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• Rice soaked in water accumulates fluo-
ride by absorption and adsorption 

• Boiling food in fluoride-containing 
water highly increases fluoride content 
in food 

• Fluoride interferes with the iodine 
staining of starch contained in rice 

• Infants ingest more fluoride per body 
weight than do children and adults 

• Re-evaluate fluoride guidelines based on 
the local food and cooking methods  
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A B S T R A C T   

Although drinking water is the main source of fluoride intake, recent studies reported that fluoride intake from 
foods could also be high, depending on cooking methods. In this study, we quantified the fluoride accumulation 
in foods soaked or boiled in fluoride-containing water and assessed the fluoride intake in different age groups 
from food and drinking water. We observed that, in the case of rice soaked in fluoride-containing water, more 
fluoride was accumulated in the rice than previously estimated. Fluoride interferes with the iodine staining 
process of rice, indicating fluoride adsorption. Fluoride accumulation in rice and vegetables increased when the 
soaking temperature was raised to 100 ◦C due to the gelatinization of rice grains and softening of vegetables. 
Ingesting foods boiled in fluoride-containing water increased the fluoride intake per body weight of infants more 
significantly than that in children and adults due to their low body weight. These results indicate that soaking 
and boiling foods in fluoride-containing water significantly increases fluoride intake compared to previous es-
timations. Therefore, it is necessary to re-evaluate the fluoride intake from food and drinking water considering 
the methods used for cooking food in each country and region.   
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1. Introduction 

Groundwater is the primary source of drinking water in many small- 
scale water supply systems, because of its accessibility and superior 
quality (Abbasnia et al., 2018; Hybel et al., 2015). However, many 
developing countries encounter problems related to groundwater 
contamination with hazardous substances, including fluoride (Ali et al., 
2016; Brindha and Elango, 2011). 

At low concentrations, fluoride protects teeth from dental decay 
(Sharma et al., 2017). Thus, some developed countries, including the 
United States of America (USA), fluoridate drinking water, maintaining 
a controlled amount of about 0.7 mg/L (Aoun et al., 2018). However, 
high concentrations of fluoride in drinking water adversely affect human 
health (Dey and Giri, 2016; Roy and Dass, 2013). It has been reported 
that approximately 200 million people in 29 developed and developing 
countries are experiencing endemic fluorosis (Jagtap et al., 2012; World 
Health Organization (WHO, 2006). 

Tylenda (2011) reported that the non-observable adverse effect level 
(NOAEL) of oral fluoride ingestion was 0.05 mg/kg/day. High fluoride 
concentration in drinking water has been known to cause several forms 
of fluorosis, such as dental, skeletal, and non-skeletal (McGrady et al., 
2012;). Additionally, excessive fluoride in drinking water can cause 
tooth decay, osteoporosis, and issues related to kidneys, reproductive 
organs, nerves, and muscles (Borysewicz-Lewicka and 
Opydo-Szymaczek, 2016; Kabir et al., 2020; Srivastava and Flora, 2020). 
Johnston and Strobel (2020) reviewed the literature on cellular toxicity 
of fluoride and reported many toxicity phenotypes including oxidative 
stress, organelle damage, and apoptosis in single cells, and skeletal and 
soft tissue damages in multicellular organisms. The mechanisms of 
fluoride toxicity can be attributed to inhibition of proteins, organelle 
disruption, altered pH and electrolyte imbalance. Baker et al. (2012) 
discovered a riboswitch triggered by fluoride, which activate expression 
of genes that encode fluoride transporters in bacterial and archaeal 
species; and they estimated that many species exposed to toxic effects of 
fluoride use fluoride-sensing RNAs for detoxification of fluoride. 
Although Li et al. (2013) reported that many fungi have a protein called 
FEX that is essential for cell survival at high fluoride concentration by 
facilitating the rapid expulsion of cytoplasmic fluoride, it has not yet 
been reported whether mammals, including humans, have any detoxi-
fication mechanisms such as protein FEX. 

At present, the WHO guideline value for fluoride concentration in 
drinking water is 1.5 mg/L (WHO, 2017). However, they suggested that 
each country set its own guideline value, based on the water con-
sumption of their population. The permissible limit of fluoride concen-
tration in drinking water in Brazil, India, Pakistan Tanzania and Turkey 

is 1.5 mg/L (Energy and Water Utilities Regulatory Authority of 
Tanzania, 2020; Bureau of Indian Standards, 2012; Hifza et al., 2021; 
Kharaman et al., 2011; Rosário et al., 2021). The guideline value of 
fluoride concentration in drinking water is 1.0 mg/L in China (Ministry 
of Health of China, 2006). Because people in tropical countries consume 
more water than those in cold or temperate regions (Hossain et al., 
2013), the guideline fluoride concentration in drinking water in 
Thailand is 0.7 mg/L (Ministry of Public Health, Thailand, 2010). In the 
USA, the guideline fluoride concentration in drinking water was revised 
from 0.7–1.2 to 0.7 mg/L in 2015 to make a trade-off between dental 
health and protection from fluoride-related illness (Carey, 2014; U.S. 
Department of Health and Human Services Federal Panel on Community 
Water Fluoridation, 2015). 

The fluoride exposure pathways are through inhalation, dermal 
contact, or more commonly, through ingestion of food, beverages, 
dental products, and drinking water (Walia et al., 2017). It has been 
estimated that 75% of the total fluoride intake in the human body is 
from fluoride-containing drinking water (Battaleb-Looie et al., 2013). 
The WHO (2004) also reported that adults in the USA consumed 66–80% 
of fluoride from drinking water. 

Several foods, such as rice, bread, beans, and food prepared using 
fluoride-containing water are also potential sources of fluoride (Abu-
haloob et al., 2015; Kebede et al., 2016). Additionally, foods containing 
fluoride from irrigation and cooking water are sources of fluoride 
(Mridha et al., 2021; Zohoori et al., 2012). Although numerous studies 
have been published on fluoride intake from drinking water (Craig et al., 
2015; Guissouma et al., 2017), there are a small number of published 
studies on fluoride intake from food because it is considered a minor 
source (Spencer et al., 2018). 

Rice is a staple food in many countries, especially in Asia (Muthayya 
et al., 2014). Although several studies have reported arsenic and fluoride 
absorption into rice grains during irrigation, few studied fluoride 
accumulation in rice grains during rice cooking (Banerjee et al., 2020; 
Signes-Pastor et al., 2012; Takeda and Takizawa, 2008; Viswanathan 
et al., 2010). 

In Chiang Mai Basin, Thailand, locals use RO-treated water for 
drinking; however, tap water sourced from fluoride-containing 
groundwater is used for soaking sticky rice (Sawangjang et al., 2019). 
Therefore, rice consumption is the main source of fluoride. The fluoride 
content in rice after soaking is higher than that in rice-soaked water 
(Sawangjang and Takizawa, 2020). These results provide evidence to 
reconsider the assumptions that fluoride in foods is a minor intake 
source and that the fluoride content in rice increases only by absorbing 
fluoride-containing water. However, no previous study has reported the 
detailed mechanism of fluoride accumulation in rice, because, in most 
studies, cooked rice samples were directly collected from households or 
purchased from the local market (Casarin et al., 2007; Zohouri and 
Rugg-Gunn, 2000). 

Therefore, in this study, we (1) evaluated the fluoride accumulation 
in different types of rice and vegetables, to elucidate the fluoride accu-
mulation mechanisms such as absorption and adsorption, (2) examined 
the influence of food type and methods of food cooking on fluoride 
adsorption capacity and thereby propose cooking methods to reduce the 
fluoride intake from food, and (3) quantified the amounts and ratios of 
fluoride intake from drinking water and foods to provide evidence for 
the need to re-evaluate the current water-quality guideline values for 
drinking water. 

2. Materials and methods 

2.1. Food samples 

Two species of indica rice (Oryza sativa subsp. indica), jasmine and 
sticky rice, produced in Thailand, and two species of japonica rice (Oryza 
sativa subsp. japonica), uruchi and mochi rice, produced in Japan, were 
purchased for the rice-soaking experiments. Additionally, we selected 

Nomenclature 

BW body weight (kg). 
C fluoride concentration in water (mg/L) or food (mg/kg 

food). 
Ce fluoride concentration in the extraction solution using 

the AOAC method (mg/L). 
Cw,a fluoride concentration in water after soaking (mg/L). 
DI daily intake of water (L/day) and food (kg/day). 
FI fluoride intake (mg/kg bw/d). 
Me, dw mass of food used for extraction on a dry weight basis 

(kg). 
qDWB fluoride adsorption capacity (mg of F per kg of food). 
Rdu ratio of dry weight to total weight of unsoaked food 

(Table S2). 
WCdw water content of food on a dry weight basis (kg/kg). 
WVe water volume of extraction solution (L).  
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six vegetables which are commonly boiled before eating in many 
developing countries because of good taste and preventing food 
poisoning: broccoli (Brassica oleracea var. italica), cabbage (Daucus car-
ota subspecies sativus), carrot (Daucus carota subsp. sativus), corn (Zea 
mays), potato (Solanum tuberosum), and pumpkin (Cucurbita moschata). 

2.2. Measurement of water content 

Batch experiments were conducted in triplicate for each type of food 
to measure the water content of the food. Five grams of food samples 
were soaked for 1–48 h in 20 mL of Milli-Q water. Soaking or boiling 
temperatures were set at three levels, 25, 50, and 100 ◦C, to examine the 
effects of soaking temperature on the water absorbed in food (Table 1, 
No.1). Then, the soaked food samples were taken from the soaking 
water, the water on the surface of the samples was removed by paper 
towels, and the wet weights of the samples were measured using a 
digital balance. We confirmed that there was no more water attached to 

the surfaces of food samples after removing water by paper towels by 
placing the food samples on new paper towels and confirming that the 
towels remained dry. Subsequently, the soaked food was dried for 48 h 
in an oven at 110 ◦C (Fig. 1) and the dry weight was measured. Each 
experiment was conducted in triplicates. The water content of food was 
calculated on a dry weight basis and as a percentage of their wet weight, 
using Eqs. (1) and (2), respectively. 

Water content (dry weight) =
weight of water

weight of dry food
(1)  

Water content (%wt) =
weight of water

weight of wet food
× 100 (2)  

2.3. Soaking food in fluoride-containing water 

Sticky rice is soaked in water before steaming (Sawangjang and 
Takizawa, 2020). Although jasmine rice is not soaked in water before 
cooking in a rice cooker, it is rinsed with water (Fig. S1). However, in 
this study, the rice and vegetables were soaked in synthetic water made 
by dissolving NaF (Reagent Grade, Kanto Chemical Co., Inc., Tokyo, 
Japan) in pure water to measure fluoride accumulation. The vegetables 
were cut into 1 × 1 cm pieces (Fig. S2) before soaking experiments. 

In the first experiments, we varied the initial fluoride concentration 
in water (1.78–20.2 mg/L) and soaking time (1–24 h) at ambient tem-
perature (25 ◦C) (Table 1, No.2). In the next experiments, we varied the 
water-to-rice ratio (2:1–50:1) for soaking at 25 ◦C (Table 1, No.3). Then, 
the effect of initial fluoride concentration in soaking water on fluoride 
adsorption, i.e., total fluoride minus fluoride in absorbed water in rice, 
was measured at different fluoride concentrations in soaking water at 
25 ◦C (Table 1, No.4). Finally, the effect of soaking or boiling food in 
different temperature (25, 50, and 100 ◦C) on fluoride absorption and 
adsorption was evaluated for different soaking or boiling durations 
(5 min, 30 min, and 1 h; Table 1, No.5). 

The initial fluoride concentration in the soaking water was adjusted 
by diluting the stock fluoride ion solution prepared by dissolving NaF in 
Milli-Q water to evaluate the effect of fluoride concentration on fluoride 
accumulation in food. 

The fluoride contents in the food samples before and after soaking 
were measured by the method adopted by the Association of Official 
Analytical Chemists (AOAC), using a fluoride-selective electrode 
(ORION STAR A324, Thermo Fisher Scientific, MA, U.S.A.; the minimum 
detection limit 0.02 ppm) because it is one of the standard methods by 
US EPA (1996) and commonly used for samples with high concentration 
and complex matrix such as the extracted solution (Rocha-Amador et al., 
2022; Sawangjang and Takizawa, 2020; Szmagara et al., 2022). The 
fluoride concentration in water was also measured by the above-
mentioned fluoride-selective electrode. 

The amounts of absorbed and adsorbed fluoride in the food samples 
were calculated based on their dry weight using Eqs. (3–5). The fluoride 
adsorption capacities, which were based on the weights of the food 
samples before being soaked, were calculated using Eq. (6). The fluoride 
mass balances of these food-soaking experiments were 7–20% 

Table 1 
Experimental conditions for water content measurement and fluoride accumulation from fluoride-containing water.  

No Experiment Water-to-food 
ratio 

Soaking time Soaking/Boiling 
Temperature (◦C) 

Fluoride concentration in water 
(mg/L) 

1 Water content (Section 2.2.,Fig. 1) 4:1 1 h 25, 50, 100 0 (pure water) 
2 Effect of fluoride and time on fluoride in rice 

(Section 2.3,Fig. 2) 
4:1 1–24 h 25 1.78–20.2 

3 Effect of water-to-rice ratios fluoride in rice (Section 2.3, 
Fig. 3) 

2:1–50:1 24 h 25 10.3 

4 Effect of fluoride on fluoride adsorption in rice (Section 2.3, 
Fig. 4) 

2:1 24 h 25 0.94–17.7 

5 Effect of temperature and time on fluoride in food (Section 2.3, 
Figs. 5 and 6) 

4:1 5 min, 30 min, 
1 h 

25, 50, 100 8.7  

Fig. 1. Water content in (a) rice and (b) vegetables after soaking for 1 h at 
various soaking temperatures (wet-food-weight %) (n = 3). 
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(Table S1). 

Total F in food (dry wt) =

[
Ce × WVe

Me, dw

]

(3)  

F absored from water (dry wt) = Cw,a × WCdw (4)  

F adsorbed on food (dry wt) =Total F in food
− F absorbed from water

(5)  

qunsoaked weight basis = qDWB × Rdu (6)  

where: 
Total F in food = total fluoride content in food (mg/kg), 
Ce=fluoride concentration in the extraction solution using the AOAC 

method (mg/L), 
Cw,a=fluoride concentration in water after soaking (mg/L), 
Me, dw=mass of food used for extraction on a dry weight basis (kg), 
qDWB=fluoride adsorption capacity (mg of F per kg of food), 
Rdu= ratio of dry weight to total weight of unsoaked food (Table S2), 
WCdw= water content of food on a dry weight basis (kg/kg), and. 
WVe= water volume of extraction solution (L). 

2.4. Inhibition of iodine staining of rice by fluoride 

The inhibitory effect of fluoride on iodine staining in rice was 
investigated to estimate the mechanisms of fluoride accumulation in the 
food samples. The rice grains were soaked for 24 h in 2 mL of water 
containing fluoride at various concentrations of 0 (control), 110, 1000, 
and 15,000 mg/L prepared by the method described in Section 2.3. 
Then, we added an iodine-KI reagent (Reagent Grade, Merck, Tokyo, 
Japan) in a plastic cup containing the rice and soaking water and let the 
reagent bound to the rice for 1 min to observe inhibition of iodine 
staining by fluoride. 

In the next experiment, we examined the decolorization of iodine- 
stained rice by fluoride. Rice grains were soaked in 2 mL of Milli-Q 
water for 24 h; then, three drops of the iodine-KI reagent were added 
to the cup and the reagent was allowed to bind to the rice sample for 
48 h. After iodine staining, either 2 mL of Milli-Q water (control) or 
fluoride-containing water (20,000 mg/L) was added to the cups and 
incubated for 48 h for decolorization. After iodine staining or decolor-
ization of the rice grains, the samples were observed using an optical 
digital microscope (VHX-1000, Keyence Corp., Osaka, Japan). 

2.5. Estimation of fluoride intake 

We estimated the fluoride intake for three age groups: infants (3–5 
years), children (6–15 years), and adults (> 15 years), while considering 
the body weight, water consumption, and food consumption for each 
age group, to calculate the fluoride intake per body weight (Table 2). 
The amounts of rice consumed by the infants, children, and adults were 
set at 50, 100, and 200 g/day, respectively (Jaudenes et al., 2020; 
Sawangjang and Takizawa, 2020) and the vegetable consumption for 
each group was set at the same level as that of rice (Hong and Piaseu, 
2017). The fluoride intake for each group was calculated using Eq. (7). 
The fluoride intake from vegetables was calculated from the average 

fluoride content of the six vegetables after boiling at 100 ◦C. Three water 
consumption scenarios for drinking, cooking rice, and boiling vegeta-
bles, were examined. In the first scenario, water containing a high 
fluoride content (8.6 mg/L, hereafter called high fluoride-content 
water) was selected for all three usages. In the second, water contain-
ing fluoride at the WHO guideline value of 1.5 mg/L (hereafter called 
low fluoride-content water) was used for drinking; however, high 
fluoride-content water was used for cooking rice and boiling vegetables. 
In the third scenario, we assumed that low fluoride-content water was 
used for all applications. In general, the WHO guidelines allocate fluo-
ride intake from water and food as 0.05 and 0.01 mg/kg bw/d, 
respectively, assuming that the fluoride concentration in drinking water 
is 1.5 mg F/L, drinking water consumption is 2 L/d, and the consumer’s 
body weight is 60 kg. Thus, the ratio of fluoride intake from food and 
water is 0.01/0.05 = 0.2. 

FI =
C × DI

BW
(7)  

where: 
FI = fluoride intake (mg/kg bw/d), 
C = fluoride concentration in water (mg/L) or food (mg/kg food), 
DI = daily intake of water (L/day) and food (kg/day), and. 
BW = body weight (kg). 

3. Results 

3.1. Water content in food 

Fig. 1a and S3 portray the water content of rice in wet-weight percent 
and in dry weight ratios, respectively, before and after soaking in water 
for 1 h. The water content of the unsoaked rice was approximately 12% 
for all four rice species; this increased to 30–40% after soaking at 25 ◦C 
or 50 ◦C for 1 h. At 100 ◦C, the water content increased to 80%, owing to 
gelatinization. At temperatures below 50 ◦C, the rice grains maintained 
their shapes without gelatinization (He et al., 2018). Generally, the 
amount of absorbed water is limited by the constraints of binding starch 
molecules together. However, rice grains swell and deform owing to the 
absorption of water and, when the deformation becomes sufficiently 
large, crack. Indica-type rice, namely jasmine and sticky rice, cracked 
within 7–10 min of soaking (Figs. S4 and S5); thus, at 25 and 50 ◦C, they 
absorbed more water than japonica rice, that is uruchi and mochi rice. 
The japonica rice grains were shorter and more compact (Figs. S6 and S7) 
than the indica rice grains; thus, they were more resistant to cracking. In 
this study, the water content in rice grains increased rapidly within 
30 min after soaking (Fig. S8) but remained constant after 1 h [analysis 
of variance (ANOVA), p > 0.05]. The water content of the rice grains 
descending in the order sticky, mochi, jasmine, and uruchi rice. Sticky 
and mochi rice contain almost 100% amylopectin, whereas jasmine and 
uruchi rice contain ~80% amylopectin and 20% amylose (Deng et al., 
2010; Pezzotti et al., 2021). Thus, it is likely that the different compo-
nents of amylopectin and amylose caused the difference in the water 
content of the rice grains, because, in general, amylopectin has a higher 
affinity for water than amylose (Li et al., 2016). 

The water content of unsoaked vegetables was 80–95% (Fig. 1b), 
significantly higher than that of unsoaked rice (Fig. 1a). Because the 
water content in unsoaked vegetables was high, the percent water 

Table 2 
Information for each age group.  

Age group Body weight 
(kg) 

Amount of consumption 

Drinking water (L/day) Rice 
(g/day) 

Vegetables (g/day) 

Infant (3–5 years)  14  1.0  50  50 
Child (6–15 years)  40  1.5  100  100 
Adult (> 15 years)  60  2.0  200  200  
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content increased only slightly after soaking in water at 25, 50, and 
100 ◦C (Fig. 1b). However, vegetables absorbed certain amounts of 
water, as shown by the increased water content in terms of the dry 
weight of food (Fig. S3). Notably, the water content in the soaked veg-
etables reached equilibrium within 1 min of soaking (Fig. S9). The water 
content of the vegetables was influenced by their shape and hardness, e. 
g., the unsoaked and soaked cabbage contained the highest amounts of 
water. After soaking at 25 ◦C, cabbage and carrots were softer and 
absorbed more water than unsoaked cabbage. The soaked corn, po-
tatoes, and pumpkin samples absorbed smaller amounts of water than 
other vegetables after soaking at 25 ◦C. 

3.2. Effect of soaking duration and initial fluoride concentration in 
soaking water on fluoride accumulation in rice 

Fig. 2 and S10 illustrate the fluoride contents in soaked sticky rice in 
unsoaked-rice-weight and dry rice-weight basis, respectively, at various 
soaking times and initial fluoride concentrations in the soaking water. 

The fluoride absorbed in rice increased rapidly within 1 h of soaking 
but remained almost constant after 1 h. However, we observed a steady 
increase of adsorbed fluoride in rice until 24 h, with the ratios of 
adsorbed fluoride to the total fluoride in rice increasing from 0.05 to 
0.25 at 1 h to 0.70–0.75 at 24 h of soaking (Fig. 2). Although previous 
studies assumed that the fluoride accumulation in rice was caused only 
by absorbed water (Tegegne et al., 2013), we proved that fluoride 
adsorption was more prominent than fluoride absorption with pro-
longed soaking time. Notably, because of fluoride adsorption, the fluo-
ride content in rice samples was higher than that in soaking water. The 
results for the sticky rice samples were similar to those for jasmine rice 
(Figs. S11 and S12). 

3.3. Effect of water-to-rice ratio on fluoride accumulation in rice 

The fluoride content in jasmine and sticky rice gradually increased 

with increasing water-to-rice ratio (Fig. 3 and S13) up to 30 kg water/kg 
rice; then, the total fluoride content peaked. Fig. S14 portrays the 
relationship between the fluoride adsorbed on rice and the fluoride 
concentration in the soaking water after 24 h. The data plotted in 
Fig. S14 provides the evidence of fluoride adsorption on rice; namely, 
the fluoride concentration in the soaking water decreased after soaking, 
with the initial concentration being 10.3 mg/L and the concertation 
after soaking being 8.41–9.98 mg/L. 

Fig. 2. Effect of initial fluoride concentration in soaking water and soaking duration on fluoride accumulation in sticky rice (unsoaked-rice-weight basis) for initial 
concentrations of (a) 1.78, (b) 4.77, (c) 9.77, and (d) 20.2 mg/L, with water-to-rice ratio of 4:1. Temperature 25 ◦C. Dark colors in the bar graphs represent fluoride 
in absorbed water (absorbed fluoride), whereas the light colors indicate fluoride adsorbed on rice (adsorbed fluoride). Red dots represent the ratio of adsorbed to 
total fluoride in rice. 

Fig. 3. Plotting water-to-rice ratios against fluoride accumulation in rice grains 
(soaking time: 24 h; temperature 25 ◦C, initial fluoride concentration in water: 
10.3 mg/L) (n = 2). 
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The amount of fluoride adsorbed on rice was 10–26 mg/kg of dry 
rice (Fig. S14), which was higher than the fluoride concentration in 
water. The negative intercepts of the regression lines indicated that the 
fluoride adsorbed by the rice had not reached equilibrium even after 
24 h. 

3.4. Effect of initial fluoride concentration of soaking water on fluoride 
accumulation in rice 

Fig. 4 illustrates the degree of adsorption of fluoride on the four 
different rice species at different fluoride concentrations in soaking 
water at a water-to-rice ratio of 2 after soaking for 24 h. The fluoride 
contents in unsoaked rice (1.17–1.46 mg/kg-dry-rice), which is the sum 
of absorbed and adsorbed fluoride, were plotted on the y-axis, at x = 0, 
as references. The fluoride adsorbed on the rice samples increased with 
fluoride concentration in water and the difference in adsorbed amounts 
on different rice species was more prominent at the lower water-to-rice 
ratio of 2 (Fig. 4) than at 4 (Figs. 2, S12, 3 and S14) with an extended 
soaking time of 24 h. Notably, the fluoride concentration in the water 
decreased after soaking (Fig. 4 and S15), which indicated fluoride 
adsorption on rice. 

Indica rice varieties (jasmine and sticky rice) had a higher fluoride 
adsorption capacity than japonica rice varieties (uruchi and mochi rice) 
(Fig. 4) because indica rice grains are longer and easier to crack 
(Figs. S4–S7). Although the total fluoride accumulated in the sticky and 
mochi rice was higher than that in the jasmine rice (Fig. S15), because of 
its higher water content (Fig. 1a), jasmine rice had the highest fluoride 
adsorption capacity. Although the amount of fluoride adsorbed on the 
sticky and mochi rice was comparable, adsorption on jasmine rice was 
almost twice as high as that on uruchi rice. 

3.5. Effect of soaking temperature and duration on fluoride accumulation 
in rice and vegetables 

Fig. 5 and S16 illustrate the total, absorbed, and adsorbed fluoride 
contents in rice for unsoaked- and dry-rice-weights, respectively, at 
soaking temperatures of 25 and 100 ◦C and soaking times of 5, 30, and 
60 min. The fluoride content in unsoaked rice was low (1.03–1.30 mg/ 
kg unsoaked rice) and increased with the soaking time, from 5 min to 
60 min. Notably, fluoride absorption by swelling plateaued within 

30 min of soaking for all the rice species at 25 and 100 ◦C, with no 
further increase when the soaking time was extended to 60 min 

At 25 ◦C, the ratio of adsorbed to total fluoride in rice increased from 
5 to 60 min as the water was gradually absorbed into the rice grains. At 
100 ◦C, the gelatinization of rice grains occurred after 30 min of soak-
ing; thus, the absorbed water and fluoride increased significantly after 
30 min (Fig. 5). The ratio of adsorbed fluoride to total fluoride in rice 
grains increased from 30 to 60 min of soaking, unlike for that in jasmine 
rice. This suggests that gelatinization provides more adsorption sites for 
fluoride. However, the ratios of adsorbed to total fluoride amounts in 
rice at 100 ◦C were lower than those at 25 ◦C, owing to the deformation 
of starch molecules due to the breaking up of the hydrogen bonds at high 
temperatures (Zhiguang et al., 2022). 

Fig. 6a and S17a illustrate the fluoride content in unsoaked and 1-h 
soaked rice at 25, 50, and 100 ◦C on the basis on unsoaked- and dry-food 
weights, respectively. As mentioned earlier, the fluoride content 
increased after soaking in water but was almost the same at 25 and 
50 ◦C. However, the amounts of both absorbed and adsorbed fluoride 
increased significantly at 100 ◦C, whereas the ratio of adsorbed fluoride 
to total fluoride in the rice samples decreased from those at 50 ◦C due to 
gelatinization. 

Fig. 6b and S17b illustrate the fluoride content in vegetables on the 
basis on unsoaked- and dry-food weights, respectively. Although the 
unsoaked vegetables contained low fluoride, the vegetables soaked in 
fluoride-containing 25 ◦C water displayed a higher fluoride content. 
This was mainly caused by fluoride diffusion into vegetables because the 
vegetables absorbed only small amounts of water through soaking at 
25 ◦C (Fig. S3). When the water temperature was increased to 50 ◦C, the 
fluoride contents in the cabbage, carrot, and broccoli samples increased 
but those in the pumpkin, potato, and corn samples did not. At 100 ◦C, 
the fluoride content increased in all vegetables, with the content in 
carrot being the highest, followed by cabbage and broccoli, because in 
these vegetables, the water content increased significantly at 100 ◦C on 
a dry weight basis (Fig. S3). These three vegetables accumulated more 
fluoride than the concentration in the soaking water (8.7 mg/kg); the 
fluoride contents in pumpkin and potato were comparable to that of the 
soaking water. The fluoride content in corn was much lower than that in 
the water due to its hard skin. These results indicated that cooking in 
boiled water significantly increased the fluoride content in vegetables; 
therefore, fluoride intake could be increased if vegetables are served 
after cooking in boiled water. 

3.6. Effect of fluoride concentration on iodine staining of rice 

Fig. 7 illustrates the effect of fluoride concentration on the iodine 
staining of rice. Jasmine and uruchi rice are dark blue-black color 
because they contain amylose and amylopectin; however, sticky and 
mochi rice are brown because they contain only amylopectin. The color 
of the rice gradually diminished with increasing fluoride concentration 
in the soaking water. Previous studies estimated the formation of a 
charge-transfer complex between polyiodine ions (In- ) and amylose 
(Moulay, 2013) and the results depicted in Fig. 7 indicated that the 
linkages between amylose and iodine were interfered with by fluoride. 
The changes in the brown-color shades on the sticky and mochi rice 
surfaces at high fluoride concentrations were more apparent than those 
in the blue-black-color shades for jasmine and uruchi rice surfaces 
because of the different effects of fluoride on iodine adsorption on these 
rice species and the cracking of the jasmine rice grain (Fig. S4), which 
caused the iodine solution to infiltrate into the cracks of the jasmine rice 
grains (Fig. S18). 

3.7. Fluoride intake estimation 

Table 3 summarizes the fluoride content in foods soaked in water 
containing 1.5 or 8.7 mg/L fluoride at temperatures of 25 or 100 ◦C. The 
fluoride content in the food samples reduced by 72.9–94.6% when the 

Fig. 4. Fluoride adsorption on rice after soaking in fluoride-containing water 
(initial fluoride concentration: 0.94–17.7 mg/L; temperature 25 ◦C; water-to- 
rice ratio: 2:1; soaking time 24 h). 
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fluoride concentration in the soaking water was reduced from 8.7 to 
1.5 mg/L. The reduction in the fluoride content in rice was less than that 
in the vegetables at 25 ◦C. At 100 ◦C, the reduction in the fluoride 
content in rice was comparable to that in vegetables. By increasing the 
temperature of the soaking or boiling water from 25 ◦C to 100 ◦C, the 
fluoride contents increased by 3.8–5.1 times for rice and 2.0–12.2 time 
for vegetables at 1.5 mg/L of fluoride concentration in the water. At a 
fluoride concentration of 8.7 mg/L in the soaking water, the fluoride 
content in the rice grains and vegetables increased by 6.0–7.7 times and 
2.8–12.1 times, respectively, by increasing the temperature from 25 ◦C 
to 100 ◦C. 

Table 4 portrays the estimated fluoride intake of the three age groups 
based on the three scenarios of different water source selections for 
drinking and food soaking and boiling. In Scenario 1, the fluoride intake 
from drinking water was more than 8.6 times of the WHO guideline 
value of 0.05 mg/kg bw/d for all the age groups. Notably, the total 
fluoride intake per body weight was significantly higher in infants than 
in children and adults because of their lower body weight of 14 kg. The 
fluoride intake ratios from the food samples of 0.25–0.49 for all age 
groups were higher than the WHO guideline value (0.20). Moreover, the 
fluoride intake ratio of adults was higher than that of other age groups 
when assuming that adults consumed 200 g/day of rice and vegetables. 

In Scenario 2, the fluoride intake from drinking water for adults was 
the same as the guideline value of 0.05 mg/kg bw/d; however, the 
fluoride intake from drinking water for children and infants was over 
0.05 mg/kg bw/d because of their lower body weights. The fluoride 
intake from food was 1.5–3.8 times that of the fluoride intake from 
drinking water for all age groups, assuming that water containing 
8.7 mg/L of fluoride was used for soaking rice and boiling vegetables. 
The fluoride intake ratios of all the age groups were 1.41–2.82, signifi-
cantly higher than the WHO’s guideline value. 

In Scenario 3, even if water containing fluoride at a concentration of 
1.5 mg/L was used for both drinking and food cooking, the total fluoride 
intake was over 0.06 mg/kg bw/d for all age groups. Notably, the 
fluoride intake ratio from food was higher than 0.20 for children and 
adults. 

4. Discussion 

4.1. Fluoride adsorption on rice and vegetables by soaking in fluoride- 
containing water 

In the literature, several materials have been used for fluoride 
removal by adsorption (Bhatnagar et al., 2011); however, fluoride 
adsorption on rice has not been reported. Previous studies reported 
fluoride accumulation in rice from irrigation water, soil, and pesticides 
(Bhattacharya et al., 2017). A few studies have reported fluoride accu-
mulation in rice through rinsing and soaking in water containing fluo-
ride (Casarin et al., 2007; Tegegne et al., 2013), assuming that fluoride 
accumulation takes place only by the absorption of fluoride-containing 
water. This study verified that fluoride accumulates in rice absorbing 
water and by adsorption. First, the excess amount of fluoride, calculated 
by subtracting the amount of fluoride absorbed from water in rice from 
the total amount of fluoride in rice, was significant, accounting for up to 
73% of the total fluoride (Figs. 2 and 5). Second, the fluoride concen-
tration in the soaking water decreased compared to the fluoride con-
centration before soaking (Fig. 4 and S14). Third, the amount of 
adsorbed fluoride increased when the rice was soaked in boiling water 
(Figs. 5 and 6), which indicated that the access of fluoride to starch 
molecules influenced the amount of adsorbed fluoride. Fourth, iodine 
staining was hindered by fluoride, indicating an interaction between the 
fluoride and starch molecules. These results suggested that the accu-
mulation of fluoride in rice was due to absorption and adsorption. The 
amount of fluoride adsorbed on vegetables was lower than that in rice, 
suggesting that most of the fluoride in vegetables was absorbed from 
water. 

4.2. Effects of soaking temperature on fluoride accumulation in rice and 
vegetables 

Increasing the temperature of the soaking water from 25◦ to 50◦C did 
not influence fluoride accumulation in rice; however, at 100 ◦C, the 
amount of fluoride in rice increased by 6.0–7.7 times because of the 
gelatinization of rice (Gong et al., 2020). The gelatinization of rice 

Fig. 5. Fluoride accumulation in rice grains: (a) jasmine, (b) sticky, (c) uruchi, and (d) mochi at different soaking temperatures and soaking durations (unsoaked- 
rice-weight basis) (initial fluoride concentration in soaking water: 8.7 mg/L; water-to-rice ratio: 4:1; n = 3). 
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increased the water content significantly (Fig. 1) (Yıldırım, 2021) and 
the amount of fluoride adsorbed on the rice grains (Figs. 5 and 6). The 
fluoride contents of the carrot, cabbage, and broccoli samples increased 
with soaking water temperature (from 25◦ to 50◦C), whereas those of the 
pumpkin, potato, and corn samples did not because their shape did not 
change at 25 ◦C and 50 ◦C due to hard and compact structure. By 
increasing the soaking water temperature to 100 ◦C, the amount of 
fluoride in vegetables increased by 1.7–12.1 times because of the ab-
sorption of additional water and enhanced fluoride diffusion. These 
results indicate that cooking food in boiling water may increase the 
fluoride intake from food significantly. Thus, it is advisable to use 
fluoride-free water to cook and/or soak rice in small amounts of water 
for a short time to avoid higher fluoride intake. 

4.3. Fluoride intake from water and food 

Owing to fluoride adsorption on rice and fluoride accumulation in 
vegetables, the fluoride intake ratios from food and water were higher 
than the WHO guideline of 0.20, even at a low fluoride concentration of 
1.5 mg/L. This implies that fluoride intake from food has been under-
estimated in the past, which agrees with Viswanathan et al. (2010). 
Thus, in addition to drinking water, it is important to reduce fluoride 
intake from foods. Notably, in our study, the fluoride intake per body 
weight was significantly different among the three age groups; infants 
consumed the highest amount of fluoride per body weight while chil-
dren and adults consumed almost the same amount of fluoride per body 
weight. The highest fluoride intake per body weight of infants was also 

Fig. 6. Fluoride accumulation in food: (a) rice, and (b) vegetables at different soaking temperatures (unsoaked-food-weight basis) (initial fluoride concentration in 
soaking water: 8.7 mg/L, soaking time: 1 h, water-to-rice ratio: 4:1; n = 3). 
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reported in the literature, although the age groups, body weight, and 
water consumption of infant, child and adult were slightly different from 
this study (Ahada and Suthar, 2019; Qasemi et al., 2019). 

Based on these results, we suggest that the fluoride intake from water 
and food must be re-evaluated, considering the high fluoride intake from 
food. In addition, we must monitor the fluoride intake among different 
age groups and set effective guideline values to protect vulnerable 
populations from fluorosis caused by high fluoride intake. 

5. Conclusion 

Foods, namely rice and vegetables, accumulate fluoride when soaked 
in fluoride-containing water. Rice accumulates fluoride in two ways: 

absorption and adsorption. In this study, boiling foods at 100 ◦C 
significantly increased the fluoride content in rice and vegetables. 
Therefore, fluoride intake from food could be a major source of fluoride 
intake if fluoride-containing water is used for soaking and boiling food. 
Thus, groups with low body weights, namely infants and children, are 
likely to intake high amounts of fluoride per body weight. Even though a 
fluoride concentration in drinking water of 1.5 mg/L is considered safe, 
assuming that the fluoride intake from food is 0.01 mg/kg bw/d, our 
study indicates that this intake can be higher than previous estimations 
(at 0.012–0.023 mg/kg bw/d) due to the accumulation of fluoride in 
foods cooked with fluoride-containing water. This study proved that the 
fluoride intake ratio from food to water could be higher than 0.20 
depending on the food, cooking methods, and cooking water. However, 

Fig. 7. Photos of rice grains after iodine staining of rice pre-soaked in 2 mL of water with different fluoride concentrations for 24 h (photos taken 1 min after 
introducing KI+I2 reagent solution). 

Table 3 
Fluoride content in food.  

Food type 25 ◦C, 1 h 
(Soaking process) 

100 ◦C, 1 h 
(Soaking/boiling process) 

Total fluoride in food (mg/kg-unsoaked) Fluoride content reduction (%)1 Total fluoride in food (mg/kg-unsoaked) Fluoride content reduction (%)1 

1.5 mg/L 8.7 mg/L 1.5 mg/L 8.7 mg/L 

Jasmine rice  1.21  4.45  72.9  5.26  34.1  84.6 
Sticky rice  1.34  5.26  74.5  5.17  36.6  85.7 
Uruchi rice  1.06  5.40  80.5  5.38  36.7  85.3 
Mochi rice  1.04  5.81  82.2  3.97  35.1  88.7 
Broccoli  0.10  2.36  95.6  1.04  11.9  91.3 
Cabbage  0.08  1.47  94.6  0.69  12.1  94.3 
Carrot  0.13  1.24  89.5  1.59  14.9  89.3 
Corn  0.15  0.97  84.8  0.30  4.12  92.6 
Potato  0.19  1.51  87.7  1.10  8.31  86.8 
Pumpkin  0.17  3.09  94.6  0.70  8.50  91.8 

Note: 
1. Fluoride content reduction in food by lowering fluoride concentration in soaking water from 8.7 mg/L to 1.5 mg/L. 
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the food used on this study was limited to four rice species and six 
vegetables commonly eaten in Asian countries. Therefore, we recom-
mend further studies for re-evaluating the fluoride intake from food and 
water based on common foods and cooking methods in other regions of 
the world. Studies on the interaction between fluoride and organic 
macromolecules contained in food would help our understanding of 
fluoride adsorption mechanisms on food. 

Environmental implication 

Fluoride is a well-known toxic substance causing dental and skeletal 
fluorosis among population drinking fluoride-containing groundwater. 
It has been believed that the major source of fluoride intake is drinking 
water, while food is a minor source. However, this paper reports for the 
first time that food, especially rice, accumulates fluoride by adsorption 
from fluoride-containing water and food boiling significantly increases 
fluoride contents. Thus, the fluoride intake from food cooked in boiling 
water is comparable or greater than intake from drinking water. We 
propose the low body-weight population, e.g., infants and children, 
should reduce fluoride intake from food. 
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