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A B S T R A C T

The consumption of rice milk has increased, mainly by individuals intolerant to lactose or allergic to cow milk.
However, rice milk contains As. In this sense, the concentration of As in rice milk should be controlled. In the
present study it is proposed a methodology for determination of As(III), dimethylarsenic (DMA), mono-
methylarsenic (MMA) and As(V) species in rice milk using LC-ICP-MS. The main features of the methodology are
fast analysis, easy and simple sample preparation, where the sample is 3-fold diluted in the mobile phase and
then filtered. The four arsenic species investigated were detected in the analysed samples, being As(V) the main
species. The limit of quantification of the method ranges from 0.25 to 0.43 μg L−1 As. The analyte recovery
ranged from 81 to 116% for samples spiked to 1.00 μg L−1 or 5.00 μg L−1 As and the relative standard deviation
was better than 5%.

1. Introduction

Cow milk and its derived products are staple food for humans
worldwide since they provide many nutrients and can also prevent
cardiovascular diseases, some type of cancer, blood pressure, bone and
dental pathologies. However, large consumption of cow milk can make
children obese (Fernández et al., 2015) and also affect individuals
lactose intolerant and/or allergic to milk proteins (Dreborg, 2015).

Given the side effects of cow milk, oat milk, soy milk and rice milk
have been increasingly consumed. Rice milk has been considered a
good alternative for cow milk because rice milk is cheaper and more
easily digested. However, supplementation of protein and fat is needed
when rice milk is used for children feeding (Meharg et al., 2008). Be-
sides that, As concentration in rice milk is higher than in cow milk; rice
milk usually contains inorganic arsenic (iAs – sum of As(III)+As(V)
species) once the plant rice takes up As and accumulates the elements in
the grains. Thus, daily consumption of rice milk can lead to the con-
tamination of individuals by As and this is more critical for infants
because milk is their basic food.

Rice milk is generally prepared by liquefaction of the whole grain in
an aqueous medium containing the enzyme alpha-amylase, followed by
a saccharification step in presence of the glucosidase enzyme. Rice milk
can also be produced by simply extraction of ground rice in hot water.

Inorganic As (iAs) and organic As (oAs) species such as mono-
methylarsonic acid (MMA) and dimethylarsinic acid (DMA) are the
main As species found in rice, comprising 90% of the total As content
(Althobiti, Sadiq, & Beauchemin, 2018; Huang, Fecher, Ilgen, Hu, &
Yang, 2012). About 60% of As is present in the form of iAs, which is a
concern because iAs is very toxic and leads to the development of
cancer and cardiovascular diseases (Hughes, Beck, Chen, Lewis, &
Thomas, 2011); the iAs toxicity is 100 times higher than that of me-
thylated species (DMA and MMA) (Signes-Pastor, Carey, & Meharg,
2016; Wang, Peng, Tan, Ma, & Rathinasabapathi, 2015). The World
Health Organization (WHO, 2010) determines that the safe limit for iAs
daily intake is 2 µg kg−1 body weight. Once As can be transferred from
rice to its derivatives, a maximum concentration of 100 ng g−1 iAs in
rice destined for the production of food for infants and young children
has been established by the Commission Regulation (2015).

Studies about As speciation in rice milk have been conducted and
reported. Meharg et al. (2008) determined DMA, MMA and iAs in rice
milk produced in European Union countries whereas the main species
found was iAs. Similar results were observed by Pedron et al. (2016) for
rice milk from Italy; Santos, Pozebon, Cerveira, and Moraes (2017) for
rice milk powder from Brazil; and Munera-Picazo, Burló, and Carbonell-
Barrachina (2014) for rice milk from Spain. These results demonstrate
the importance of the As speciation and that the total concentration of
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the element does not bring the necessary information.
Liquid chromatography (LC) associated with inductively coupled

plasma mass spectrometry (ICP-MS) is considered appropriate for As
speciation in rice milk. In this case, the good sensitivity of ICP-MS is
combined with the good selectivity/resolution of LC. Anion exchange
columns are usually employed to separate the As species efficiently.

Munera-Picazo et al. (2014) and Santos et al. (2017) employed li-
quid chromatography-atomic fluorescence spectrometry (LC-AFS) and
hydride generation atomic absorption spectrometry (HG-AAS) for As
speciation in rice milk, respectively. These techniques, despite the
lower cost and enable the determination of iAs, they are not suitable for
determination of DMA and MMA in rice milk due to the lack of sensi-
tivity (in the case of LC-AFS) or inability to quantify them (in the case of
HG-AAS).

For reliable speciation analysis using LC-ICP-MS the sample should
be submitted to mild treatment conditions; with water or diluted acid
combined with short periods of sonication and/or heating in order to
avoid species interconversion. Meharg et al., 2008 and Munera-Picazo
et al. (2014) used organic solvent for As species extraction from rice
milk. In this case several steps were involved, requiring more time for
the analysis and are more susceptible to errors. In the present study it is
developed a method for As speciation analysis in rice milk by simply
diluting the sample in the mobile phase. The As speciation method by
means of LC-ICP-MS is proposed by considering (i) the increasing
consumption of rice milk, (ii) the presence of As species in such milk
and (iii) the usual complexity of speciation analysis. Therefore, it is
proposed a more simple method with respect to sample preparation and
analysis time.

2. Experimental

2.1. Instrumentation

An inductively coupled plasma mass spectrometer (PerkinElmer
Sciex, Model Elan DRC II, Thornhill, Canada) equipped with a con-
centric nebulizer (Meinhard Associates, Golden, USA), a cyclonic spray
chamber (Glass Expansion, Inc., West Melbourne, Australia) and a
quartz torch with a quartz injector tube (2mm i.d.) was employed for
As determination. The carrier gas flow rate, ion lens voltage and torch
alignment were adjusted according to the spectrometer manufacturer
instructions, using conventional pneumatic nebulization. Single ion
monitoring at m/z 75 was used to collect the data.

The LC system consisted of a quaternary pump (PerkinElmer, Model
Series 200) equipped with a Rheodyne six-port injector valve and an
anion exchange separation column (Hamilton, PRP-X100,
250×4.1mm i.d., Bonaduz, Switzerland). The mobile phase was
transported from the separation column to the nebulizer by a PEEK-
capillary. The LC-ICP-MS operational conditions were optimized ac-
cording to a previous study (Moreira et al. (2011). Air in the mobile
phase was eliminated by sonication at 37 kHz in ultrasonic bath (El-
masonic, P 60 H, Singen, Germany) for 10min at room temperature.

For total As (tAs) determination in the rice milk samples they were
digested in closed quartz vessels in a microwave system (Milestone Srl.,
Model Ultrawave, Sorisole, Italy) equipped with a single reaction
chamber (SRC). The operational conditions are cited in Table 1 and the
heating program was run according to the microwave system manu-
facturer instructions.

2.2. Reagents and solutions

All chemicals were at least of analytical grade. Nitric acid (HNO3

65%mm−1, Merck, Darmstadt, Germany) purified by subboiling dis-
tillation (in a duoPUR distiller, Milestone) and distilled water further
purified to resistivity of 18.2 MΩ.cm (in a Milli-Q system, Millipore
Corp., Billerica, USA) were used throughout the study. Stock solutions
of As species were prepared in water, containing 1000mg L−1 of As as

dimethylarsenic acid (DMA – Sigma, USA), monomethylarsenic acid
(MMA – Sigma), arsenite (As(III) – Riedel-de Haën, Germany), and ar-
senate (As(V) – Riedel-de Haën). These solutions were stored at 4 °C in
the dark. A stock solution containing 10mg L−1 of As (SCP 33MS, SCP
Science, PlasmaCAL, Canada) was used in tAs determination by ICP-MS.
Calibration solutions were prepared by serial dilution of the stock so-
lutions. The As concentration in the calibration solutions ranged from
0.1 to 10 µg L−1 and they were prepared in 5% (v v−1) HNO3 for tAs
and in water or in the mobile phase for As speciation analysis.
Monohydrogen phosphate ((NH4)2HPO4, Merck) and (NH4)2CO3 were
evaluated as mobile phase. Solutions of these salts were prepared in
water and then sonicated during 10min in ultrasonic bath. The pH of
the mobile phase and samples were adjusted by adding 1.0 mol L−1

ammonium hydroxide (NH4OH) (Merck) or 1.0mol L−1 HNO3.

2.3. Samples

Four samples of rice milk were acquired in local stores. Two of them
were produced from polished rice and the other two from brown rice.
One of the samples from brown rice contained coconut milk (4%) and
natural flavour of coconut. The commercial samples (conditioned in
tetra pack packaging) were identified as rice milk I, rice milk II, rice
milk with coconut and wholegrain rice milk. They were manually
shacked/homogenized before taking aliquots for As speciation analysis
or digestion for tAs determination. All As determinations were at least
in triplicate (n=3).

2.4. Procedures

2.4.1. Total arsenic determination
Two millilitres of rice milk sample were transferred to quartz vessel

to which 4mL of HNO3 were added. The vessel was closed, placed into
the chamber of the microwave system and irradiated as informed in
Table 1. After cooling, the digestate was transferred to a volumetric

Table 1
Operational conditions of the microwave system and ICP-MS equipment for rice
milk digestion and As measurement, respectively.

Microwave System Settings

Pressure, bar 40
Ramp to 230 °C, min 10
Holding at 230 °C, min 20

ICP-MS Settings

RF power, W 1300
Plasma gas flow rate, L min−1 15
Auxiliary gas flow rate, L min−1 1.2
Nebulizer gas flow rate, L min−1 1.10
Sampler and skimmer cones Pt
m/z monitored 75
Sweeps 5 (1 for LC-ICP-MS)*

Readings per replicate 5 (500 for LC-ICP-MS)
Replicates 3 (1 for LC-ICP-MS)
Dwell time, ms 25 (500 for LC-ICP-MS)

* Additional information about the LC-ICP-MS analysis is given in Table 2.

Table 2
Evaluation of the mobile phase for As speciation analysis in rice milk by LC-ICP-
MS.

Parameters Evaluated conditions Selected

Mobile phase solution (NH4)2HPO4 (NH4)2CO3 (NH4)2HPO4

Mobile phase concentration,
mmol L−1

9.0–11.0 9.0–30.0 9.0

Mobile phase flow rate, mLmin−1 0.90–1.10 1.00–1.20 1.00
Mobile phase pH 4.00–8.00 6.50–10.50 6.00
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flask and diluted to 25mL by adding water. Then, tAs concentration
was measured by ICP-MS, at the conditions cited in Table 1.

2.4.2. Arsenic speciation analysis
Chromatographic conditions were firstly evaluated in order to

achieve the best possible resolution at the shortest time, good sensi-
tivity for all As species, low ICP disturbance and reduced carbon de-
position on the ICP–MS instrument interface. All experiments were
carried out using an anion exchange chromatographic column (PRP-
X100, Hamilton) and isocratic elution mode. The chromatographic
parameters were optimized using reference solutions containing
5.0 µg L−1 of As in the form of As(III), DMA, MMA, and As(V). These
solutions were prepared in water or in the mobile phase medium. After
achieving good separation for the As species in the test solutions, di-
luted samples were then tested and, if necessary, parameters were re-
evaluated.

Before injection in the chromatographic column, samples were 3-
fold or 5-fold diluted and filtered through a 0.45 µm pore size filter
fitted in a syringe. Aliquots of 200 µL of diluted sample or As solution
were injected in the chromatographic column and the obtained signals

Fig. 1. Chromatograms of As species. (a): solution with 5.0 µg L−1 of each As species in water; (b) rice milk I diluted 1:2 in 30mmol L−1 (NH4)2CO3; (c) and (d):
solutions with 1.0 µg L−1 of each As species prepared in water and 9.0 mmol L−1 (NH4)2HPO4, respectively; and (e): rice milk I diluted 1:2 in 9.0mmol L−1

(NH4)2HPO4. In (a) and (b) the mobile phase was 30mmol L−1 (NH4)2CO3 at pH 8.50 while in (c), (d) and (e) the mobile phase was 9.0 mmol L−1 (NH4)2HPO4 at pH
6.00.

Fig. 2. Chromatograms for As species in rice milk diluted 1:2, without spike and
spiked with 1.0 µg L−1 of As species in (a) and 5.0 µg L−1 of As species in (b).
Chromatographic separation conditions are given in Table 2.
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were processed in peak area mode. External calibration was carried out
in the determination of As concentration. The accuracy of the As spe-
ciation method for rice milk was validated following Food and Drug
Administration (FDA) guidelines (FDA, 2018). To this end, aliquots of
3-fold diluted rice milk were spiked with each investigated As species in
order to obtain 1.0 or 5.0 µg L−1 of As. In addition, the sum of As
species concentration found by LC-ICP-MS was compared with the tAs
concentration determined by ICP-MS, after sample digestion. Standard
addition calibration for two rice milk samples was also performed in
order to compare the results obtained by external calibration.

The limit of detection (LOD) and limit of quantification (LOQ) were
estimated following the 3 s and 10 s criterion, respectively, where s is
the standard deviation of 10 consecutive analyte determinations in the
blank. In LC-ICP-MS the mobile phase was considered as blank while
HNO3 treated in the same way as the sample was considered as blank in
ICP-MS analysis. The rice milk sample dilution was taken into account
to calculate the method LOD and LOQ.

3. Results and discussion

3.1. Arsenic speciation analysis

Tests were initially conducted in order to compare the performance

of two common mobile phases used for As speciation by LC-ICP-MS. In
this way, (NH4)2HPO4 and (NH4)2CO3 solutions at different con-
centrations, flow rate and pH were evaluated as can be observed in
Table 2. Solutions with concentration higher than 11 and 30mmol L−1

of (NH4)2HPO4 and (NH4)2CO3 were not tested in order to prevent salt
deposition on the interface and ion lens of the ICP-MS instrument,
following previous studies (Moreira et al., 2011; Pizarro, Gómez,
Palacios, & Cámara, 2003).

It was observed that the separation of As(III) and DMA was not
satisfactory when (NH4)2CO3 was the mobile phase, regardless of its
concentration, pH and flow rate (Fig. 1a, b). Better separation of the As
species was achieved using (NH4)2HPO4 as mobile phase at the selected
conditions cited in Table 2, as shown in Fig. 1c. These results corro-
borate those obtained in previous studies about As speciation using LC-
ICP-MS, with respect to type of mobile phase, its concentration and pH
(Moreira et al., 2011; Pizarro et al., 2003). Through mobile phase op-
timization, the As species were separated in 10min, which is an ad-
vantage of the proposed method. Good As species separation at pH 6.00
was also observed in a previous study when an anion exchange column
PRP-X100 and phosphate solution as mobile phase were used for As
speciation by LC-ICP-MS (Wang et al., 2015).

Despite the good separation of the As species, drift of the signal was
observed at the beginning of the chromatogram (at 1.8 min in Fig. 1c),
making difficult the signal processing and worsening the LOD. This
drawback was circumvented by preparing the As species in the mobile
phase, as can be observed in Fig. 2d, e.

3.2. Arsenic speciation in rice milk

Arsenic speciation analysis in complex and organic matrices such as
rice milk by LC-ICP-MS may require sample preparation in several
steps, which is time consuming, prone to contamination and analyte
loss. The method proposed by Meharg et al. (2008) using LC-ICP-MS for
As speciation in rice milk involved the use of hexane and HNO3 and
clean up of the sample. Despite the satisfactory results obtained, the
method is laborious for routine analysis and involves de use of organic
solvent, which is currently considered not “ecologically friendly”.
Pedron et al. (2016) extracted As species in rice milk samples by leaving
them in contact with 2% v v−1 HNO3 and heating at 95 °C for 2.5 h.
Munera-Picazo et al. (2014) prepared the samples by adding 2mol L−1

of trifluoracetic acid (TFA) and keeping the mixture at 100 °C for 6 h,
followed by centrifugation and filtration. Not using organic solvent is
an advantage, but these two procedures had been previously optimized
for As speciation in rice and were not evaluated for rice milk, whether
there was interconversion of As species in rice milk under heating and

Table 3
Analyte recovery in the spiked rice milk samples 3-fold diluted with the mobile
phase. Concentration in μg L−1 and chromatographic conditions according to
Table 2.

Species Rice Milk I Wholegrain Rice Milk

Found
in the
Sample

Found in
the
Spiked
Sample

Recovery, % Found
in the
Sample

Found in
the
Spiked
Sample

Recovery, %

As(III) 2.03 3.19a 116 4.49 5.30a 81
7.84b 116 8.72b 84

DMA 5.55 6.40a 85 7.19 8.04a 85
9.91b 87 11.7b 90

MMA 0.21 1.32a 111 0.41 1.48a 107
5.92b 114 5.45b 101

As(V) 1.40 2.30a 90 2.33 3.29a 96
6.09b 94 7.37b 101

a Spiked to 1.00 µg L−1 As.
b Spike to 5.00 µg L−1 As.

Table 4
Concentration of tAs determined by ICP-MS and As species by LC-ICP-MS. Concentrations informed are the mean and standard deviation (± SD) for three replicates
of the sample (n=3).

Sample As, µg L−1

As(III) As(V) DMA MMA Suma tAsb

Rice Milk I 6.03 ± 0.17 4.19 ± 0.04 16.64 ± 0.26 0.63 ± 0.18 27.49 ± 0.36 29.48 ± 1.23
Rice Milk II 2.46 ± 0.06 8.58 ± 0.18 2.37 ± 0.13 < LOD 13.42 ± 0.23 15.33 ± 1.10
Rice Milk with coconut 9.68 ± 0.35 2.87 ± 0.09 < LOD <LOD 12.55 ± 0.37 14.57 ± 0.96
Wholegrain rice milk 12.48 ± 0.16 6.99 ± 0.02 22.57 ± 0.22 1.24 ± 0.21 43.28 ± 0.33 46.94 ± 1.96

Other works

Munera-Picazo (2014)c 7.3–17.2 <4 <4 <4 7.3–17.2 7.3–19.9
Pedron (2016)c 16.8 ± 2.1–26.6 ± 9.6d < LOD – 37.4 ± 1.1e – 16.4 ± 0.4–57.0 ± 3.2
Meharg (2008) 7.1–20.7d 1.1–12.7 < 0.1–0.82 8.0–32.9 10.2–33.2

a Sum of As(III), As(V), DMA and MMA concentrations.
b Arsenic concentration determined by ICP-MS after sample digestion.
c Arsenic concentration in μg kg−1.
d Sum of As(III) and As(V).
e Sum of DMA and MMA.
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in presence of HNO3 or TFA. Huang, Hu, Ilgen, and Ilgenet (2012)
proposed a method of As speciation in alcoholic rice beverage by simply
diluting the sample in the mobile phase (10mmol L−1 ammonium
phosphate at pH 6.00) prior analysis using LC-ICP-MS. However, some
signals in the chromatogram could not be identified. In the present
study, unidentified signals were not observed at the selected conditions
(Table 2) for rice milk 3-fold and 5-fold diluted in the mobile phase.
Samples less diluted were not analysed in order to avoid possible in-
terferences by carbon and chloride (Duarte et al., 2007). Considering
the low As species concentration and matrix effects the rice milk sam-
ples were 3-fold diluted for further analysis.

The four As species investigated were determined in rice milk
samples following external calibration; using the chromatographic
conditions shown in Table 2. The calibration curves parameters for As
(III), DMA, MMA and As(V) were y=530.9x+70.1 (R2: 0.9994),
y= 562.6x+88.8 (R2: 0.9995), y= 647.0x+ 85.3 (R2: 0.9999),
y= 567.5x+103.1 (R2: 0.9993), respectively, where y= counts
and x= µg L−1 As. As can be seen, the sensitivity differs by about 10%
for the As species, which can be considered satisfactory and within the
acceptable variation range. The linear correlation coefficient was al-
most similar for all As species.

By employing the optimized conditions, the LOD for As(III), DMA,
MMA and As(V) were 0.10, 0.11, 0.08 and 0.13 µg L−1 As, respectively.
The LOQ for As(III), DMA, MMA and As(V) were 0.32, 0.37, 0.25 and
0.43 µg L−1 As, respectively. The LOQ is sufficiently low for the de-
termination of most of the investigated As species in the analyzed
samples.

In order to verify the accuracy of the proposed method, analyte
recovery tests were then carried out. As can be seen in Table 3, analyte
recoveries ranged from 81 to 116%, which can be considered a good
result for the analysed rice milk whose matrix is complex. The analyte
recovery is also demonstrated in Fig. 2 that shows the chromatograms
for a sample of rice milk and the same sample spiked with the in-
vestigated As species. Method accuracy was also evaluated by com-
paring the tAs concentration with the sum of As species (Table 4).
According to Table 4, the sum of As species are slightly lower than the
tAs concentration determined by ICP-MS after sample digestion. How-
ever, according to the t-test at the confidence level of 95% they are not
statistically different. It is believed that the small and systematic bias is
due to losses that occur during separation in the chromatographic
column (Michalke, 2002). The lower results could also be due to re-
tention of As species within the insoluble filtering residue.

In addition, the As species concentrations determined in two rice
milk samples by means of external calibration and standard addition
calibration were similar according to the t-test at a 95% confidence
level, revealing that matrix interference was very low or absent for the
3-fold diluted rice milk.

In Brazil there is still no legislation for As species in rice and rice-
based products. The Brazilian legislation (ANVISA, 2013) establishes
only the maximum tAs concentration allowed in rice based-products,
which is 0.3mg kg−1. Considering that 1.0 kg of rice milk is about 1.0 L
of the product, the tAs concentration in the analysed samples satisfies
the Brazilian legislation. On the other hand, it might not meet the WHO
(2010) recommendations with respect to iAs; the maximum iAs daily
intake recommended is 2 µg kg−1 body weight. Thus, the maximum
daily intake of iAs should be only 10 µg by an infant weighing 5 kg,
which could be achieved or even surpassed by consuming 1 L of rice
milk (Table 4) per day.

The tAs and As species concentrations in the samples varied
(Table 3) in view of the type of rice used for preparing the milk and
other components of the formulation. Milk from brown rice (rice milk
with coconut and wholegrain rice milk) contains more As than rice milk
I and rice milk II that were obtained from polished rice. This can be
explained by the higher concentration of As in the bran that remains in
the grain of brown rice. Santos et al. (2017) found that iAs is in general
the predominant As form in rice milk, following the same pattern

observed for rice. The mean concentration of iAs (As(III+ As(V)) found
in the present study ranged from 10.19 to 19.47 μg L−1, which is close
to that found by Munera-Picazo et al. (2014) Meharg et al. (2008).
Pedron et al. (2016) found higher concentration of iAs in rice milk from
Italy. The higher concentration in rice milk was attributed to Italian soil
that contains more As.

4. Conclusions

The proposed method allows determination of As(III), As(V), DMA
and MMA in rice milk by simply diluting the sample in the mobile
phase, followed by filtration. In this way, organic solvents and oxi-
dizing/reducing reagents that may cause As species interconversion, are
not necessary, making the sample preparation more simple. The four As
species investigated in rice milk can be efficiently determined using LC-
ICP-MS, following external calibration. Analyte recovery test and
standard addition calibration confirmed that the method is free from
matrix interferences. The sum of the As concentration species de-
termined by LC-ICP-MS agreed well with the tAs concentration de-
termined by ICP-MS after sample decomposition, that also highlighted
the accuracy of the proposed method.

Given the good sample throughput, fast and ease sample prepara-
tion, the method could be adopted by regulatory agencies for routine
quality control of As in rice milk, mainly iAs that is considered more
toxic.
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