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Abstract
Cadmium-contaminated rice grain was treated by leaching in dilute hydrochloric acid under different
conditions, and it was con�rmed that cadmium could be effectively extracted to safe standard level of
below 0.2mg/kg accompanying with dissolution loss of rice protein at 5 ~ 15% mass. Both the extraction
of cadmium and the rice dissolution loss were strongly pH-dependent process. The cadmium leaching
kinetic equation was investigated based on the typical core-shrinking model, with apparent activated
energy at 16.67KJ/mol suggesting that the intraparticle diffusion of cadmium ion or proton inside of rice
grain was the limited step controlling the whole leaching process. Grain size and pH were found the main
parameters to affect cadmium extraction e�ciency, and pH 1–2 was recommended for rice grain
leaching. The acidic solution could be repeatedly used for cadmium extraction by adding an aliquot of
HCl before each leaching operation, favorable for the enormous reduction of water consumption.

1 Introduction
Rice was the most widely consumed cereal grain on earth and was one of the staple foods for over half
of the world’s population (Hu et al. 2016; Jallad 2015). Therefore, food security was very important to
human life and health (Wang et al. 2018).

It had been reported that due to the rapid development of modern industry, the uncontrolled discharge of
various pollutants, the indiscriminate application and abuse of chemical fertilizers and pesticides had led
to the pollution of water and soil, which made the rice harvested in many countries containing excessive
heavy metals such as cadmium, lead and arsenic. For example, in the 1960s, in the Jinzu river basin
(Japan), where Itai-itai disease was endemic due to high Cd intake, and rice consumption accounted for
30–40% of the total Cd intake (Ikeda et al. 2004; Qin et al. 2020). In Pakistan, the average metal
concentration of cadmium in grains (mg/kg) �uctuated between 2.70 and 9.80 (Tariq et al. 2021). The
average Cd concentration in paddy soils of industrial cities in South Korea was 1.98 mg/kg (Cho et al.
2019), in addition, the content of cadmium in rice planted on contaminated soil was 0.1-0.98mg/kg (Ji et
al. 2017). Arsenic concentration in Australian rice is 0.29-0.44mg/kg (Rahman et al. 2014). The average
arsenic content of American rice is 0.26mg/kg (Shraim 2017; Jorhem et al. 2008). So the toxic metals
contaminated rice was not an isolating phenomena, but occurred in many countries in the global world. In
Asian countries, rice was a food staple used for daily consumption and provided over 70% of the energy
derived from daily food intake (Phuong et al. 1999). Especially in China, paddy rice acted as the staple
food of at least two-thirds of China’s population, and also was under the threat of toxic metals
contamination due to its preference to accumulate heavy metals than other terrestrial-based foods (Carey
et al. 2010; Khan et al. 2014; Huang et al. 2017). The rice produced in some southern provinces also
contained cadmium exceeding the safe standard, especially in Hunan province, where the average
cadmium content of rice in the whole region reached 0.24mg/kg (Williams et al. 2009; Wang et al. 2018;
Zhang et al. 2020; Lei et al. 2015; Ma et al. 2017; Li et al. 2018). Therefore, this was a serious global
challenge for the whole mankind.
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For the sake of human health and safety, we must take effective measures to solve this problem.
Common solutions had been taken including soil treatment, such as in-situ passivation (Gao et al. 2019;
Fan et al. 2020; Sun et al. 2016), chemical leaching (Xiao et al. 2019; Feng et al. 2020), page fertilizer
barrier method (Liu et al. 2009), phytoremediation (Rizwan et al. 2018; Tauqeer et al. 2016), microbial
remediation (Peng et al. 2018; Jitendra et al. 2017). Although great progress had been made in past
decades, there was still a lack of an economic, ecofriendly and feasible method to be popularized and
applied in a large area. Another practical solution was to remove cadmium from rice grains. There were
many reports, such as reduce the content of cadmium in rice grains by physical, chemical and biological
methods, including hydrochloric acid and organic acid leaching, surfactant, microbial fermentation and
ultrasonic high pressure assisted extraction of cadmium (Feng et al. 2021; Feng et al. 2018; Wu et al.
2016; Meng et al. 2018; Zhai et al. 2018; Luo et al. 2021a, b). Among above methods, extracting of
cadmium from rice grain by acidic lixiviants had been con�rmed to be quite effective, but no one had ever
carried out the quantitative study on the kinetic mechanism of cadmium leaching process, which was not
conducive to the popularization and application of this method.

Hence, in present study we would like to explore the leaching kinetics of cadmium from rice grain, and
hoped to give a quantitative description of the leaching process, which would help to understand the
kinetic characteristics of the cadmium extraction process. So we planned to �rstly carry out systematic
experimental research on the cadmium extraction process from the rice grain to learn its basic leaching
behavior, and then establish the leaching kinetic model for further exploration on the leaching
mechanism, so as to provide theoretical guidance for the design and optimization of cadmium removal in
the acid leaching process of rice grain.

2 Experimental

2.1 Materials and chemicals
Cadmium-containing rice samples were obtained from a local town of Hunan Province, was used as raw
material for leaching experiments. Analytical grade hydrochloric acid (HCl) and nitric acid (HNO3) were
purchased from Sinopharm Chemical Reagent Co., Ltd. The deionized water was prepared by a reverse
osmosis membrane machine in our lab.

2.2 Experimental details
A 0.5L beaker was used as the leaching vessel and placed in a temperature-controlled water bath. One
hundred gram of rice was put in above beaker, and then dilute hydrochloric acid solution was poured into
the beaker at a solid-liquid mass ratio of 1:3 typically. Then started by stirring the leaching solution with a
mechanical stirrer for 4h. Five milliliter of leaching solution was sampled periodically from the beaker for
measuring the cadmium concentration by ICP-MS analysis.

In order to measure the content of total cadmium and residual cadmium in rice grains after leaching, the
rice samples were crushed and sieved to below 60 mesh. Accurately weighed 1g of rice �our sample, was
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put into a 50mL beaker with 20mL 1.5moL/L hydrochloric acid solution, and kept stirring with magnetic
force for 8h. After above leaching, the suspension was poured into a 50mL volumetric �ask and �lled
with deionized water to a constant volume, centrifuged and �ltered, for measuring the cadmium
concentration in the �ltrated solution.

Inductively coupled plasma-mass spectrometry (ICP-MS) was used to determine cadmium in leaching
solution samples. The solution for measurement was diluted to the concentration range of the standard
solution, within 0-20ug/L, and acidi�ed by adding a quantitative volume of nitric acid to prevent the
possible hydrolysis of cadmium to ensure the accuracy of the analysis results. The extraction e�ciency
of Cd from the rice grain during the leaching process (L) and rice grain dissolution loss ratio (D) was
calculated as follows:

L%=C/C0×100 (1)

D%=(M0-M)/M0×100 (2)

where C0 and C were the cadmium contents in the untreated rice and leached rice, ug/L, respectively. M0

and M were the grain mass in the untreated and treated rice, g, respectively.

2.3 Characterization
The instruments used for rice grain leaching experiments were listed as follows, including pH meter for
laboratory (pHSJ-3F, Shanghai Jingke Co., Ltd, China), electronic balance (AUY220, Shimadzu, Japan),
digital display electric agitator (JJ-1A, Jintan ronghua Instrument Manufacturing Co., Ltd, China), drying
oven (DHG-9030A, Shanghai Yiheng Scienti�c Instrument Co., Ltd, China), digital magnetic stirrer with
heating (RH D S025, IKA, Germany), high speed centrifuge (HC-3018, Anhui USTC Zonkia Scienti�c
Instruments Co., Ltd, China), SEM (EVO 18, ZEISS, Germany) and ICP-MS (iCAP-RQ, Thermo Scienti�c,
USA).

3 Results And Discussion

3.1 SEM
It could be seen that in the SEM photos shown in Fig. 1 that the rice grain had a quite compact and
undulating surface for the whole one, while if made a closeup observation it could be found that the inner
surface of the rice grain was quite different from the outer one, as illustrated in the rupture place on the
rice grain crust in Fig. 1a, there were many small cells �lled with a great number of tiny spherical rice
protein particles. This photo disclosed the inner structure of rice grain for the �rst time, and it might give
us more inspiration and learning about the leaching behavior about the common rice consumed in our
daily lunch. After leaching,it could be f, und that the plane section of the rice grain would be left with the
wound by the acid leaching, which suggested that some part of the rice grain would be lost by dissolution
in the acidic solution. Certainly, it was anticipated in this study that only the cadmium was extracted from
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the rice grain but not the dissolution loss of rice protein, while this fact told us that it was not possible to
realize this aim. There must be a critical point for balance of the cadmium removal e�ciency and the
dissolution loss of the rice grain.

3.2 Effect of acid concentration
It could be found that the extraction e�ciency of cadmium from the rice grain was a strongly pH-
dependent process, as shown in Fig. 2a, at pH 1, the cadmium extraction percentage (%) increased
monotonously to reach around 70% after 4h leaching for the whole grain. At pH 2, the corresponding
extraction percentage would decrease to 60%. It was con�rmed that at pH 6 there was almost no
extraction for cadmium, which could be concluded that the common water washing in our everyday
cooking had not any removal e�ciency and was not able to remove cadmium from the rice grain. By
calculation, it could be found that after leaching at pH 1 ~ 2 for about 4h, the residual cadmium content
in the whole rice grain could decrease below 0.2mg/kg, meeting the food quality standard of China. It
was also found that during the cadmium extraction process, the rice protein would dissolve into the
aqueous solution with 7–8% mass loss at pH 1–2, as demonstrated in Fig. 3a, and only about 1% mass
loss occurred at pH 6. Hence, it could be seen that solution pH would affect the cadmium extraction
e�ciency and dissolution loss of the rice grain in the leaching process, or it could be concluded that the
extraction of cadmium from rice grain and the rice dissolution process were both the strongly pH-
dependent process.

3.3 Effect of solid/liquid ratio
As shown in Fig. 2b and Fig. 3b, at the S/L ratio of 1/3 ~ 1/4 g/ml, the cadmium extraction e�ciency and
dissolution loss of rice grain both increased simultaneously to 70–80% and 8.5% mass, which appeared
that at higher S/L ratio, these two index did not vary again. While at the lower S/L ratio, they reached 45%
cadmium removal and 4% mass dissolution loss respectively. It could be understanded that the more
acidic lixiviant was provided for leaching, the more cadmium would be extracted according to the.
Therefore, S/L at 1/3 g/ml was recommended for practical leaching.

3.4 Effect of temperature
Figure 2c and Fig. 3c indicated that temperature would promote the cadmium removal and rice protein
dissolution loss, and it could be found that the Cd% removal and rice dissolution loss would reach 70%,
77%, 85%, and 8%, 9.5%, 10% at 298K, 308K and 318K respectively. It was clear that temperature would
lead to the faster diffusion of protons through the rice grain, intensifying the leaching kinetic rate
coe�cient. Considering the comprehensive effect, the leaching of rice grain at room temperature was
recommended for following cadmium extraction experiments.

3.5 Effect of stirring rate
Figure 2d and Fig. 3d showed that stirring rate had positive promotion effect on the cadmium extraction
and dissolution loss of the rice grain during the leaching process. While the effect was not so large as
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that of pH or S/L ratio, meant the suitable stirring rate could be set at 350 rpm for rice grain leaching.

3.6 Effect of size of rice grain
Figure 2e and Fig. 3e suggested that the long axis grain size had remarkable promotion of the cadmium
extraction and dissolution rate, which had much more effect on the leaching results. Obviously, it could
be understood clearly that the smaller grain size would shorten the diffusion distance of proton or
cadmium ions, and also exhibited larger speci�c surface area for exposure to the acidic solution. Though
the crack of the rice grain would promote the leaching e�ciency, while the rice dissolution loss would
also increase correspondingly as shown in the Fig. 3e. By overall evaluation, the rice grain with a half size
appeared better for cadmium extraction with the low dissolution loss.

To better learn the cadmium extraction e�ciency in the acidic solutions, the related leaching results of the
rice grain in the acids were collected and listed in Table 1, and it could be found that the acidic leaching
was quite effective to extract cadmium from the rice grain, though the acids used for leaching was quite
different, suggesting that the dominant component for cadmium extraction was protons, but not the
ligands. As compared in Table 1, the pH as well as other conditions set in present study was suitable for
cadmium extraction effectively.

Table 1
Comparison of cadmium extraction e�ciency in acids in open reported literature.

No. Initial Cd
content
(mg/kg)

Leaching conditions Extraction
e�ciency
(%)

Residual Cd
content(optimal)

(mg/kg)

Reference

1 0.27 ~ 0.92 Hydrochloric acid,

0.06M-0.18M

45 ~ 85 0.14 Feng et
al., 2021

2 0.22 ~ 0.96 Citric acid,

0.02-0.08M

80 ~ 94 0.06 Wu et al.,
2016

3 0.26 Acetic acid, pH = 3,
ultrasound assisted
extraction

66 ~ 93 0.02 Luo et al.,
2021a

4 0.18 ~ 0.26 Acetic acid, pH = 5.5,

high-pressure extraction

43 ~ 82 0.05 Luo et al.,
2021b

5 1.02 Hydrochloric acid,

pH = 1–2

60 ~ 92 0.08 This
study

3.7 Reusability of leaching solution
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Figure 2f showed that the same batch of HCl solution was repeatedly used for rice leaching, but adjusting
pH to 1 by adding an aliquot of acid before next leaching operation, and it could be seen that the
cadmium concentration in the acid solution increased monotonously at the average rate of around 80%
for each leaching. Obviously, each leaching would increase the dissoluble protein concentration in the
acidic solution as well as the viscosity of the solution, but it appeared no negative effect on the extraction
e�ciency of cadmium from the rice grain, further con�rmed that the protons were the principal
component for extraction of cadmium. Obviously, the effectiveness of reusability of the acidic solution
would help to save the lixiviant and reduce the water consumption in the practical leaching process
enormously, leading to the design of effective, ecofriendly and economical technology for cadmium
extraction from rice grain.

3.8 Leaching kinetic model
Based on aforementioned results under different leaching conditions, it could de deduced that the
cadmium extraction process from rice grain might occur according to the following reaction:

Rice-Cd + 2H+ = Rice-2H+ + Cd2+
(aq) (3)

Cd2+
(aq) + Cl− = CdCl+(aq) (4)

By thermodynamic calculation of the Cd (II)-Cl−-H2O solution system on the basis of the equilibrium
reactions, as shown in Fig. 4b, it could be found that at pH 1–2, the cadmium existed in the dominant
species of Cd2+ and CdCl+ in the aqueous solution, and they both played the exchange role with protons
during the leaching process.

Above study suggested that the extraction of cadmium was actually a cation exchange process, as
shown in reaction (3) and (4), and the diffusion rate of cadmium or proton in the solution bulk, liquid �lm
locating in the interface of the grain-solution, and intraparticle of rice grain might become the limiting or
bottleneck step for the whole leaching process. On the basis of the traditional leaching models for
mineral ores in hydrometallurgical process (Li 2002), the related study was carried out to evaluate the
leaching process by a quantitative way so that the leaching mechanism and fundamental characteristic
parameters could be explored for better understanding the leaching process.

Fig. 5a and Fig. 5b showed the �tting plots based on the above leaching experimental results as shown in
Fig. 2c, and the positive correlation of diffusion rate of cadmium vs 1/R2 in Fig. 5c, it con�rmed that the
intraparticle diffusion model could describe the cadmium extraction rate better. So on the basis of above
results, the apparent activated energy value of the cadmium extraction process could be estimated to be
16.67 KJ/mol,as shown Fig., d, which suggested that the leaching process was controlled by the
diffusion of cadmium or protons in the rice grain part. Hence it could be concluded that the most
effective means to promote the cadmium extraction process was by crack rice grain into smaller size, for
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more convenient diffusion of protons inwards the grain and more speci�c surface area for exposure to
the acidic solution.

4 Conclusion
Dilute HCl was used to extract cadmium from the rice, and the effect of pH, temperature, rice size, stirring
intensity, solid/liquid ratio and grain size was investigated systematically. It was found the cadmium
could be effectively extracted by HCl at pH 1–2, and higher the HCl concentration and smaller grain size
would promote the leaching rate signi�cantly. While the dissolution loss of the rice protein was mainly
affected by grain size and stirring rate. The leaching kinetic model was established to determine the
apparent activated energy of the leaching process to be 16.67KJ/mol, suggesting the cadmium
extraction from the rice grain was actually controlled by the intraparticle diffusion step of cadmium or
protons inside the rice grain.
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Figures

Figure 1

SEM images of rice. (a-b) rice surface; (c-d) rice plane section by polishing before and after leaching
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Figure 2

Effects of pH, solid-liquid ratio, temperature, stirring rate and long axis size of rice on the extraction ratio
of Cd from rice grain. (a) 298K, S/L=1:3, 350rpm, long axis size of grain =3mm. (b) pH=1, 298K, 350rpm,
long axis size of grain =3mm. (c) pH=1, S/L=1:3, 350rpm, long axis size of grain =3mm. (d) pH=1, 298K,
S/L=1:3, long axis size of grain =3mm. (e) pH=1, 298K, S/L=1:3, 350rpm. (f) Cadmium concentration in
the solution after repeating leach operation. (pH=1, 298K, S/L=1:10, 350rpm, long axis size of grain
=3mm)
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Figure 3

Effects of pH, solid-liquid ratio, temperature, stirring rate and long axis size of rice on the dissolution ratio
of Cd from rice grain. (a) 298K, S/L=1:3, 350rpm, long axis size of grain =3mm. (b) pH=1, 298K, 350rpm,
long axis size of grain =3mm. (c) pH=1, S/L=1:3, 350rpm, long axis size of grain =3mm. (d) pH=1, 298K,
S/L=1:3, long axis size of grain =3mm. (e) pH=1, 298K, S/L=1:3, 350rpm
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Figure 4

(a) Potential mechanism for Cd removal from rice by HCl extraction. (b) Thermodynamic diagrams of Cd
(II)-Cl--H2O solution system. (Total cadmium is 0.01 mM, total chloride concentration is 0.01M 298K)
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Figure 5

Plots of [1 – 2/3 XB – (1 – XB)2/3] (a) and [1 – (1 – XB)1/3] (b) vs. time for the extraction of cadmium at

various temperatures. (c) Plot of kd vs 1/Ro
2. (d) Arrhenius plot of lnkd vs. 1/T for Cd (II) extraction at

constant pH (= 1.0)


