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Abstract Arsenic (As) is a ubiquitous and naturally occurring metalloid that poses 
significant carcinogenic and noncarcinogenic health risks to human. Apart from 
drinking water, food is the other major source of As exposure for humans. A princi-
pal source of As in diet for the general population living in the non-As endemic 
areas is rice. Rice is a staple food for the global population. The annual rice con-
sumption per capita has been increasing over time. The issue of As accumulation in 
rice and its potential health impacts have become a global public health concern for 
several decades, as the rice consumption per capita is normally high and As is clas-
sified as group 1 carcinogen. Therefore, the Codex Alimentarius Commission, the 
Joint Food and Agriculture Organization (FAO) of the United Nations, and the 
World Health Organization (WHO) food standards program have established the 
maximum allowance level of As, especially inorganic As, in rice grain. This chapter 
draws attention to the most updated data on the total and inorganic As concentra-
tions in the most popular types of rice sold in the markets of all the world regions. 
The bioaccessible As concentrations were also reported in this chapter, as this frac-
tion is believed to represent the amount of As that is actually taken up by the human 
body. Furthermore, considerable attention is given to the field studies of As in rice 
grain which were cultivated in the As-contaminated areas.
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1  Introduction

Arsenic (As), the 52nd most abundant element in the earth’s crust, is a naturally 
occurring metalloid with a wide range of concentrations in different environmental 
media. It generally mobilizes in the environment through both natural processes and 
anthropogenic activities (Adriano 2001). Elevated As concentrations in the environ-
ment, especially in the air, soil, groundwater, and food, have become a global issue 
with respect to environmental and public health concerns (Chung et al. 2014; Flora 
2015) due to their high toxicity and lethal effects. Acute exposure of As is quite rare 
and mainly occurs from the accidental ingestion of insecticides or pesticides and 
even less commonly from suicidal or homicidal ingestion (Ratnaike 2003; ASTDR 
2014). Acute As poisoning depends on the dose of exposure, and its symptoms 
include nausea, vomiting, abdominal pain, gastrointestinal hemorrhage, and severe 
diarrhea (ASTDR 2014). Meanwhile, chronic As exposure has caused evident nega-
tive effects on health to a broad range of internal organs and systems in a human 
body, such as the skin, lungs, liver, kidney, bladder, and prostate, as well as the 
nervous, cardiovascular, respiratory, gastrointestinal, immune, and endocrine sys-
tems (Kapaj et  al. 2006; Naujokas et  al. 2013; Sohn 2014). The negative health 
outcomes of chronic As exposure can include noncarcinogenic and carcinogenic 
effects. The toxicity of As in terms of noncarcinogenic and carcinogenic health 
effects is well studied and extensively reported by many studies (Tchounwou et al. 
2003; Kapaj et al. 2006; Hughes et al. 2011; Naujokas et al. 2013; Hong et al. 2014; 
Mazumder 2015).

Among the three environmental exposure pathways, a main route of chronic As 
exposure is ingestion. There is a strong relationship between chronic As ingestion 
and negative effects on health (Naujokas et al. 2013). Apart from drinking water, 
food is the other major source of As for human exposure (IARC 2012; Chung et al. 
2014; Flora 2015). Approximately 40% of As in the human body comes from the 
food chain (Flora 2015). It was also reported that rice is a principal source of As, 
especially inorganic As exposure, in the general population living in the non-As 
endemic regions (Sohn 2014; Flora 2015; Lai et al. 2015).

As a source of dietary carbohydrates, micronutrients, vitamins, and amino acids, 
rice has become one of the world’s most popular foods (Food and Agriculture 
Organization of the United Nations 2004; Rohman et al. 2004). The theme “rice is 
life” launched by the Food and Agriculture Organization (FAO) of the United 
Nations in 2004 has, to date, truly confirmed the importance of rice as a basic food 
commodity for more than half of the world’s population (Food and Agriculture 
Organization of the United Nations 2004; OECD-FAO 2008; Jeong et  al. 2017). 
Unfortunately, rice generally takes up and accumulates As concentrations approxi-
mately ten times higher than those in other food grains such as maize and barley 
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(Williams et al. 2007; Sohn 2014). Thus, risks of As exposure and its poisoning 
through rice consumption have been a public health concern for several decades. To 
ensure the safe exposure of As from rice consumption, many scientific studies were 
conducted to determine the levels of As in rice grains collected from both local 
markets and paddy fields worldwide. This chapter, therefore, deals with the occur-
rence of As in rice grains from the perspectives of market basket and field studies.

2  Total Global Rice Consumption

Besides wheat, rice is another one of the world’s most important cereal grains. It is 
a staple food for more than half of the world’s population (IRIN 2010; Jeong et al. 
2017). The global rice production has been annually increased by approximately 
1.61% during the last 20 years (OECD-FAO 2008). In addition, it is expected that 
the total global rice consumption will increase from 439 million tons in 2010 to 555 
million tons by 2035 (Jeong et al. 2017). In terms of consumption, the current per-
centage of global rice consumption to the major cereal grains is approximately 35% 
(Fig. 1a). Meanwhile, approximately 49% of the cereal grains consumed in Asia are 
rice. Figure 1b clearly confirms that rice is the most important staple food for the 
Asian population.

Figure 2 shows the average annual rice consumption in the world and Asia. It is 
projected that the global and Asian rice consumption per capita from 2017 to 2026 
will increase by approximately 0.10–0.24% and 0.28–0.43%, respectively. The 
average annual rice consumption per capita in the Asian population is approxi-
mately 1.5 times higher than the global rice consumption. This high amount of rice 
consumption has caused a significant concern, especially when the rice is contami-
nated with highly toxic elements such as As. Therefore, several international and 
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national organizations have established the maximum levels of As in rice and rice 
commodities to protect the population from the potential adverse consequences on 
public health.

3  International and National Standards of As in Rice

The toxicity of As in humans is a high concern of many international and national 
organizations that perform work related to food safety. The maximum levels of As 
in rice and some rice commodities were set to ensure the safe exposure level and 
reduce the potential negative health outcomes in the general population and some 
susceptible population such as infants, toddlers, and young children. The standard 
levels of As in rice and commodities are summarized in Table 1. Even though both 
organic (monomethylarsonic acid (MMA) and dimethylarsinic acid (DMA)) and 
inorganic (arsenite (As(III)) and arsenate (As(V))) As species are commonly pres-
ent in rice, most of the standards generally regulate only the level of inorganic As in 
rice because inorganic As species are more toxic than the organic As species. In 
principle, the inorganic As is the summation of As(III) and As(V).

As seen from Table 1, those countries such as European countries, China, and 
South Korea where the analysis of inorganic As is reliable, the inorganic As level 
has been adopted into the regulation. In the case of countries with limitations to 
inorganic As analysis, the Codex Alimentarius Commission has agreed that they 
may use the total As concentration as a screening level for the inorganic As in rice. 
If the total As concentration is below the regulated maximum level for inorganic As, 
no further testing is required, and the sample is determined to be compliant with the 
Codex Alimentarius Commission regulation. If the total As concentration is above 
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Table 1 Standard levels of As in rice and its commodities

Regulated organization
Type of rice/rice 
commodities

Regulation

ReferencesSpecies
Concentration 
(mg kg−1)

Codex Alimentarius 
Commission (the Joint 
FAO/World Health 
Organization (WHO) 
food standards program

Raw polished ricea Inorganic 
As

0.20 Codex 
Alimentarius 
Commission 
(2014)

Raw husked riceb Inorganic 
As

0.35 Codex 
Alimentarius 
Commission 
(2016)

European Commission Nonparboiled milled 
ricea (polished or 
white rice)

Inorganic 
As

0.20 EU Commission 
Regulation 
(2015)

Parboiled ricec and 
husked rice

Inorganic 
As

0.25

Rice waffles, rice 
wafers, rice crackers, 
and rice cakes

Inorganic 
As

0.30

Rice destined for the 
production of food 
for infants and young 
children

Inorganic 
As

0.10

Food Standards Australia 
New Zealand

Rice NId 1.0 Food Standards 
Australia New 
Zealand (2017)

China Raw rice, brown rice, 
rice

Inorganic 
As

0.2 United States 
Department of 
Agriculture 
(2014)

Iran NId NId 0.15 Chaleshtori et al. 
(2016)

Israel Rice Total Ase 1.0 United States 
Department of 
Agriculture 
(2011)

Inorganic 
As

1.0

South Korea Rice Inorganic 
As

0.2 Yim et al. (2017)

aPolished rice (milled rice or white rice) is husked rice from which all or part of the bran and germ 
has been removed by milling (Codex Alimentarius Commission 1995, 2017)
bHusked rice (brown rice or cargo rice) is paddy rice from which only the husk has been removed. 
The process of husking and handling may result in some loss of bran (Codex Alimentarius 
Commission 1995, 2017)
cParboiled rice may be husked or milled rice that is processed from paddy or husked rice that has 
been soaked in water and subjected to a heat treatment so that the starch is fully gelatinized. It is 
followed by a drying process (Codex Alimentarius Commission 1995)
dNot identified
eIf the total As (organic and inorganic As) exceeds the value listed, the maximum concentration of 
the inorganic As should be checked
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the regulated maximum level for inorganic As, follow-up testing should be con-
ducted to determine if the inorganic As is above the maximum level.

4  Market Basket Studies of Total As in Rice

The total concentration of As that is equal to the concentrations of both organic and 
inorganic As in rice is more frequently reported and widely available, especially in 
less developed countries, since the determination of the total As concentration 
requires more simple digestion and extraction methods, a less advanced analytical 
technique, less time consumption, and more affordable costs of analysis. It is worth 
noting that this chapter mainly concentrates on the most updated official reports and 
scientific publications on the total As concentration in raw rice during the last 
decade (2009–2018), as shown in Table 2, to comply with the Codex standards for 
early public health protection. In addition, the concentration of As can be changed 
after various methods of cooking (Kollander and Sundstrom 2015); therefore, this 
part of the study is only focused on the total As content in raw rice prior to any 
preparation and cooking processes.

The significant number of official reports and scientific publications on the total 
As concentration in rice grain published in the last 10 years has strongly confirmed 
the importance of the As contamination in rice issue. It is getting more attention 
from the developed countries, and more efforts on the monitoring of As contamina-
tion in rice have been continuously raised in developing and less developed coun-
tries. Table 2 summarizes the results of the market basket surveys on the total As 
concentrations in rice without taking into account the variation in the crop produc-
tion year, countries of production, collection, and distribution. All reported values 
are the levels of total As in the raw rice sold in grocery stores, local markets, super-
markets, commercial food stores, and online shopping stores in 36 countries cover-
ing all of the world regions. Two main types of rice for direct human consumption, 
namely, polished (white) rice and husked (brown) rice, were reported.

4.1  Total As Concentration in Polished Rice

The total As concentrations in the commercial polished (white) rice from different 
countries as shown in Table 2 varied greatly (nondetectable to 1.170 mg kg−1). The 
highest total As concentration was found in rice collected from Pakistan. Since the 
Codex Alimentarius Commission has agreed to the use of the total As concentration 
as a screening level of inorganic As in rice, the maximum and mean As concentra-
tions in rice reported in Table 2 were compared to the Codex maximum standard of 
the As in polished rice (0.2 mg kg−1). Considering the maximum total As concentra-
tion, the As concentrations in the rice from most countries (30/36 countries) were 
higher than that of the Codex standard.
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Table 2 Summary of the worldwide market basket studies of total As concentrations (mg kg−1) in 
raw polished and husked rice

Country

Polished/white 
rice

Husked/brown 
rice

ReferencesRange Mean Range Mean

Africa region
Eastern Africa

  Malawi <0.003–
0.036

0.010 <0.003–
0.100

0.040 Joy et al. (2017)

Western Africa

  Nigeria 0.030–
0.078

0.059 Adeyemi et al. (2017)

  Ghana 0.010–
0.500

0.125 0.002–
0.330

0.110 Adomako et al. (2011)

America region
Northern America

  United States 
of America

0.081–
0.313

0.181 0.107–
0.282

0.217 Trenary et al. (2012)

South America

  Argentina 0.087–
0.316

0.180 Sirgist et al. (2016)

  Brazil 0.005–
0.376

0.173 0.138–
0.428

0.275 Batista et al. (2011) and Segura et al. 
(2016)

Caribbean

  Jamaica 0.110–
0.487

0.200 0.082–
0.250

0.165 Antoine et al. (2012)

Asia region
Central Asia

  Kazakhstan 0.030–
1.160

0.266 0.040–
0.360

0.240 Tattibayeva et al. (2016)

Eastern Asia

  China NDa–
0.437

0.129 0.083–
0.739

0.267 Liang et al. (2010), Fang et al. (2014), 
Li et al. (2015, 2018), Ma et al. (2016, 
2017), and Zhuang et al. (2016)

  Japan 0.025–
0.296

0.040–
0.487

Naito et al. (2015)

  South Korea 0.031–
0.195

0.088 0.084–
0.282

0.161 Yim et al. (2017) and Lee et al. (2018)

Southeastern Asia

  Cambodia 0.008–
0.771

0.157 Wang et al. (2013) and Gilbert et al. 
(2015)

  Malaysia 0.088–
0.123

0.103 Nookabkaew et al. (2013a)

  Myanmar 0.010–
0.400

0.250 Mwale et al. (2018)

(continued)
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Table 2 (continued)

Country

Polished/white 
rice

Husked/brown 
rice

ReferencesRange Mean Range Mean

  Thailand 0.053–
0.304

0.147 0.077–
0.489

0.223 Ruangwises et al. (2012), Nookabkaew 
et al. (2013a, b), and Hensawang and 
Chanpiwat (2017, 2018)

  Vietnam 0.093–
0.204

0.136 0.254–
0.345

0.299 Nookabkaew et al. (2013a)

Southern Asia

  Bangladesh 0.003–
0.680

0.197 Islam et al. (2015), Ahmed et al. (2016), 
and Islam et al. (2017a, b)

  India 0.028–
0.961

0.283 Halder et al. (2014)

  Iran NDa–
0.314

0.109 Ghazanfarirad et al. (2014), Nemati 
et al. (2014), Cano-Lamadrid et al. 
(2015), Roya and Ali (2017), and Jafari 
et al. (2018)

  Pakistan 0.160–
1.170

0.430 Nawab et al. (2018)

  Sri Lanka NDa–
0.716

0.051 Magamage et al. (2017)

Western Asia

  Iraq 0.054–
0.161

0.095 Sadee et al. (2016)

  Qatar 0.041–
0.169

0.111 Rowell et al. (2014)

  Saudi Arabia 0.020–
0.304

0.163 Mohamed et al. (2017) and Shraim 
(2017)

  Turkey 0.145–
0.823

0.323 Sadee et al. (2016)

  United Arab 
Emirates

0.098–
0.945

0.726 Shirwaikar et al. (2013)

Europe region
Northern EU

  Finland 0.110–
0.650

0.250 Rintala et al. (2014)

  Scotland 0.084–
0.392

0.165 Petursdottir et al. (2014)

  United 
Kingdom

0.062–
0.249

0.095 Sadee et al. (2016)

Southern EU

  Greece 0.042–
0.271

0.167 Pasias et al. (2013)

  Italy 0.070–
0.460

0.210 Sommella et al. (2013)

  Spain 0.037–
0.433

0.143 0.083–
0.619

0.302 Signes-Pastor et al. (2016)

(continued)
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The range of the mean total As concentrations in the raw polished rice collected 
from all 36 countries around the globe ranged from 0.010 to 0.726 mg kg−1. The 
mean total As concentrations in the rice from Kazakhstan (0.266 mg kg−1), Myanmar 
(0.250 mg kg−1), India (0.283 mg kg−1), Pakistan (0.430 mg kg−1), Turkey (0.323 mg 
kg−1), the United Arab Emirates (0.726 mg kg−1), Finland (0.250 mg kg−1), and Italy 
(0.210 mg kg−1) were higher than the Codex standard. With the exception of the 
United Arab Emirates, the levels of As in rice from these countries fall within the 
category of high As concentration in rice (>0.202–0.357 mg kg−1) as prescribed in 
the study on global normal levels of total As in rice grain (>0.082–0.202 mg kg−1) 
by Zavala and Duxbury (2008). According to this previous study, rice collected in 
the United Arab Emirates contained unusually high As content (>0.357 mg kg−1). 
Zavala and Duxbury (2008) concluded that the levels of high (>0.202–0.357 mg 
kg−1) and unusually high (>0.357 mg kg−1) As in rice are indications of rice produc-
tion in an As-contaminated environment. Similarly, to the sources of As contamina-
tion in the environment, As accumulation in rice can be caused by natural and 
anthropogenic sources. The natural sources of As in the rice production system are 
the levels of As in paddy soil and irrigation water (Sahoo and Kim 2013; Ruangwises 
et al. 2014), the addition of As through flooding and the wet and dry atmospheric 
deposition (Meharg and Zhao 2012). Meanwhile, the anthropogenic sources of As 
in paddy rice are point and nonpoint sources of industrial and urban pollution and 
the usage of As-bearing fertilizers and arsenical pesticides (Meharg and Zhao 2012). 
In the case of the United Arab Emirates (Shirwaikar et al. 2013) (Table 2), rice that 
contained unusually high As concentrations were imported from the United States 
(0.925 ± 0.017 mg kg−1), Egypt (0.786 ± 0.065 mg kg−1), and India (Kolkata, 0.808 
± 0.018 mg kg−1, and South India, 0.721 ± 0.056 mg kg−1). This finding is in accor-
dance with Meharg and Zhao (2012), who stated that the higher mean total As 
 concentration was generally found in rice cultivated from the more industrialized 

Table 2 (continued)

Country

Polished/white 
rice

Husked/brown 
rice

ReferencesRange Mean Range Mean

Western EU

  Belgium 0.061–
0.216

0.133 0.200 Ruttens et al. (2018)

  France 0.048–
0.213

0.126 0.079 Jitaru et al. (2016)

  Switzerland 0.007–
0.281

0.143 0.147–
0.238

0.205 Guillod-Magnin et al. (2018)

Oceania
  Australia NDa–

0.547
0.146 0.198–

0.438
0.308 Rahman et al. (2014) and Fransisca 

et al. (2015)

The summary is based on the world regions by the United Nations Country Grouping (United 
Nations 2018)
aND means the nondetectable concentration
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countries such as the United States. Meanwhile, the mean total As concentrations in 
rice from Egypt and India as shown in Table 2 were in contrast to the mean total As 
concentrations in rice from India (0.07 mg kg−1) and Egypt (0.05 mg kg−1) that were 
reported by Meharg et al. (2009). This outcome might be due to the significantly 
smaller number of rice samples collected from the United Arab Emirates (n = 3 for 
rice imported from each country) and those reported by Meharg et  al. (2009) 
(n > 100), as well as the influence of samples with high As levels.

Apart from those eight countries (Kazakhstan, Myanmar, India, Pakistan, Turkey, 
the United Arab Emirates, Finland, and Italy) in which rice sold in the country con-
tained higher total As concentrations than the global normal level, rice available in 
the markets of most remaining countries in Table 2 contained typical concentrations 
of As in rice grain (>0.082–0.202 mg kg−1). Zavala and Duxbury (2008) have com-
piled the total As concentrations in rice from different world regions and considered 
the level of As in rice of >0.082–0.202 mg kg−1 as the global normal As content in 
rice produced from the environment without As contamination. The levels of total 
As in rice in these particular countries (Table 2) are also in good agreement with 
those total As concentrations in the rice of the same countries reported during the 
last two decades (1990s–2009) (Rahman et al. 2014).

As clearly shown in Table 2, the total As in rice from the countries with less 
industrialization and urbanization processes such as Malawi, Nigeria, and Sri Lanka 
was relatively low (ranging from 0.01 to 0.059  mg kg−1). Zavala and Duxbury 
(2008) have classified the level of As in rice less than 0.082 mg kg1 as an unusually 
low As content in the grain.

4.2  Total As Concentration in Husked Rice

Total As concentrations ranging from <0.003 to 0.739 mg kg−1 were found in the 
commercial husked (brown) rice (Table 2). The maximum total As concentration in 
the rice collected from half of the countries that were surveyed exceeded the Codex 
maximum standard of the As in husked rice (0.35 mg kg−1). The mean total As con-
centrations in rice from most of the countries are in the category of high As in rice 
grain (>0.202–0.357 mg kg−1), as determined by Zavala and Duxbury (2008).

Comparing the total As concentration in polished and husked rice from the same 
country of study (Table 2), the concentrations of the total As in husked rice were 
approximately, on average, 1.7-fold higher than its total concentration in polished 
rice. The level of As in the husked rice collected in Malawi was even up to four 
times higher than that of polished rice. The localization of As, which is mainly dis-
tributed between the husk and the endosperm (starchy grain), is the main reason for 
the significantly higher As concentration in husked (brown) rice than the polished 
(white) rice. Meharg et al. (2008) and Lombi et al. (2009) found that the As in the 
rice grain usually localizes within the pericarp and aleurone layers, which are the 
layers that give the rice grain its brown color. Meharg et al. (2008) further concluded 
that As, especially As(III), in rice basically has a high affinity for the protein and 
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nonprotein with the thiol (–SH) functional group, such as phytochelatin and gluta-
thione. Thus, the higher content of As was found in the husked rice which nor-
mally  contains approximately 14.5–24.1% higher protein than the polished rice 
(Juliano 1993). The examples of the thiol-containing protein in husked rice are cys-
teine and methionine, which account for up to 9.1% and 10.2%, respectively, of the 
amino acids content in rice. Thiamine is an example of a thiol-containing vitamin in 
husked rice grain (Juliano 1993).

5  Market Basket Studies of Inorganic As in Rice

Regarding its high and lethal toxicity, As is one of the WHO’s ten chemicals of 
major public health concern. It is well known that inorganic As (As(III) and As(V)) 
is more toxic than organic As (MMA and DMA). The International Agency for 
Research on Cancer (IARC) has classified As and its inorganic compounds as Group 
1 human carcinogens. Although low levels of inorganic and organic As (generally 
less than 0.25 mg kg−1) have been found in most foodstuffs, one’s daily intake can 
be influenced by not only the level of As in food but also the quantity of the food 
consumed. The IARC (2012) has estimated that approximately 25% of daily dietary 
As intake is inorganic As. In addition, the ingestion of 70–180 mg of inorganic As 
could result in human death (Ruangwises et al. 2014). Since the daily rice consump-
tion per capita is even as high as 422 g day−1 (OECD-FAO 2018), a concern regard-
ing the exposure of As (especially inorganic As) to the level that may cause 
detrimental effects to an individual has been raised. This concern resulted in the 
establishment of the maximum level of inorganic As in rice, as summarized in 
Table 1.

5.1  Inorganic As Concentration in Polished Rice

Levels of inorganic As in the commercial polished rice grain (Table 3) from various 
countries were highly variable in the range of 0.002–0.699 mg kg−1. The highest 
inorganic As, which was approximately 3.5-folds higher than the Codex maximum 
standard of inorganic As in polished rice (0.2 mg kg−1), was detected in the Turkish 
polished rice grain. Apart from Turkish rice, the maximum inorganic As in rice 
from Canada (0.343 mg kg-1), Argentina (0.221 mg kg−1), Brazil (0.218 mg kg−1), 
Kazakhstan (0.550 mg kg−1), China (0.211 mg kg−1), Japan (0.221 mg kg−1), India 
(0.576 mg kg−1), and Finland (0.280 mg kg−1) was higher than the Codex standard. 
Interestingly, rice from those abovementioned countries from America and Asian 
regions that contained a maximum total As concentration (Table 2) higher than the 
Codex standard also contained inorganic As exceeding the Codex standard (Table 3). 
Nonetheless, the total As concentration in rice from all European countries was 
lower than the Codex standard, and only the maximum inorganic As in rice from 
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Table 3 Inorganic As concentrations (mg kg−1) in raw polished and husked rice from various 
countries

Country

Polished/white 
rice

Husked/brown 
rice

ReferencesRange Mean Range Mean

Africa region
Northern Africa

  Egypt 0.044–
0.075

0.060 Raab and Ducos (2016)

  Libya 0.098a Raab and Ducos (2016)
Eastern Africa

  Malawi NAa NAa 0.015–
0.093

0.060 Joy et al. (2017)

Western Africa

  Nigeria 0.025–
0.066

0.047 Adeyemi et al. (2017)

America region
Northern America

  Canada 0.002–
0.343

0.217 Canadian Food Inspection Agency (2014)

  United States 
of America

0.020–
0.196

0.068 0.034–
0.249

0.118 Trenary et al. (2012) and U.S. Food and 
Drug Administration (2016)

South America

  Argentinab 0.061–
0.221

0.126 Sirgist et al. (2016)

  Brazil 0.004–
0.218

0.081 0.031–
0.233

0.136 Batista et al. (2011)

Asia region
Central Asia

  Kazakhstan 0.100–
0.550

0.215 0.250–
0.450

0.360 Tattibayeva et al. (2016)

Eastern Asia

  China 0.049–
0.211

0.120–
0.288

Liang et al. (2010), Fang et al. (2014), Li 
et al. (2015, 2018), Ma et al. (2016, 
2017), and Zhuang et al. (2016)

  Hong Kong 0.016–
0.026

0.022 0.037–
0.046

0.043 Wong et al. (2013)

  Japan 0.031–
0.221

0.044–
0.431

Naito et al. (2015)

  South Korea 0.060 0.138 Yim et al. (2017) and Lee et al. (2018)
Southeastern Asia

  Cambodiac 0.126–
0.176

0.148 Wang et al. (2013) and Gilbert et al. 
(2015)

  Malaysia 0.061–
0.085

0.071 Nookabkaew et al. (2013a)

  Thailand 0.016–
0.162

0.074 0.073–
0.207

0.123 Ruangwises et al. (2012) and 
Nookabkaew et al. (2013a)

(continued)
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Table 3 (continued)

Country

Polished/white 
rice

Husked/brown 
rice

ReferencesRange Mean Range Mean

  Vietnam 0.046–
0.156

0.091 0.196–
0.235

0.212 Nookabkaew et al. (2013a)

Southern Asia

  India 0.025–
0.576

0.194 Halder et al. (2014)

  Iran 0.040–
0.135

0.082 Cano-Lamadrid et al. (2015)

Western Asia

  Iraq 0.040–
0.098

0.065 Sadee et al. (2016)

  Turkey 0.083–
0.699

0.165 Raab and Ducos (2016) and Sadee et al. 
(2016)

Europe region
Northern EU

  Finland 0.090–
0.280

0.160 Rintala et al. (2014)

  Scotland 0.029–
0.149

0.087 Petursdottir et al. (2014)

  United 
Kingdom

0.045–
0.162

0.115 Sadee et al. (2016)

Southern EU

  Greece 0.030–
0.147

0.093 Pasias et al. (2013)

  Italy 0.001–
0.200

0.100 Sommella et al. (2013)

  Spain 0.027–
0.175

0.071 0.053–
0.247

0.157 Signes-Pastor et al. (2016)

Western EU

  Belgium 0.030–
0.172

0.090 Ruttens et al. (2018)

  France 0.034–
0.160

0.093 0.079 Jitaru et al. (2016)

  Switzerland 0.006–
0.188

0.094 0.117–
0.172

0.152 Guillod-Magnin et al. (2018)

Oceania
  Australia 0.016–

0.296
0.124 0.178–

0.276
0.227 Rahman et al. (2014)

The summary is based on the world regions by the United Nations Country Grouping (United 
Nations 2018)
aNA means that the inorganic As concentration was not analyzed because of the low total As con-
centration
bInorganic As was estimated as 70% of the total As concentration
cInorganic As was estimated as 80% of the total As concentration
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Finland was found to be higher than the Codex standard. In general, Meharg and 
Zhao (2012) found a highly significant relationship between the total and inorganic 
As concentrations in rice (r2 = 0.768, p < 0.001). Therefore, it is possible to estimate 
the inorganic As concentration in grain as 0.01 + 0.54 times the total As 
concentration.

The mean concentrations of inorganic As in the polished rice grain ranged from 
0.022 to 0.217 mg kg−1 (Table 3). Only the rice from Canada and Kazakhstan were 
found to have mean inorganic As concentrations higher than the Codex standard 
(0.2 mg kg−1). Table 3 shows that the inorganic As in rice grain varies between coun-
tries and regions. The rice grain from African countries such as Egypt and Nigeria 
had the lowest mean inorganic As concentrations. This outcome is in accordance 
with the low level of total As concentrations in rice from those countries, as reported 
in Table 2. By comparing the concentrations of inorganic As in rice from this study 
(Table 3) to those same countries reported during the last two decades (1990s–2009) 
(Rahman et  al. 2014), similar ranges of inorganic As in rice from Italy, Spain, 
Thailand, and the United States were found. However, rice grain from China and 
India in this study contained 1.3- to 2.6-fold higher and 4.9- to 6.5-fold lower inor-
ganic As concentrations than those reported by Rahman et al. (2014).

Regarding the percentage of inorganic As concentration (Table 3) to its total con-
centration (Table 2) in commercial rice, the percentages of inorganic As to total As 
varied from 0.4% to 100%. The lowest percentage of inorganic As to total As was 
found in Italian rice. This outcome was in good agreement with Williams et  al. 
(2005) and Meharg et al. (2009), who reported great differences in the As speciation 
in the rice produced from different parts of the world. On average, 63.3% of the total 
As in rice grain in this study (Tables 2 and 3) is inorganic As. Meanwhile, organic 
As generally represents approximately 15.1–62.4% (mean: 36.7%) of the total con-
centration. Since it was reported by several researchers that DMA is the dominant 
organic As species in rice grain (Zavala et al. 2008; Meharg et al. 2009; Meharg and 
Zhao 2012; Rahman et  al. 2014), rice can then be classified into two types: the 
DMA type and the inorganic As type. Rice with a concentration of inorganic As 
higher than DMA can be classified as the inorganic As type and vice versa.

It is clearly shown in Fig. 3 that rice from most countries comprise the inorganic 
As type with the average percentages of inorganic As to total As ranging from 
50.3% to 84.9%. The percentages of inorganic As in rice grains were inconsistent 
with the countries and regions of this study. For example, rice from Kazakhstan, 
Japan, and Thailand contain 43.9–45.5% (Tattibayeva et al. 2016), 75–100% (Naito 
et al. 2015), and 42.5–96.1% (Ruangwises et al. 2012; Nookabkaew et al. 2013a), 
respectively, of inorganic As to total As. This outcome means that even though the 
rice is produced within one particular country, it is possible to find both types (DMA 
and inorganic As) in the study.

Regarding Fig. 3, rice from the United States, Brazil, China, and a few European 
countries including Italy and Spain can be classified as DMA rice type. Williams 
et al. (2005) and Meharg and Zhao (2012) found that the rice produced in the United 
States and European countries had high percentages of DMA. In contrast, Rahman 
et al. (2014) found that Australian and American rice mostly contained DMA, while 
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European and Asian rice mainly contained inorganic As. Figure  3 accords with 
those previous studies in that the rice from the United States is predominant with 
DMA, while the rice from Asian and European countries and Australia are domi-
nated by inorganic As. Zavala et al. (2008) concluded that the accumulation of dif-
ferent As species in rice grain is mainly controlled by the genetic features of rice 
rather than the environmental conditions, such as climate conditions, the water man-
agement regime, and the As speciation in the soil and soil solution.

5.2  Inorganic As Concentration in Husked Rice

The concentrations of inorganic As in commercial husked rice varied from 0.015 to 
0.450 mg kg−1 (Table 3). The maximum inorganic As concentrations in Kazakh and 
Japanese rice were approximately 1.2 times higher than the Codex standard of inor-
ganic As in husked rice of 0.35 mg kg−1. The mean inorganic As concentrations in 
rice from most of the countries surveyed except for the Kazakh rice were lower than 
the Codex standard. The concentrations of inorganic As in husked rice were higher 
than the corresponding inorganic As concentrations in the polished rice by approxi-
mately 1.8 times. This comparison has a similar magnitude to the total As concen-
tration in the husked rice compared to that of the polished rice.

The ratios of inorganic As to total As in rice also varied widely. The highest ratio 
of inorganic total As in rice was found in Malawian rice (95%) (Adeyemi et  al. 
2017). The ratios of inorganic As in Asian rice were 90% for Kazakhstan (Tattibayeva 
et al. 2016), 68–88% for China (Liang et al. 2010; Li et al. 2015; Ma et al. 2017), 
55.1–91.3% for South Korea (Yim et al. 2017; Lee et al. 2018), 40.5–83.7% for 

Percentage of As speciation to total As concentration (%)
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Fig. 3 The percentages of inorganic and organic As concentrations to the total As concentration in 
polished rice from different countries. The plots are made regarding the mean total and inorganic 
As concentrations shown in Tables 2 and 3
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Thailand (Nookabkaew et al. 2013a), and 67.5–77.9% for Vietnam (Nookabkaew 
et al. 2013a). Asian rice usually contained higher inorganic As than American and 
European rice. By comparing it to the total As concentration, commercial husked 
rice from Belgium, Spain, France, and Switzerland had approximately 62.5%, 
52.0%, 62%, and 75.6%, respectively, of inorganic As in its grain (Jitaru et al. 2016; 
Signes-Pastor et al. 2016; Ruttens et al. 2018). Meanwhile, the lowest percentages 
of inorganic As to total As were generally found in the rice from the American 
region including the United States (53.2–67.2%) (Trenary et al. 2012; U.S. Food 
and Drug Administration 2016) and Brazil (53.9–54%) (Batista et al. 2011).

The classification of husked rice regarding the presence of inorganic and organic 
As in rice is shown in Fig. 4. This result is in good agreement with the polished rice 
in that rice from the American region is generally the DMA type while Asian and 
European rice are considered as the inorganic rice type. A comparison between 
Fig. 4 and Fig. 3 agrees well with the results reported by Meharg et al. (2008) in 
which the higher inorganic As proportion is generally present in husked rice rather 
than polished rice. Carey et al. (2010) studied the spatial unloading of As species in 
the grain and found the dispersion of As(III), which is one of the inorganic As spe-
cies, in the external parts of the grain (rice bran). Conversely, the DMA was gener-
ally dispersed in the endosperm (the starchy part of the grain) (Carey et al. 2012). 
Approximately 70–80% of As(III) was found in the pericarp and aleurone layer, 
which is called rice bran after polishing (Meharg et al. 2008). In contrast, about half 
of the total As in the polished rice was As(III) (Meharg et al. 2008).

Percentage of As speciation to total As concentration (%)
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Fig. 4 The percentages of inorganic and organic As concentrations to the total As concentration in 
the husked rice from different countries. The plots are made regarding the mean total and inorganic 
As concentrations shown in Tables 2 and 3
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6  Bioaccessible As in the Commercial Rice

The determination of total and inorganic As is of significant interest in terms of the 
food safety for countries around the world for several decades. However, during the 
past few years, the study of the bioaccessibility of As in rice grain has been under 
the spotlight because it is believed that both the total and inorganic As concentra-
tions in rice grain could not represent the actual amount of As that is readily absorbed 
by the human body after passing through the digestive system. Therefore, the deter-
mination of the bioaccessible As using the in vitro digestion model has been intro-
duced. This in vitro digestion, which is a simplified version of the digestive system 
of the human body, principally includes the sequential steps of food digestion in the 
oral cavity by saliva, the stomach by gastric juice, and the small intestine by intesti-
nal fluid. The bioaccessibility refers to the maximum concentration of the contami-
nant that is released from the food into the gastrointestinal media and readily 
available for absorption into the bloodstream (Ruangwises et al. 2014).

The bioaccessibility of As in the certified reference material of rice (CRM- 
T07151QC) was studied by Chavez-Capilla et al. (2016). Approximately 80 ± 1% 
of the bioaccessible As to the total As in the rice after passing through the simulated 
gastrointestinal digestion was found. Regarding the total As concentration, approxi-
mately 50.0% and 35.7% of bioaccessible As were released from rice in the stomach 
and small intestine, respectively.

In comparison to the bioaccessibility of As in the reference material, He et al. 
(2012) purchased locally grown polished (n = 8) and husked (n = 9) rice samples 
from food stores in New York City and analyzed the bioaccessible As, and its spe-
ciation in those samples had a total As concentration higher than the Codex standard 
(0.2 mg kg−1). The in vitro digestion system in this study mimics the stomach and 
small intestine human digestion. The concentrations of bioaccessible As were 0.27–
0.32 mg kg−1 in polished rice (n = 5; mean, 0.29 ± 0.05 mg kg−1) and 0.13–0.62 mg 
kg−1 in husked rice (n = 6; mean, 0.32 ± 0.05 mg kg−1). They found higher As bioac-
cessibility in the polished rice (92.6%) than in the reference material (80.0%) 
reported by Chavez-Capilla et al. (2016). The DMA was the predominant As species 
in the polished rice. Meanwhile, 66.2%, on average, of the total As in husked rice 
was bioaccessible As. The higher bioaccessible inorganic As was found in four 
husked rice samples. The ratios of bioaccessible inorganic As to total As in both 
types of rice (40.2 ± 7.4% for polished rice and 57.0 ± 15.7% for husked rice) were 
in the same magnitude of those ratios of inorganic As to total As in raw rice, as 
shown in Figs. 3 and 4.

On a contrary, Althobiti et al. (2018) studied the bioaccessible As in the polished 
and husked rice sold in Canada and found a lower mean level of bioaccessible As in 
polished (n = 7, 60.5 ± 25.6%) and husked (n = 3, 61.9 ± 21.8%) rice. Wide ranges 
of bioaccessible As to total As in both types of rice (16.0–93% in polished rice and 
43.4–86.0% in husked rice) were reported. Compared to the stomach digestion, 
higher bioaccessible As species including As(III), As(V), and DMA were released 
into the saliva than the gastric juice. Interestingly, the most prevalent species was 
As(V).
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In the case of the bioaccessible As in rice sold in Asia, Zhuang et al. (2016) ana-
lyzed the bioaccessible As in commercial and greenhouse-grown polished rice fol-
lowing two steps of gastric and small intestine digestion. High As bioaccessibilities 
were found in all rice samples with the highest bioaccessibility found in the 
greenhouse- grown rice (94.5%). The commercial rice sold in the local markets 
around the mining area contained higher bioaccessible As (88%) than that of the 
rice sold in the supermarket in South China (68.5%). An increase in bioaccessible 
As was found when comparing the bioaccessible As concentration between the gas-
tric and gastrointestinal digestion steps. In contrast to Althobiti et al. (2018), this 
study concluded that the gastrointestinal phase plays an important role in the solu-
bilization of As during the digestion process.

Meanwhile, Li et  al. (2018) determined the As bioaccessibility in 70 Eastern 
Chinese rice samples after three digestive steps (oral, stomach, and intestine) and 
reported lower levels of bioaccessibility (n = 70, 37.9 ± 7.9%) than those levels in 
the rice collected in the United States (He et al. 2012) and Canada (Althobiti et al. 
2018).

For Southeast Asian countries, Hensawang and Chanpiwat (2018) determined 
the bioaccessible As concentration in polished and husked rice sold in the local 
markets in Bangkok. Three simultaneous simulated human digestive steps (oral, 
stomach, and small intestine) were applied to dissolve the bioaccessible As from the 
rice grain. The concentrations of bioaccessible As in polished (n  =  32, 0.026–
0.134 mg kg−1) and husked (n = 17, 0.099–0.196 mg kg−1) rice were well below the 
Codex standards for both types of rice. Approximately 2.2–3.4 times and 1.8–2.5 
times of the bioaccessible As concentrations were lower than the total As in pol-
ished and husked rice, respectively. In addition, 1.5- to 3.8-fold significantly higher 
concentrations of bioaccessible As were determined in the husked rice than the pol-
ished rice. Even though wide variations in the bioaccessibility of As in both types of 
rice were found (8.7–76.3% for polished rice and 29.4–74.0% for husked rice), a 
significant difference in the mean As bioaccessibilities in both types of rice could 
not be observed.

7  Field Studies of Arsenic in Rice Grain

In contrast to the market basket studies in which most of the studies are usually 
focused on the levels of total, inorganic, and bioaccessible As in the rice grain that 
was sold and consumed by the general population, the field studies of As in rice 
grain were mainly conducted in the As-contaminated areas to (i) investigate the 
levels of As in rice grain, (ii) determine the relationship between the As concentra-
tions in soils and rice grains, and (iii) determine the soil factors that could affect the 
level of As in rice grain. Most of the study areas can be classified into two different 
types according to the sources of As contamination based on whether it is a natural 
or anthropogenic source. As clearly shown in the following summary, different lev-
els of total As in rice grain according to the category of normal (>0.082–0.202 mg 
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kg−1), high (>0.357 mg kg−1), and unusually high (>0.202–0.357 mg kg−1) As as 
classified by Zavala and Duxbury (2008) were found from different studies.

The paddy soil and rice grain grown in the geogenic or mining-derived As origin 
in the Iberian Peninsula were collected by Signes-Pastor et al. (2016). The range 
and mean total As concentrations were 2.3–17 mg kg−1 and 8.7 mg kg−1, respec-
tively. The highest mean total As was found in the Portuguese soil (15 mg kg−1). 
However, the inorganic As concentrations in dehusked rice (0.052–0.161 mg kg−1) 
were lower than the Codex standard. The rice grown in this region was the inorganic 
As rice type. The range and mean percentage of inorganic As to total As were 
41–97% and 85%, respectively. The relationship between the total As in soil and the 
inorganic As in rice followed a hyperbolic pattern and approached a maximum level 
of more than 0.100 mg kg−1. In other words, a moderate level of inorganic As in rice 
was found when rice was cultivated in the soil with a high total As. In addition, this 
study found positive correlations between the total and inorganic As concentrations 
in  locally grown and commercial rice with the levels of 0.98 and 0.76, 
respectively.

Another study was conducted in the paddy fields located near the industrial zone 
comprised of printing, dyeing, electroplating, electronics, metallurgy, chemicals, 
pesticides, and livestock and poultry breeding farms in the Yangtze River Delta 
(Hang et al. 2009). A total of 155 samples of each paddy soil and the corresponding 
rice grains were collected. The total As concentrations in the soil ranged from 4.46 
to 16.10 mg kg−1 (mean: 8.60 mg kg−1). The highest level of As in the soil was 
higher than the background value of As in soil (15 mg kg−1) that was regulated by 
the National Environmental Protection Agency. A wide variation in the total As in 
polished rice grain within the range of nondetectable to 0.587 mg kg−1 was observed. 
However, the mean total As concentration in rice (0.199 mg kg−1) was lower than 
the Codex standard. A bioaccumulation factor or a ratio between the total concen-
trations of As in rice grain and the corresponding soil in this study was approxi-
mately 0.025. A spatial distribution analysis of the As concentration in soil indicated 
that a high As concentration in soil was well matched to the locations of the indus-
trial zone and agricultural area with pesticide applications. In contrast, high concen-
trations of As in the rice grain were distributed around the city. The different spatial 
distribution patterns of As in the soil and rice indicated that the As accumulation in 
rice was not only affected by concentration of As in the soil but also by the soluble 
concentration fraction in the deposited air pollutant.

In Brazil, rice samples were collected from the fields with high application rates 
of phosphate fertilizers for at least 8 years (Corguinha et al. 2015). The levels of As 
in the agricultural soils (11 ± 0.5 mg kg−1) were not significantly different from the 
noncultivated soils (12 ± 2.0 mg kg−1) and were lower than the Brazilian maximum 
allowable concentration in agricultural soils. Even though rice has a high potential 
to accumulate greater amounts of As than other crops, this study found a nondetect-
able level of total As (<0.015 mg kg−1) in all rice samples (n = 60).

For those natural sources of As contamination in the paddy fields, the As accu-
mulation in rice grains as a result of cultivation with As-contaminated irrigation 
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water and soil was reported. The total As concentrations in the rice grain cultivated 
in the western part of Bangladesh varied from 0.03 to 1.84 mg kg−1 (Rajmohan and 
Prathapar 2014). High As in the rice was generally correlated with high As in the 
soil. The levels of As concentrations in rice were in the order of husk>bran>husked 
rice>polished rice. Approximately 44–86% of the total As in Bangladeshi rice was 
inorganic As.

Phan et al. (2013) investigated the total As concentration in the paddy rice irri-
gated with groundwater from the As-contaminated areas in the Kandal and Kampong 
Cham provinces in Cambodia. There were significantly higher total As concentra-
tions in both paddy soil and rice collected from Kandal (soil, 12.858 ± 10.430 mg 
kg−1, rice, 0.247 ± 0.187 mg kg−1) than those from Kampong Cham (soil, 0.794 ± 
0.088 mg kg−1, rice, 0.029 ± 0.024 mg kg−1). The mean total As concentration in rice 
from Kandal (n = 8, 0.247 ± 0.187 mg kg−1) was greater than the Codex standard of 
0.2 mg kg−1 because rice in Kandal was irrigated by As-contaminated groundwater 
(n = 46, 846 ± 298 μg L−1). Meanwhile, the groundwater (n = 18) in Kampong 
Cham contained only 1.28 ± 0.58 μg L−1 of total As. A high significant relationship 
between levels of As in the soil and rice grain was observed (r2 = 0.826, p < 0.01). 
In 2014, Seyfferth et al. (2014) investigated the As concentrations in paddy soil and 
rice in the major rice-growing regions of Cambodia (Kandal, Prey Veng, Battambang, 
Banteay Meanchey, and Kampong Thom). The total As concentrations in husked 
rice ranged from 0.10 to 0.37 mg kg−1, which exceeded the Codex maximum level 
of As in husked rice of 0.35 mg kg−1. However, the average As concentration (0.20 
± 0.06 mg kg−1) in rice grain was within the Codex standard. The rice produced 
from Banteay Meanchey contained significant higher As concentrations than those 
rice that were grown in the other areas. It was interesting to see that the total As in 
rice grain grown in Kandal, which is one of the most severely As-impacted areas in 
Cambodia, was not significantly higher than the rice grown in other areas, even 
though total As concentrations in the soil from Kandal and Prey Veng were signifi-
cantly higher than the soil collected from Banteay Meanchey and Battambang. The 
total As concentration in the soil ranged from 0.8 to 18 mg kg−1. In contrast to a 
significant relationship between the As in the soil and rice grain reported by Phan 
et  al. (2013), Seyfferth et  al. (2014) could not observe significant relationships 
between either the total or CaCl2 extractable As concentrations, which are readily 
available concentrations for plants, to the As level in rice grain. However, they found 
that the As concentrations in husk and straw were important predictors of the As in 
rice grain.

In the case of Bolan et al. (2017), a study was conducted under either the green-
house or field conditions to study the As accumulation in rice. Rice was irrigated 
with water containing various As (supplied as Na2HAsO4·7H2O) levels. The total As 
contents in rice ranged from 0.456 to 1.095  mg kg−1. Rice cultivation with 
As-contaminated water was a reason for the total As in rice exceeding the Codex 
standard. The total As concentrations in rice grains were significantly correlated 
with its concentrations in both irrigation water and soil. This study further deter-
mined the levels of gastric bioaccessible As in rice grain. The percentage of As 
bioaccessibility ranged from 23.2% to 32.3%.
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