preferred. However, it has a 

vast range of applications. If the limitations of HPLC can be overcome and do not impact the 

overall performance of the system then this is by far the most convenient separation technique to 

couple with ICP. By bringing the capabilities of these instruments together, the future is bright 

for HPLC-ICP-MS.    

 

However, before performing speciation analysis, the first step for risk assessment should be a 

total analysis.  Indeed, only if the total concentration measured for potentially toxic elements 

could be problematic if they were entirely in toxic form is speciation analysis warranted. In the 

case of rice, direct solid analysis would be advantageous to this end. The next section focuses on 

electrothermal vaporization as a sample introduction strategy for the direct analysis of rice 

products by ICP-OES.     

 

2.5 Direct solid sampling – ETV ICP-OES  

In ETV, a few mg of sample is placed in a graphite boat, which is then inserted into a 

graphite furnace that is resistively heated in steps, up to a maximum of 3000˚C.  Drying, which 
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may be omitted for a solid, is first done to get rid of liquid.  Then, pyrolysis removes the bulk of 

the matrix, sometimes converting analytes into less volatile compounds in the process [87]. 

Analytes are finally vaporized and introduced into the plasma, through a transfer tube connecting 

the exit of the furnace to the torch, by an Ar carrier gas [87].  A cleaning step is commonly used 

to remove any residue.  Essentially 100% analyte introduction efficiency can be achieved.  

Although some analyte loss may occur in the transfer tube [88-90], this is still much better than 

with nebulization.   

A small amount of chemical modifier or reaction gas (such as Freon) can also be used to 

modify the vaporization characteristics of the analyte, the matrix or both, in order to minimize 

matrix effects and limit spectroscopic interferences [91]. For example, addition of HNO3 to 

seawater allows removal of Cl as volatile HCl during pyrolysis [92]. If the matrix is completely 

removed prior to vaporization of analytes, then accurate analysis may be performed using 

external calibration with aqueous standards.  On the other hand, precision depends on 

homogeneity of the sample.  For good precision, the 1-4 mg aliquot must be representative of the 

lot from which the sample originated.  Because analyte vapour or a dry aerosol is generated by 

ETV, no plasma energy is required for desolvation and the plasma is hotter, resulting in a 50-fold 

reduction of oxides level versus that observed with nebulization [93].  Furthermore, ETV can be 

applied to the analysis of liquids, slurries and solids.  Even speciation analysis is possible if the 

vaporization temperatures of different species are significantly different (such as inorganic 

mercury and methylmercury) [94,95].  Examples of relevant applications are given in Table 2-4. 
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Table 2-4: Relevant applications of ETV-ICP-MS/OES  

Analytes Sample 
Sample Pre-

treatment 

Calibration 

Strategies 
Comments Ref. 

Cr, Cu, Cd, 

Hg and Pb 

Rice flour 

and rice 

samples 

Ultrasonic slurry 

sampling (USS) 

ICP-MS was 

conducted on the 

rice samples 

SA Ascorbic acid 

was used in 

this work as a 

chemical 

modifier 

[96] 

V, Cu, Cr, 

Fe, Zn, La 

Tea leaves 

and rice 

Slurry sampling 

ICP-OES was 

used on the 

samples 

SA 2.6-7.2% RSD 

[97] 

Zn, As, Cd, 

Sb, Hg and 

Pb 

Rice flour 

CRM, 

rice, 

leaves 

Slurry sampling 

ICP-MS was 

used on the 

samples 

SA or ID; Pd 

modifier 

A time-

consuming 

calibration 

was required 

[98] 

 

As Rice flour 

CRM 

Samples were 

directly weighed 

onto graphite 

boat for ICP-MS 

SA and IS with 

Sb 

SA was dried 

prior to 

placing spiked 

sample on 

boat 

[99] 

EC = External Calibration; IS = Internal Standardization; ID = Isotope Dilution; SA = Standard Addition 

 

ETV is a very versatile technique that can be coupled with both ICP-OES and ICP-MS.  

The benefits of both instruments are only further enhanced when coupled with ETV.  The 

lowered limits of detection obtained by the use of ETV coupled to ICP-OES make it a very 

powerful technique.  It is important to note that many of the samples studied in the past with 

ETV contained μg/g or high μg/kg levels of elements and for this reason the lowered limits of 

detection of ICP-MS may not always be required.   
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If a total analysis by ETV-ICP-OES reveals that the level of some potentially toxic elements (in 

particular As, Cr and Se) could be problematic if all in toxic form, then the next step is to 

determine which portion is bio-accessible.  An on-line leaching approach can be used to this end, 

which involves flow injection coupled to ICP-MS.     

2.5.1.1 Flow Injection (FI) 

 

FI, which can readily be automated [100], involves the injection of a discrete volume of 

sample into an unsegmented carrier stream with on-line detection [101]. The concentration 

profile through the detector depends on sample injection volume, flow rate, reaction rate (if a 

reagent is used as carrier or a reagent is merged with the carrier flow), manifold design, etc., and 

results in a transient signal, which is reproducible in a fixed manifold that controls sample 

dispersion.  Injection of sub-mL aliquots and immediate rinsing of the sample introduction 

system by the carrier effectively prevent solid accumulation on the cones and enable the analysis 

of samples with much more than 0.2% m/v total dissolved solids (the limit by continuous 

nebulization) [58] as well as of corrosive samples that would normally drastically shorten the 

cones’ lifetime.  When sample is volume-limited or expensive, FI is invaluable, as it minimizes 

sample consumption.  Furthermore, if dispersion is limited, sensitivity is comparable to what it 

would be if the sample was nebulized continuously.  Examples of applications of FI are given in 

Table 2-5.      

 

When measuring transient signals, such as those generated by FI, GC, capillary 

electrophoresis (CE) and HPLC, a sufficient number of measurement points (10-20) must be 

acquired across the peak to prevent aliasing (peak distortion), which would degrade limits of 
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detection, accuracy and precision.  For quadrupole mass analyzers, this may in turn limit the 

number of elements that can be determined simultaneously.   Nonetheless, as will be seen in the 

next section, flow injection can also be used to alleviate certain limitations associated with ICP-

MS.   

Table 2-5: Relevant applications of FI-ICP-MS 

Analytes Sample 
Sample Pre-

treatment 

Calibration 

Strategies 

Additional 

Information 
Comments Ref. 

As White rice Leaching with 

gastrointestinal 

juice 

EC A 100 µL 

sample injection 

loop was used 

for direct 

injection 

analysis 

Majority of 

leaching 

was seen 

by saliva 
[1] 

As, Cu, 

Fe, V 

and Zn 

White and 

brown rice 

Leaching with 

gastrointestinal 

juice 

EC A 100 µL 

sample injection 

loop was used 

for direct 

injection 

analysis 

 

[2] 

Rare 

earth 

elements 

Food and 

agricultural 

products 

Total digestion 

was conducted 

with HNO3 

and H2O2 

EC with In 

IS 

A microcolumn 

preconcentration 

was conducted 

 

[102] 

As, Cd 

and Hg 

Cereal 

samples 

Slurries 

contained 

flour, thiourea, 

Co and HCl 

SA A 200 µL 

sample injection 

loop was used 

 

 
[103] 

EC = External Calibration; IS = Internal Standardization; ID = Isotope Dilution; SA = Standard 

Addition  



 58 

2.6 Remaining limitations of ICP-MS and their mitigation 

2.6.1 Spectroscopic interferences  

2.6.1.1 Isobaric interference  

 

An isobaric interference results when another element ion has the same m/z as the analyte 

ion.  No commercially available ICP-MS instrument has a sufficient R to resolve such 

interference.  Other approaches that can be used are summarized in Table 2-6, whose 

applicability depends on the analyte, interferent and their properties.  For instance, using an 

alternative isotope is not an option for monoisotopic elements. 

Table 2-6: Strategies used to deal with isobaric interferences  

Approach Requirement Feature/limitation 

Measure at a different 

m/z 

Alternative isotope free of 

spectroscopic interference 

Concurrent sacrifice in sensitivity 

with less abundant isotope 

CRC 
Analyte or interferent reacts 

with reaction gas 

Other elements at different m/z 

than analyte may also react in the 

CRC and form new interferences 

MS/MS 
Analyte or interferent reacts 

with reaction gas 

The first quadrupole removes 

elements at other m/z than analyte, 

preventing them from forming 

new interferences in the CRC 

ETV 

Analyte and interferent have 

significantly different boiling 

points 

Temporal resolution of 

interference; improvement in 

sensitivity 

Vapour generation 
Analyte or interferent can 

form vapour 

Physical separation of 

interference; improvement in 

sensitivity if analyte forms vapour 
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Approach Requirement Feature/limitation 

Flow injection with on-

line separation 
Selective separation approach 

Physcial separation of 

interference; improvement in 

sensitivity if analyte is selectively 

retained and recovered in a 

smaller volume than that of 

sample injected 

Batch removal of 

interferent 
Selective separation approach 

Physical separation of 

interference; contamination may 

be introduced during the multiple 

manipulations. 

 

2.6.1.2 Polyatomic Interference  

 

Elements from the solvent or sample matrix can combine, including with Ar from the 

plasma, to form polyatomic ions that have similar m/z as the analyte.  Increasing R can resolve 

several of these interferences but not all of them.  In addition, other strategies can be undertaken 

to help mitigate or remove interferences.  For instance, if the interference is from an oxide, 

changing the sampling position in the plasma may help.  Indeed, at the position of maximum 

sensitivity, the oxide level is relatively high [104].  Sampling higher in the plasma will decrease 

the latter, albeit with a concurrent sacrifice in sensitivity.  Adding N2 to the Ar outer gas flow is 

much more efficient at decreasing the oxide level, also with a concurrent sacrifice in sensitivity 

[105], but with the additional advantage of also increasing plasma robustness.  
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2.6.2 Non-spectroscopic Interferences  

2.6.2.1 Sources  

 

Matrix effects also referred to as non-spectroscopic interferences suppress or enhance 

analyte signals [62] as a result of several factors including but not limited to; changes produced 

during sample introduction, ion generation in the plasma, ion extraction through the interface, or 

ion transport through the ion optics [106,107]. They depend on the nature and concentration of 

the matrix, which complicates their correction and especially their elimination. Acid 

concentration [108], ionic strength [109] or volatility (organic solvents) [110], impact the droplet 

size distribution of the sample aerosol [111], in turn influencing its transport efficiency [112] as 

well as solvent loading in the ICP  [113], which also changes based on the design and operating 

conditions of the sample introduction system [114]. A Coulomb fission mechanism within the 

spray chamber may lead to matrix-induced enhancement, including for analytes that should be 

completely ionized in the ICP [62], in the presence of non-volatile ionic matrices (such as 0.02 

M NaNO3, KNO3 or CsNO3).  A change in aerosol droplet size distribution to smaller droplets 

results because, those containing more cations have less solvent and evaporate sooner, thereby 

reaching the Rayleigh limit and exploding [115,116].   

 

Easily ionized elements (EIEs) [32-62] e.g. Na> Mg> I> Br > Cl [117,118], can induce a 

suppression in analyte signal, in the ICP, as there is a shift in thermal ionization equilibrium 

towards the neutral atom [115]. When using ICP, operational parameters are very important. For 

example, reducing the nebulizer gas flow while increasing the RF power, which shifts ion 

populations lower in the ICP, allowing more time for lateral diffusion of analyte ions out of the 

central channel if the sampling position is not adjusted accordingly [119,120]. Solid deposition 
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may also take place on the water-cooled cones [121,122], which will lead to gradual clogging of 

the orifices and thus a downward drift in analyte signal [123]. 

Problems of this nature depend on the total concentration of dissolved solids, orifice 

diameters [124] and geometry [125], relative internal/external angles [126] of the cones and on 

the cone material (i.e. Ni, Pt or Al) [127] or coating (i.e. Cu-Ni laminate) [128]. A small positive 

charge results when sampling the ICP, due to the ambipolar electric fields within it, leading to 

the preferential outward diffusion of analyte ions relative to neutral atoms, which lead to signal 

suppression [129]. Finally, the secondary discharge on certain instruments [130], can play the 

role of a secondary ionization source [131], resulting in the enhancement of analyte signal [132]. 

 

 The pressure drop, in the skimmer region in combination with a high electron temperature 

and a difference in size between electrons and ions, induces differences in their mobility such 

that diffusion towards the inner skimmer walls holds a net negative charge  [133], in turn 

resulting in a positive ion beam on axis, which is further magnified by the ion optics [134]. 

Space charge effects, known as repulsions between like charges broaden the ion beam, with a 

consequential loss in sensitivity that is inversely related to ion kinetic energy [135]. This radial 

broadening depends on the total ion current (or absolute concentration) [136,137] and is more 

pronounced for lighter analyte ions with heavier matrix elements present [134], because lighter 

ions, which have a lower ion kinetic energy, are more easily defocused [137] than their heavier 

ion counterparts [136,138]. Axial space charge effects typically only impact the kinetic energy 

distribution of the ion beam [139].  
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2.6.2.2 Mitigation 

 

Calibration strategies (Table 2-2) and other approaches can be used to minimize non-

spectroscopic interferences, starting with a simple dilution if it can be afforded [107,113]. In the 

presence of a particular matrix, instrument parameters can be optimized [140], but are then only 

relevant to a given matrix. Low nebulizer gas flow, high RF power and/or low sample uptake 

rates increase plasma robustness by aiding energy transfer from the bulk plasma to the central 

channel [141,142], but this all comes at the expense of sensitivity.  Given that, in this work, low 

analyte concentrations were measured, even more so following IEC separation, a sacrifice in 

sensitivity could not be afforded.  A matrix-matched external calibration was thus selected to 

compensate for the expected non-spectroscopic interferences arising from gastro-intestinal fluids.  
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Chapter 3 

Multi-elemental risk assessment in various types of rice using on-line continuous leaching 

and ion exchange chromatography coupled to ICP-MS for the speciation analysis of bio-

accessible elements. 

 

3.1 Introduction 

 

Rice is a food consumed worldwide by over half of the world’s population [1,2]. As such, it is a 

food source that virtually everyone has been exposed to at one point or another. With growing 

concerns over food allergies, rice proves to be a food that is considered to not play the role of an 

irritant in a healthy diet.  For this reason, it is commonly recommended for people who are 

gluten-intolerant and those who have celiac disease to consume rice as the main form of 

carbohydrates in their diet [3].        

 

Out of the many varieties of rice that have been studied, several have been shown to contain the 

most toxic form of Arsenic (i.e. inorganic As, iAs) [4-5]. With well over 40 000 different varieties 

of rice [4-5], the need for further analysis and studies is clear. Bangladesh is a country with one of 

the leading environmental health hazards in the world in terms of As in groundwater [4-5].  Due to 

the way in which rice is grown, the groundwater has a great impact on the rice and its toxic 

content in terms of risk assessment. Risk assessment of rice can be done through the determination 

of bio-available arsenic in rice. “Bioavailability is defined as the fraction of an administered dose 

that reaches the central (blood) compartment from the gastrointestinal tract.”[6] 
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The bioavailability of chemical species in rice can be determined using either in vitro or in vivo 

methods. For the purpose of studying exposure to toxic chemicals, or risk assessment, an in vitro 

method of analysis is preferred over in vivo.  The in vivo method involves the determination of 

the species within the blood stream, which is difficult to perform. On the other hand, an in vitro 

method focuses on how much As and other potentially toxic elements are leached by 

gastrointestinal juices from the rice, under the assumption that the amount leached by these 

juices is equal to the maximum amount that is bioavailable (i.e. the worst case scenario) [7]. 

 

Studies so far have mostly reported on the speciation analysis of bio-accessible As in rice [8,9]. 

Speciation analysis of the bio-accessible fraction of As, Cr and Se from cooked rice would 

provide more information as to the actual safety of rice for human consumption.  Indeed, only 

the fraction that is released in the gastro-intestinal tract may potentially be harmful, the rest being 

excreted. The risk assessment is significant as a diet consisting mostly of rice is common for 

more than 3 billion people in the world [1].   

 

Table 3-1 considers some of the past work conducted on rice.  It reveals that samples from all 

over the world have been analyzed and in many studies a focus is placed on As. Not all studies in 

Table 3-1 consider bio-accessibility or even speciation analysis despite the fact that those would 

provide more information on the risk present.
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Table 3-1: Studies previously conducted on rice samples  

Country of Origin Analytes Calibration Highlights Reference 

USA 
As (As(III), As(V), 

MMA, DMA) 
External Calibration 

 Over 90% of As was found to be bio-

accessible 

 Cooking rice converted As(V) to As(III) 

[8] 

USA 

As (As(III), As(V), 

MMA and DMA), Cu, 

Fe, V and Zn 

External Calibration 

 Washing rice greatly impacted the bio-

accessible fraction leached 

 Cl was separated when conducting 

speciation of the gastric juice leachate 

[9] 

China 
Pb, Cd, Cu, Cr, Sb, Ni 

and As 

External Calibration 

and In Internal 

Standard 

 Pb, Cd, Cr, Ni and As were below 

Chinese threshold standards 

 Assuming 100% bio-accessibility and 

100% iAs in the sample leads to values 

above limits 

[10] 

China Pb, Zn, Cu, Cd and As External Calibration 

 Contaminated areas had over 10 times 

the amount of As (0.3 mg/kg vs 3.8 

mg/kg) 

 Limits were exceeded for the allowance 

in a child’s diet 

[11] 
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Country of Origin Analytes Calibration Highlights Reference 

Spain, Italy, USA, India, 

China, Bangladesh and 

Thailand 

As (As(III), As(V), 

MMA, DMA) 
External Calibration 

 Total arsenic ranged from 0.03-0.4 

mg/kg 

 iAs ranged from 11-90% in the range of 

studies 

[12] 

Bangladesh As External Calibration 

 Based on the variety, arsenic content can 

be as high as 1.7 mg/kg 

 Concentration in rice plant roots ranged 

from 1-267 mg/kg 

[13] 

Brazil 
As (As(III), As(V), 

MMA, DMA) 

External Calibration 

and Ga Internal 

Standard 

 No significant difference was found 

between the concentration of As in 

organic and conventionally grown rice 

 iAs was higher in organic polished rice 

than conventionally polished rice 

[14] 

China Se External Calibration 

 The species of selenium present was 

SeMet 

 An 18-min extraction led to 90-103% 

recovery 

[15] 
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Modern society pays great attention to its food intake and many North Americans focus on a 

more natural and organic diet [14].  The belief is that a more natural approach to growing food 

leads to a healthier diet.  In actuality, there may not be an elemental difference between 

organically grown rice and that readily available in the market (conventionally grown) [16, 17].  

For this reason, this study will investigate organically grown white and brown rice and compare 

the results with past work [9].  The rice has been grown in similar regions as the conventionally 

grown rice that was previously analyzed and so should provide some information on the 

differences between organic and non-organic rice.   

 

There are over one billion people in India and the major rice grown is basmati rice and for this 

reason alone, it is an important sample to further analyze.  Due to India’s geographical proximity 

to Bangladesh, it may be seen if the high arsenic concentration transcends borders. Bangladesh is 

a country known for having high levels of arsenic in both its ground water and soil [5, 18].  

A method previously developed [8, 9] was used to assess the maximum bio-accessibility of As 

along with seven other elements (Cr, Fe, Cu, Zn, Se, Cd and Pb) from different types of cooked 

rice (organic white, organic brown and white basmati).  This method has been used on a variety 

of samples including but not limited to rice, bread, seafood, and corn bran [19-24].  

Simultaneous speciation analysis of As, Cr and Se was then conducted, as previously done in 

environmental waters samples as well as in ash and soil leachates [25,26].   

A recent study [9] showed the effects of washing rice prior to cooking and the significant effect 

it had on the potentially toxic elements present in the rice.  This study will continue to investigate 

these effects along with an assessment of whether there is an optimal amount of time to wash 

rice for. Overall this study aims to provide insight on samples that have not been analyzed in the 
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past and make recommendations about consumption levels, benefits of washing and whether 

government limits should be imposed for arsenic in rice.         

3.2 Experimental  

 

Many of the experimental parameters discussed below are in reference to the work conducted by 

Horner and Beauchemin [8, 9], which is continued in this study.   

3.2.1 Instrumentation  

 

A Varian 820MS ICP-MS (Mulgrave, Victoria, Australia) equipped with a Peltier cooled Scott 

double-pass spray chamber, a T2100 Burgener nebulizer, and a collision reaction interface (CRI) 

was used for all analyses. For speciation analysis, a DX600/BioLC HPLC system equipped with 

a GS50 gradient pump (Dionex, Oakville, Canada), a 25-µL injection loop, an IonPac AG7 

guard column, and an IonPac AS7 (25-cm long, 4-mm diameter) anion exchange column (all 

Dionex, Voisins le Bretonneux, France). Polyether ether ketone (PEEK) tubing (0.17-mm 

internal diameter) connected the analytical column with the nebulizer. The optimal instrument 

and separation conditions are summarized in Table 3-2.  During on-line leaching and speciation 

analysis, data acquisition was done in time-resolved mode with a minimum of ten points per 

peak and one scan per replicate. For the analysis of residues and the batch method, data 

acquisition was done in steady state mode with a 10-s integration time. 

3.2.2 Reagents  

 

Artificial saliva was prepared by adding 6.8 g of KH2PO4 (ACS grade; Fisher Scientific, New 

Jersey, USA) and 77 mL of 0.2 mol/L NaOH (ACS grade; BioShop, Burlington, Canada) to a 
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volumetric flask followed by dilution to 1 L using doubly deionized water (DDW) (18.2 MΩcm) 

while maintaining the pH at 6.5. All DDW used was purified using an Arium Pro UV|DI water 

purification system (Sartorius Stedim Biotech, Göttingen, Germany). Artificial gastric juice was 

prepared by adding 2.0 g of NaCl (ACS grade;BioShop, Burlington Canada), 3.2 g of pepsin 

(Sigma-Aldrich, Oakville, Canada), 7.0 mL of sub-boiled HCl (ACS grade; Fisher Scientific, 

Ottawa, Canada), and diluting to a final volume of 1 L using DDW in a volumetric flask. 

Artificial intestinal fluid was prepared by mixing 6.8 g of KH2PO4, 10 g of pancreatin (Sigma-

Aldrich, St. Louis, USA), 77 mL of 0.2 mol/L NaOH, diluting to a final volume of 1 L using 

DDW, with the pH maintained at 6.8. For the digestion of total rice and residues, sub-boiled 

HNO3 (ACS grade; Fisher Scientific, Ottawa, Canada) and H2O2 (J.T. Baker, Phillipsburg, USA) 

were used. All HNO3 and HCl were purified using a DST-1000 Sub-Boiling Distillation System 

(Savillex, Minnetonka, USA) prior to use.  

Elemental standard solutions were prepared from mono-element solutions (1000 mg/L) (SCP 

Science, Baie d’Urfé, Québec, Canada). For speciation analysis, 1000 mg/L As standard stock 

solutions were made of each species from the following reagents: arsenic (III) oxide (As(III)) 

(99.999%) with 0.2% NaOH, arsenic(V) oxide (As(V)) (99.9%) (all Alfa Aesar, Ward Hill, 

USA), cacodylic acid (DMA) (≥98%)(Sigma–Aldrich, St. Louis, USA) and disodium methyl 

arsenate (MMA) (97.5%) (ChemService, West Chester, USA). All As stock solutions were then 

further diluted to 10 mg/L prior to being stored at 4°C in the dark. From these stock solutions, 

calibration standards were prepared daily. Solutions of selenium species were prepared from 

sodium selenate (Se(VI)) and sodium selenite (Se (IV)) (Sigma–Aldrich, St. Louis, USA).  

Solutions of chromium species were prepared from chromium (VI) oxide (Cr(VI)) (VWR 

International, Graumanngasse, Vienna) and chromium (III) acetate hydroxide (Cr(III)) (Sigma–
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Aldrich, St. Louis, USA). Sub-boiled HNO3, methanol (Fisher Scientific, Ottawa, Canada) and 

DDW were used to prepare the speciation analysis mobile phases.  

Samples of long grain organic brown and white rice as well as white long grain basmati rice 

were purchased from a local natural food store and were used as purchased.  The organic brown 

and white rice were obtained from a source in Arkansas and California respectively. The basmati 

rice was obtained from a rice-growing region in India. The rice (either brown or white) was 

cooked by adding 20 g of rice to 50 mL of boiling DDW and waiting until the rice absorbed all 

the water.  

3.2.3 CRI and multivariate optimization   

 

The CRI hydrogen gas flow was optimized to balance the loss of sensitivity with the 

reduction in polyatomic interferences. The gas was optimized while monitoring the ratio of the 

40Ar35Cl+ interference signal (m/z=75) to the signal of Ge+ (m/z=74). Ge is used as surrogate 

analyte due to its closeness in mass-to-charge ratio to that of As. On-line mixing of gastric juice 

and Ge solution (5 μg/L) was conducted using a Y connector. The signal ratio of m/z=75 over 

m/z=74 was continuously monitored while increasing the CRI hydrogen gas flow rate.  At the 

optimal hydrogen gas flow rate of 65 mL/min-1, analyte signal was significantly reduced.  

However, the use of CRI was generally found to be a necessity in order to obtain accurate results 

for the analysis of samples in gastric juice leachates, due to the high chloride ion concentration 

which resulted in 40Ar35Cl+ polyatomic interference on the only As isotope.  Multivariate 

optimization of operational parameters, such as nebulizer gas flow rate, sampling depth, RF 

power, argon sheath gas flow rate and CRI gas flow rate, was conducted using Minitab 16.  

Table 3-2 shows the optimized values obtained.     
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Table 3-2: ICP-MS (Varian 820MS) and IEC Operating Conditions 

Parameter Range of 

optimization 

Optimal setting 

Ar plasma gas flow rate (L min-1)  18.0  

Ar auxiliary gas flow rate (L min-1)  1.75 

Sample uptake rate (mL min-1)  1.0 

Plasma RF power (kW) 1.3-1.5 1.44  

Ar sheath gas flow rate (L min-1) 0-0.10 0.04  

Ar aerosol carrier gas flow rate (L min-1) 0.7-1.2 1.1  

H2 CRI skimmer gas flow rate (mL min-1) 0-100 65  

Sampling depth (mm) 5-7 6.0 

Dwell time (ms)  10 ms  

80 As, 250, Se, 500 Cr (speciation 

analysis) 

Monitored ions   52,53Cr+, 54, 56, 57Fe+,63, 65Cu+, 64,66, 

68Zn+,  75As+, 77, 78Se+, 110, 111, 114Cd+, 

206-208Pb+  

IEC (Dionex GS50 gradient pump)    

Columns   IonPac AG7 and IonPac AS7 

Column Temperature   20 °C  

Mobile phase flow rate   1.35 mL/min 

Mobile Phase A   0.5 mM HNO3, 1% MeOH 

Mobile Phase B  50 mM HNO3, 1% MeOH 

Mobile Phase C   0.8 M HNO3  

Gradient Elution Program  100% A, 3 min; 100% B, 2.5 min; 

100% C, 10 min 
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3.2.4 On-line continuous leaching  

 

The experimental method in Figure 3-1 depicts the on-line continuous leaching method that was 

used, as described in previous work done by Horner and Beauchemin [8]. Between 0.2-0.25 g of 

rice was rolled in quartz wool and packed into a PTFE tube (8-cm long, 3/15-in outer diameter, 

1/8-in inner diameter). In addition, a quartz wool plug was inserted at each end of each column 

to ensure sample remained in place throughout the experiment. To verify that none of the 

elements of interest were leached from quartz wool or PTFE tubing, a blank column containing 

only quartz wool was also used as a blank. In addition to the blank, quartz wool was rinsed 

overnight in 10% nitric acid and dried prior to use to ensure any contaminants could be leached 

away. The artificial saliva, gastric juice, intestinal fluid, columns and standards were all 

maintained at 37 ⁰C (human physiological temperature) using a thermostatically controlled water 

bath. Saliva, then gastric juice, followed by intestinal fluid, was sequentially pumped through the 

mini-column directly to the nebulizer of the ICP-MS instrument using the instrument’s peristaltic 

pump. The leaching time was set to 5 min for each of the three reagents, after ensuring that no 

additional analyte was leached beyond this time for all three leaching reagents. Time-resolved 

mode was used to monitor the leachates in order to obtain real-time leaching data. A previously 

optimized flow rate (65 mL/min) of hydrogen gas was also added to the CRI skimmer cone 

during analysis. The flow injection method utilized external calibration, where the matrix-

matched standard solutions and blank were injected through a 100-μL injection loop connected 

to a universal automatic actuator (Anachem Ltd., Luton, England) into a carrier consisting of the 

same leaching reagent (i.e. artificial saliva, gastric juice or intestinal juice). A five-point matrix-

matched calibration curve using peak area was used to determine the sample concentrations. 

 



 91 

 

Figure 3-1: Experimental setup for the on-line leaching and speciation analysis method 

maintained at body temperature (37°C) adapted from ref [8] 

3.2.5 Batch Method  

  

The batch method allowed for the validation of the effectiveness of the on-line leaching method. 

For the batch method, approximately 0.2 g of rice was placed in a centrifuge tube and 6 mL of 

artificial saliva at body temperature (37 C) was added. The test tube was then heated and shaken 

at 37 C for 10 minutes followed by a centrifugation for 10-minutes at 4150 rpm. The 

supernatant was then decanted to later be analysed by ICP-MS and the same process was 

repeated using gastric juice and then intestinal fluid with 24 mL versus 6 mL. The exposure time 

was increased to 2-h for each of the gastric juice and intestinal fluid, in order to reflect exposure 

times in the human body. All supernatants were quantitatively analysed using a 5-point matrix-

matched external calibration and a blank freshly prepared daily. Additionally, internal 

standardization was performed through the on-line addition of 5 ug/L In solution using a Y-

connector. 
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3.2.6 Mass Balance  

 

A mass balance was performed between the batch, on-line leaching, speciation and total 

digestion residues in order to determine whether the sum of leached analyte and that remaining 

in the residue was the same as the total concentration of analyte in the sample. To digest the 

residue, 2.5 mL of sub-boiled HNO3 and 1 mL of H2O2 were added to a digestion vessel, 

followed by heating to 50 °C for 1 hour. The solution was then diluted to 20 mL with DDW 

before analysis using ICP-MS. Total digestions of 1-g rice aliquots were also carried out using 

the same procedure. All digestions were quantified with a 5-point matrix matched external 

calibration curve and a blank prepared fresh daily. Additionally, internal standardization was 

performed through the on-line addition, using a Y-connector, of a 5 g/L In solution. 

3.2.7 Washing  

 

The procedure discussed earlier for on-line leaching was used in order to monitor the effect of 

washing one’s rice with water. Room temperature DDW was introduced with the same on-line 

leaching procedure described in section 2.4.  Water was pumped through and monitored by ICP-

MS before sequentially pumping the three bodily fluids through the mini-column. This procedure 

was also used to leach species with DDW for speciation analysis. 4.0 mL of DDW leachate at 

room temperature was initially collected after being pumped through an off-line mini-column, 

and analyzed without any dilution.  Wash studies were also conducted off-line where 5 g of rice 

was placed into a beaker with 15 mL of DDW and was tested over time.   
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3.2.8 Arsenic, Selenium and Chromium Speciation Analysis  

 

Two mL aliquots of saliva leachates at body temperature (37 C) were collected, followed by 4 

mL of gastric leachates (37 C), from a packed mini-column off-line at a flow rate of 0.8 

mL/min. A 5-fold dilution with DDW was performed on the saliva leachates, whereas the gastric 

juice leachates were left undiluted before analysis as recommended in a modified version of a 

past speciation analysis procedure [9]. A three mobile phase gradient elution was carried out 

with HNO3 mobile phases (pH 3.3, 1.1 and 0.1 with mobile phase A and B also containing 1% 

methanol to enhance ionization of As and Se) (program shown in Table 3-2). In a single 

chromatographic separation, the three mobile phases separated the four As species, two 

chromium species and two selenium species of interest. Blanks and standards that were matrix-

matched were injected through the IEC column to create a 5-point external calibration curve 

(using peak areas), which was used for the quantitative analysis of samples. 

3.3 Results and Discussion  

3.3.1 Total concentrations of elements 

 

A total digestion of sample using nitric acid and hydrogen peroxide was first conducted to 

ensure the content of elements being analysed was high enough to be detected and to be of 

concern. This can be seen for four of the more toxic elements being studied in Figure 3-2. An As 

content found to be near 300 μg/kg does require further analysis especially because, even if a 

portion of this is found to be toxic, it can have major implications for consumers. This amount is 

well within the range of 90-850 μg/kg from a study that compared 31 different rice samples [27].  

The total concentrations in organic white and brown rice are not considerably different, despite 

their originating from two different states.    
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Figure 3-2: Total digestion analysis of Cr, As, Se, Pb and Cd in white, brown and basmati 

rice (n=6, error expressed as a standard deviation). 

 

3.3.2 Bio-accessible concentrations 

 

Table 3-3 shows the amount released by each gastro-intestinal fluid from unwashed rice, either 

cooked or uncooked, by the batch and the on-line leaching methods.  Results show that cooking 

rice can increase the bio-accessible fraction considerably.  Interestingly, this increase is most 

important for essential elements (it is most evident for Fe and Zn), whereas little change, if any, 

is fortunately observed for elements that may be potentially harmful to the human body. As a 

general rule, most individuals cook rice before consuming it in large quantities and for this 

reason health benefits are inherently present.  
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In some cases, the batch and on-line methods provide comparable bio-accessible fractions.  

However, there are clear differences when considering individual leaching agents.  In general, 

more is released by saliva with the on-line method than the batch one.  This may arise from the 

fact that the batch method maintains a static equilibrium whereas the on-line method pushes the 

equilibrium to the right through continuous exposure of the sample to fresh reagent.  As more 

toxicants are released in saliva, less remains to be released by other reagents, especially the 

intestinal fluid, which is used last.  This is in agreement with previous studies [8, 9] that 

observed similar differences on a per reagent basis and obtained similar total bio-accessible 

fractions with on-line and batch methods.  
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Table 3-3: Leached and total concentrations in μg/kg of As, Cr,  Pb, Se,  Cu, Fe,  Cd and Zn  obtained by the on-line leaching 

and batch methods for cooked and uncooked  organic white, brown and conventionally grown basmati rice (± standard 

deviation (n=6)). 

Analyte 
Leaching 

Method 
Sample Saliva 

Gastric 

Juice 

Intestinal 

Juice 

Bio-

accessible 

fraction 

Bio-accessible 

fraction + 

residue 

Expected 

Total 
tfound tTable 

 

As 

Batch 
White 

Cooked 
90±40 65±25 40±25 195±50 300±50 275±40 0.96 2.23 

On-line 
White 

Cooked 
180±30 30±10 5±1 215±30 235±30 275±40 1.53 2.23 

Batch 
White 

Uncooked 
140±20 60±10 20±5 220±20 270±20 275±40 0.27 2.23 

On-line 
White 

Uncooked 
200±30 60±10 n.da 260±30 280±30 275±40 0.24 2.23 

Batch 
Brown 

Cooked 
70±30 60±20 45±20 175±30 330±30 290±50 1.68 2.23 

On-line 
Brown 

Cooked 
245±30 55±1 n.d 300±30 320±30 290±50 1.26 2.23 

Batch 
Brown 

Uncooked 
120±20 30±10 5±1 155±20 280±20 290±50 0.45 2.23 

On-line 
Brown 

Uncooked 
150±30 60±20 30±10 240±30 270±30 290±50 0.84 2.23 

Batch 
Basmati 

Cooked 
140±20 30±10 5±1 175±20 260±20 270±25 1.36 2.23 

On-line 
Basmati 

Cooked 
145±50 80±5 10±3 235±50 265±50 270±25 1.05 2.23 

Batch 
Basmati 

Uncooked 
130±20 30±10 5±1 165±20 260±20 270±25 1.36 2.23 

On-line 

Basmati 

Uncooked 

 

110±20 90±20 10±5 210±20 250±20 270±25 0.68 2.23 
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Analyte 
Leaching 

Method 
Sample Saliva 

Gastric 

Juice 

Intestinal 

Juice 

Bio-

accessible 

fraction 

Bio-accessible 

fraction + 

residue 

Expected 

Total 
tfound tTable 

 

Cr 

Batch 
White 

Cooked 
60±20 30±10 40±10 130±20 230±40 240±30 0.49 2.23 

On-line 
White 

Cooked 
85±10 60±10 20±5 165±10 255±20 240±30 1.02 2.23 

Batch 
White 

Uncooked 
70±20 20±5 10±1 100±20 210±30 240±30 1.73 2.23 

On-line 
White 

Uncooked 
90±20 65±10 35±10 190±20 230±30 240±30 0.58 2.23 

Batch 
Brown 

Cooked 
50±20 30±10 45±10 125±10 230±65 270±40 1.28 2.23 

On-line 
Brown 

Cooked 
90±10 70±10 20±5 190±10 265±20 270±40 0.27 2.23 

Batch 
Brown 

Uncooked 
50±10 80±20 10±1 140±20 250±30 270±40 0.98 2.23 

On-line 
Brown 

Uncooked 
100±20 60±30 30±10 190±30 250±30 270±40 0.98 2.23 

Batch 
Basmati 

Cooked 
155±50 55±10 5±1 215±50 235±50 220±40 0.57 2.23 

On-line 
Basmati 

Cooked 
100±20 90±10 10±2 200±20 240±20 220±40 1.10 2.23 

Batch 
Basmati 

Uncooked 
60±20 70±20 10±1 140±20 230±20 220±40 0.55 2.23 

On-line 
Basmati 

Uncooked 
90±20 65±20 20±8 175±20 210±20 220±40 0.55 2.23 

 

 

 

Pb 

 

 

Batch 
White 

Cooked 
80±20 60±10 30±10 170±20 200±25 150±50 2.19 2.23 

On-line 
White 

Cooked 
100±25 70±10 n.d 170±25 200±25 150±50 2.19 2.23 

 

Batch 

 

White 

 

50±10 

 

20±5 

 

20±5 

 

90±10 

 

140±20 

 

150±50 

 

0.45 

 

2.365 
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Analyte 
Leaching 

Method 
Sample Saliva 

Gastric 

Juice 

Intestinal 

Juice 

Bio-

accessible 

fraction 

Bio-accessible 

fraction + 

residue 

Expected 

Total 
tfound tTable 

 

 

 

 

 

 

 

Pb 

Uncooked 

On-line 
White     

Uncooked 
80±20 60±20 n.d 140±20 160±20 150±50 0.45 2.365 

Batch 
Brown      

Cooked 
70±20 50±10 40±10 160±10 200±30 170±50 1.26 2.23 

On-line 
Brown     

Cooked 
120±30 40±10 n.d 160±20 200±30 170±50 1.26 2.23 

Batch 
Brown 

Uncooked 
60±20 20±5 n.d 80±20 160±20 170±50 0.45 2.365 

On-line 
Brown 

Uncooked 
100±20 40±10 10±1 150±20 175±20 170±50 0.23 2.365 

Batch 
Basmati   

Cooked 
125±25 35±10 0 160±20 175±25 150±20 1.91 2.23 

On-line 
Basmati    

Cooked 
120±70 30±10 7±1 157±70 165±70 150±20 0.50 2.23 

Batch 
Basmati 

Uncooked 
50±10 20±5 10±1 80±10 130±30 150±20 1.36 2.23 

On-line 
Basmati 

Uncooked 
80±30 60±20 n.d 140±30 160±30 150±20 0.68 2.23 

 

 

 

 

 

Se 

 

 

 

 

 

Batch 
White 

Cooked 
30±10 60±10 n.d 90±10 120±10 120±30 0 2.23 

On-line 
White 

Cooked 
40±10 70±10 n.d 110±10 140±20 120±30 1.36 2.23 

Batch 
White 

Uncooked 
60±20 30±10 n.d 90±20 130±20 120±30 0.68 2.23 

On-line 
White 

Uncooked 
50±10 60±10 n.d 110±10 135±20 120±30 1.02 2.23 

Batch 
Brown 

Cooked 
50±20 55±30 10±1 115±30 130±30 120±20 0.68 2.23 
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Analyte 
Leaching 

Method 
Sample Saliva 

Gastric 

Juice 

Intestinal 

Juice 

Bio-

accessible 

fraction 

Bio-accessible 

fraction + 

residue 

Expected 

Total 
tfound tTable 

 

 

 

 

 

 

Se 

On-line Brown 

Cooked 

35±10 40±10 5±1 80±10 130±20 120±20 0.68 2.23 

Batch 
Brown 

Uncooked 
50±10 30±10 n.d 80±10 110±20 120±20 0.87 2.23 

On-line 
Brown 

Uncooked 
30±5 40±10 5±1 75±10 105±20 120±20 1.30 2.23 

Batch 
Basmati 

Cooked 
40±10 80±25 0 120±25 140±25 120±30 1.25 2.23 

On-line 
Basmati 

Cooked 
85±20 35±20 6±1 126±20 140±20 120±30 1.36 2.23 

Batch 
Basmati 

Uncooked 
70±10 30±10 n.d 100±10 130±10 120±30 0.77 2.365 

On-line 
Basmati 

Uncooked 
70±10 30±10 5±1 105±10 120±10 120±30 0 2.365 

 

 

 

 

 

 

 

Cu 

 

 

 

 

 

 

 

 

Batch 
White 

Cooked 
250±50 550±200 100±10 900±200 2900±300 2800±200 0.68 2.23 

On-line 
White 

Cooked 
100±20 1500±100 n.d 1600±100 2700±200 2800±200 0.87 2.23 

Batch 
White 

Uncooked 
500±50 300±50 100±10 900±50 2900±200 2800±200 0.87 2.23 

On-line 
White 

Uncooked 
320±50 400±100 200±20 920±100 2900±300 2800±200 0.68 2.23 

Batch 
Brown 

Cooked 
150±20 500±200 100±20 750±200 1800±200 2000±300 1.36 2.23 

On-line 
Brown 

Cooked 
300±50 600±150 100±30 1000±150 1850±200 2000±300 1.02 2.23 

Batch 
Brown 

Uncooked 
350±50 300±50 100±20 750±50 1750±200 2000±300 1.70 2.23 

 

On-line 

 

Brown 

 

200±50 

 

600±100 

 

100±20 

 

900±100 

 

1800±200 

 

2000±300 

 

1.36 

 

2.23 
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Analyte 
Leaching 

Method 
Sample Saliva 

Gastric 

Juice 

Intestinal 

Juice 

Bio-

accessible 

fraction 

Bio-accessible 

fraction + 

residue 

Expected 

Total 
tfound tTable 

 

 

 

 

Cu 

Uncooked 

Batch 
Basmati 

Cooked 

500± 

100 
200±50 50±10 750±100 900±100 800±200 1.10 2.23 

On-line 
Basmati 

Cooked 

400± 

100 
300±150 80±20 780±150 900±150 800±200 0.98 2.23 

Batch 
Basmati 

Uncooked 

500± 

100 
300±100 80±25 880±100 1000±100 800±200 2.19 2.23 

On-line 
Basmati 

Uncooked 
300±100 200±100 20±5 520±100 700±100 800±200 1.10 2.23 

 

 

 

 

 

 

 

 

Fe 

 

 

 

 

 

 

 

 

 

 

 

 

Batch 
White 

Cooked 
200±40 1000±200 350±30 1550±200 2100±200 2000±300 0.68 2.23 

On-line 
White 

Cooked 
100±20 1600±200 250±30 1950±200 2300±200 2000±300 2.04 2.23 

Batch 
White 

Uncooked 
750±100 450±50 100±10 1300±100 1800±100 2000±300 1.55 2.365 

On-line 
White 

Uncooked 
120±30 1200±100 250±50 1570±100 2100±100 2000±300 0.77 2.365 

Batch 
Brown 

Cooked 
1400±200 2300±400 300±50 4000±400 5200±400 5000±1000 0.45 2.365 

On-line 
Brown 

Cooked 
1200±100 2500±300 500±100 4200±300 5500±300 5000±1000 1.17 2.447 

Batch 
Brown 

Uncooked 
600±100 2000±100 100±20 2700±100 4300±300 5000±1000 1.64 2.447 

On-line 
Brown 

Uncooked 
400±100 2500±200 100±20 3000±200 4500±300 5000±1000 1.17 2.447 

Batch 
Basmati 

Cooked 
3300±500 1200±300 325±120 4835±500 5900±500 6000±2000 0.12 2.447 

On-line 

Basmati 

Cooked 

 

2800±400 1250±400 325±120 4375±400 5800±400 6000±2000 0.24 2.447 
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Analyte 
Leaching 

Method 
Sample Saliva 

Gastric 

Juice 

Intestinal 

Juice 

Bio-

accessible 

fraction 

Bio-accessible 

fraction + 

residue 

Expected 

Total 
tfound tTable 

 

Fe 
Batch 

Basmati 

Uncooked 
1200±100 500±100 200±50 1900±100 5000±400 6000±2000 1.20 2.447 

On-line 
Basmati 

Uncooked 

1800± 

400 

1400± 

600 
20±10 3220±600 5600±600 

6000± 

2000 
0.47 2.447 

 

Cd 

Batch 
White 

Cooked 
40±10 30±5 20±5 90±10 135±15 150±20 1.47 2.23 

On-line 
White 

Cooked 
100±20 40±10 n.d 140±20 160±20 150±20 0.87 2.23 

Batch 
White 

Uncooked 
70±20 30±5 20±5 120±20 150±20 150±20 0 2.23 

On-line 
White 

Uncooked 
70±10 50±10 n.d 120±10 160±10 150±20 1.10 2.23 

Batch 
Brown 

Cooked 
40±5 30±10 20±5 90±10 130±20 150±10 2.19 2.23 

On-line 
Brown 

Cooked 
60±10 30±10 10±1 100±10 140±10 150±10 1.73 2.23 

Batch 
Brown 

Uncooked 
75±10 40±10 30±10 145±10 160±10 150±10 1.73 2.23 

On-line 
Brown 

Uncooked 
65±10 45±5 5±1 115±10 140±10 150±10 1.73 2.23 

Batch 
Basmati 

Cooked 
40±5 30±5 10±5 80±5 130±20 140±10 1.10 2.23 

On-line 
Basmati 

Cooked 
10±5 60±10 20±10 90±10 130±20 140±10 1.10 2.23 

Batch 
Basmati 

Uncooked 
70±15 25±5 15±5 90±15 130±20 140±10 1.10 2.23 

On-line 
Basmati 

Uncooked 
50±20 30±10 10±1 90±20 130±20 140±10 1.10 2.23 

 

Zn 
Batch 

White 

Cooked 

2000± 

100 
1000±200 n.d 3000±200 3250±200 3300±600 0.19 2.365 
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Analyte 
Leaching 

Method 
Sample Saliva 

Gastric 

Juice 

Intestinal 

Juice 

Bio-

accessible 

fraction 

Bio-accessible 

fraction + 

residue 

Expected 

Total 
tfound tTable 

 

 

 

 

 

 

 

 

 

 

Zn 

On-line 
White 

Cooked 

1600± 

200 
800±100 200±40 2600±200 3000±200 3300±600 1.16 2.365 

Batch 
White 

Uncooked 

650± 

100 
250±50 145±10 1045±100 3050±200 3300±600 0.97 2.365 

On-line 
White 

Uncooked 

1200± 

100 
200±50 n.d 1400±100 3400±100 3300±600 0.40 2.571 

Batch 
Brown 

Cooked 

1300± 

150 
1600±200 250±30 3150±200 6500±300 6700±300 1.15 2.23 

On-line 
Brown 

Cooked 

1200± 

200 
2000±200 200±50 3400±200 6400±200 6700±300 2.04 2.23 

Batch 
Brown 

Uncooked 

2000± 

400 
250±50 150±50 2400±400 6300±600 6700±300 1.46 2.23 

On-line 
Brown 

Uncooked 

2200± 

200 
2600±200 300±50 5100±200 6800±200 6700±300 0.68 2.23 

Batch 
Basmati 

Cooked 

2900± 

200 
1800±200 100±20 4800±200 5000±200 

4000± 

2000 
1.22 2.571 

On-line 
Basmati 

Cooked 
50±20 3000±300 160±20 3210±300 4400±300 

4000± 

2000 
0.48 2.571 

Batch 
Basmati 

Uncooked 

1600± 

200 
400±100 150±50 2150±200 3150±200 

4000± 

2000 
1.04 2.571 

On-line 
Basmati 

Uncooked 

1550± 

300 
250±20 120±25 1920±300 3200±300 

4000± 

2000 
0.97 2.571 

a not detected 



 103 

3.3.3 Effect of washing with DDW 

 

An off-line washing step was added to see if there was an effect on the elements being 

monitored. The results for Cr, As and Cd are shown in Figures 3-3 and 3-4 for white and brown 

rice, respectively. It is clearly seen that a simple 1, 5, 7 or 20-minute soak in DDW can eliminate 

close to 50% of the toxic element content. These data can help make a big impact as a washing 

step can easily be added prior to cooking. This suggests that Cr, As, Pb and Cd may be loosely 

bound to the rice itself.  This is in contrast to Se, for which a smaller fraction is leached, as can 

be seen in Table 3-4, which shows the results obtained for uncooked rice, after the inclusion of a 

washing step. 

Ascertaining the effect that washing has on rice may allow an optimal wash time to be 

determined, after which loosely bound elements are no longer released by being exposed to 

DDW. In a past study [9], a simple 3-min wash with DDW could leach out over 90% of As 

content in rice. For the rice samples in the current study, a 5-min wash was required to release 

closer to 50% of As content. This shows that each variety of rice requires a different amount of 

optimal washing and further studies must be conducted on as many rice varieties as possible to 

be able to provide an acceptable wash time.  For As, Pb and Cd, there is no significant difference 

between 1 and 20 min. As it is unrealistic to assume that the average individual will wash their 

rice for more than 5 min, a 1-min wash can be recommended, as it will allow for a significant 

portion of toxicants to be removed.  
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Figure 3-3: Analysis of the DDW wash for various times (min) for Cr, As, Pb and Cd in 

organic white rice over time (n=6, error expressed as a standard deviation). 

  

Figure 3-4: Analysis of the DDW wash for various times (min) for Cr, As, Pb and Cd in 

organic brown rice over time (n=6, error expressed as a standard deviation). 
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Table 3-4 clearly shows that washing is beneficial, especially when considering toxic elements 

such as Cd and Pb which was also reflected in the earlier figures where an independent washing 

trial was conducted. Very small amounts of Cu, Fe and Zn were leached by the washing step, 

which is reassuring as the ability to eliminate toxic elements and retain essential elements 

provides a well-balanced food source.     
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Table 3-4: Washed, leached and total concentrations in μg/kg of elements obtained by two leaching methods for uncooked 

white rice, uncooked brown rice and uncooked basmati rice (± standard deviation (n=6)) along with calculated and table 

values of Student’s t (95% confidence level). 

Analyte 
Leaching 

Method 

 

Sample 

 

DDW Saliva 
Gastric 

Juice 

Intestinal 

Juice 

Total 

leached 

Washed+

Leached 

+ Residue 

Expected 

Total a 
tfound tTable 

As 

Batch White 
100± 

10 
150±10 10±1 n.db 160±10 300±100 275±40 1.49 2.23 

On-line White 
120± 

20 
100±10 30±5 

n.d 
130±10 280±20 275±40 0.30 2.23 

Batch Brown 
135± 

10 
150±10 10±1 

n.d 
160±10 320±10 290±50 1.44 2.447 

On-line Brown 
120± 

20 
100±10 40±10 

n.d 
140±10 290±20 290±50 0 2.365 

Batch Basmati 
150± 

10 
130±20 10±1 

n.d 
140±20 300±20 270±25 2.30 2.365 

On-line Basmati 
100± 

40 
80±20 80±10 

n.d 
160±20 280±40 270±25 0.52 2.23 

 

Cr 
Batch White 

170± 

20 
30±15 10±5 n.d 40±15 250±20 240±30 0.68 2.23 



 107 

Analyte 
Leaching 

Method 

 

Sample 

 

DDW Saliva 
Gastric 

Juice 

Intestinal 

Juice 

Total 

leached 

Washed+

Leached 

+ Residue 

Expected 

Total a 
tfound tTable 

 

 

 

Cr 

On-line White 70±10 80±20 20±5 10±5 110±20 230±20 240±30 0.68 2.23 

Batch Brown 
160± 

30 
20±5 20±5 n.d 40±5 250±30 270±40 0.98 2.23 

On-line Brown 90±20 40±10 60±15 20±5 120±15 260±20 270±40 0.55 2.23 

Batch Basmati 
160± 

30 
40±20 15±5 n.d 55±20 240±30 220±40 0.98 2.23 

On-line Basmati 60±10 90±30 40±5 15±5 145±30 235±30 220±40 0.73 2.23 

Pb 

Batch White 90±20 60±20 20±5 
n.d 

80±20 200±20 150±50 2.27 2.365 

On-line White 60±20 70±20 30±10 
n.d 

100±20 180±20 150±50 1.36 2.365 

Batch Brown 90±20 70±20 20±5 
n.d 

90±20 220±20 170±50 2.27 2.365 

On-line Brown 90±30 80±20 10±1 
n.d 

90±20 200±30 170±50 1.26 2.23 

Batch Basmati 70±10 75±35 20±5 
n.d 

95±35 175±35 150±20 1.52 2.23 

On-line Basmati 70±20 50±15 20±10 10±3 80±15 170±20 150±20 1.73 2.23 
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Analyte 
Leaching 

Method 

 

Sample 

 

DDW Saliva 
Gastric 

Juice 

Intestinal 

Juice 

Total 

leached 

Washed+

Leached 

+ Residue 

Expected 

Total a 
tfound tTable 

Se 

Batch White 30±10 80±10 5±1 n.d 85±10 140±10 120±30 1.55 2.365 

On-line White 20±5 60±10 10±1 n.d 70±10 120±10 120±30 0 2.365 

Batch Brown 30±10 50±10 10±5 n.d 60±10 110±10 120±20 1.10 2.23 

On-line Brown 30±10 60±15 5±1 n.d 65±15 110±15 120±20 0.98 2.23 

Batch Basmati 25±10 90±20 15±5 n.d 105±20 140±20 120±30 1.36 2.23 

On-line Basmati 20±5 70±20 20±5 5±1 95±20 130±20 120±30 0.68 2.23 

 

 

 

 

Cu 

 

 

 

 

 

Batch White 
150± 

30 

700± 

240 
250±50 50±10 

1000± 

240 
2600±240 

2800± 

200 
1.57 2.23 

On-line White 60±10 
800± 

200 

300± 

100 

100± 

10 

1200± 

200 
2500±200 

2800± 

200 
0.87 2.23 

Batch Brown 
100± 

10 

550± 

300 
150±30 20±5 

720±30

0 
1700±300 

2000± 

300 
1.73 2.23 

On-line Brown 70±10 
700± 

200 
300±50 80±20 

1080± 

200 
1800±200 

2000± 

300 
1.36 2.23 

Batch Basmati 
100± 

20 

600± 

165 
80±20 n.d 

680±16

5 
950±165 800±200 1.42 2.23 
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Analyte 
Leaching 

Method 

 

Sample 

 

DDW Saliva 
Gastric 

Juice 

Intestinal 

Juice 

Total 

leached 

Washed+

Leached 

+ Residue 

Expected 

Total a 
tfound tTable 

 

Cu 
On-line Basmati 50±10 

500± 

200 
100±10 30±5 

630±20

0 
900±200 800±200 0.87 2.23 

Fe 

Batch White 
100± 

10 

1000± 

100 

800± 

100 

n.d 1800± 

100 
2300±100 

2000± 

300 
2.32 2.365 

On-line White 
200± 

50 

1200± 

200 

400± 

100 

n.d 1600± 

200 
2200±200 

2000± 

300 
1.36 2.23 

Batch Brown 
300± 

100 

4500± 

500 

1200± 

200 

n.d 5700± 

500 
7000±500 

6000± 

2000 
1.19 2.447 

On-line Brown 
400± 

100 

3000±3

00 

2000± 

200 

n.d 5000± 

300 
6500±300 

6000± 

2000 
0.61 2.571 

Batch Basmati 
200± 

50 

1500±2

00 

750± 

100 
n.d 

2250± 

200 
4200±200 

5000± 

1000 
1.92 2.447 

On-line Basmati 
400± 

100 

2200± 

300 

600± 

100 
150±40 

2950± 

300 

4500± 

3000 

5000± 

1000 
1.17 2.447 

 

 

Cd 

 

Batch White 70±5 70±10 10±1 n.d 80±10 170±10 150±20 2.19 2.23 

On-line White 75±10 60±10 15±5 n.d 75±10 165±10 150±20 1.64 2.23 

Batch Brown 70±5 75±10 10±1 n.d 85±5 170±10 150±10 2.19 2.23 
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Analyte 
Leaching 

Method 

 

Sample 

 

DDW Saliva 
Gastric 

Juice 

Intestinal 

Juice 

Total 

leached 

Washed+

Leached 

+ Residue 

Expected 

Total a 
tfound tTable 

 

 

Cd 

On-line Brown 80±20 65±10 5±1 n.d 70±10 175±20 150±10 2.17 2.23 

Batch Basmati 70±5 70±20 10±1 n.d 80±20 160±20 140±10 2.19 2.23 

On-line Basmati 60±20 55±10 20±10 20±10 95±10 160±20 140±10 2.19 2.23 

Zn 

Batch White 
100± 

20 

800± 

200 

2100± 

300 
n.d 

2900± 

300 
3500±300 

3300± 

600 
0.73 2.23 

On-line White 
100± 

30 

600± 

100 

1800± 

300 

200± 

100 

2600± 

300 
3000±300 

3300± 

600 
1.10 2.23 

Batch Brown 80±30 
600± 

300 

2100± 

300 
1100±200 

3800± 

300 
6800±300 

6700± 

300 
0.58 2.23 

On-line Brown 80±20 
700± 

150 

2200± 

300 

800± 

200 

3700± 

300 
6400±300 

6700± 

300 
1.73 2.23 

Batch Basmati 
100±2

0 

1100± 

500 

2000± 

200 

500± 

100 

3600± 

500 
5000±500 

4000± 

2000 
1.19 2.447 

On-line Basmati 90±30 
970± 

100 

500± 

100 
80±10 

1550± 

100 
2350±200 

4000± 

2000 
2.571 2.23 

aConcentrations of cooked rice reported per gram of dry rice. 

bNot detected.
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3.3.4 Speciation analysis of the bio-accessible fraction 

 

Figure 3-5 shows all 8 species overlaid in a single chromatogram.  All species elute in less than 

700 seconds allowing for a relatively quick separation, considering a 5-min program is utilized 

just for the 4 arsenic species.  The addition of a third mobile phase of higher nitric acid 

concentration allows for the elution of not only Se(VI), but also the two Cr species (III and VI).  

Unlike the first two mobile phases, the third mobile phase does not include methanol.  The 

addition of methanol allows for the increased ionization of elements with higher ionization 

potential (i.e. As and Se) by introducing carbon into the system [8].  As Cr is known to suffer 

from ArC+ interferences on both of the most abundant Cr isotopes (i.e. at m/z 52 and 53), by 

removing methanol from the final mobile phase, any unavoidable enhancement of C-based 

interferences is reduced.  That being said, rice is a carbohydrate and thus contains a significant 

amount of C.  Tests were conducted with and without CRI gas and it was found that the addition 

of a CRI gas allowed for a reduction of noise and interferences (see Fig. 2-4 for example).  
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Figure 3-5: 100 ng/g each of eight species overlaid in a saliva matrix 

 

Past work [9] mentioned an interference at around 450 seconds when speciation analysis was 

conducted on a gastric juice matrix.  This interference was also observed in this study (Figure 3-

6).  However, the fact that the interference was observed only at m/z 75 and 77, but not at m/z 

78, confirmed the presence of a Cl-based interference.  For As 75, the interference is the well-

known 40Ar35Cl+ and for Se 77, 40Ar37Cl+.  The benefit of being able to identify this peak is also 

that it is completely resolved from any analyte peaks.  Figure 3-6 and 3-7 further depict the 

interferences that can be separated.    
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Figure 3-6: Unknown peak seen at 450 seconds in gastric juice matrix for As 75 and Se 77 

 

Figure 3-7: Identification of unknown peak as an ArCl+ interference on 75As and 77Se 
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Speciation analysis results are shown in Tables 3-5 to 3-7 for As, Cr and Se.  The most 

interesting results are found for Cr speciation.  When the rice samples are analyzed after 

cooking, any and all Cr(VI) is converted into the safer Cr(III). This is very encouraging as again 

typical consumption of rice is after cooking.  This trend is not however seen for As and Se where 

the more toxic species (As(III), As(V) and Se(VI)) are still present.  It is interesting to note that 

no MMA or Se(IV) was extracted.  MMA is one of the less toxic species of As in rice whereas 

Se(IV) is one of the more toxic species of selenium tested.  This method considered both Se(IV) 

and Se(VI), which are both very toxic species of selenium.  In all cases, the sum of species 

concentrations was in agreement with the bio-accessible concentration measured separately by 

on-line leaching according to a Student’s t test at the 95% confidence level.  The majority of 

arsenic leached was in the form of As(V), the second most toxic form of arsenic being studied.  

Although that is a matter of concern, it is important to realize that washing before cooking 

removed between 33-50% of the toxic content present in the sample.
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Table 3-5: Concentrations in μg/kg obtained for the speciation analysis of bio-accessible As species in white, brown and 

basmati rice, cooked, uncooked and unwashed (± standard deviation (n=3)) along with calculated and table values of Student’s 

t (95% confidence level). 

Sample 
Leaching 

reagent 
As(III) MMA DMA As(V) 

Sum of 

As 

species 

Total As 

leacheda 
tfound tTable 

Uncooked 

white 

Saliva 51±8 n.d.b n.d. 124±54 175±54 180±30 0.18 2.365 

Gastric 18±12 n.d. n.d. 40±28 58±28 30±10 2.30 2.365 

Uncooked 

brown 

Saliva 20±7 n.d. 75±16 79±20 174±20 150±30 1.23 2.365 

Gastric 35±10 n.d. 30±5 9±1 74±10 60±20 1.12 2.365 

Uncooked 

Basmati 

Saliva 20±4 n.d. 48±12 63±24 131±24 110±20 1.40 2.365 

Gastric 48±10 n.d. 50±12 9±1 107±12 90±20 1.33 2.365 

Cooked 

white 

Saliva 48±12 n.d. 65±31 43±14 156±31 180±30 1.12 2.365 

Gastric 9±4 n.d. 21±12 12±7 42±12 30±10 1.60 2.365 

Cooked 

brown 

Saliva 48±12 n.d. 154±31 48±9 250±31 245±30 0.23 2.365 

Gastric 29±5 n.d. 26±10 15±5 70±10 55±10 2.12 2.365 

Cooked 

Basmati 

Saliva 63±3 n.d. n.d. 49±14 112±14 145±50 1.50 2.365 

Gastric 22±4 n.d. 34±18 18±5 74±18 80±5 0.81 2.365 

Uncooked 

white 

DDW n.d.b n.d. n.d. 171±51 171±51 120±20 2.25 2.365 

Saliva 25±7 n.d. n.d. 64±15 90±15 100±10 1.21 2.365 

Gastric 10±7 n.d. n.d. 20±6 30±7 30±5 0 2.365 
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Sample 
Leaching 

reagent 
As(III) MMA DMA As(V) 

Sum of 

As 

species 

Total As 

leacheda 
tfound tTable 

Uncooked 

brown 

DDW n.d.b n.d. n.d. 200±88 200±88 120±20 2.26 2.365 

Saliva 47±7 n.d. n.d. 45±4 92±7 100±10 1.22 2.365 

Gastric 16±4 n.d. n.d. 18±5 34±5 40±10 0.96 2.365 

Uncooked 

Basmati 

DDW n.d.b n.d. n.d. 166±45 166±45 100±40 2.25 2.365 

Saliva 42±5 n.d. n.d. 32±7 74±7 80±20 0.66 2.306 

Gastric 40±25 n.d. n.d. 65±12 105±25 80±10 2.24 2.365 

a Obtained by independent total analysis of saliva and gastric leachate using on-line leaching method. 

b Not detected. 
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Table 3-6: Concentrations in μg/kg obtained for the speciation analysis of bio-accessible Cr 

species in white, brown and basmati rice, both cooked, uncooked and unwashed (± 

standard deviation (n=3)) along with calculated and table values of Student’s t (95% 

confidence level). 

Sample 
Leaching 

reagent 
Cr III Cr VI 

Sum of 

Cr 

species 

Total Cr 

leacheda 
tfound tTable 

Uncooked 

white 

Saliva 40±4 37±4 77±4 90±20 1.53 2.447 

Gastric 96±65 n.d.b 96±65 65±10 1.23 2.365 

Uncooked 

brown 

Saliva 51±5 46±4 97±5 100±20 0.35 2.365 

Gastric 96±24 n.d. 96±24 60±30 1.79 2.365 

Uncooked 

Basmati 

Saliva 86±20 33±3 119±20 90±20 2.05 2.365 

Gastric 100±25 n.d. 100±25 65±20 2.30 2.365 

Cooked 

white 

Saliva 67±13 n.d. 67±13 85±10 2.33 2.365 

Gastric 75±7 n.d. 75±7 65±10 1.53 2.365 

Cooked 

brown 

Saliva 79±10 n.d. 79±10 90±10 1.56 2.365 

Gastric 73±18 n.d. 73±18 70±10 0.33 2.365 

Cooked 

Basmati 

Saliva 69±15 n.d. 69±15 100±20 2.34 2.365 

Gastric 83±13 n.d. 83±13 90±10 0.90 2.365 

Uncooked 

white 

DDW 35±11 28±16 63±16 70±10 0.82 2.365 

Saliva 34±6 44±6 78±6 80±20 0.23 2.365 

Gastric 35±15 n.d. 35±15 20±5 2.34 2.365 

Uncooked 

brown 

DDW 46±25 30±3 76±25 90±20 0.92 2.365 

Saliva 20±2 31±5 51±5 40±10 1.75 2.365 

Gastric 43±7 n.d. 43±7 60±15 2.32 2.262 

Uncooked 

Basmati 

DDW 40±10 32±5 72±10 60±10 1.70 2.365 

Saliva 27±4 34±7 61±7 90±30 2.25 2.447 

Gastric 50±10 n.d. 50±10 40±5 2.08 2.365 

a Obtained by independent total analysis of saliva and gastric leachate using on-line leaching method. 

b Not detected. 
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Table 3-7: Concentrations in μg/kg obtained for the speciation analysis of bio-accessible Se 

species in white and brown rice, cooked, uncooked and washed (± standard deviation 

(n=3)) along with calculated and table values of Student’s t (95% confidence level). 

Sample 
Leaching 

reagent 
Se(IV) Se(VI) 

Sum of 

Se 

species 

Total Se 

leacheda 
tfound tTable 

Uncooked 

white 

Saliva n.d.b 59±3 59±3 50±10 1.48 2.365 

Gastric n.d. 63±6 63±6 60±10 0.47 2.365 

Uncooked 

brown 

Saliva n.d. 60±28 60±28 30±5 1.84 2.365 

Gastric n.d. 51±6 51±6 40±10 1.72 2.365 

Uncooked 

Basmati 

Saliva n.d. 81±5 81±5 70±10 1.75 2.365 

Gastric n.d. 36±10 36±10 30±10 0.85 2.365 

Cooked 

white 

Saliva n.d. 50±8 50±8 40±5 2.35 2.365 

Gastric n.d. 74±8 74±8 70±10 0.60 2.365 

Cooked 

brown 

Saliva n.d. 23±10 23±10 35±10 1.70 2.365 

Gastric n.d. 57±12 57±12 40±10 2.27 2.365 

Cooked 

Basmati 

Saliva n.d. 119±30 119±30 85±20 2.06 2.365 

Gastric n.d. 61±10 61±10 35±20 2.07 2.365 

Uncooked 

white 

DDW n.d. 15±8 15±8 20±5 1.18 2.365 

Saliva n.d. 75±7 75±7 60±10 2.30 2.365 

Gastric n.d. 12±2 12±2 10±1 2.07 2.365 

Uncooked 

brown 

DDW n.d. 40±8 40±8 30±5 2.35 2.365 

Saliva n.d. 54±6 54±6 40±10 2.19 2.365 

Gastric n.d. 5±2 5±2 5±1 0 2.365 

Uncooked 

basmati 

DDW n.d. 28±10 28±10 20±5 1.66 2.365 

Saliva n.d. 94±10 94±10 70±20 1.91 2.365 

Gastric n.d. 14±6 14±6 20±5 1.60 2.365 

a Obtained by independent total analysis of saliva and gastric leachate using on-line leaching method. 

 b Not detected 
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Regulations are currently not available for arsenic or any of the other toxic elements studied in 

rice.  Recently the FDA proposed a limit on arsenic in baby rice cereal and the hope is that the 

Canadian government will start to place limits on foods containing arsenic, especially rice. When 

comparing the amount of arsenic in organic rice versus conventionally grown rice, a breadth of 

concentrations can be seen.  One study on white rice [8] reported 100 μg/kg As, whereas a 

second study focusing on white and brown rice from the US [9], reported values closer to 500 

μg/kg.  This study sits almost in the middle, with As at around 300 μg/kg.  It is difficult to make 

any concrete conclusions in regards to how much safer organic rice is at the elemental level.  

That being said, this study still emphasizes the importance of washing rice, whether it is organic 

or conventionally grown.  In all cases, a significant amount of potentially toxic elements was 

removed by a quick washing step, while most of the essential elements studied remained in the 

rice.    

 

3.4 Conclusions 

 

Rice is a staple food in many diets worldwide.  It is essential to know whether its mass 

consumption can have a negative impact on the consumer.  Studies such as these have the 

potential to provide an in-depth look at potential safety issues in the market.  Although this is not 

the first time a rice-based food is being analyzed, it goes to show that the work is not yet over.  

The sheer variety of rice products allows a study of this nature to continue and further our 

knowledge on the topic.    

This study shows that there is a large effect of adding a washing step before cooking rice as seen 

when washing was conducted with DDW.  While cooking rice in a 6:1 water to rice ratio was 
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recently reported to provide very similar effects to pre-washing, pre-washing with clean water 

provides an easier approach to the consumer while minimizing water consumption and waste. 

Cooking was found to have a positive impact: not only does it increase the bio-accessibility of 

essential elements, but it also converts the toxic Cr(VI) into the essential Cr(III) form.   

 

On-line leaching proves to be a useful method in comparison to the conventional batch method 

as it allows for real time leaching. Furthermore, when the two methods are compared for the total 

amount leached (i.e. the total bio-accessible amount), they are within error at the 95% confidence 

interval using a Student’s t-test.  Both methods revealed that the majority of toxic and potentially 

toxic elements were bio-accessible.  Further work must be conducted on a greater variety of rice 

samples as well as other commonly consumed foods. Future work could also investigate whether 

air pollutant patterns closely link to higher levels of contaminants found in rice grains.  If a 

connection can be made with higher levels of pollutants and farming areas, this may lead to 

becoming more selective as to where crops are grown in the future as well as the move towards 

the use of underground as well as indoor farming practices [28].   
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Chapter 4 

Multi-elemental risk assessment of the bio-accessible fraction of various baby rice cereals 

using on-line continuous leaching and ion exchange chromatography coupled to inductively 

coupled plasma mass spectrometry  

 

4.1 Introduction 

 

With an estimated 360 000 babies born a day worldwide [1], a large amount of baby food is 

consumed. Whether it is a cereal, fruit puree or juice, there are hundreds of products by dozens 

of companies filling the shelves in all supermarkets. This further emphasizes the need for 

monitoring for contaminants in the food. 

 

This study investigates three popular baby food brands and the safety and nutrition associated 

with their consumption, specifically looking at the elemental level.  It is a well-known fact that 

rice contains elements such as arsenic [2-7] and, for this reason, this study will focus on rice-

based baby cereals. The knowledge that food safety is highly dependent on the size of the 

consumer makes this study even more essential, as babies are at high risk simply because of their 

size [8,9]. It is important to know which toxic elements are present and in which concentration in 

the baby rice cereal.  It is also of interest to see what nutrients, such as Fe, Cu and Zn, children 

are getting from this form of nourishment [10-12].  

 

The risk associated with baby rice cereal comes about through either the growing process or the 

manufacturing process of the rice cereal itself.  As the main ingredient is rice, contamination 

may come from rice grains.  A considerable amount of work has highlighted the presence of 
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arsenic, specifically the toxic species of arsenic, in rice grown around the world [3, 5, 7, 8]. The 

toxic species of arsenic present in rice are both inorganic and organic.  The inorganic species of 

arsenic (iAs) are As(III) and As(V), while the organic species of arsenic that will be considered 

in this study are monomethylarsonic acid (MMA) and dimethylarsinic acid (DMA) [13-16].  

These are only two of the many organic species of arsenic.  While they are known to be 

significantly less toxic than the inorganic species, they can still be a concern (see Table 1-1). It is 

important to note that certain species of Cr and Se are essential to the body.  That being said, 

toxic species such as Se(IV), Se(VI) [13,17] and Cr(VI) [18] can cause severe adverse health 

effects, especially at such a young age. The Food and Drug Administration (FDA) in the USA 

recently set its first proposed limits for As in any rice product [19].  The proposed limit was set 

at 100 μg/kg of iAs in baby rice cereal. The work done by the FDA shows that 78% of the 

samples studied in 2014 were at or below 110 μg/kg of iAs [19]. As this “action level” was 

announced in the spring of 2016, it is more important than ever to conduct speciation analysis 

studies on baby rice cereal on the market today.  

 

Table 4-1 shows the work that has been done in the past on baby food. At the elemental level, 

work has been conducted on As and iAs speciation analysis as well as the determination of 

various essential trace elements. It is extremely rare to find any studies that consider bio-

accessibility or bio-availability [20, 21] and for this reason, the work done in this chapter 

provides a new outlook on the analysis of baby rice cereal samples.  
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Table 4-1: Past work conducted on elements in various baby foods  

Sample  Elements of 

interest 

Method of 

analysis 

Results  Additional 

information 

Reference  

Rice-based 

baby food 

iAs HPLC-

ICP-MS 

Over 60% of 

total As was 

iAs form 

 

[5] 

Baby 

cereal 

iAs, MMA, 

DMA 

LC-ICP-

MS 

Total As was 

40.1-323.7 

μg/kg 

iAs was 

predominant  [6] 

Baby 

foods 

Ca, Fe, Zn, Mg, 

Cu, K, Na and 

Se 

ICP-

OES/MS 

Essential 

elements are 

in lower 

levels than on 

the label 

 

[11] 

Rice and 

rice 

products  

As  ICP-MS  Urine studies 

show 

elevated As 

in infants that 

eat rice cereal 

and rice 

products 

compared to 

those that 

don’t 

Baby rice 

snacks 

contained 

between 36-

568 ng/g of As 

and 5-201 ng/g 

of iAs  

[20] 
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Sample  Elements of 

interest 

Method of 

analysis 

Results  Additional 

information 

Reference  

Rice and 

rice 

products 

As, Cu, Zn, Se, 

Cd and Pb 

HPLC-

ICP-MS 

The rice 

contained 1:1 

iAs and 

DMA while 

the urine had 

90% DMA 

Large 

variability in 

As content in 

the urine, 40% 

of arsenic in 

rice was 

excreted in the 

urine 

[21] 

Baby rice 

cereal 

iAs HPLC-

ICP-MS 

0.06-0.16 

mg/kg  

Medium 

consumption 

was higher 

than drinking 

water 

maximum 

exposures 

[22] 

 

Baby rice 

cereal  

Total As ICP-MS 0.128-0.494 

mg/kg 

Arsenic in rice 

products was 

higher than all 

other baby 

foods tested 

[23] 

 

 

A group of both essential and toxic elements will be focused on to assess both the benefits and 

limitations of having rice cereal as a staple part of the diet at such a young age.  Elements of 

interest are: As, Se, Cr, Cu, Cd, Pb, Fe and Zn. These elements provide a quick insight into the 

health factors associated with baby rice cereal especially because many brands promote high iron 

content in their products (i.e. fortified with iron) [24, 25].  
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This study uses ICP-MS in order to conduct trace and ultra-trace analysis on the elements of 

interest. Coupling HPLC with ICP-MS allows for the quick, simple and simultaneous separation 

of As, Cr and Se species. The goals of this study are to determine the toxic and essential 

elements present in three different brands of baby rice cereal, to successfully conduct the 

simultaneous speciation analysis of As, Cr and Se and to determine whether there is a risk 

associated with baby rice cereal and whether these risks can be mitigated in some form. Past 

studies have not considered the bio-accessible fraction that is leached and have not conducted 

simultaneous speciation analysis of As, Cr and Se on this fraction.  This work may thus provide 

new insights and allow for a greater understanding of the potential risks baby rice cereal may 

pose.  

4.2 Experimental 

 

This study follows on the work conducted by Horner and Beauchemin [26, 27].  Many 

experimental parameters used in this Chapter were previously optimized in these previous works. 

4.2.1 Instrumentation 

 

A Varian 820MS ICP-MS instrument (Mulgrave, Victoria, Australia) equipped with a Peltier 

cooled Scott double-pass spray chamber, a T2100 Burgener nebulizer and a CRI was used for all 

analyses. For speciation analysis, a DX600/BioLC HPLC system was used with a GS50 gradient 

pump (Dionex, Oakville, Canada), an injection valve using a 25-µL injection loop, an IonPac 

AG7 guard column, and an IonPac AS7 (25-cm long, 4-mm diameter) analytical anion exchange 

column (all Dionex, Voisins le Bretonneux, France). Polyether ether ketone (PEEK) tubing 
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(0.17-mm internal diameter) was used to connect the analytical column with the nebulizer. The 

optimized instrumental and separation conditions are summarized in Table 4-2. 

During on-line leaching and speciation analysis, data acquisition was done in time-resolved 

mode with a minimum of ten points per peak, one scan per replicate, a dwell time of 80 ms and 

0.025 a.m.u. spacing for As. For the batch method and the analysis of residues, data acquisition 

was done in steady-state mode with a 10-s integration time.  
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Table 4-2: ICP-MS (Varian 820MS) and IEC operating conditions 

Parameter Range of 

optimization 

Optimal setting 

Ar plasma gas flow rate (L min-1)  18.0  

Ar auxiliary gas flow rate (L min-1)  1.75 

Sample uptake rate (mL min-1)  1.0 

Plasma RF power (kW) 1.3-1.5 1.44  

Ar sheath gas flow rate (L min-1) 0-0.10 0.04  

Ar aerosol carrier gas flow rate (L min-1) 0.7-1.2 1.1  

H2 CRI skimmer gas flow rate (mL min-1) 0-100 65  

Sampling depth (mm) 5-7 6.0 

Dwell time (ms)  10 (total analysis) 

80 As, 250, Se, 500 Cr 

(speciation analysis) 

Monitored ions   52,53Cr+, 54, 56, 57Fe+,63, 65Cu+, 64,66, 

68Zn+,  75As+, 77, 78Se+, 110, 111, 

114Cd+, 206-208Pb+  

IEC (Dionex GS50 gradient pump)    

Columns   IonPac AG7 and IonPac AS7 

Column Temperature   20°  

Mobile phase flow rate   1.35 mL/min 

Mobile Phase A   0.5 mM HNO3, 1% MeOH 

Mobile Phase B  50 mM HNO3, 1% MeOH 

Mobile Phase C   0.8 M HNO3  

Gradient Elution Program  100% A, 3 min; 100% B, 2.5 min; 

100% C, 10 min 
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4.2.2 Reagents  

Artificial saliva was prepared by adding 6.8 g of KH2PO4 (ACS grade; Fisher Scientific, New 

Jersey, USA) and 77 mL of 0.2 mol/L NaOH (ACS grade; BioShop, Burlington, Canada) to a 1-

L volumetric flask, diluting to 1 L using doubly deionized water (DDW) (18.2 MΩcm) ensuring 

a final pH of 6.5. All DDW used was purified using an Arium Pro UV|DI water purification 

system (Sartorius Stedim Biotech, Göttingen, Germany). Artificial gastric juice was prepared in 

a 1 L volumetric flask by adding 2.0 g of NaCl (ACS grade; BioShop, Burlington Canada), 3.2 g 

of pepsin (Sigma-Aldrich, Oakville, Canada) and 7.0 mL of sub-boiled HCl (ACS grade; Fisher 

Scientific, Ottawa, Canada), and diluting to a final volume of 1 L using DDW. Artificial 

intestinal fluid was prepared by mixing 6.8 g of KH2PO4, 10 g of pancreatin (Sigma-Aldrich, St. 

Louis, USA), 77 mL of 0.2 mol/L-NaOH, diluting to a final volume of 1 L using DDW and 

ensuring a final pH of 6.8. For the digestion of total rice and residues, sub-boiled HNO3 (ACS 

grade; Fisher Scientific, Ottawa, Canada) and H2O2 (J.T. Baker, Phillipsburg, USA) were used. 

All HNO3 and HCl were purified prior to usage by a DST-1000 Sub-Boiling Distillation System 

(Savillex, Minnetonka, USA).  

 

Elemental standard solutions were prepared from 1000 mg/L mono-element solutions (SCP 

Science, Baie d’Urfé, Québec, Canada). For speciation analysis, 1000 mg/L As standard stock 

solutions were made of each species from the following reagents: arsenic(III) oxide(As(III)) 

(99.999%) with 0.2% NaOH, arsenic(V) oxide (As(V)) (99.9%) (all Alfa Aesar,Ward Hill, 

USA), disodium methyl arsenate (MMA) (97.5%) (ChemService, West Chester, USA), and 

cacodylic acid (DMA) (≥98%) (Sigma–Aldrich, St. Louis, USA). All arsenic stock solutions 

were then further diluted to 10 mg/L As and stored at 4°C in the dark. From these stock 

solutions, calibration standards were prepared daily. Standard solutions of selenium species were 
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made from sodium selenite (Se(IV)) and sodium selenate (Se(VI)) (Sigma–Aldrich, St. Louis, 

USA).  Standard solutions of chromium species were prepared from chromium(III) acetate 

hydroxide (Cr(III)) (Sigma–Aldrich, St. Louis, USA) and chromium (VI) oxide (Cr(VI)) (VWR 

International, Graumanngasse, Vienna).   Sub-boiled HNO3, methanol (Fisher Scientific, Ottawa, 

Canada) and DDW were used to prepare the mobile phases for speciation analysis. 

Three brands of baby food were purchased from a local supermarket.  The two most popular 

brands were sample A and B with sample C being chosen as it was the discounted brand and as 

such purchased by many individuals.  All samples were used as purchased.  

4.2.3 CRI and multivariate optimization  

 

To balance the loss of sensitivity with the reduction in polyatomic interferences, 

operation of the CRI was optimized while monitoring the ratio of the 40Ar35Cl+ interference 

signal (m/z=75) to the signal of Ge+ (m/z=74). Ge is used as surrogate analyte because of its 

closeness in mass-to-charge ratio to that of As. On-line mixing of gastric juice and 5 μg/L Ge 

solution was done using a Y connector. The signal ratio of m/z=75 over m/z=74 was 

continuously monitored while increasing the CRI hydrogen gas flow rate.  At the optimal 

hydrogen gas flow rate of 65 mL/min-1, analyte signal was significantly reduced.  However, the 

use of CRI was generally found to be necessary in order to obtain accurate results for the 

analysis of gastric juice leachates, due to the high chloride ion concentration, which when 

combined with Ar lead to a direct polyatomic interference with As.  Multivariate optimization of 

operational parameters, such as sampling depth, nebulizer gas flow rate, RF power, argon sheath 

gas flow rate and CRI flow rate, was conducted using Minitab 16.  The values obtained can be 

found in Table 4-2.    
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4.2.4 On-line continuous leaching  

 

The experimental procedure pictured in Figure 4-1 depicts the on-line continuous leaching 

method, as described in the work by Horner and Beauchemin [26], which was followed. Between 

0.1-0.15 g of baby rice cereal sample was rolled in quartz wool and packed into a PTFE tube (8-

cm long, 3/15-in outer diameter, 1/8-in inner diameter). In addition, a quartz wool plug was 

inserted at each end of each column to ensure sample remained in place. To ensure that none of 

the elements of interest were leached from quartz wool or PTFE tubing, a blank column 

containing only quartz wool and no sample was also used as a blank. In addition, quartz wool 

was rinsed in 10% nitric acid and dried prior to use to ensure any contaminants could be leached 

away. The artificial saliva, gastric juice and intestinal fluid as well as the column were all 

maintained at 37  C (human physiological temperature) using a thermostatically controlled 

water bath. Saliva, then gastric juice, followed by intestinal fluid, was sequentially pumped 

through the mini-column straight to the nebulizer of the ICP-MS instrument using the 

instrument’s attached peristaltic pump. The leaching time was set to 5 min for each of the three 

reagents, after ensuring that all signals returned back to baseline and no additional analyte was 

released for all three leaching reagents. The leachates were monitored in time-resolved mode in 

order to observe the release of analytes in real time. Hydrogen gas was also added to the CRI 

skimmer cone at the previously optimized flow rate of 65 mL/min. External calibration was 

performed using flow injection, where the matrix-matched standard solutions and blank were 

injected through a 100-μL injection loop connected to a universal automatic actuator (Anachem 

Ltd., Luton, England) into a carrier consisting of the same leaching reagent (i.e. artificial saliva, 

gastric juice or intestinal juice). A five-point calibration curve based on peak area was used to 

determine the sample concentrations. 
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Figure 4-1: Pictorial representation of the on-line leaching and speciation analysis methods 

adapted from ref [26] 

 

4.2.5 Batch Method 

 

The batch method allowed for the confirmation of the effectiveness of the on-line leaching 

method. For the former, approximately 0.2 g of cereal was placed in a centrifuge tube and 6 mL 

of artificial saliva (at 37 C) was added. The test tube was then shaken and heated for 10 min at 

37 C followed by a centrifugation for 5 min at 4150 rpm. The supernatant was then decanted so 

that it could later be analysed by ICP-MS and the process was repeated using gastric juice and 

then intestinal fluid with 24 mL rather than 6 mL. However, the exposure time was set to 2 h for 

each of the gastric juice and intestinal fluid in order to more accurately reflect exposure times in 

the human body. All supernatants were quantitatively analysed using a 5-point external 

calibration and a blank freshly prepared daily. Additionally, internal standardization was 

performed through the on-line addition of 5 µg/L In solution through a Y-connector. 
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4.2.6 Digestion of residues and cereal 

 

Mass balance was checked to determine whether the sum of leached analyte and that remaining 

in the residue was the same as the total concentration of analyte in the sample. Adding 2.5 mL of 

sub-boiled HNO3 and 1 mL of H2O2, followed by heating to 50°C for 1 hour, allowed for the 

complete digestion of the residues. The solution was then diluted to 20 mL before analysis using 

ICP-MS. Total digestions of 0.2-g baby rice aliquots were also carried out using the same 

procedure. All digestions were quantified with a matrix matched 5-point external calibration 

curve and a blank prepared fresh daily. Additionally, internal standardization was performed 

through the on-line addition of 5 µg/L In solution through a Y-connector. 

4.2.7 Arsenic, Selenium and Chromium Speciation Analysis  

 

Aliquots (2.0 mL) of saliva leachates (37 C) were collected, followed by 4.0 mL of gastric 

leachates (37 C), at a flow rate of 0.8 mL min-1 from a packed mini-column off-line. The saliva 

leachates were diluted 5 fold with DDW, and the gastric juice leachates were left undiluted 

before being analysed by a modified version of previously used speciation analysis procedure 

[21]. Gradient elution was carried out using three HNO3 mobile phases (pH 3.3, 1.1 and 0.1 with 

mobile phase A and B in 1% methanol) (program shown in Table 4-2) to separate the four As 

species, two chromium species and two selenium species of interest in a single chromatographic 

separation. Matrix-matched standards and blanks were injected through the IEC column to create 

a 4-point external calibration curve (using peak areas), which was then used for the quantitative 

analysis of samples. 
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4.3 Results and Discussion 

 

Although the composition of baby rice cereal is mainly ground rice, it is important to note that 

the presentation of the sample itself plays a large role in its bio-accessibility. Past work has 

found that the location of arsenic in rice can play a large role in how much can be washed away 

or removed [28, 29]. These studies used laser ablation coupled to ICP-MS in order to map 

essential and toxic elements in rice from different regions. As baby rice cereal is prepared as a 

powder and water or milk is added to it prior to consumption, the bio-accessibility study on this 

sample was very simple. The ground sample means that elements that may have low bio-

accessibility from rice grains, as they are located within the rice grains, may be more bio-

accessible.        

 

Table 4-3 compares the results obtained by the conventional batch method to those by the on-line 

leaching method. For both methods, the majority of leaching occurs with either saliva or gastric 

juice.  As the baby rice cereal sample is finely ground, this allows for more leaching in theory, as 

the exposed surface area of the sample itself is greatly enhanced.  All the sums of leached + 

residue concentration were in agreement with the total concentration obtained by digestion of the 

cereal, according to a Student’s t-test at the 95% confidence interval.  
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Table 4-3: Concentrations in μg/kg of leached and total As, Cr, Pb, Se, Cu, Fe, Cd and Zn obtained by the on-line leaching and 

batch methods for three different baby rice cereals (± standard deviation (n=6)) along with calculated and table values of 

Student’s t (95% confidence level). 

Analyte 
Leaching 

Method 
Sample Saliva 

Gastric 

Juice 

Intestinal 

Juice 

Bio-

accessible 

fraction 

Bio-

accessible 

fraction + 

residue 

Expected tfound tTable  

 

As 

Batch 
Sample A 

 
280±120 100±20 5±1 385±120 400±120 280±20 2.42 2.571 

On-line 
Sample A 

 
40±10 220±20 5±1 265±20 270±20 280±20 0.20 2.23 

Batch 
Sample B 

 
200±80 120±20 5±4 325±80 340±80 300±30 1.15 2.365 

On-line 
Sample B 

 
15±5 310±40 12±2 337±40 340±40 300±30 1.96 2.23 

Batch 

 
Sample C 200±30 75±15 10±4 285±30 300±30 280±20 1.36 2.23 

On-line 

 
Sample C 60±10 215±30 30±5 305±30 310±30 280±20 2.04 2.23 

 

 

 

 

Cr 

 

 

 

Batch 

 
Sample A 100±10 140±65 3±1 243±65 265±65 270±20 0.18 2.23 

On-line 
Sample A 

 
25±5 165±25 5±1 195±25 250±25 270±20 1.53 2.23 

Batch 
Sample B 

 
100±30 30±4 4±1 134±30 155±30 175±70 0.64 2.179 

On-line 
Sample B 

 
15±5 190±40 15±10 220±40 240±40 175±70 1.97 2.23 
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Analyte 
Leaching 

Method 
Sample Saliva 

Gastric 

Juice 

Intestinal 

Juice 

Bio-

accessible 

fraction 

Bio-

accessible 

fraction + 

residue 

Expected tfound tTable  

 

Cr 

Batch Sample C 20±10 70±30 6±2 96±30 245±60 330±80 2.08 2.23 

On-line 
Sample C 

 
10±1 180±25 20±5 210±25 255±25 330±80 2.19 2.447 

 

Pb 

Batch 
Sample A 

 
10±2 130±50 2±1 172±50 200±50 155±35 1.81 2.23 

On-line 
Sample A 

 
60±25 100±30 5±1 165±30 180±30 155±35 1.44 2.23 

Batch 
Sample B 

 
70±30 85±10 2±1 157±30 170±30 125±50 1.89 2.23 

On-line 
Sample B 

 
20±10 100±50 20±15 140±50 160±50 125±50 1.21 2.23 

Batch 
Sample C 

 
70±10 100±20 2±1 172±20 200±30 170±40 1.47 2.23 

On-line 
Sample C 

 
20±5 80±20 5±1 105±20 135±20 170±40 1.92 2.23 

 

 

 

 

Se 

 

 

 

 

 

Batch 
Sample A 

 
40±10 160±80 3±1 203±80 220±80 160±10 1.82 2.23 

On-line 
Sample A 

 
40±10 135±35 5±1 180±35 185±35 160±10 1.68 2.23 

Batch 
Sample B 

 
15±4 135±45 3±1 153±45 175±45 200±30 1.13 2.23 

On-line 
Sample B 

 
15±5 135±20 60±10 210±20 220±20 200±30 1.27 2.23 

Batch 
Sample C 

 
10±5 125±70 3±1 138±70 160±70 200±20 1.35 2.23 
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Analyte 
Leaching 

Method 
Sample Saliva 

Gastric 

Juice 

Intestinal 

Juice 

Bio-

accessible 

fraction 

Bio-

accessible 

fraction + 

residue 

Expected tfound tTable  

Se 
On-line 

Sample C 

 
10±2 160±20 45±5 215±20 225±20 200±20 2.17 2.23 

 

Cu 

Batch 
Sample A 

 
650±100 450±240 100±15 1200±240 2600±400 3300±1200 1.36 2.365 

On-line 
Sample A 

 
600±80 1200±300 200±30 2000±300 3800±400 3300±1200 0.97 2.365 

Batch 
Sample B 

 
550±150 500±200 80±60 1130±200 2500±400 2900±220 2.14 2.23 

On-line 
Sample B 

 
400±300 1700±100 150±10 2250±300 3200±300 2900±220 1.92 2.23 

Batch 
Sample C 

 
880±130 1150±300 130±50 1360±300 4750±1000 4600±400 0.34 2.23 

On-line 
Sample C 

 
285±30 

5000± 

2000 
600±50 5885±2000 6000±2000 4600±400 1.98 2.23 

 

Fe 

Batch 
Sample A 

 
1100±200 1000±300 400±200 2500±300 2800±300 2000±800 2.29 2.365 

On-line 
Sample A 

 
750±100 500±200 90±10 1340±200 2300±200 2000±800 0.89 2.447 

Batch 
Sample B 

 
2000±400 220±15 120±10 2340±400 2700±400 2400±600 1.02 2.23 

On-line 
Sample B 

 
650±200 600±200 400±50 1650±200 2100±200 2400±600 1.16 2.365 

Batch 
Sample C 

 
1500±400 900±200 60±10 2460±400 2700±400 2600±800 0.27 2.23 

On-line Sample C 400±100 1200±500 160±100 1760±500 2400±500 2600±800 0.52 2.23 
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Analyte 
Leaching 

Method 
Sample Saliva 

Gastric 

Juice 

Intestinal 

Juice 

Bio-

accessible 

fraction 

Bio-

accessible 

fraction + 

residue 

Expected tfound tTable  

 

 

Cd 

Batch 
Sample A 

 
10±2 100±15 3±1 112±15 145±15 180±70 1.20 2.447 

On-line 
Sample A 

 
80±10 70±50 0 150±50 200±50 180±70 0.57 2.23 

Batch 
Sample B 

 
10±1 110±65 3±1 123±65 155±65 130±90 0.55 2.23 

On-line 
Sample B 

 
60±5 60±25 10±5 130±25 160±25 130±90 0.79 2.447 

Batch 
Sample C 

 
10±1 150±40 3±1 163±40 190±40 190±80 0 2.23 

On-line 
Sample C 

 
50±10 130±70 10±5 190±70 240±70 190±80 1.15 2.23 

 

Zn 

Batch 
Sample A 

 
1300±100 

4000± 

2000 
0 5300±2000 8300±2000 7300±200 1.22 2.23 

On-line 
Sample A 

 
850±100 

7000± 

1000 
50±10 7900±1000 8000±1000 7300±200 1.68 2.23 

Batch 
Sample B 

 

2000± 

1250 

5000± 

3000 
0 7000±3000 9000±3000 7000±500 1.61 2.23 

On-line 
Sample B 

 
700±100 

5000± 

2000 
200±20 5900±2000 7100±2000 7000±500 0.12 2.23 

Batch 
Sample C 

 
2500±500 

5000± 

2000 
0 7500±2000 8500±2000 7000±400 1.80 2.23 

On-line 
Sample C 

 

2500± 

1200 
1700±600 700±50 4900±1200 7300±1200 7000±400 1.30 2.23 
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As the majority of potentially toxic elements are highly bio-accessible, there may be a risk 

associated with baby rice cereal as a major part of a young infant’s life.  Elements such as 

selenium that had a low level of leaching in rice grains in Chapter 3, suddenly are close to 100% 

bio-accessible.  Although the rice analyzed in Chapter 3 is different than the rice from which the 

cereal was prepared, this suggests that toxicants that were once less bio-accessible may now be 

more so due to the way the food is consumed (i.e. powdered rice vs. whole grains).  A child 

being significantly smaller than a grown adult can be more susceptible to elemental toxicants, 

especially if they are difficult to excrete and can accumulate within the body [5-7].   

 

Risk assessment for the consumption of heavy metals in vegetables was defined by Khan et al. 

[30] where they show the importance of a person’s weight when considering exposure.  

This is important due to the fact that babies are smaller and more susceptible than adults in good 

health who have no serious physical illnesses. The FDA has reported that relative to weight, 8-

month old babies consume the most rice [19].  

 

Figure 3-5 of Chapter 3 shows that a gradient elution featuring 3 eluents can successfully 

separate a total of 8 species of As, Cr and Se. The figure superimposes 8 individual 

chromatograms onto one graph to give an idea of elution time and signal counts.  It is important 

to note that the 0.8 M HNO3 solution is strong enough to elute any residual compounds and 

simultaneously act as a cleaning eluent as well. The results of the speciation analysis of As, Cr 

and Se are compiled in Tables 4-4 to 4-6. 

 

As discussed earlier, the species of Cr and Se present in the sample determine whether they are 

toxic or not.  Although in most cases the majority of Cr species were found to be in the non-toxic 
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Cr(III) form, depending on the leachate, between 15-50% of  total Cr was in the form of Cr(VI) 

and remains a concern. In Chapter 3, it was reported that cooking rice converted all Cr(VI) into 

Cr(III).  Unfortunately, this is not an option for baby rice cereal. This could lead to the 

alternative of preparing baby rice cereal at home by washing and cooking it prior to preparation 

in order to reduce risk. The arsenic and selenium species were solely in the As(V) and Se(VI) 

forms, two toxic forms of arsenic and selenium.  As a considerable amount of both elements does 

leach out, one cannot help but wonder if, over a long period of time, this could pose a serious 

risk to a child’s health.   

The previous chapter and previous work [27] discuss the benefits of washing rice prior to 

cooking.  This again is not a suitable solution for baby rice cereal as adding water is the final step 

before consumption.  This means that washing should be done by the manufacturer prior to 

processing rice and packaging it to help reduce the levels of any toxic elements present in baby 

rice cereals.   

It may be better to encourage parents to provide their child with a well-balanced diet that does 

not solely consist of baby rice cereal. As the bio-accessible fraction of iAs for all three samples is 

higher than the FDA 100 μg/kg proposed limit, it is clear that eating baby rice cereal on a daily 

basis at such a young age and weight may not be ideal. This does not mean that any consumption 

of baby rice cereal should be stopped.  Other cereal plants such as oat and barley may be tested 

in the future to determine if they have a similar level of arsenic and other toxic elements as baby 

rice cereal.  By changing babies’ diet and introducing them to a wider variety of foods, they may 

in fact end up being safer in the long run.  
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Table 4-4: Concentrations in μg/kg obtained for the speciation analysis of bio-accessible As species in three baby rice cereals  

(± standard deviation (n=3)) along with calculated and table values of Student’s t (95% confidence level). 

Sample 
Leaching 

reagent 
As(III) MMA DMA As(V) 

Sum of 

As 

species 

Total As 

leacheda 
tfound tTable 

Sample A 
Saliva n.d.b n.d. n.d. 45±25 45±25 40±10 0.33 3.182 

Gastric n.d. n.d. n.d. 205±65 205±65 220±20 0.39 4.303 

Sample B 
Saliva n.d. n.d. n.d. 16±2 16±2 15±5 0.43 2.306 

Gastric n.d. n.d. n.d. 330±10 330±10 310±40 1.15 2.365 

Sample C 
Saliva n.d. n.d. n.d. 67±5 67±5 60±10 1.12 2.365 

Gastric n.d. n.d. n.d. 270±45 270±45 215±30 2.23 2.365 

a Obtained by independent total analysis of saliva and gastric juice leachates by the on-line leaching method. 

b Not detected. 
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Table 4-5: Concentrations in μg/kg obtained for the speciation analysis of bio-accessible Cr 

species in three baby rice cereals (± standard deviation (n=3)) along with calculated and 

table values of Student’s t (95% confidence level). 

Sample 
Leaching 

reagent 
Cr(III) Cr(VI) 

Sum of 

Cr 

species 

Total Cr 

leacheda 
tfound tTable  

Sample A 
Saliva 35±25 20±15 55±25 25±5 2.06 4.303 

Gastric 130±15 30±5 160±15 165±25 0.31 2.365 

Sample B 
Saliva 12±3 8±4 20±4 15±5 1.49 2.365 

Gastric 230±70 40±15 270±70 190±40 2.24 2.365 

Sample C 
Saliva 4±2 4±1 8±2 10±1 2.08 2.365 

Gastric 125±25 35±5 160±25 180±25 1.13 2.365 

a Obtained by independent total analysis of saliva and gastric juice leachates by on-line leaching.  
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Table 4-6: Concentrations in μg/kg obtained for the speciation analysis of bio-accessible Se 

species in three baby rice cereals (± standard deviation (n=3)) along with calculated and 

table values of Student’s t (95% confidence level). 

Sample 
Leaching 

reagent 
Se(IV) Se(VI) 

Sum of 

Se 

species 

Total Se 

leacheda 
tfound tTable  

Sample A 
Saliva n.d.b 42±13 42±13 40±10 0.26 2.365 

Gastric n.d. 150±20 150±20 135±35 0.67 2.365 

Sample B 
Saliva n.d. 17±1 17±1 15±5 0.94 2.447 

Gastric n.d. 155±5 155±5 135±20 2.31 2.365 

Sample C 
Saliva  n.d. 15±5 15±5 10±2 1.67 3.182 

Gastric  n.d. 140±20 140±20 160±20 1.41 2.365 

a Obtained by independent total analysis of saliva and gastric juice leachates by the on-line leaching 

method.   

b Not detected  
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4.4 Conclusions 

 

The consumption of baby rice cereal as a regular part of a balanced diet for infants can provide 

both benefits and risks. It is clear that the majority of elements are leached, with some close to 

100% when using saliva, gastric juice and intestinal juice.  This is of great advantage when 

elements such as Fe, Cu and Zn are being considered, as long as they are below a level that can 

cause body harm. However, it is cause for concern when considering As, Cd and Pb. Speciation 

analysis of As, Se and Cr species shows the presence of solely As(V), Se(VI) and, for Cr, the 

majority is found to be in the safe Cr(III) form.  Past work shows that washing rice can help 

mitigate risk associated with several toxic elements.  As this is not an option when preparing 

baby rice cereal, alternative food sources may be considered for infants unless the government 

can legislate mandatory washing of rice before processing.  Future work will involve studying 

alternative foods to baby rice cereal, from crops that are not notorious for containing large 

amounts of arsenic.  
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Chapter 5 

Liquid extraction of As, Se and Cr from rice and baby rice cereal using 

microwave-assisted digestion and ion exchange chromatography coupled to 

inductively coupled plasma mass spectrometry 

 

5.1 Introduction 

 

Food safety analysis has been a hot button issue as of late and at the forefront is the need 

for better regulations in place by public officials.  Earlier this year (2016), the Food and Drug 

Administration (FDA) proposed their first ever limits for inorganic arsenic (the most toxic form) 

in baby rice cereal [1].  This is a major milestone as before this point in time, there were only 

limits for As in water and those were set at 10 μg/L [2].  By proposing this limit of 100 μg/kg on 

inorganic As (iAs) in baby rice cereal, several brands that are above this limit (see Chapter 4) 

will have to make a change.   

Arsenic is a known toxicant in rice and, unlike in seafood samples, the species present all 

play a toxic role in the human body. In any case, by determining what species of arsenic are 

present, more information becomes available in terms of the risk associated with diets containing 

large amounts of rice [3,4]. The importance of determining not only the total concentration of an 

element but rather the specific species that can be present in the sample is crucial.  There are 

elements such as chromium that can play an essential role in the body as a micronutrient or play 

the role of a carcinogen in a different form.  Knowing whether chromium is in its trivalent form 
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(micronutrient) or its hexavalent form (carcinogen) is something that must be further investigated 

[5].  By saying there is chromium in a sample, it does not lead the consumer to understand 

whether they are at risk or not.  Finally an element such as selenium poses a similar question.  In 

specific species selenium is essential to the body; however in other species it can play the role of 

a severe toxicant to the body. Selenium is a micronutrient in the body but in higher doses can 

still pose a risk even if it is in the safe form [6].  The two species investigated in this study are 

both highly toxic species.      

Past studies along with Chapters 3 and 4 consider the speciation analysis of arsenic on the 

bio-accessible fractions in rice [7,8], which is very important from a food safety standpoint.  One 

must also consider the original species that are present in the sample and compare them with the 

bio-accessible species to determine if species transformation occurs in gastro-intestinal reagents.  

However, total extraction methods are usually optimized for species of a given element, as can 

be seen in Table 5-1, which compares various total extraction methods used in the past on rice 

samples. There is a far greater amount of work being done on As extraction in rice rather than on 

Cr and Se.  Although the various methods used for As are interesting, in many instances only iAs 

is being detected.  The goal of this study is to find a method suitable for simultaneous extraction 

of As, Cr and Se.   If simultaneous As, Cr and Se extraction can be performed, this will provide 

an essential method to conduct speciation analysis as the combination of methods has not been 

achieved in the past. The more information that can be obtained from a sample, the greater 

assessment of risk can be made. Furthermore, a destructive method of sample analysis should 

yield the greatest amount of information as possible. 
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Table 5-1: Survey of the techniques used for the extraction of As, Cr and Se in Rice  

Sample 

and 

Location 

Element 

of interest 
Method 

Extraction 

procedure 
Results Reference 

Se- 

enriched 

Rice, 

China 

Se(VI), 

Se(IV), 

SeCys2 and 

SeMet 

Capillary 

Electrophoresis 

(CE)-ICP-MS 

An enzyme-

assisted 

extraction 

Se-enriched 

rice contained 

only SeMet 
[9] 

Milk and 

cereal 

products, 

France 

Cr(VI) IEC-ICP-MS An alkaline 

NH4OH 

extraction was 

conducted 

Cr(VI) was 

determined to 

be below 

LOQs 

[10] 

Rice, Iran 

and other 

Asian 

countries 

iAs ETAAS Microwave 

extraction with 

1-undecanol 

followed by 

reduction of 

As(V) to As(III) 

Total iAs 

ranged from 

40-118 ng/g 

for the 

samples tested 

[11] 

Rice, 

Southern 

Brazil 

As Hydride 

generation AAS 

Species were 

extracted with 

HNO3 assisted 

extraction 

Selective 

generation was 

conducted with 

NaBH4 and HCl 

Only hydrides 

of As(III) and 

MMA were 

generated. iAs 

ranged from 

54-169 ng/g 

[12] 

 

Rice, Iran iAs EAAS after solid-

phase extraction 

Modified Fe3O4 

nanoparticles for 

extraction and 

pre-

concentration 

This method 

allowed for 

94-97% 

recovery of 

As in spiked 

rice samples 

[13] 

Rice, USA As CE-ICP-MS (α-amylase)- 

assisted water-

phase 

microwave 

extraction 

iAs was 

measured 

beween 81-

139 ng/g 

[14] 
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Sample 

and 

Location 

Element 

of interest 
Method 

Extraction 

procedure 
Results Reference 

Rice, rice 

foods, 

apple and 

other 

juices, 

USA 

As IEC-ICP-MS A HNO3 acid 

extraction was 

performed 

74-183 ng/g 

of iAs was 

extracted 

from rice 

samples 

[15] 

Rice, 

China 

As HPLC-AFS A HNO3 acid 

extraction was 

performed 

iAs of 260 

samples 

ranged from 

non-detect to 

158 ng/g 

[16] 

Rice, 

China 

As HPLC-HG-AFS Microwave-

assisted 

extraction with 

methanol and 

water 

Total 

concentrations 

were from 9-

322 ng/g with 

As(III) being 

the 

predominant 

species 

[17] 

Rice CRM As Selective HG-

ICP-MS 

NaBH4 and HCl 

HG extraction 

was conducted 

iAs found to 

be 95-107 

ng/g as with 

other standard 

speciation 

analysis 

techniques 

[18] 

Rice, Japan As Pentafluorophenyl 

column HPLC-

ICP-MS 

A HNO3 

extraction was 

performed 

iAs content in 

samples 

ranged from 

10-173 ng/g 

[19] 
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5.2 Experimental  

 

The experimental procedure was adapted from previous work at The French Agency for Food, 

Environmental and Occupational Health & Safety (ANSES) [20-22] 

5.2.1 Reagents 

All solutions were prepared with analytical reagent grade chemicals and ultra-pure water (18.2 

MΩcm) generated by purifying distilled water with the Milli-QTM PLUS system combined to an 

Elix 5 pre-system (Millipore S.A., St Quentin en Yvelines, France). Methanol (HPLC gradient 

grade, Sigma Aldrich), and nitric acid (Suprapur, 67%, Merck) were used as eluents. Standard 

solutions of the individual As species with an As concentration of 0.5 or 1 g/L were prepared 

from the following reagents: sodium (meta) arsenite (≥99.0%), sodium arsenate dibasic 

heptahydrate (≥98.5%), disodium methylarsenate (≥98.4%) and cacodylic acid (≥99.0%) (all 

Sigma Aldrich, Saint-Quentin Fallavier, France). Each stock solution was further diluted to 1 

mg/L. Stock solutions were stored in the dark at 4 ◦C to prevent decomposition or oxidation. An 

internal standard solution was prepared with 1000 mg/L standard stock solutions of indium (In), 

purchased from Analytika (Prague, Czech Republic). Multi-species calibration standard solutions 

of 0–20 μg/L were prepared daily from these stock solutions by appropriate dilution. A multi-

elemental standard solution (In, U, Ba, Li) (10 mg/L) (Perkin–Elmer, Courtaboeuf, France) was 

used to prepare tuning solutions in 6% (v/v) nitric acid [23]. 
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5.2.2 Rice Samples  

 

Two organic rice samples were purchased at a local grocery store: white organic long grain rice 

(LWO) (Lundberg Family Farms, California, USA) and brown organic long grain rice (LBO) 

(Lone Pine Enterprises, Arkansas, USA). White long grain basmati rice (BAS) from India was 

also studied.  Given the known heterogeneity of rice grains [24], approximately 50 grams of each 

of the samples were hand-ground into a fine powder using a mortar and pestle prior to analysis. 

Particle size was measured to be in the range of 50–200 μm using a microscope and a capillary 

with known diameter for reference. No sieving was done to minimize sample processing, the risk 

of contamination as well as uncertainty introduced by potential segregation during the sieving 

process. Three brands of baby rice cereals were also studied: Heinz, Gerber and Parent’s Choice 

(PC). As these samples were pre-ground, they were used as purchased.   

5.2.3 Reference Materials  

 

Certified reference materials (CRMs) NIST 1568 b (Rice Flour) and ERM-BC211 (Rice) from 

the Institute for Reference Materials and Measurements (IRMM), were all purchased from 

Promochem (Molsheim, France). All CRMs were used as provided without further grinding. 

5.2.4 Instrumentation 

 

IEC/ICP-MS analysis was performed with a Dionex metal-free ICS-5000 chromatographic 

system equipped with a high pressure pump,  an injection valve with a 100-μL injection loop, an 

IonPac AG7 guard column and an IonPac AS7 ion exchange column (250-mm long, with 4-mm 
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diameter; 10-μm particles) (all Dionex, Voisins le Bretonneux, France). The chromatographic 

system was coupled to an iCAP Q ICP-MS (Thermo Scientific, Courtaboeuf, France) equipped 

with a concentric nebulizer and Peltier-cooled spray chamber) via a 50-cm-long PEEK tubing 

(0.17-mm i.d.). The sample solutions for total As analysis were fed by a peristaltic pump from 

tubes arranged on an autosampler. Torch position and ion lenses of the ICP-MS system were 

optimized daily by performing short-term stability tests with a 1-μg/L tuning solution (containing 

especially As, Ba and In) to maximize As signal and stability while minimizing oxide levels 

(BaO+/Ba+ < 2%). Signals were monitored in the time-resolved analysis (TRA) mode of the ICP 

software. Kinetic energy discrimination (KED) was performed using He gas to reduce 

interference from polyatomic ions and was optimized based off prior work [10].  Further details 

of instrument settings are given in Table 1. (13C+ was monitored to determine if there could be 

interference from C-containing polyatomic ions on analyte signal.)  Other equipment used was as 

follows: closed-vessel microwave digestion system (Anton-Paar, Courtaboeuf, France) equipped 

with 80-mL quartz vessels (80-bar operating pressure), and a Universal 32R centrifuge (Hettich, 

Tuttlingen, Germany). 

5.2.5 Digestion of rice and rice cereals  

 

0.2 g of sample was weighed in quartz vessels in triplicate. 3 mL nitric acid and 3 mL ultra-pure 

water were added. The digestion program was as described previously [21], where a 50-min 

digestion occurred at a maximum power of 800 W and 80 bar [20]. After cooling, sample 

solutions were quantitatively transferred into 50-mL calibrated polyethylene flasks. A 1 mg/L In 

internal standard solution was added, so as to yield a final concentration of 5 ng/mL In after 
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dilution with water, to compensate for matrix effects and allow drift correction. 

Total concentrations in digested samples were determined by ICP-MS according to an accredited 

and validated “in-house” method [22], which accounts for outliers in the data, a maximum drift 

limit, spike recovery between 80-120% and CRM recovery limits [25]. Quantification was 

performed by external calibration using five aqueous As standard solutions from 0 to 20 μg/L. 

 

5.2.6 Calculations and statistical methods  

 

All samples were analyzed in triplicate. Limits of detection (LODs) were determined for all 

experiments and defined as 3 times the standard deviation of the blank divided by the slope of 

the calibration curve, also known as sensitivity.  Limits of quantification (LOQ) could then also 

be determined and were defined as 10 times the standard deviation of the blank divided by the 

slope of the calibration curve [7,8].  
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Table 5-2: Operating Parameters for ICP-MS and IEC 

ICP-MS Parameters 

Plasma gas flow rate 14.9 L/min 

Auxiliary gas flow rate 0.8 L/min 

Nebulizer gas flow rate 0.9 L/min 

Plasma power 1450 W 

Monitored isotopes 13C, 37Cl, 52.53Cr, 75As, 77,78Se 

Dwell Time (s) Cr: 0.05; As: 0.08; Se: 0.125; C: 0.01; Cl: 0.01 

KED He gas flow rate  4.8 mL/min 

IEC Parameters 

Guard Column IonPac AG7 

Analytical Column IonPac AS7 

Flow Rate 1.35 mL/min 

Mobile Phase A 0.5 mM HNO3, 1% MeOH 

Mobile Phase B 50 mM HNO3, 1% MeOH 

Mobile Phase C 0.8 M HNO3 

Gradient Program 0-3 min 100% A; 3-5.5 min 100% B;  

5.5 -15 min 100% C 
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5.2.7 Extraction Procedures  

5.2.7.1 Arsenic  

 

Arsenic species extraction is based on the work done by Leufroy et al. [20] where a water 

extraction is conducted using a closed-vessel microwave digestion system (Anton-Paar, 

Courtaboeuf, France) equipped with 80-mL quartz vessels (80-bar operating pressure, 800 W 

power) followed by centrifugation in a Universal 32R centrifuge (Hettich, Tuttlingen, Germany) 

for 5 min at 3500 rpm.  

The chromatographic separation was performed at a flow rate of 1.35 mL/min, using a nitric acid 

gradient between pH 3.3, pH 1.3 and pH 0.1 [7]. For quantification using peak area, the 

chromatographic software (Qtegra) of the ICP-MS instrument was used. A five-point matrix-

matched external calibration of each species was used to find the concentration of the As, Cr and 

Se species. 

 

5.2.7.2 Selenium 

 

Four different methods were tested for the extraction of Se: 1) Pure H2O 2) Pure H2O with 

increased power 3) 50:50 MeOH/H2O and 4) 80:20 MeOH/H2O. These settings were picked 

based on literature showing the ability to conduct extraction in a methanol:water matrix as well 

as the hope that arsenic species could also be simultaneously extracted.  The same 

chromatographic conditions as well as microwave-assisted extraction were used as for As. When 

increased power was used, the power was increased from 800 W to 1000 W.  
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5.2.7.3 Chromium(VI) 

 

The Cr(VI) extraction procedure is based on a method utilized on milk and dairy products [10].  

The same methodology was applied to rice and baby rice cereal samples.  Briefly, 0.3 grams of 

sample was extracted with 6 mL of 32.5 mmol/L NH4OH for 30 min in an ultrasonic bath  

(Fisher Scientific, Illkirch, France) at 100% power. A Universal 32R centrifuge was then used to 

separate the supernatant from the sample. Ground rice samples and baby rice samples from the 

bag were centrifuged (10,000 rpm, 15 min) with the supernatant being filtered using a disposable 

0.45 µm and 0.22 µm porosity membranes prior to analysis. Duplicates of each extract were 

analysed and external calibration was used to quantify Cr(VI).  

5.3 Results and Discussion 

5.3.1 Total Concentrations  

Figure 5-1 shows the total concentration values determined for the 6 rice samples of interest 

(long white organic (LWO), long brown organic (LBO), basmati (BAS), Gerber, Heinz and 

Parent’s Choice (PC)). Some total arsenic concentrations are actually below the range found by 

He et al. of 90-850 ng/g [26]. It is important to note that high levels of selenium are found in 

basmati rice, which can raise issues if it is found to be in a more toxic form.  Out of the three 

brands of baby food tested, Gerber has the lowest levels of Cr, As and Se.  The low As levels are 

reassuring, as they are well below 100 μg/kg and so, even if all the species were in the most toxic 

form (i.e. iAs), would still not surpass the FDA proposed limit. The Parent’s Choice brand has 

the highest levels of total Cr, As and Se. The total concentrations differ from those in the past 
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two chapters although the same sample brands were analyzed. Hence, variations from crop to 

crop, year to year and package to package can lead to different total concentration results.   

 

Figure 5-1: Total concentration of Cr, As and Se in 6 rice samples (n=3, error expressed as 

a standard deviation). 

5.3.2 Speciation analysis of Arsenic  

Arsenic extraction was conducted using a method previously used by Leufroy et al. [20].  The 

method involves a heated water extraction using a microwave digestion system.  It ensures that 

the species are not converted by the addition of acids.  A simple water extraction is preferred as 

it is a simple procedure and allows for the successful extraction of all 4 species of interest. Total 

extraction cannot guarantee that the species of interest will not interconvert however. The 

method was attempted both without and with KED in case Se and Cr could be successfully 
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extracted and would require the reaction gas to obtain results with reduced interferences.   This 

study mostly reports As(III) and As(V) as a combined iAs amount as this is the form most 

commonly reported in the certified reference materials used.   

 

Table 5-3 shows the limits of detection that can be obtained by coupling the chromatographic 

system to ICP-MS.  LOD values with and without KED are not significantly different, unlike 

what is typically observed, where the use of reaction gases leads to deteriorated limits of 

detection [23]. The standard deviation of the blanks without KED was not as good as that 

obtained with KED. This is what led to comparable limits of detection between the two methods. 

This also shows that this method can be used with food samples that have lower total As levels 

and not be at risk of falling below the LOD.   

    

Table 5-4 shows the level of iAs (i.e. the most toxic form) in both standard and KED mode.  

Standard mode allows for detection without the use of any additional collision gas while KED 

mode uses a small flow of He gas. These values were compared with the expected total 

concentration in order to give an idea of how much of the total amount is extracted as iAs. In 

standard mode between 60-85% of the total arsenic was in the iAs form and in KED mode a 

minimum of 70% was in the iAs form. It is clear that there are differences between the iAs 

results between STD and KED mode even though two samples are in agreement at the 95% 

confidence interval, the majority are not.    
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Table 5-3: Limits of Detection of four arsenic species in standard (STD) and KED mode  

Species STD LOD (ng/L) KED LOD (ng/L) 

As(III) 2 1 

MMA 1 1 

DMA 1 1 

As(V) 2 4 

 

Table 5-4: Inorganic arsenic content in rice samples verified by BC 211 CRM (124±11 

μg/kg) in Standard and KED mode (± standard deviation (n=3)) along with calculated and 

table values of Student’s t (95% confidence level)   

 
BC 211 LWO LBO BAS GER H PC 

iAs 

(μg/kg) 

(STD) 

154 ±4 89±3 152±5 30±1 41±1 80±3 128±2 

iAs  

(μg/kg) 

(KED) 

185±13 117±3 167±10 82±3 83±3 120±7 133±7 

tfound 3.95 11.4 2.32 28.5 23.0 9.10 1.19 

tTable 3.18 2.78 2.78 3.18 3.18 3.18 3.18 

 

Figure 5-2 represents the sum of all 4 arsenic species compared to the total concentration 

obtained by an acid digestion (long white organic (LWO), long brown organic (LBO), basmati 

(BAS), Gerber, Heinz and Parent’s Choice (PC)). Results for standard mode and KED mode 

show that when compared to the total expected, samples for both methods are within error. These 

results compared to the previous table comparing iAs show very different outcomes. It seems 
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when all the species are considered, values within error are obtainable which is something that 

has not been tested in the past as only STD mode is typically used.      

 

 

Figure 5-2: Sum of As species in standard and KED mode compared to total As in samples 

(n=3; error expressed as a standard deviation) 

 

As STD mode is typically used for this As extraction method, the rest of this section will focus 

solely on results obtained in STD mode.   

Tables 5-5 and 5-6 show both the validation (using a Student’s t-test) of the As extraction 

method on a certified reference material and the extraction using the same method on 6 rice 
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samples. At the 95% confidence interval using a Student’s t-test the sum of species is equal to 

the total concentration obtained by an acid digestion. We see that for total results, there seems to 

be less of a variation between STD and KED mode however there still are overall differences in 

some samples when comparing only iAs.  

The combination of iAs results is done as this is how the certified rice samples have been shown.  

Table 5-5 omits MMA results, as they have not been certified by BC211.  They are however 

shown in Table 5-6 with a new statistical comparison to ensure no information was left out.    

 

Table 5-5: Validation of As extraction using BC211 CRM along with calculated and table 

values of Student’s t (95% confidence level) (n=4) 

BC211 iAs DMA Total tfound tTable 

Certified 

Value 

(μg/kg) 

124±11 119±13 260±13 

1.71 3.182 

Experimental 

(μg/kg) 
154±4 100±7 254±7 
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Table 5-6: Verification of mass balance in the standard mode for As extraction in μg/kg 

along with calculated and table values of Student’s t (95% confidence level) (n=3)   

Sample iAs MMA DMA Total 
Expected 

Total 
tfound tTable 

BC211 154±4 11±1 100±7 265±7 260±13 1.24 4.303 

LWO 89±3 5±1 47±3 141±5 142±24 0.07 4.303 

LBO 152±5 5±1 40±5 197±6 241±41 1.84 2.776 

BAS 30±1 4±1 4±1 39±1 46±8 1.50 4.303 

Gerber 41±1 5±1 0 46±1 48±8 0.43 4.303 

Heinz 80±3 4±1 26±1 110±3 99±17 1.10 4.303 

PC 128±2 7±1 67±2 202±3 179±30 1.32 4.303 

 

As the iAs in Parent’s Choice is clearly over the proposed limit set by the FDA, further 

investigation is required. The total sum of species match up for STD and KED mode (Figure 5-

1), which means there is no downside to using the KED method when conducting As species 

extraction, as both methods can lead to reasonable results. However, this As extraction method 

did not simultaneously release any detectable amount of Se and Cr from the sample.   

  



 

 169 

5.3.3 Chromium(VI) extraction 

 

An alkaline method of extraction was developed in order to successfully extract Cr(VI) from 

food samples. As there are no suitable reference material for validation of the Cr(VI) content, the 

method was verified by spiking a sample and CRM with 2 μg/kg Cr(VI).  When blank 

chromatograms were compared to spiked chromatograms there was a clear difference between 

the two. Table 5-7 shows successful recovery of the spiked Cr(VI) in long white organic (LWO) 

rice sample as well as BC 2234  CRM.   The rest of the rice samples were treated with the same 

extraction procedure but there were no distinguishable peaks from the background. Hence, no 

Cr(VI) was extracted from the rice samples investigated.     

Table 5-7: Cr(VI) Spike Recovery  

Sample Concentration of spike recovered 

(μg/kg) 

% Recovery 

2234 + 2 μg/kg Cr(VI) 2.09 ±0.10 104 ±5 

LWO + 2 μg/kg Cr(VI) 1.98 ±0.08 99 ± 4 

 

Table 5-8 shows the LODs that can be obtained for Se and Cr using KED mode.  All values are 

below 10 ng/L, which is very low when considering the μg/kg level concentrations that are 

present in the sample. Cr(III) did not provide a reliable calibration curve as the elution time was 

shifting over time likely due to a worn-out column and so was not included. With the low LOQ 

values obtained, and the total Cr concentrations being in the ng/mL range, the extracted Cr 

would not be expected to be below the quantification limit.  
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Table 5-8: KED LOD for Se species and Cr(VI) 

Species LOD (ng/L) LOQ (ng/L) 

Se(IV) 9 30 

Se(VI) 9 30 

Cr(VI) 4 13 

 

An attempt was made to extract Se and As simultaneously with this method as well.  No peaks 

were observed in the Se chromatogram. The calculated recovery for As in Table 5-9 is almost 

twice that expected.  It is important to remember that this was done in KED mode and the total 

concentrations were determined in STD mode as the use of KED can cause a reduction in 

sensitivity.  This could make a difference in the total expected concentration but it is likely not 

that great of a difference. A previous study showed that different methods could in fact lead to 

slightly different results [23].  The alkaline method is clearly not the best extraction method 

however this does not mean it cannot be optimized in the future to provide better results.  

Table 5-9: As extraction concentrations using alkaline Cr(VI) extraction method (n=3) 

Sample iAs 

(μg/kg) 

MMA 

(μg/kg) 

DMA 

(μg/kg) 

Sum of Species 

(μg/kg) 

Expected Total 

(μg/kg) 

% 

Recovery 

LWO 218±17 0.34±0.58 52±16 270±23 142±24 190±9 

LBO 437±17 <LOD 64±3 501±17 241±41 208±3 

BAS 77±13 <LOD 19±2 96±13 46±8 208±14 

 

There were no distinguishable peaks obtained at the retention time for Cr(VI).  There were peaks 

obtained before the Cr(VI) retention time, which may be a complexed form of either Cr(VI) or 

Cr(III) [27]. With this extraction method, no Cr(VI) could be removed from any of the rice or 
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baby rice cereal sample, which is in agreement with past experiments at ANSES [10] and 

literature [28-30].    

5.3.4 Selenium extraction 

 

The extraction of selenium from rice and baby rice cereal was attempted in order to determine 

two of the most toxic Se species.  Figure 5-3 shows a 1 μg/kg spike of Se(IV) and Se(VI) 

conducted on Gerber baby rice cereal samples.  This brand was chosen as it has one of the lowest 

concentrations of total Se in all the samples tested.   

There was difficulty in reproducing Se(IV) spikes as can be seen in Figure 5-4.  This figure 

depicts the spiking of Gerber baby sample with 50 μg/kg of Se(IV).  The counts are comparable 

to those obtained from 1 μg/kg.  As a result, the focus shifted to Se(VI).   

 

Figure 5-3: Chromatogram of extract from Gerber baby rice cereal after spiking 1 μg/kg 

each of Se(IV) and Se(VI)  
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Figure 5-4: Chromatogram of extract from Gerber baby rice cereal after spiking 50 μg/kg 

Se(IV) 

Figure 5-5 shows two separate chromatograms where Se(VI) was spiked at a concentration of 50 

μg/kg in Gerber baby rice cereal. The intensity is comparable between the two injections and 

significantly higher than that obtained with a 1 μg/kg spike. The method was thus applied to 

samples to see if successful Se(VI) extraction could be conducted.      
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Figure 5-5: Chromatograms of extract from Gerber baby rice cereal after spiking 50 μg/kg of 

Se(VI)  

 

Figure 5-6 shows a chromatogram of the extract of a sample of Parent’s Choice baby rice cereal. 

Parent’s Choice was chosen as it had the highest Se concentration. The chromatogram is not 

much different from that of a blank.  Counts are in the low 10-20 counts/s, indicating that the 
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extraction was unsuccessful of either Se species.  Either there is no selenium in the form of 

Se(IV) and Se(VI) or the gradient elution program requires further optimization. If Se found in 

rice is not in these highly toxic species, it is safer for the consumer. 

 

 

Figure 5-6: Blank and Sample chromatogram using the Se extraction method on Parent’s Choice 

baby rice cereal  
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During Se extraction, it was checked if As species could be successfully extracted as well. Table 

5-10 shows the iAs and DMA extraction that was conducted on BC211 CRM. A 80:20 

methanol:water mixture seemed to provide the closest results, which are still far from what was 

expected. So, not only conditions could not be found to extract Se species but none of the 

conditions tested would be suitable for the simultaneous extraction of As.    

Table 5-10: Extraction conducted on BC211 Rice CRM  

μg/kg  H20 H20 P 
50:50 Me 

H20 

80:20 Me 

H20 

Expected 

Total 

iAs 9±1 10±1 18±4 78±6 124±11 

DMA 0.3±0.1 0.3±0.1 3±1 0.1±0.1 119±13 

 

5.4 Conclusion and Future Work 

In conclusion, the successful extraction of arsenic species by a simple water microwave 

extraction allows us to determine the distribution of arsenic species in their total form. The As 

concentration in the package of Parent’s Choice cereal studied is above the newly proposed FDA 

limit. Hence, more sampling is needed in order to ensure that the proposed limits are not 

surpassed and that the As level is also significantly below the maximum limit.   

The successful recovery of Cr(VI) spikes in an alkaline matrix shows that there is promise in the 

extraction method; however there was no Cr(VI) extracted by this method in the rice samples.  

The unsuccessful extraction of Se species shows that either the extraction was not successful, 

these species of selenium are not present in rice or the selenium species present in the sample are 
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further complexed and are not detected with this elution profile or within the ICP-MS itself (at 

the selected m/z ratios).   

Future work involves further testing or rice and rice related products to see if the extracted 

arsenic portion is above the newly proposed FDA limit.  It also involves investigating a method 

for Cr(III) extraction in order to ensure the chromium remaining in the same is in fact Cr(III). 

Studying the bio-accessibility of elements in the samples and comparing the speciation of the 

bio-accessible fraction would also provide a greater deal of information on the rice samples and 

the risk associated with their consumption. Finally, future work also involves finding an 

extraction method that would successfully extract As, Se and Cr simultaneously, as this was not 

achieved in this study.   
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Chapter 6 

Optimization of the operating conditions of solid sampling electrothermal vaporization 

coupled to inductively coupled plasma optical emission spectrometry for the sensitive direct 

analysis of powdered rice 

6.1 Introduction  

 

With over 40 000 different varieties [1], rice, a semi-aquatic grass plant grown in every 

continent except for Antarctica [2], is a staple food for nearly 3 billion people [3].  Because of its 

exposure to both soil and water, rice can uptake several elements.   Past studies have shown that 

the various varieties of rice can contain both toxic and essential elements. In particular, 

noticeable amounts of As, Cr, Pb, Se and V have been reported [4].  This is not surprising, as 

contamination of agricultural soils with several metals and metalloids can result from aerial 

deposition, industrial sewage tainting the water used for irrigation, the use of fertilizers and 

chemicals, etc. [5].  Several of these elements, including As, Cd, Cr, Hg, Pb and Ni, may be 

harmful to humans, as some of their chemical species are either mutagens and/or carcinogens [6]. 

Over time, exposure to these mutagenic and/or carcinogenic species can thus lead to serious and 

lasting health effects.  Ascertaining rice safety for human consumption is thus essential to 

prevent such health problems. 

__________________ 

6The work presented in this chapter is published. Sadiq, N. and Beauchemin, D. Analytica Chimica Acta 

851, 2014, 23-29.  
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To determine if rice contains a potentially problematic level of toxic elements, various 

techniques have been used following acid digestion: flame atomic absorption spectrophotometry 

(AAS) [7], graphite furnace AAS  (GFAAS) [8], inductively coupled plasma (ICP) optical 

emission spectrometry (OES) [7], ICP mass spectrometry (MS) [9, 10] and/or total reflection X-

ray fluorescence [7].  However, using a digestion method is time-consuming, in addition to 

necessitating dangerous chemicals [4, 7, 8, 9, 10] and potentially leading to contamination or 

analyte loss.  Furthermore, the conventional nebulization system in ICP spectrometry introduces 

only 2-5% of the sample solution into the plasma, the rest going down the drain, which is quite 

wasteful [11].  For risk assessment purposes, a faster and greener analysis method would be 

beneficial. 

Direct solid analysis would eliminate the digestion step altogether, along with any concurrent 

contamination or analyte loss as well as the dilution that is unavoidable following digestion.  

Solid sampling (SS) has been used for the analysis of rice in combination with GFAAS [12], 

instrumental neutron activation analysis (INAA) [7, 8], laser-induced breakdown spectroscopy 

(LIBS) [13] and synchrotron-based confocal micro-X-ray fluorescence [14].  However, INAA 

and synchrotron-based techniques are not widely available , LIBS is not automated  and GFAAS 

is not applicable to the simultaneous determination of numerous elements.  One automated 

approach that is quick and simple, but has not yet been applied to the direct analysis of rice, is SS 

electrothermal vaporization (ETV) coupled to ICP-OES [15-17].  With SS-ETV-ICP-OES, the 

sample introduction efficiency is typically close to 80% [16, 18], which is a huge improvement 

compared to what is achieved with a conventional nebulization system. Furthermore, because 

only a few mg of sample are typically loaded onto graphite boats that are then placed in the 
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furnace, many experiments can still be conducted when only a small sample size is available 

[19]. However, issues of representative sampling may arise with the use of such small aliquots.  

For instance, during past work on plant samples, the relative standard deviation (RSD) was as 

low as 3% [17] and as high as 34% [18].  The analysis of rice products was carried out before by 

ETV-ICP-OES, slurry sampling [20, 21] or an extraction [22, 23] was first done, which involved 

additional steps, in turn decreasing sample throughput and increasing the sources of error.  Only 

one study used SS-ETV for the analysis of rice but in combination with atomic fluorescence 

spectrometry [24].           

Yet, according to previous work done on the application of SS-ETV-ICP-OES to the analysis 

of a variety of samples, including some plants, close matrix-matching is not required for 

calibration, which may be done with aqueous solutions or using increasing amounts of CRMs, 

including graphite  [25]; so, the approach should be applicable to the analysis of rice.  The goals 

of this work were to optimize SS-ETV-ICP-OES for the fast, sensitive and accurate multi-

elemental determination of both toxic and essential elements in powdered rice, and to 

demonstrate the accuracy of the approach for the analysis of organic long grain rice samples, 

through comparison with an independent approach: acid digestion followed by analysis by ICP-

MS.  The necessity of internal standardisation with an Ar emission line was also checked, as a 

similar approach in ICP-MS, using Ar2
+ as internal standard, could correct, in some cases, for the 

non-linearity induced by matrix effects in the analyte mass response curve [26].  Internal 

standardization with an Ar emission line has been helpful for the accurate analysis of clays and 

soils by SS-ETV-ICP-OES [15], which are however more complex matrices than rice.     
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6.2 Experimental 

 

6.2.1 Reagents  

 

Three certified reference materials (CRMs) from the National Institute of Standards and 

Technology (NIST) were used: NIST 1568a Rice Flour for external calibration using increasing 

masses of CRM (i.e. 0.4, 0.8, 1.6, 2.0, 2.4, 2.8, 3.3 and 3.9 mg) to establish an 8-point calibration 

curve for the various analytes; NIST 8433 Corn Bran and NIST 8437 Hard Red Spring Wheat 

Flour as samples to check to what extent matrix-matching between standard and sample is 

required. All the CRMs were used as purchased.  In addition, two organic rice samples were 

purchased at a local grocery store: white organic long grain rice (Lundberg Family Farms, 

California) and brown organic long grain rice (Lone Pine Enterprises, Arkansas). Given the 

known heterogeneity of rice grains [27], these samples were hand-ground into a fine powder 

using a mortar and pestle prior to analysis. Particle size was measured to be in the range of 50-

200 µm using a microscope and a capillary with known diameter for reference.  No sieving was 

done to minimize sample processing, the risk of contamination as well as uncertainty introduced 

by potential segregation during the sieving process. 

For the digestion of rice prior to ICP-MS analysis, sub-boiled HNO3 (ACS grade; Fisher 

Scientific, Ottawa, Canada) and H2O2 (J.T. Baker, Phillipsburg, USA) were used. All HNO3 was 

purified prior to use using a DST-1000 sub-boiling distillation system (Savillex, Minnetonka, 

USA).  Dilution was done with doubly deionized water (DDW) provided by an Arium Pro 

UV|DI water purification system (Sartorius Stedim Biotech, Göttingen, Germany). 
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6.2.2 Digestion of rice 

 

To dissolve rice samples prior to ICP-MS analysis, 0.2 g of rice was mixed with 2.5 mL of 

sub-boiled HNO3 and 0.5 mL of H2O2 in a closed Teflon vessel (Savillex, Minnetonka, USA), 

followed by heating to 50 ºC for 1 h. The resulting solution was then diluted to 20 mL with 

DDW. 

6.2.3 Instrumentation 

 

For SS-ETV-ICP-OES, the instrumental set-up was the same as previously used for the 

analysis of clay and soil [15].  Briefly, an ETV unit (ETV 4000C, from Spectral Systems, 

Fürstenfeldbruck, Germany) equipped with an AD30 solid sampling auto-sampler for 

introduction of graphite sampling boats into the graphite tube of the ETV system was coupled to 

a lateral view ARCOS ICP-OES instrument (SPECTRO Analytical Instruments, Kleve, 

Germany), which allows simultaneous monitoring of the entire spectrum. The ETV unit was 

connected to the ICP torch with a 1.0-m long Teflon tube. A multivariate optimization was 

conducted of the carrier gas, bypass gas and reaction gas flow rates over the ranges of 0.3-0.6 

L/min, 0.1-0.3 L/min and 1-10 mL/min, respectively, using Minitab Release 15 statistical 

software (Minitab Inc.).  The ETV temperature program was also optimized to maximize 

sensitivity, while using as low a vaporization temperature as possible to protect the graphite 

boats from damage. The resulting operating conditions, which are very similar to those 

previously used for the analysis of clay samples [15], are summarised in Table 6-1.  
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Table 6-1 SS-ETV-ICP-OES Instrumental Conditions  

ARCOS lateral view ICP-OES 

Plasma RF power (kW) 1.4 

Ar plasma gas flow rate (L min-1) 13.00  

Ar auxiliary gas flow rate (L min-1) 2.0  

Signal scan mode Transient 

Sampling rate (Hz) 10  

Integration Time (ms) 10  

ETV 4000C 

Ar carrier gas flow rate (L min-1) 0.3  

Ar bypass gas flow rate (L min-1) 0.4  

CCl2F2 reaction gas flow rate (mL min-1) 5  

Temperature program Furnace temperature (ᵒC) Time (s) 

Initial  21  

Desolvation/pyrolysis 300 30 

Cool down 21  10 

Vaporization 2200  22 

Cool down 21  15 
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To confirm the accurate analysis of rice samples by SS-ETV-ICP-OES, a Varian 820MS ICP-

MS instrument (Mulgrave, Victoria, Australia) equipped with a Scott double-pass spray 

chamber, a concentric nebulizer and a collision-reaction interface (CRI) was used for the analysis 

of rice digests.  Minitab Release 16 statistical software (Minitab Inc.) was used to conduct a 

multivariate optimization of H2 CRI gas flow rate, Ar nebuliser gas flow rate, sampling depth, 

RF power and Ar sheath gas flow rate so as to maximize sensitivity for the determination of Cr, 

Fe, Cu, Zn, As, Se, Cd and Pb.  A central composite face-centered design was used in order to 

minimize the number of experiments required while still being able to determine the optimal 

operating conditions. The ranges covered by the multivariate optimization along with the 

resulting optimal operating conditions are summarized in Table 6-2.  Daily checks were done to 

verify that this optimization remained valid.  
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Table 6-2 ICP-MS (Varian 820MS) Operating Conditions  

Parameter Range of 

optimization 

Optimal setting 

Ar plasma gas flow rate (L min-1)  18.0  

Ar auxiliary gas flow rate (L min-1)  1.75 

Sample uptake rate (mL min-1)  0.8  

Plasma RF power (kW) 1.3-1.5 1.4  

Ar sheath gas flow rate (L min-1) 0-0.10 0.04  

Ar aerosol carrier gas flow rate (L min-1) 0.7-1.2 1.0  

H2 CRI skimmer gas flow rate (mL min-1) 0-100 60  

Sampling depth (mm) 5-7 6.4 

Dwell time (ms)  10 ms 

Monitored ions   24Mg+, 27Al+, 31P+, 32-34S+, 39K+,  

54, 56, 57Fe+, 59Co+, 55Mn+, 63, 65Cu+, 

66, 68Zn+,  75As+, 76, 78Se+, 110, 111, 

114Cd+, 206-208Pb+  

 

 

6.2.4 Procedure for SS-ETV-ICP-OES 

 

Six 4-mg replicates of each sample were directly weighed into graphite sample boats, which 

were then introduced one at a time by an auto-sampler gripper into the graphite tube of the ETV 

furnace. The samples were then heated using the temperature program in Table 6-1. A reactant 
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gas, dichlorodifluoromethane, was mixed with the Ar carrier gas to improve analyte transport 

efficiency [15]. A bypass gas flowing from outside of the graphite furnace led to a fast cooling of 

sample vapors, to facilitate the formation of nuclei [15].  This gas also created a laminar flow 

within the transfer tube, which prevented the deposition of aerosol particles by avoiding contact 

with the tube wall, thereby minimizing memory effects [15].  

 

6.2.5 Data processing  

 

To compensate for sample loading effects on the ICP, which were clearly visible in addition 

to inducing a suppression of Ar emission as reported previously [15], an Ar emission line 

(763.511 nm) was used as internal standard.  This approach is similar to monitoring an Ar dimer 

in ETV-ICP-MS to ascertain the extent of matrix effects [26, 28]. The point-by-point signal ratio 

of analyte over Ar was computed to obtain the corrected transient temporal profile before 

integration of peak area [15]. The resulting area was then divided by the actual mass of rice 

sample.    The method of least squares was applied to external calibration curves, obtained by 

introducing an increasing mass of NIST 1568a Rice Flour CRM, to determine the slope (i.e. 

sensitivity) and intercept.  Although the certificate of most certified reference materials (CRMs) 

specifies a minimum mass of 100-500 mg as representative, Becker has shown that, in many 

cases, down to 1 mg can be used without jeopardizing accuracy [29].   The resulting equation of 

the line of best fit was then used for external calibration, i.e. to convert peak area into analyte 

concentration in samples. 
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6.3 Results and Discussion 

 

6.3.1 Optimization of the ETV temperature program 

As the goal of this work was to obtain a quick method for the analysis of rice powder, 

calibration with solutions, through either external calibration or standard addition of solutions, 

was not contemplated, as it would have required the addition of a desolvation step, which was 

avoided to maximize sample throughput.  Slurry sampling was not considered for the same 

reason, as well as because of the concurrent dilution involved.  So, only solids were introduced 

and external calibration with rice flour CRM was thus carried out.  Figure 6-1 shows the effect of 

introducing a cooling step between the pyrolysis and vaporization steps: the analyte signal 

(exemplified here by Fe) is much sharper.  As a sharper peak was systematically observed for all 

analytes, with the exception of As, Cu, S and Se for which it made no difference, this cooling 

step was retained to maximize sensitivity.  In all cases, no analyte signal was detected during the 

pyrolysis step, indicating no premature analyte loss.  
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Figure 6-1:Transient Fe (373.486 nm) ETV signal observed with and without a cooling step 

between pyrolysis and vaporization for 4 mg of brown organic long grain rice or corn bran 

CRM. 
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Using a small amount of CCl2F2 to transform analytes into more volatile chlorides and 

fluorides had a very beneficial effect, as illustrated in Figure 6-2.  The transient signals observed 

for Hg and Co, i.e. two elements with very different boiling points, not only appear at the same 

time but have a very similar shape.  This feature helped minimize the vaporization step, thereby 

keeping the temperature program as short as possible and maximizing sample throughput.  
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Figure 6-2 Transient ETV signal observed for Hg (low boiling point element) and Co (high 

boiling point element) with 4 mg of corn bran CRM.  
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Internal standardization with an Ar emission line, which was used in previous work to 

compensate for the sample loading effect on the plasma during the analysis of clays and soils 

[15], was considered.  Figure 6-3 shows that using an Ar internal standard significantly improved 

the linearity of calibration curves, exemplified here with Mg.   The square of the correlation 

coefficient systematically improved for all elements using this approach.  For example, it was 

0.92 for Se (n=6), 0.77 for Mg (n=8) and 0.92 for As (n=5) without internal standardization, 

which became 0.98, 0.99 and 1.0 for Se (n=6), Mg (n=8) and As (n=6), respectively.  
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Figure 6-3: Comparison of calibration curves obtained for Mg (285.213 nm) with and 

without an argon emission line 763.511 nm) as internal standard.  
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6.3.2 Figures of merit of the proposed approach 

 

Table 6-3 compares the proposed approach to others that have been used for the direct 

analysis of rice.  The analysis time with SS-ETV-ICP-OES is much shorter than by INAA while 

providing much lower limits of detection (Table 6-4).  The analysis time is comparable to that 

taken by other atomic spectrometry methods.  No memory effect was observed, unlike by SS-

ETV-ICP-MS.  Using internal standardization with an Ar emission line not only avoided having 

to spike each sample and standard with internal standard, but also compensated for matrix 

effects, thereby making calibration by the method of standard addition unnecessary.  This 

completely avoided having to possibly dry the sample outside the furnace after standard addition 

before placing it on the boat to ensure analogous behavior of the spiked analyte and that in the 

sample [34].  
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Table 6-3: Comparison of methods used for direct analysis of plants or food. 

Sample 
Analysis 

technique 
Analyte 

Calibration 

strategy* 

Mass of 

sample 

(mg) 

Analysis 

time (s) 
Comments Ref. 

Rice 

samples 

 

INAA  Al, Br, Ca, 

Cl, Cr, Cu, 

Fe, I, K, 

Mg, V, 

Mn, Se,  

Mo, Zn 

Verified 

with CRM 

50-100  200-

3600 

 

[8] 

Rice 

CRM and 

peach 

SS-

GFAAS 

Al, Cd, Pb EC with 

solid 

standard 

1.3  49-69   

[12] 

CRMs  SS-ETV-

ICP-AES 

Al, Ca, 

Cu, Fe, 

Mg, Zn 

Mn, Na  

EC with 

standard 

solution on 

cellulose 

2  76   

[19] 

Tea 

leaves, 

rice 

ETV-ICP-

AES 

V, Cu, Cr, 

Fe, Zn, La 

SA Slurry 

sampling 

97  2.6%-7.2% 

RSD  [20] 

Rice flour 

CRM, 

rice, 

leaves 

ETV-ICP-

MS 

Zn, As, 

Cd, Sb, 

Hg, Pb 

SA or ID; 

Pd modifier 

Slurry 

sampling 

78  Time-

consuming 

calibration  
[21] 

CRMs, 

rice 

samples 

SS-ETV-

AFS 

Cd EC with 

standard 

solution on 

blank rice; 

(NH4)3PO4 

matrix 

modifier  

3-4  97.5-

167.5  

Drying and 

ashing in 

ashing 

furnace; 

only 

vaporization 

in ETV 

[24] 
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Sample 
Analysis 

technique 
Analyte 

Calibration 

strategy* 

Mass of 

sample 

(mg) 

Analysis 

time (s) 
Comments Ref. 

Various 

plant 

CRMs 

SS-ETV-

ICP-OES 

Al, B, Ba, 

Cd, Co, 

Cr, Cu, 

Fe, Mn, 

Ni, Zn, 

Pb, S, Sr, 

P, Ti, V 

EC with 

solid 

standard; 

CCl2F2 

modifier for 

B, Ti, V 

1-5  92  No real 

samples 

analyzed 

[25] 

Rice flour 

CRM,  

rice 

samples 

SS-

GFAAS 

Pb EC with 

solid 

standard 

0.5-1  54  Poor 

linearity 

and 

precision 

with over 

1.5 mg  

[27] 

Rice flour 

CRM, rice 

samples 

ETV-ICP-

MS 

Cr, Cu, 

Cd, Hg, 

Pb 

SA and ID Slurry 

sampling 

131  Time-

consuming 

calibration 

[32] 

Rice SS-

GFAAS 

Fe, Zn EC with 

standard 

solutions  

1-3.5  Not 

specified 

 

[33] 

Rice flour 

CRM 

SS-ETV-

ICP-MS 

As SA and IS 

with Sb  

1.2  95  SA must be 

dried before 

spiked 

sample on 

boat  

[34] 

CRMs, 

white and 

brown 

organic 

rice 

samples 

SS-ETV-

ICP-OES 

Al, As, 

Ca, Co, 

Cu, Fe, 

Hg, K, 

Mg, P, 

Mo, Na, 

Pb, S, Se, 

Zn 

EC with 

CRM; IS 

with Ar; 

CCl2F2 

reaction gas 

in ETV 

4  87  Validation 

of sample 

analysis 

using 

digestion 

and ICP-

MS 

This 

work 

*EC: external calibration; IS: internal standardization; SA: standard addition; ID: isotope 

dilution 
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Table 6-4: Limits of Detection (μg/kg) by various techniques for the direct analysis of 

plants or food, including rice.  

Analyte 

SS-ETV-

ICP-OES 

(this 

work; 

n=15) 

SS-

ETV-

ICP-

AES  

Slurry-

ETV-

ICP-

OES 

[20] 

Slurry-

ETV-ICP-

MS  

SS-

ETV-

ICP-MS 

[34] 

INAA 

[8] 

SS-

GFAAS  

Al 0.3  
20 [19] 

80 [25] 
-  - - 290  110 [12]  

As 1 - - 0.2-0.4 [21]  1  20 - 

Ca 0.06  80 [19] - - - 33000  - 

Co 5  - 5  - - - - 

Cu 2  
1 [19] 

40 [25] 
2.6  2 [32] - - - 

Fe 1  
20 [19] 

250 [25] 
3.5  - - 16000  - 

 Hg 0.04  - - 
0.4-0.8 [21] 

0.5 [32]  
- 100  - 

K 0.08  - - - - 14000  - 

Mg 0.01  40 [19] - - - 29000  - 

Na 6  40 [19] - - - - - 

P 1  120 [25]  - - - - 

Pb 0.2  - - 
0.4-0.6 [21] 

0.7 [32]  
- - 

16 [12] 

2 [33] 

Zn 2  
4 [19] 

5 [25] 
200  2-4 [21] - 3200  - 
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Under the optimized conditions, reasonable linearity was obtained for many elements upon 

introducing an increasing amount of rice flour CRM in the ETV unit (Table 6-5).  Because no 

dilution is done and sample introduction efficiency is much higher than with solution 

nebulisation, improved limits of detection can be achieved with ETV compared to those 

achievable with solution nebulisation.  The leftmost column in Table 6-4 shows that μg/kg and 

sub-μg/kg limits of detection in the solid rice were readily obtained using a 5 to 8 point 

calibration curve established using increasing amounts of rice flour CRM NIST 1568a along 

with 15 blanks (i.e. empty graphite boats).  Detection limit was calculated as 3 times the standard 

deviation of the blank signal divided by sensitivity (i.e. the slope).   
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Table 6-5 Equations of the lines of best fit obtained for various elements upon introducing 

an increasing amount of NIST 1568a rice flour in the ETV furnace to establish external 

calibration curves (of which the slope is sensitivity) 

 

 

* s.d. = standard deviation 

 

Element Wavelength 

(nm) 

Slope ± s.d.* 

(arbitrary units 

over μg/kg ) 

Intercept ± s.d. R2 n 

Al 396.152 0.90 ± 0.05 -0.0004 ± 0.0001 0.9817 7 

As 189.042 0.00200 ± 0.00005 -0.0000002 ± 0.0000001 0.9986 6 

Ca 396.847 1.97 ± 0.17 -0.00020 ± 0.00003 0.9747 6 

Co 228.61 0.026 ± 0.003 -0.000010 ± 0.000006 0.9614 7 

Co 230.786 0.028 ± 0.001 +0.000002 ± 0.000001 0.9951 6 

Cu 165.53 0.0046 ± 0.0003 -0.0000005 ± 0.0000004 0.9887 5 

Fe 373.486 0.31 ± 0.02 -0.00030 ± 0.00003 0.9812 5 

Hg 184.95 0.0017 ± 0.0002 -0.0000003 ± 0.0000002 0.9674 5 

K 404.721 0.35 ± 0.04 -0.00030 ± 0.00009 0.9652 6 

Mg 285.213 33.5 ± 1.1   -0.007 ± 0.002 0.9931 8 

Mo 204.664 0.029 ± 0.002 -0.000016 ± 0.000006 0.9789 6 

Na 589.59 12.1 ± 0.5 -0.008 ±0.001 0.9919 8 

P 178.287 0.0016 ± 0.0002 -0.0000002 ± 0.0000001 0.9494 5 

Pb 283.305 0.028 ± 0.002 -0.000030 ± 0.000006 0.9830 5 

S 147.399 0.00300 ± 0.00008 +0.00000007 ± 0.00000002 0.9974 6 

Se 207.479 0.016 ± 0.001 -0.000020 ± 0.000003 0.9790 6 

Zn 213.856 6.8 ± 0.6 -0.064 ± 0.001 0.9785 6 
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Comparison with other techniques that have been used for the direct analysis of rice 

(Table 6-4) shows that this optimized SS-ETV-ICP-OES provides significantly lower limits of 

detection than previous works with the same technique, which further demonstrates the 

advantage of using a cooling step between pyrolysis and vaporization, and performing internal 

standardization with an argon emission line.   Moreover, for several elements, the limits of 

detection by the proposed approach are similar to those obtained with ETV-ICP-MS with slurry 

sampling, despite the fact that the sensitivity of ICP-MS is higher than that of ICP-OES by 

several orders of magnitude.  This is partly because of the dilution that is concurrent with the 

introduction of slurry instead of a solid sample [20,21,32].  It also reflects the optimization that 

was carried out to maximize sensitivity by SS-ETV-ICP-OES.   

6.3.3 Application to the analysis of CRMs and rice samples  

 

The method was first validated by performing the multi-elemental analysis of wheat flour [30] 

and corn bran [31] CRMs by SS-ETV-ICP-OES by external calibration with rice flour CRM.  

The results are summarized in Table 6-6.  As can be seen, good agreement was obtained between 

measured and certified values.  Depending on the matrix, different wavelengths had to be used, 

as some matrix components otherwise resulted in spectroscopic interference.  In any case, the 

good agreement for corn bran and wheat flour indicates that the accurate analysis of rice grains 

should be readily possible using external calibration with rice flour CRM.  This is in agreement 

with a previous report on the SS-ETV-ICP-OES analysis of other plant samples, which could 

even be done using graphite standards [25]. 
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Table 6-6: Analytes concentrations (± standard deviation, n=4-6) found in NIST 8433 corn 

bran and NIST 8437 wheat flour CRMs by external calibration with NIST 1568a rice flour 

along with calculated and tabulated values of Student’s t at the 95% confidence level 

Analyte 
Wavelength 

(nm) 
CRM type 

Measured 

(μg/g) 

% 

RSD 

Certified 

(μg/g) 
tfound tTable 

As 189.042 Corn bran 0.002 ± 0.001 50 
0.002 ± 

0.002 
0 2.57 

Ca 396.84 
Wheat 

flour 
143 ± 31 22 143 ± 16 0.16 2.776 

Co 228.61 Corn bran 0.007 ± 0.002 29 
0.006 ± 

0.006 
1.22 2.57 

Cu 165.532 

Wheat 

flour 
2.18 ± 0.19 9 2.01 ± 0.49 2.19 2.57 

Corn bran 2.61 ± 0.22 8 2.47 ± 0.40 1.56 2.57 

Fe 373.486 

Wheat 

flour 
32±8  25 31 ± 6 0.92 2.776 

Corn bran 11±3  27 14.8 ± 1.8 1.62 3.182 

Hg 

 
184.95 

Wheat 

flour 
0.004 ± 0.002 50 0.004*   

Corn bran 0.003 ± 0.001 33 
0.003 ± 

0.001 
0 2.57 

K 404.721 Corn bran 473±73  15 566 ± 75 0.55 3.182 

Mo 203.90 Corn bran 0.28 ± 0.05 18 
0.252 ± 

0.039 
0.14 3.182 

Na 

 

589.59 

 

Corn bran 370±90 24 430 ± 31 1.63 2.57 

Wheat 

flour 
7.7 ± 1.2 16 7 ± 5 1.43 2.57 

P 178.287 
Wheat 

flour 
0.12 ± 0.03 25 

0.137 ± 

0.007 
1.67 3.182 

Pb 

 

283.305 

 

Corn bran 0.15±0.02 13 0.14 ± 0.034 1.22 2.57 

Wheat 

Flour 
0.18±0.05 28 

0.137 ± 

0.011 
2.11 2.57 

S 147.399 
Wheat 

Flour 
0.245 ± 0.074 30 

0.183 ± 

0.024 
2.05 2.57 

* Information value 
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To further validate the method, real rice samples were analyzed by SS-ETV-ICP-OES and, 

following digestion, by ICP-MS, as the detection limit by ICP-OES was not low enough.  The 

results are summarized and compared in Table 6-7.  For several elements, different emission 

lines or m/z ratios yielded good agreement (not shown).  Despite the minute sample size (4 mg) 

used for SS-ETV-ICP-OES, the resulting precisions were in general similar to those obtained for 

solutions by ICP-MS, as established using an F test at the 95% confidence level.  Only in 4 cases 

(As and Co in brown rice, Cu and Fe in white rice) were the precisions significantly different and 

higher for SS-ETV-ICP-OES than for ICP-MS.  While this general agreement may be surprising 

at first glance, nebulisation during 1 min at 0.8 mL min-1 of a digest containing 0.2 g of sample 

in 20 mL would correspond to the introduction of 8 mg of sample upon desolvation in the plasma 

if 100% sample introduction efficiency was achieved.  As this is not the case, and with less than 

5% sample introduction efficiency using the nebulization system used in this work, less than 0.4 

mg likely reached the plasma in ICP-MS.  Furthermore, ICP-MS was also subject to rice 

inhomogeneity.  Indeed, only a few grains of rice (0.2 g) were digested for each replicate that 

was analyzed.  
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Table 6-7: Analyte concentrations (n=6 unless otherwise indicated) found by SS-ETV-ICP-

OES and ICP-MS in white and brown organic long grain rice samples along with 

calculated and tabulated Student’s t values at the 95% confidence level 

Analyte 

m/z 

(MS); 

emission 

line (nm) 

(OES) 

Rice 

SS-ETV-

ICP-OES 

(μg/g) 

% 

RSD 

ICP-MS 

(μg/g) 

% 

RSD 
tfound tTable 

 

Al 

 

 

27; 

396.152 

 

White 11.07±0.30 28 
1.10 ± 

0.36 33 0.15 2.201 

Brown 1.5 ± 0.1 6.7 1.5 ± 0.5 33 0 2.447 

As 
75; 

189.042 
Brown 20.29 ± 0.03 10 

0.289 ± 

0.049 17 0.03 2.228 

Co 
59; 

230.786 

White 
20.032 ± 

0.008 
25 

0.036 ± 

0.004 
11 1.06 2.571 

Brown 
20.030 ± 

0.008 27 
0.038 ± 

0.002 5.3 1.96 3.182 

Cu 

 

65; 

165.532 

 

White 23.57 ± 0.84 24 
2.80 ± 

0.02 
0.7 1.83 3.182 

Brown 2.11 ± 0.17 8 
1.99 ± 

0.32 
16 0.81 2.262 

Fe 
56; 

373.486 
White 21.9 ± 0.5 26 

1.95 ± 

0.32 
16 0.75 2.447 

Mg 
24; 

285.213 
Brown 1.16 ± 0.08 6.9 

1.06 ± 

0.16 
15 1.37 2.306 

Pb 
208; 

283.305 

White 
10.274 ± 

0.055 
9.3 

0.289 ± 

0.049 
17 0.48 2.228 

Brown 0.30 ± 0.02 7 
0.289 ± 

0.02 
7 0.82 2.201 

Se 
78; 

207.479 

White 
20.147 ± 

0.014 
9.5 

0.121 ± 

0.027 
22 1.75 2.262 

Brown 
0.125 ± 

0.021 
17 

0.114 ± 

0.015 
13 1.04 2.201 

Zn 
66; 

213.856 

White 14.2 ± 0.9 21 3.3 ± 0.6 18 1.00 2.306 

Brown 6.8 ± 0.6 8.8 6.7 ± 0.3 4.5 0.37 2.306 

1 n=5; 2 n=4 
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These results clearly demonstrate that SS-ETV-ICP-OES could at the very least be used for 

fast screening of food safety, as 2.5-min grinding, 0.5-1 min weighing and an 87-s analysis is 

required per sample.  A sample can thus be analyzed in about 5 min, which is much faster than 

methods with a digestion step and requiring the preparation of standard solutions, which have a 

shorter life span than solid CRMs.  In fact, because the ETV analysis is automated, the sample 

throughput can be further increased: while one sample is being analysed, the next sample can be 

weighed.  It completely eliminates the need for digestion, thereby avoiding several steps, harsh 

chemicals and significant preparation time, and thus drastically increasing sample throughput.  

Furthermore, it avoids any loss of volatile analyte species that could occur during digestion.  

While it may appear to be more expensive, the purchasing of a total set of aqueous standards is 

likely more costly than of one CRM.  Furthermore, as the mass of CRM required for a 

calibration is less than 20 mg, a 50-g container allows 2500 analysis series, each then costing 

about $0.18.  This is quite reasonable for a fast screening method.     

6.4 Conclusions 

 

This work shows that direct multi-elemental analysis of solid food can be quantitatively done 

using optimized SS-ETV-ICP-OES within 5 min, including grinding and weighing.  Despite the 

4-mg aliquot size, similar results in terms of accuracy and precision were obtained as with ICP-

MS following acid digestion of 0.2-g samples.  However, SS-ETV-ICP-OES can be used to 

assess food safety much more quickly than the latter and may thus become an essential tool for 

risk assessment of food safety.  Future work will focus on a greater variety of food types to see 

how different a matrix can still be accurately analyzed by this method.    
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Chapter 7 

ETV-ICP-OES coupled to a nebulisation/pre-evaporation system for the direct analysis of 

glutinous rice by external calibration with aqueous solutions 

 

7.1 Introduction 

 

Rice is predominantly consumed by over half of the world’s population [1]; with many products 

being made using ground uncooked rice, i.e. rice flour.  Rice may contain many toxic elements, 

in particular arsenic [2]. Because the contents of rice are directly carried through into rice flour, 

its analysis is important for risk assessment, as consumers are increasingly concerned with the 

quality of their food and its potential impact on their health.  Past studies have looked at white 

and brown rice [3,4], various other plant materials [5], as well as white, black and red glutinous 

rice varieties from China [6-10]. In the case of the latter studies on glutinous rice, the focus was 

on essential elements (Fe, Zn and Mn) and a few toxic elements (Cd and Hg in particular).    

Glutinous rice is typically used for sweet dishes; it becomes sticky upon cooking (usually by 

steaming instead of traditional boiling), due to a reduced amount of amylose and high levels of 

amylopectin [11]. 

 

 

___________________ 

7This manuscript has been submitted to Food Chemistry (2016). Sadiq, N., Huang, L., Kaveh, F. and Beauchemin, 

D.  
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 The analysis of rice and rice products is typically done by graphite furnace atomic absorption 

spectrometry [12], inductively coupled plasma (ICP) optical emission spectrometry (OES) [13] 

and ICP mass spectrometry (MS) [14,15].  The latter two techniques are usually preferred for 

multi-element analysis.  Acid digestions are commonly used to bring the sample into a 

homogeneous solution for precise analysis, especially with ICP techniques, as the standard 

sample introduction system consists of a concentric nebulizer and spray chamber.  Unfortunately, 

this system typically discards 95% of the sample solution.          

 One way to both increase the sample introduction efficiency and eliminate the digestion step is 

to use electrothermal vaporization (ETV) instead of the regular nebulization system with ICP 

spectrometry. Using ETV, the sample is typically deposited in a graphite furnace that is then 

heated in steps to evaporate any solvent, pyrolyse the matrix and vaporize the analytes into the 

ICP through a transfer tube. Because ETV allows the direct analysis of liquids, slurries and solid 

samples, it completely eliminates the digestion step.  It has been used for the analysis of soils 

[16], food [17-19], plant material [20], and various other sample types [21-24], either in their 

solid form or as slurries. Direct solid sampling (SS) is particularly beneficial when the sample is 

in powder form, as no sample pretreatment is then needed, which not only results in quicker 

analysis but also minimizes contamination.  Hence, SS-ETV-ICP spectrometry should be well 

suited for the quick and simple screening of glutinous rice flour, a widely consumed item, 

especially in Asia.       

 However, with SS-ETV-ICP where everything (i.e. pyrolysis products and analytes) is carried 

into the plasma, only around 5 mg of solid sample can be introduced without extinguishing the 

ICP, which limits sensitivity, precision and detection limit [16]. Because ICP extinction is 
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usually a result of overloading by pyrolysis products of the sample matrix, a valve was inserted 

between the outlet of the ETV system and the torch to enable venting of those products, thereby 

preventing them from overloading the plasma [25]. However, the sudden flow of carrier gas into 

the plasma upon switching the valve from the venting position to the ICP torch direction was 

sufficient to extinguish it.  Plasma robustness was thus increased by simultaneously introducing a 

pre-evaporated water aerosol into the plasma, which eliminated the plasma extinction problem 

[25]. The pre-evaporation system simply involved infrared (IR) heating of the exit of the spray 

chamber, sheathing device and base of the torch.  The analyte-containing ETV effluent was 

introduced through the side-arm of the sheathing device, around the pre-evaporated aerosol.  

This allowed the introduction of 13-mg aliquots of soil, which significantly improved sensitivity 

and limits of detection [25].  

 However, the PTFE switching tee was prone to clogging from the large quantity of matrix 

pyrolysis products.  The objectives of this study were three-fold: firstly, diminish the clogging 

problem by replacing the PTFE valve with a sturdier switching tee; secondly, develop a quick 

method for the direct analysis of glutinous rice flour by SS-ETV-ICP-OES, which has never 

been performed before; and finally find conditions allowing accurate analysis by external 

calibration with aqueous standard solutions without using any matrix, unlike when standard 

solutions were deposited on cellulose [20]. The ability to use standard solutions is advantageous, 

as it does not limit the elements that can be determined to those with certified concentrations in a 

matrix-matched certified reference material.  Furthermore, avoiding the use a cellulose substrate 

for calibrations would reduce the analysis cost while minimizing the blank. 
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7.2 Experimental 

 

7.2.1 Instrumentation 

 

For conventional SS–ETV–ICP-OES, the instrumental set-up was the same as previously used 

for the analysis of clay, soil [16], and rice [17]. Briefly, an ETV unit (ETV 4000C, from Spectral 

Systems, Fürstenfeldbruck, Germany), equipped with an AD30 solid sampling auto-sampler for 

introduction of graphite sampling boats into the ETV graphite tube, was coupled to a lateral view 

ARCOS ICP-OES instrument (SPECTRO Analytical Instruments, Kleve, Germany) using a 1.0-

m long Teflon tube with 1.0-cm internal diameter. The operating conditions were those 

previously found by multivariate optimization of the carrier gas, bypass gas and CF2Cl2 reaction 

gas flow rates to maximize sensitivity at as low a vaporization temperature as possible so as to 

extend the lifetime of graphite boats [17]. The reaction gas, which was mixed with the Ar carrier 

gas, improved analyte volatility, allowing their vaporization at lower temperatures, while the 

bypass gas added at the exit of the graphite furnace facilitated the formation of a dry aerosol and 

improved its transport efficiency [22].  

 For the SS-ETV-ICP-OES set-up with simultaneous introduction of pre-evaporated water 

aerosol (Figure 7-1) [25], the PTFE switching tee (Figure 7-2a) at the outlet of the ETV system 

was replaced with a Whitey 3-way stainless steel switching valve (Figure 7-2b) (Swagelok, 

Ohio, USA) to enable venting of matrix products during pyrolysis while allowing the analysis of 

a greater number of samples before cleaning was required.  
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Figure 7-1: Experimental setup of revisited ETV setup with IR heater and neb/spray 

chamber [25].  

 

 

Figure 7-2: Switching valve used in past study [25] ((a) left) and current work ((b) right). 
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It was connected to the side arm of a sheathing device, which was placed between the ICP torch 

and a Scott double-pass spray chamber into which a cross-flow nebulizer continuously nebulized 

water using 0.75 L/min Ar nebulizer gas and 1.5-mL/min water uptake rate.  The exiting aerosol 

was pre-evaporated through IR heating with a 6-cm wide, 24.5-cm long ceramic IR heater 

(Process Heaters Inc., Toronto, Ontario, Canada) positioned parallel to the spray chamber outlet, 

sheathing device and bottom of the torch.  The temperature of the IR heater was maintained at 

400°C using a PL512 Mantle-Minder temperature controller (GLAS-COL apparatus company), 

which was connected to a thermocouple on the inner surface (i.e. facing the sheathing device) of 

the IR heater. Time synchronization between the ICP spectrometer and the ETV system was 

achieved with the Smart Analyzer Vision software. With the exception of the pre-evaporation 

conditions detailed above, the instrumental conditions for ICP-OES and the ETV system were 

identical to those previously used with the regular ETV system [17]. 

 Glutinous rice flour sample digests were analyzed by ICP-MS, to verify the accuracy of 

analyses done by SS–ETV–ICP-OES, using a Varian 820MS quadrupole-based ICP-MS 

instrument (Mulgrave, Victoria, Australia) equipped with a Scott double-pass spray chamber 

maintained at 0°C with a Peltier cooling system, a concentric nebulizer and a collision-reaction 

interface (CRI). The operating conditions previously found through multivariate optimization, 

using a central composite face-centered design, of H2 CRI gas flow rate, Ar nebulizer gas flow 

rate, sampling depth, RF power and Ar sheath gas flow rate were used [17].  The validity of this 

optimization was checked daily. Table 1 and Table 2 show optimized conditions for ETV-ICP-

OES and ICP-MS.  
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Table 7-1: Instrumental operating conditions of SS-ETV-ICP-OES  

SPECTRO ARCOS ICP-OES 

Plasma power 

Ar plasma gas flow rate 

Ar auxiliary gas flow rate 

Ar nebulizer gas flow rate* 

Water uptake rate * 

IR heater temperature* 

Signal scan mode 

Sampling rate 

Integration time 

1400 W 

13.00 L min-1 

2.00 L min-1 

0.75 L min-1 

1.5 mL min-1 

400 °C 

Transient 

10 Hz 

10 ms 

Spectral Systems ETV 4000C 

Ar carrier gas flow rate 

Ar bypass gas flow rate 

CF2Cl2 reactant gas flow rate 

300 mL min-1 

400 mL min-1 

5 mL min-1 

ETV heating program 

Step T (°C) Ramp (s) Hold (s) Step T (°C) 

Ramp 

(s) 

Hold (s) 

1 

3 

300 

2200 

0 

0 

30 

22 

2 

4 

21 

21 

0 

0 

15 

15 

*For SS-ETV-ICP-OES with simultaneous introduction of water aerosol  
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Table 7-2: ICP-MS instrumental operating conditions   

Parameter Selected value (optimization range) 

Ar plasma gas flow rate (L min-1) 18.00 

Ar auxiliary gas flow rate ( L min-1) 1.75 

Sample uptake rate (mL min-1) 0.8 

Plasma power (kW) 1.4 (1.3-1.5) 

Ar sheath gas flow rate (L min-1) 0.04 (0-0.10) 

Ar aerosol carrier gas flow rate (L min-1) 1.0 (0.7-1.2) 

H2 skimmer gas flow rate (mL min-1) 60 (0-100) 

Sampling depth 6.4 (5-7) 

Dwell time 10 ms 

Monitored ions 

24Mg+, 27Al+, 42,44Ca+, 52.53Cr+, 54, 56, 

57Fe+,55Mn+, 59Co+, 63,65Cu+, 66, 68Zn+,  

75As+, 76,78Se+, 95,98Mo+, 110,111,114Cd+, 

199,200,202, Hg+, 206-208Pb+ 
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7.2.2 Reagents 

 

Three different glutinous rice flours were analysed: Bob’s Red Mill Sweet White Rice Flour 

(Organic) (Oregon, USA), Koda Farms Sweet Rice (California, USA) and Pacific Harvest Sweet 

Rice (California, USA).  National Institute of Standards and Technology (NIST) 1568b Rice 

Flour certified reference material (CRM) was used for external calibration with conventional SS-

ETV-ICP-OES.  All samples were used as purchased. No additional processing such as sieving 

was done in order to keep the experiment as simple as possible and to avoid any contamination.  

 Standard solutions used for calibration with the alternative SS-ETV-ICP-OES were prepared 

by dilution of 10 000 𝜇g/mL stock solutions (SCP Science, Baie d’Urfé, QC, Canada).  Sub-

boiled HNO3 (ACS grade; Fisher Scientific, Ottawa, Canada), purified using a DST-1000 sub-

boiling distillation system (Savillex, Minnetonka, USA), and H2O2 (J.T. Baker, Phillipsburg, 

USA) were used for the digestion of rice flour samples prior to ICP-MS analysis, dilution being 

done with doubly-deionized water (DDW) from an Arium Pro UV/DI water purification system 

(Sartorius Stedim Biotech, Göttingen, Germany). 

 

7.2.3 Procedure for SS-ETV-ICP-OES  

 

For conventional SS-ETV-ICP-OES, six 4-mg replicates of each sample were directly weighed 

into graphite boats that were then placed on the turntable of the autosampler. Similarly, a 10-

point external calibration curve was established using increasing masses ((i.e. 0, 0.6, 1.1, 1.6, 

2.1, 2.6, 3.2, 3.5, 4.2 and 4.6 mg) of rice flour CRM.  Although the certificate of this CRM 
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specifies a minimum mass of 500 mg as representative, Becker [26] has shown that, in many 

cases, down to 1 mg can be used without jeopardizing accuracy. 

  When the simultaneous introduction of a pre-evaporated water aerosol was done, six 8-mg 

replicates of each sample were directly weighed into the graphite boats.  Calibration was done by 

placing 10-µL aliquots of multi-element standard solutions (0.01, 0.025, 0.05, 0.1, 0.25, 0.5, 1, 

2.5, 5 and 10 mg L-1), prepared on the day of the analysis, in graphite boats and heating them 

with an IR heater set at 100 °C until liquid was no longer visible.  

 

7.2.4 Digestion of glutinous rice flour samples  

 

 Prior to ICP-MS analysis, 0.2 g of glutinous rice flour was dissolved by adding 2.5 mL of sub-

boiled HNO3 and 0.5 mL of H2O2 in a closed Teflon vessel (Savillex, Minnetonka, USA) and 

heating to 50◦C for 1 hour. The resulting solution was then diluted to 20 mL with DDW.   

 

7.2.5 Data treatment and calibration 

 

An argon emission line (763.511 nm) was used as an internal standard to compensate for 

sample loading effects, as in previous studies [16,17,25]. The point-by-point signal ratio of 

analyte over Ar was computed to obtain the corrected transient temporal profile before 

integration of peak area.  The resulting area was then divided by the actual sample mass. The 

method of least squares was applied to external calibration curves to obtain the line of best fit, 

whose slope is sensitivity.  The equation of this line was then used to convert peak area into 
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analyte concentration in samples.  To compare results from SS-ETV-ICP-OES to those obtained 

by ICP-MS, an F-test was first conducted to establish if there was a significant difference in 

variance, and the corresponding Student’s t-test, i.e. with the Cochran-Cox adjustment when the 

variances were significantly different, was then applied at the 95% confidence. 

 

7.3 Results and Discussion 

 

With the original switching valve (Figure 7-2a) [25], carbon-rich glutinous rice flour led 

to clogging, requiring frequent cleaning.  The more robust stainless steel switching valve (Figure 

7-2b) reduced clogging problems and thus increased sample throughput.  This simple change will 

facilitate solid sample analysis regardless of how complex the sample matrix may be.     

 

7.3.1 Effect of the simultaneous introduction of pre-evaporated water on limits of detection 

and precision 

  

The absolute limits of detection obtained using increasing amounts of solid CRM for 

calibration with SS-ETV-ICP-OES and using standard solutions for calibration during 

simultaneous introduction of pre-evaporated water are shown in Table 7-3.  They were calculated 

using three times the standard deviation of the blank signal (obtained with an empty boat) over 

the slope of the calibration curve.  With the exception of Fe and Pb, two ubiquitous elements, 

significant improvement in limits of detection were achieved, likely because of the much more 

robust plasma that is obtained upon introduction of water vapour.  A significant improvement in 
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precision (according to an F test at the 95% confidence level) resulted for several elements, from 

the larger sample size.  

Table 7-3: Absolute Limits of detection (ng) for conventional ETV and ETV with pre-

evaporation of water. 

 

Element (nm) Conventional ETV Revisited ETV  

Al 308.215 2 0.0006 

As 228.812 0.2 0.0003 

Ca 183.801 30 0.2 

Cd 228.802 0.03 0.0008 

Co 228.616 N/A 0.00004 

Cr 205.618 N/A 0.02 

Cu 324.754 0.4 0.002 

Fe 259.941 0.03 0.1 

Hg 253.652 0.003 0.001 

Mg 279.079 20 0.001 

Mn 257.611 0.09 0.0009 

Mo 281.615 0.4 0.09 

Pb 405.778 0.004 0.2 

Se 204.050 0.2 0.0009 

Zn 213.856 0.6 0.007 
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7.3.2 Analysis of glutinous rice flour samples 

 

The results by SS-ETV-ICP-OES without and with simultaneous introduction of pre-

evaporated water are compared to those obtained by ICP-MS after acid digestion in Tables 7-4 to 

7-6 to validate the SS-ETV-ICP-OES method.  Indeed, as the two methods are independent, it is 

very unlikely that they would produce the same erroneous result.  When water vapour was 

simultaneously introduced with the effluent of SS-ETV-ICP-OES, all results were in agreement 

with those from ICP-MS at the 95% confidence level.  In contrast, conventional SS-ETV-ICP-

OES led to low results for Ca in Bob’s Red Mill Organic Sweet Rice and Se in Pacific Sweet 

Rice.  This suggests that 4 mg may not allow representative sampling of sweet rice in all cases, 

an issue that is less likely with the modified SS-ETV-ICP-OES method, where the amount of 

sample can be doubled to 8 mg.  

  From a food safety stand point, 5 elements (Al, As, Cd, Pb and Se) in Tables 7-4 to 7-6 

can be toxic beyond a certain concentration, depending on their chemical form in the case of As 

and Se.  In Tables 7-4 to 7-6, Al and Cd have a concentration surpassing 1 mg kg-1, whereas As, 

Pb and Se were all below 1 mg kg-1.  A Cd concentration higher than 1 mg kg-1 is above the 

0.010-0.025 mg kg-1 range reported in one study [7] and is above proposed acceptable tolerances 

[6]. The Pb concentrations are higher than in one study (<0.01 mg kg-1) [7] but lower than in 

another one (0.363 mg kg-1) [6].  The As concentrations either fall within or are above the 0.029-

0.181 mg kg-1 range previously reported for glutinous rice [7].  On the other hand, the Hg 

concentrations in this study are significantly lower than the 0.196-0.352 mg kg-1 range previously 

reported in glutinous rice [7]. Of course, the concentrations of elements depend on the sample 
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and the environment in which it was grown.  Not only were different brands tested compared to 

previous studies, but many environmental factors may affect concentration.   

  Two elements, Cr and Co, were determined by the modified approach, which could not 

be determined by conventional SS-ETV-ICP-OES. Chromium is of interest because, depending 

on its oxidation state, it can act as an essential nutrient (Cr(III)) or a carcinogen (Cr(VI)) [27]. 

The determination of its total concentration is thus a first step in risk assessment, to establish 

whether there might be concern if it was all present as Cr(VI).  Its accurate determination by SS-

ETV-ICP-OES with simultaneous introduction of water vapour demonstrates the increased 

flexibility afforded by the use of aqueous standard solutions for calibration.  As reported 

previously, if pyrolysis of the matrix is complete, then calibration with aqueous standard 

solutions provides accurate results, and eliminates the need for time-consuming digestions [28]. 
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Table 7-4: Concentration of analytes in mg kg-1 (mean ± standard deviation, n=6 unless 

otherwise indicated) in Bob’s Red Mill Organic Sweet Rice as determined by conventional 

SS-ETV-ICP-OES using NIST 1568b for external calibration, SS-ETV-ICP-OES with 

simultaneous introduction of water vapour using standard solutions for calibration and 

ICP-MS following digestion, along with calculated and table values of Student’s t (95% 

confidence level) for SS-ETV-ICP-OES results compared to those by ICP-MS. 

Element  

(nm / m/z) 
ICP-MS 

SS-ETV-

ICP-OES 
tfound tTable 

SS-ETV-ICP-

OES + water 

vapour 

tfound tTable 

Al 308.215/27 2.1 ±0.5 1.7 ± 0.7 0.91 2.228 2.0 ± 0.3 0.42 2.228 

As 

228.812/75 

0.27 ± 

0.04 
0.22± 0.05 1.91 2.228 0.31 ±0.05 1.53 2.228 

Ca 

183.801/40 
30±6 31±7 (n=4) 0.24 2.306 30±2 0 2.776 

Cd 

228.802/114 
1.7±0.2 1.6±0.2 0.87 2.228 1.6±0.2 0.77 2.228 

Co 

228.802/59 
0.17±0.06 

Not 

determined 
- - 0.18±0.01 0.40 2.228 

Cr 228.802/52 0.28±0.06 
Not 

determined 
-- -- 0.21±0.05 2.20 2.228 

Cu 

324.754/63 
1.7±0.3 2.0±0.2 2.04 2.228 1.6±0.2 0.68 2.228 

Fe 259.941/56 3.0±0.8 2.5±0.3 1.43 2.365 3.1±1.1 0.18 2.228 

Hg 

253.652/202 
0.03±0.01 0.02±0.01 1.73 2.228 0.04±0.01 1.73 2.228 

Mg 

279.079/24 
360±30 330±80 0.86 2.228 380±80 0.57 2.228 

Mo 

281.615/98 
0.25±0.02 0.35±0.18 1.35 2.228 0.25±0.04 0 2.228 

Pb 

405.778/208 
0.14±0.04 0.17±0.02 1.64 2.228 0.17±0.01 1.78 2.447 

Se 204.050 / 

78 
0.5±0.1 

0.33±0.09 

(n=4) 
2.73 2.306 0.63±0.12 2.04 2.228 

Zn 213.856 

/66 
9.2±1.1 9.6±0.9 (n=4) 0.60 2.228 9.9±0.2 1.53 2.571 
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Table 7-5: Concentration of analytes in mg kg-1 (mean ± standard deviation, n=6 unless 

otherwise indicated) in Pacific Sweet Rice as determined by conventional SS-ETV-ICP-

OES using NIST 1568b for external calibration, SS-ETV-ICP-OES with simultaneous 

introduction of water vapour using standard solutions for calibration and ICP-MS 

following digestion, along with calculated and table values of Student’s t (95% confidence 

level) for SS-ETV-ICP-OES results compared to those by ICP-MS. 

 

Element  

(nm / m/z) 
ICP-MS 

SS-ETV-ICP-

OES 
tfound tTable 

SS-ETV-ICP-

OES + water 

vapour 

tfound tTable 

Al 308.215/27 1.8± 0.9 1.7 ± 0.1 0.27 2.571 1.6 ± 0.2 0.53 2.447 

As 228.812/75 0.30±0.02 0.27± 0.03 2.04 2.228 0.30 ±0.02 0 2.228 

Ca 183.801/40 240±10 150±40 4.33 2.228 230±10 1.55 2.228 

Cd 228.802/114 1.7±0.2 1.7±0.1 0 2.228 1.5±0.3 1.36 2.228 

Co 228.802/59 0.16±0.06 Not determined - - 0.21±0.08 1.22 2.228 

Cr 228.802/52 0.23±0.02 Not determined - - 0.20±0.03 2.04 2.228 

Cu 324.754/63 0.6±0.1 0.8±0.3 1.55 2.228 0.7±0.3 2.35 2.447 

Fe 259.941/56 2.6±0.4 2.2±0.9 (n=5) 0.99 2.262 2.5±0.3 0.49 2.228 

Hg 253.652/202 0.03±0.01 0.02±0.01 1.73 2.228 0.03±0.01 0 2.228 

Mg 279.079/24 220±10 250±60 1.21 2.228 245±100 0.61 2.228 

Mo 281.615/98 0.22±0.07 0.37±0.16 2.10 2.228 0.22±0.04 0 2.228 

Pb 405.778/208 0.13±0.04 0.16±0.03 1.47 2.228 0.17±0.02 2.19 2.228 

Se 204.050 / 78 0.45±0.05 0.43±0.05 0.62 2.228 0.54±0.08 (n=4) 2.21 2.306 

Zn 213.856 /66 13.9±0.4 14.5±1.4 1.01 2.228 13.6±0.6 1.02 2.228 
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Table 7-6: Concentration of analytes in mg kg-1 (mean ± standard deviation, n=6 unless 

otherwise indicated) in Koda Sweet Rice as determined by conventional SS-ETV-ICP-OES 

using NIST 1568b for external calibration, SS-ETV-ICP-OES with simultaneous 

introduction of water vapour using standard solutions for calibration and ICP-MS 

following digestion, along with calculated and table values of Student’s t (95% confidence 

level) for SS-ETV-ICP-OES results compared to those by ICP-MS. 

 

Element  

(nm / m/z) 
ICP-MS 

SS-ETV-

ICP-OES 
tfound tTable 

SS-ETV-

ICP-OES 

+ water 

vapour 

tfound tTable 

Al 308.215/27 2.6±0.2 
2.4± 0.6 

(n=5) 
0.77 2.262 2.6 ± 0.6 0 2.228 

As 228.812/75 
0.15 ± 

0.05 
0.13± 0.05 0.69 2.228 0.16 ±0.02 0.45 2.365 

Ca 183.801/44 10±4 13±2 1.52 2.228 9±2 0.53 2.228 

Cd 

228.802/114 
1.7±0.3 1.9±0.3 1.03 2.228 1.4±0.4 1.27 2.228 

Co 228.802/59 0.17±0.02 
Not 

determined 
- - 0.20±0.03 2.04 2.228 

Cr 228.802/52 0.22±0.05 
Not 

determined 
- - 0.27±0.06 1.57 2.228 

Cu 324.754/63 2.7±0.3 2.8±0.3 0.58 2.228 2.9±0.5 0.84 2.228 

Fe 259.941/56 5±1 4±1 1.65 2.228 6±1 1.65 2.228 

Hg 

253.652/202 
0.03±0.01 0.03±0.01 0 2.228 0.03±0.01 0 2.228 

Mg 

279.079/24 
275±20 270±20 0.34 2.228 310±40 1.92 2.228 

Mn 

257.611/55 
7±1 8±1 1.73 2.228 7±1 0 2.228 

Mo 

281.615/98 
0.30±0.04 0.44±0.15 2.21 2.228 0.34±0.06 1.36 2.228 

Pb 

405.778/208 
0.16±0.01 0.15±0.05 0.48 2.228 0.14±0.02 2.19 2.228 

Se 204.050 / 

78 
0.20±0.02 0.16±0.04 2.19 2.228 0.20±0.04 0 2.228 

Zn 213.856 

/66 
13±1 14±1 1.73 2.228 13±1 0 2.228 
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7.3.3 Implications for food safety 

 

The number of cups of glutinous rice of each brand that can be safely consumed by a 60-

kg individual on a daily basis was calculated in Table 7-7, based on the provisional tolerable 

daily intake (PTDI) values published by the Food and Agricultural Organization (FAO) and the 

World Health Organization (WHO) (1989, 2014) [29-32], assuming that 1 cup of cooked, white 

glutinous rice weighs 174 grams [33]. In all three cases, Cd could be problematic if present in a 

bio-accessible form, i.e. that can be dissolved in the gastro-intestinal tract where it may then 

make its way into the blood stream and exert its toxic effect.  Determination of the bio-

accessibility of As, Cr and Hg would also be warranted to ascertain the safety of these glutinous 

rice samples for children, who are at greater risk because of their small body weight.  The next 

step would then be to measure the bio-accessible fraction, which can be done relatively quickly 

with the on-line leaching method that was previously applied to rice [4].  Speciation analysis of 

Cr and As would finally have to be performed if their bio-accessible amount could be 

problematic if all in toxic form. 
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Table 7-7: Number of cups of glutinous rice of each brand that can be consumed daily by a 

60-kg adult based on PTDI levels. 

Element 
Cups of rice PTDI 

(µg/kg/body weight/day) 
Reference 

Bob’s Pacific Koda 

Cr 4.1 5.2 5 3.33 [29] 

As 2.7 2.4 4.8 2.10 [30] 

Cd 0.17 0.17 0.17 0.82 [31] 

Pb 8.8 9.5 7.7 3.57 [31] 

Al 17 22 13 100 [32] 

Hg 5.4 5.4 5.4 0.47 [32] 

 

7.4 Conclusions  

 

It is already known that the use of SS-ETV can be advantageous for the analysis of solids 

and slurries [28]. By coupling this sample introduction system to a nebulization system with pre-

evaporation for the simultaneous introduction of water vapour, the benefits further increase.  A 

larger amount of sample can indeed be introduced without extinguishing the plasma, which 

facilitates representative sampling and may in turn improve precision.  Evacuation of the 

pyrolysis products allows the introduction of more analyte into a robust plasma, from the 

simultaneous introduction of water vapour, which significantly improves limits of detection for 

several analytes.   Under these conditions, accurate results can simply be obtained by external 

calibration with dried aqueous standard solutions, eliminating the requirement for matrix-

matched calibration.  Hence, the elements that can be determined are no longer restricted to those 

present in matrix-matched CRMs.  For the first time, this approach was successfully applied to 
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the direct analysis of glutinous rice samples. As the analysis takes only 82 s per sample, this 

makes SS-ETV-ICP-OES a very appealing method for fast total analysis and screening, as it 

completely eliminates the need for sample dissolution.   
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Chapter 8 

Conclusions and Future Work 

 

8.1 Chapter Summary and General Conclusions  

 

The aim of this study was to develop a quick and simple method to conduct food safety analysis 

on various forms and types of rice. Two of the three major goals set in Section 1.6 were 

achieved.  The bio-accessibility of eight elements in rice and baby rice cereal samples was 

successfully measured and a method for the simultaneous speciation analysis of As, Se and Cr 

was developed.  It became clear that many of the toxic elements were highly bio-accessible, 

indicating that there was further risk associated with consuming great quantities of rice products 

as part of a well-balanced diet.  Fortunately, Chapter 3 showed that the addition of a washing 

step could greatly reduce the toxic content in rice, which supports assertions in the literature that 

some toxicants are loosely bound to the grain.  

 

Assessing the worst-case scenario, i.e. that everything that is bio-accessible will become bio-

available, can help set regulations in the future.  The current regulations in place for baby rice 

cereal seem to be surpassed in the samples studied.  By conducting speciation analysis on the 

saliva and gastric juice leachates, more realistic information was obtained on what may be 

present in the body, especially considering there are changes in pH and temperature in bodily 

fluids compared to a water extraction.   For most of the elements studied, more than 50% of the 
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elements were bio-accessible. Some differences were observed between the results for the batch 

and on-line leaching methods for several elements in both rice and baby rice cereal samples, 

which are likely due to the batch method involving equilibrium measurements whereas the on-

line method forces the equilibrium to the right, in theory leaching the maximum amount of the 

available elements.  This thus allows faster risk assessment, while being more akin to the human 

body, which is a constantly changing system.   

 

The differences between the results for rice and for ground baby rice cereal in terms of the 

amount released by leaching agents suggest that elements that are more tightly bound to the grain 

may be leached at a higher rate in the ground sample.  This is extremely beneficial when 

considering essential elements that may not normally be fully released. However, when 

considering elements with a potentially toxic nature (such as As, Cr and Se), this can be a cause 

for concern.  The fact that babies may be exposed to higher levels of toxicants makes the total 

concentration, the bio-accessible amount and the form the species are in crucial to know. 

 

This thesis (Chapter 5) however failed to find extraction conditions that would allow the 

simultaneous full extraction of As, Se and Cr from rice samples and rice cereals.  Yet, a simple 

extraction of the sample would allow a quick and simple investigation of what is present in the 

sample to begin with.  This information is essential to ascertain if changes in speciation occur 

during gastro-intestinal digestion or to determine if some species are more bio-accessible than 

others.  The development of such a method will thus remain an item for future work.  The fact 

that only As could be extracted when supposedly selective extraction methods for each element 
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were tested indicates that even existing individual methods for the extraction of Cr and Se from 

food would have to be modified to release Cr and Se from the rice matrix specifically.   

 

It is important to note that the changes in concentration between the studies using the same 

sample brand show that, even within a specific brand of rice, there can be significant variations 

in elemental and species concentrations.  Rice and rice products should thus be continuously 

monitored.  As many samples and varieties as possible should be tested over an extended period 

of time.  

 

A major part of risk assessment is determining if the amount of toxicants present in a sample are 

high enough to be a cause for concern.  The successful development of a solid sampling ETV-

ICP-OES analysis method allowed for a quick and simple screening of samples to determine 

both the toxic and essential content in food samples.  Within 87 seconds, a sample could be 

accurately analyzed, translating in the possible analysis of 41 samples per 1 hour.  The accuracy 

and speed with which this type of analysis can be conducted makes this method very appealing 

as the first step of the risk assessment.  After all, only if the total concentration of toxic and 

potentially toxic elements could be problematic if all bio-accessible and in toxic form, should 

bio-accessibility be measured and the speciation analysis conducted if the bio-accessible 

concentration could be problematic if all in toxic form. This method is not only applicable to rice 

but to other popular foods as well.  

 

A more in-depth chapter-by-chapter summary is provided below.   
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Chapter 3 considered a simple and fast method that was developed for risk assessment of As and 

other elements in various rice samples using ICP-MS. Multivariate optimization of instrumental 

parameters and CRI gas flow was conducted, using Minitab 16 Statistical Software, for eight 

elements (As, Cd, Cr, Cu, Fe, Pb, Se and Zn). Continued use of the on-line method for cooked 

and uncooked organic white, brown and basmati rice (maintained at 37 ºC) was done by 

exposing the rice to artificial saliva, gastric juice and intestinal juice and determining the 

elements released by ICP-MS. The results from the conventional batch method show 60% bio-

accessibility from the gastro-intestinal fluids in most instances.  The addition of a simple 5-min 

soak in water can reduce the toxic element concentration by 50-90% in some cases. The 

simultaneous speciation analysis of As, Cr and Se revealed that the act of cooking can convert all 

of the carcinogenic Cr(VI) to the safe for consumption Cr(III).     

 

Chapter 4 investigates the bio-accessibility of various elements in baby rice cereal. This study 

used the batch and on-line methods in order to accurately determine how much of each element 

can be leached from the rice into a baby’s body.  Speciation analysis of the saliva and gastric 

juice leachates was conducted in order to further understand risk associated with the continued 

consumption of baby rice cereal for infants.  A simple 15-min chromatographic analysis was able 

to successfully separate 8 species consisting of As(III), MMA, DMA, As(V), Se(IV), Se(VI), 

Cr(III) and Cr(VI). As a majority of the toxic elements were found to be bio-accessible and the 

speciation analysis results showed a large amount of As(V) and Se(VI) with the majority of Cr to 

be in the safe Cr(III) form, a variety of foods should be fed to infants rather than just baby rice 

cereal to ensure a well-balanced diet and less exposure to As at such a young age.     
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Chapter 5 investigated three different methods for total extraction of As, Se and Cr from rice 

samples.  This investigation took place at ANSES (The French Agency for Food, Environmental 

and Occupational Health & Safety) in France, as part of a collaboration.  This work found that 

As(III), As(V), MMA and DMA could be successfully extracted using a simple water 

microwave-assisted extraction.  However, no method was found that could extract Cr and Se, let 

alone simultaneously with As.  An alternative method would be required for the simultaneous 

extraction of As, Se and Cr. The total As levels were above the newly set limit of 100 μg/kg of 

iAs in some samples of baby rice cereal.   

 

Chapter 6 explored two different approaches to improve the capabilities of solid sampling ETV-

ICP-OES for the direct analysis of powdered rice.  First, a cooling step immediately before and 

after the vaporization step in the ETV temperature program resulted in a much sharper analyte 

signal peak.  Secondly, point-by-point internal standardization with an Ar emission line 

significantly improved the linearity of calibration curves obtained with an increasing amount of 

rice flour CRM.  Under the optimized conditions, limits of detection ranged from 0.01 to 6 ng g-1 

in the solid, depending on the element and wavelength selected.  The method was validated 

through the quantitative analysis of corn bran and wheat flour CRMs.  Application of the method 

to the multi-elemental analysis of 4-mg aliquots of real organic long grain rice (white and brown) 

also gave results for Al, As, Co, Cu, Fe, Mg, Se, Pb and Zn in agreement with those obtained by 

ICP-MS following acid digestion of 0.2-g aliquots.   As the analysis takes roughly 5 min per 

sample (2.5 min for grinding, 0.5-1 min for weighing a 4-mg aliquot and 87 s for the ETV 

program), this approach shows great promise for fast screening of food samples. 
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Chapter 7 investigates glutinous rice flour as it is consumed by millions of individuals around the 

world and its analysis is essential to ensure its safety. Solid sampling ETV-ICP-OES allowed for 

a quick and simple analysis, precluding the need for time-consuming acid digestion that may be 

dangerous and can lead to analyte loss. However, the amount of sample that can normally be 

introduced without extinguishing the plasma is limited to about 4 mg, resulting in 10-20% 

relative standard deviations. Increasing plasma robustness through the introduction of pre-

evaporated water aerosol along with the dry aerosol from ETV allowed the introduction of twice 

the amount of sample without extinguishing the plasma. This combined setup was compared to 

conventional ETV for the determination of toxic and essential elements in three different brands 

of glutinous rice flour, one of which is organic. Not only are sensitivity and limits of detection 

improved, but dried aqueous standard solutions can be used for external calibration, which 

enables the determination of a greater number of elements than just those with certified 

concentrations in a reference material. This significantly increases the applicability of solid 

sampling ETV-ICP-OES. 

 

8.2 Future Work 

  

This thesis has provided new insights on rice, baby rice cereal and glutinous rice.  Although 

much work was done, the rice-related food products that are consumed around the world are 

endless. The world of food production is on the brink of change.  One of these major changes is 

the introduction of genetically modified organisms (GMO).  By being able to further modify 

foods to our liking, we must be able to account for the potential negative impacts associated with 
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these changes.  The push for GMO goods is something that is present in the rice industry.  The 

next round of testing could be conducted on GMO rice to see at the elemental level if an impact 

was made.  The study of other food samples beyond rice, organic or not, such as wheat, rye, 

barley, oats and other cereal grains will provide insight on most of the commonly consumed 

carbohydrates today.  The addition of enzyme to the saliva matrix could also be studied to 

determine if it significantly affects bio-accessibility.   

 

The work done with ETV allows for rice samples to be quickly and effectively analyzed.  To 

enhance the system even more, a mixed-gas plasma could be used to increase robustness [1-5].  

This is where hydrogen, nitrogen or a mixture of the two gases is introduced into the 100% argon 

plasma.  The addition of these gases has proven to enhance plasma robustness, reduce matrix 

effects and in some instances, limits of detection were improved as well [1-5]. Combining ETV 

and a mixed-gas plasma could lead to an even more robust tool. At times, the limitation of 

coupling ETV-ICP-OES is that the detection limit is insufficient. By adding mixed-gas plasma, 

this limitation may be overcome.   

 

ETV-ICP-OES could also be used to analyse algae and peat moss, which can be used as 

environmental indicators.  Specific elements may indicate both positive and negative impacts 

made on the environment where algae and peat moss grow. It is important to use the various 

methods and techniques available to help ensure the safety of others. This can be done on a food 

safety standpoint but also by testing environmental samples.  The future is very bright for ICP-



 

 243 

MS and ICP-OES and, with proper use, analytical chemists can help make the world a safer 

place.    
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