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Abstract

Toxicity of arsenic compounds depends on the chemical structure as well as the concentration. Thus, separation of
the toxic arsenic species should precede the quantification for the accurate toxicity assessment. lon
chromatography inductively coupled plasma mass spectrometry (IC-ICP-MS) has been the most popular method for
separation and quantification of toxic arsenic species. However, the method requires complex instrument, elaborate
sample preparation, and long analysis time. In this work, toxic inorganic arsenic species in water was separated by
the simple solid phase extraction (SPE) using a strong anion-exchange membrane filter, and then the membrane
filter was analyzed by femtosecond laser ablation inductively coupled plasma mass spectrometry (fs-LA-ICP-MS). The
pH value of the sample was adjusted to 4 using ammonium hydroxide and phosphoric acid for the complete
separation of the toxic inorganic arsenic from the other organic arsenics. The linear dynamic range was from 0.5 to
1000 pg/kg, and the correlation coefficient was 0.99989. The recovery efficiency was 96-106%. The detection limit of

the inorganic arsenic was 0.028 ug/kg. Our results indicate that SPE-fs-LA-ICP-MS provides enough analytical
performance to analyze the toxic inorganic arsenic in water at the level of parts per trillion using the simple
separation method and the rapid laser ablation sampling.
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Introduction

Arsenic has a single isotope ("°As) and is the 53rd most
abundant element (1.5 mg/kg) in the earth’s crust (Audi
et al. 2003; Haynes 2016). The main sources of human
exposure to arsenic are known as food, water, soil, and
air (ATSDR. 2006). Arsenic can exist in any environ-
mental and biological systems in a variety of forms; it
can remain in plants or shellfish grown in arsenic-
contaminated water or soil and enter the human body
through the food chain (Tamaki and Frankenberger
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1992). Depending on the degree of exposure to arsenic,
it may cause symptoms of arsenic poisoning. The
chronic arsenic exposure is known to cause diseases
such as diabetes, cardiovascular disease, and cancers of
the skin and internal organs (Martinez et al. 2011). In
Bangladesh, for example, 40,000 people died of chronic
arsenic exposure (~5.6% of the dead each year) (Flana-
gan et al. 2012). For this reason, there is a great interest
in arsenic in various fields including both manufacturing
and agricultural industries. The relative toxicity of ar-
senic depends on the concentration, the oxidation state,
and the organic or inorganic state of the species (ATSD
R. 2006). Arsenic combined with oxygen or sulfur is
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called “inorganic arsenic” and that combined with car-
bon and hydrogen is called “organic arsenic” (ATSDR.
2007).

Arsenic  trioxide  (As,O3), sodium  arsenite
(NaAsQO,), and arsenic trichloride (AsClz) are the
most common trivalent inorganic arsenic com-
pounds, and arsenic pentoxide (As,Os), arsenic acid
(H3AsOy,), and arsenates such as lead hydrogen ar-
senate (PbHAsQO,) and calcium arsenate (Caz(AsO,),)
are known to be the most common pentavalent inor-
ganic arsenics (IARC. 2012). Inorganic arsenic spe-
cies such as arsenite (As®*) and arsenate (As®") are
more toxic than organic arsenic species such as
monomethyl-arsonic acid (MMA, CHsAsO3) and
dimethylarsinic acid (DMA, C,H;AsO,) (Ratnaike
2003; Todorov et al. 2005; Chen and Chen 2014). In
particular, arsenobetaine (AsB, Cs;H;;AsO,) and
arsenocholine (AsC, CsH;4,AsO™), also called “fish ar-
senic,” are found mainly in fish and shellfish and
known to be nontoxic (Tamura et al. 2010; Cullen &
Reimer 1989). Currently, the arsenic toxicity is
assessed on the basis of total inorganic arsenics
(As(III) + As(V)) excluding less toxic organic arse-
nics (Llorente-Mirandes et al. 2017). Chromato-
graphic methods have been mainly used for the
separation of inorganic arsenic species from organic
ones so far. Liquid chromatography, high resolution
liquid chromatography, gas chromatography, and ion
chromatography have been used for this purpose
(Nam et al. 2003; Son et al. 2019; Lee et al. 2019).
However, these methods consume a large amount of
solvent and take a long time to separate species. The
Joint FAO/WHO Expert Committee on Food Addi-
tives (JECFA) has shown a large fluctuation in inor-
ganic arsenic content in a sample, and there is still
insufficient verification of the analysis method. It
was decided that these problems should be improved
(Yang et al. 2016; Choi et al. 2010). The solid phase
extraction (SPE) method has been considered as an
alternative to simplify the separation process. SPE is
generally used for separation, concentration, or puri-
fication of substances to be analyzed. The type and
shape of the SPE method used are different depend-
ing on the samples. Consideration should be given
to the total volume of the sample, the degree of con-
tamination, the complexity, type and strength of the
matrix, and the amount of material to be analyzed.
Types of ion exchange that can be used for SPE in-
clude strong anion exchange (SAX), weak anion ex-
change (WAX), strong cation exchange (SCX), and
weak cation exchange (WCX). Among these ion-
exchange types, the efficiency of the separation of
inorganic arsenic species by the SAX membrane has
been investigated previously (Nazaratul and Amares
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2011). Herein, SAX was chosen to selectively adsorb
toxic inorganic arsenic species.

Recently, inorganic arsenics in water have been sepa-
rated using the ion-exchange membranes, and detected
by laser-induced breakdown spectroscopy (LIBS) (Nam
et al. 2018). This method was able to separate inorganic
arsenic species in a simpler way than the conventional
chromatographic methods used for arsenic species ana-
lysis. However, the limit of detection (LOD) of this
method is 10 mg/kg, which is not suitable for the ana-
lysis of trace amounts of inorganic arsenic present in
real food or environmental samples. LA-ICP-MS is one
of the leading technologies for the analysis of elemental
and isotopic compositions of various materials. The sur-
face of the sample is irradiated with a laser beam to gen-
erate fine particles. The generated particles are
transported to the plasma for ionization and the ions are
analyzed by the mass spectrometer (Chichkov et al
1996; Russo et al. 1999). Although LA-ICP-MS and LIBS
use the sample sampling method, the laser ablation, the
mass spectrometric detection of LA-ICP-MS shows the
better LOD performance than the optical emission de-
tection of LIBS. The laser systems used for LA-ICP-MS
are largely classified into nanosecond (ns) and femtosec-
ond (fs) ones according to their pulse duration. Nano-
second lasers are widely used for LIBS or LA-ICP-MS.
However, the major drawback of LA-ICP-MS using a
nanosecond laser is the incomplete atomization of
the ablated matter due to thermal effect, which re-
sults in significant deviation from the stoichiometric
ablation (Lahaye et al. 2015). Femtosecond lasers can
mitigate the effect on fractionation of elements, re-
duce thermal effects, directly break chemical bonds,
and reduce sample damages (Chichkov et al. 1996;
Diwakar et al. 2013). The ion-exchange membrane
used in this work is about 0.5 mm thick and can
easily be damaged by weak impacts. Thus, the use of
fs-LA-ICP-MS would be more appropriate than ns-
LA-ICP-MS. In this work, femtosecond laser ablation
inductively coupled plasma mass spectrometry (fs-
LA-ICP-MS) was used to improve the LOD perform-
ance for the analysis of inorganic arsenic species
separated from aqueous solution by the ion-exchange
membrane. To analyze total inorganic arsenics
(As(II) + As(V)), As(IIl) species was oxidized to
As(V), and the resulting As(V) species was separated
from the other organic species using the ion-
exchange membrane. Then, the ion-exchange mem-
brane was analyzed by fs-LA-ICP-MS to measure the
mass signal intensity of 7°As. Our results indicate
that the SPE-fs-LA-ICP-MS is a feasible methodology
for the parts-per-trillion-level analysis of total inor-
ganic arsenics (As(III) + As(V)) for arsenic toxicity
assessment.
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Materials and methods

lon-exchange membrane filter disk

The ion-exchange membrane filter disk (Empore'™, SPE
disk, diameter 47 mm, 29M Corp.) was used for the sep-
aration of inorganic arsenic. The membrane polymer has
positively charged quaternary ammonium groups so it is
used for anion exchange. The membrane was fixed to
glass funnel, and the conditioning of membrane was
progressed according to manual (3M SPE Technical In-
formation). For conditioning the membrane, acetone,
methanol, deionized water, sodium hydroxide solution
(I M), and deionized water were passed through it in
this order. After samples passed through the conditioned
membrane, it was dried in the oven at 40 °C for 2 h.

Reagent

All samples were made using deionized water. Stock so-
lutions of calibration standards and samples were made
using the following reagents. Sodium arsenate dibasic
heptahydrate (Na,HAsO47H,0, > 98%, Sigma-Aldrich),
sodium (meta)arsenite (NaAsO,, 98%, Sigma-Aldrich),
and sodium cacodylate ((CH3),AsO,Na, > 98%, Sigma-
Aldrich) were used to prepare the stock solutions for
As(V), As(Ill), and DMA, respectively. The concentra-
tions of stock solutions were 0.9903 mg/kg As(V),
0.9920 mg/kg As(Ill), and 0.9652 mg/kg DMA and di-
luted with deionized water as needed for the calibration
standards. To adjust pH of the sample solution, phos-
phoric acid (H3PO,, 85-90%, Honeywell/Fluka) and am-
monium hydroxide (NH,OH, 28% NHj in H,O, Sigma-
Aldrich) solutions were used.

Procedure

Before introducing the sample for arsenic speciation,
conditioning of membrane is necessary. Acetone (=
99.9%, HPLC grade, Sigma-Aldrich), methanol (= 99.9%,
HPLC grade, Daejung), deionized water, sodium hydrox-
ide solution (1 M), and deionized water were passed in
order through the membrane. Then, the sample solution
was passed through the conditioned membrane. At this
time, the flow rate (< 2 mL/min) was adjusted using
glass funnel combined with manual decompression de-
vice. After the sample solution was passed through the
membrane filter, it was dried in the oven at 40 °C for 2
h and then analyzed by LA-ICP-MS. Arsenic species in
the solution which was passed through the membrane
was also analyzed by IC-ICP-MS.

Instrument

Fs-LA-ICP-MS

The fs-LA-ICP-MS was used for the analysis of the
adsorbed arsenic on the membrane filter. A commercial
laser ablation system (Applied Spectra, Inc., Sacramento,
CA, USA) was used. Laser wavelength was 1030 nm. A
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mixture of helium and argon was used as a carrier gas.
ICP-MS (ICAP TQ, Thermo fisher scientific, ISA, Wal-
tham) was used for the detection of arsenic species. The
operating parameters of fs-LA-ICP-MS were shown in
Table 1.

IC-ICP-MS

The IC-ICP-MS was used to identify the arsenic species
present in the solution which passed through the mem-
brane. A GS-50 pump (DIONEX, Sunnyvale, CA, USA)
was used to inject the sample solution. A Hamilton
PRP-X100 column was used for arsenic speciation. ICP-
MS (SPECTRO MS, SPECTRO, Kleve, Germany) was
used for the detection of arsenic present in the sample.
Table 2 showed the operating parameters of IC-ICP-MS.

Results and discussion

Signal intensity distribution on the ion-exchange
membrane filter

Diameter and thickness of the ion-exchange membrane
filter were 47 mm and 0.5 mm, respectively. The As(V)
should be homogeneously adsorbed on the membrane
filter which was conditioned and dried. To check the
homogeneity of the As(V) absorbed on the mem-
brane filter, the “>As mass signals were measured
through twelve line scans on different places on the
membrane filter by fs-LA-ICP-MS. A preconditioned
ion-exchange membrane was used to filter 10 mL of
the aqueous solution of As(V) of which concentra-
tion is 100 pg/kg. The length and position of each

Table 1 Operating parameters for fs LA-ICP-MS

Parameter Condition
Laser ablation system

Laser wavelength 1030 nm
Output level 50%

Laser repetition rate 100 Hz
Gas flow rate

He gas 1.0 L/min
Ar gas 0.7 L/min
Beam size 50 um
Scan speed 0.1 mm/s
Scan length 2 mm
ICP-MS

RF plasma power 1550 W
Argon gas flow rate

Coolant flow 14 L/min
Auxiliary flow 0.8 L/min
Nebulizer flow 1.0 L/min
Nebulizer Cross flow
Monitor m/z As 749
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Table 2 Operating parameters for IC-ICP-MS

Parameter Condition

ICP-MS

RF plasma power 1450 W

Argon gas flow rate

Coolant flow 14 L/min

Augxiliary flow 0.8 L/min

Nebulizer flow 1.0 L/min

Nebulizer Concentric

Monitor m/z As 749

IC

Analytical column Hamilton PRP-X100 (10 um, 4.6 x 250 mm)
Flow rate 1.0 mL/min

Sample loop 100 pL

Mobile phase 20 mM ammonium phosphate (pH 6.0)

line scan were shown in Fig. 1a. The 2-mm long line
scans were separated from one another by 3 mm.
The 7°As mass signal intensities resulting from the
As(V) adsorbed on the membrane filter are shown in
Fig. 1b. The line scan position and the correspond-
ing mass signal were indicated by the same number
in Fig. 1. For each line-scan analysis, we took one
intensity value that is integrated area under each
mass signal profile in Fig. 1b. Then, the average and
the standard deviation of the twelve intensity values
were obtained. The RSD value was calculated as the
ratio of the standard deviation to the average. The
RSD for the signal intensities of As(V) recorded by
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the twelve line scans was 5.5%, which can be
regarded as the measurement precision. It indicated
that the As(V) species were homogeneously adsorbed
within this uncertainty.

Calibration curve and analytical performances

In our previous study (Nam et al. 2018), the inorganic
arsenic was measured by ion-exchange membrane and
LIBS. The linear dynamic range was from 20 to 500 mg/
kg As(V), and the LOD was 10 mg/kg As(V). The LOD
performance provided by LIBS would not be enough for
practical toxicity assessment. Environmental Protection
Agency (EPA) of United States set the maximum con-
tamination level (MCL) for arsenic in drinking water to
be 10 pg/kg (Arsenic and clarification to compliance and
new source monitoring rule: a quick reference guide
2001), which is far below the LOD provided by the pre-
viously reported SPE-LIBS method. The calibration
curve of the inorganic arsenic obtained by fs-LA-ICP-
MS is shown in Fig. 2a. Eight standard solutions of 0.5,
1, 5, 10, 50, 100, 500, and 1000 pg/kg As(V) were used
for SPE and the ion-exchange membrane filters were an-
alyzed for this calibration curve. The experimentally
measured values were fitted using a linear function. The
fitted parameters, slope, and intercept are noted in
Fig. 2a. The correlation coefficient, R?, was 0.99989. So,
the linear dynamic range is confirmed in the concentra-
tion range from 0.5 to 1000 pg/kg As(V). The LOD of
As(V) was estimated to be 0.028 pg/kg using the equa-
tion, 30/s. o is the standard deviation of the intensities
measured for the standard prepared using the aqueous
solution of 0.5 ug/kg As(V). s is the slope of the
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Fig. 1 (a) Twelve line-scan positions on the ion-exchange membrane filter surface and (b) the corresponding “*As mass signal intensity profiles
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Fig. 2 (a) Calibration curve for As(V) absorbed in the SPE filter disk obtained by fs-LA-ICP-MS and (b) RSD values estimated for the corresponding
standards. The error bar in a represents the standard deviation value obtained from four repetitive measurements for each standard

calibration curve. Considering the MCL of arsenic set by  graph in Fig. 2b shows the RSD values at the corre-
EPA, the LOD performance of our SPE-fs-LA-ICP-MS  sponding standards. The RSD ranges from 1.2 to 5.3%.

method is found to be enough for its application to the It should be noted that our method provided the re-
arsenic toxicity assessment for drinking water. The bar  markably low LOD of inorganic arsenic dissolved in
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water (0.028 pg/kg). The LOD of inorganic arsenic in
water was estimated to be 0.13 pg/kg by IC-ICP-MS in
our laboratory. Thus, the SPE-fs-LA-ICP-MS method is
found to provide the LOD performance even better than
that of the conventional IC-ICP-MS analysis for water.
Also, the typical LODs that can be reached by fs-LA-
ICP-MS for solid samples are at the level of a few to sev-
eral ten microgram per kilogram (Vanhaecke et al. 2010;
Li et al. 2016). The LOD estimated for As(V) dissolved
in water can be converted to the corresponding value for
As(V) adsorbed the solid ion-exchange membrane. A
10-mL of the aqueous solution was filtered by each
membrane filter that weighs 0.2673 + 0.0080 g. Thus,
the corresponding LOD of As(V) adsorbed on the solid
ion-exchange membrane filter is estimated to be 1.1 pg/
kg. This is similar to the typical LODs of fs-LA-ICP-MS
for solid samples. Therefore, the low LOD of inorganic
arsenic achieved in this work can be attributed to the
preconcentration effect during the SPE process. The pre-
concentration factor is 37.4 (= 10 g water/0.2673 g ion-
exchange membrane filter).

Recovery of As(V) by SPE and fs-LA-ICP-MS

Several standard solutions were used to investigate the
recovery of As(V) in our method. They were mainly pre-
pared with the As(IlI) and As(V) standards while one
standard solution was made by the mixture of As(III),
As(V), and DMA. The mixture was used to make sure
that the inorganic arsenic was well separated from the
organoarsenic. The inorganic arsenic was the total of
As(III) and As(V) as the As(III) was oxidized to As(V)
by hydrogen peroxide. First, the recovery efficiencies of
the samples containing only As(V) species were investi-
gated. Two sample solutions with 20.1 pg/kg As(V) and
62.3 ug/kg As(V) were prepared for this experiment.
Each sample solution was filtrated through the ion-
exchange membrane, the dried membrane was analyzed
by fs-LA-ICP-MS, and the measure “>As mass signal was
converted to the concentration using the calibration
curve shown in Fig. 2. As the results are shown in
Table 3, the recoveries of 20.1 ug/kg and 62.3 pg/kg
As(V) were 104% (= 20.9 pg/kg As(V)/20.1 pg/kg As(V)
x 100%) and 106% (= 66.3 pg/kg As(V)/62.3 ug/kg As(V)
x 100%), respectively. It indicates that almost all of the

Page 6 of 9

As(V) in a water was adsorbed on the anionic separ-
ator filter and quantitatively measured by fs-LA-ICP-
MS. Second, the complete oxidation of As(III) to
As(V) by hydrogen peroxide was confirmed by the
following experiment. The sample solution containing
10.0 pg/kg As(IlI) and 10.0 upg/kg As(V) was pre-
pared. Prior to being analyzed, the As(III) was oxi-
dized to As(V) by hydrogen peroxide. The sample
treated by hydrogen peroxide was then filtrated
through the ion-exchange membrane, the "°As mass
signal intensity was measured by fs-LA-ICP-MS, and
the mass signal intensity was converted to the con-
centration of As using the calibration shown in Fig. 2.
The obtained concentration value was 19.3 + 2.4 pug/
kg. Finally, the corresponding recovery value was cal-
culated as 19.3 pg/kg of total inorganic arsenic/(10.0
pg/kg As(Ill) + 10.0 pg/kg As(V)) x 100% = 96.5%.
Finally, the selective oxidation of As(III), not DMA,
to As(V) by hydrogen peroxide was confirmed by the
experiment with the sample solution containing 10.0
pg/kg As(IIl), 9.9 pg/kg As(V), and 20.0 pg/kg DMA.
Ideally, the concentration from SPE-fs-LA-ICP-MS
should be 20.0 pg/kg which is the sum of 10.0 pg/kg
As(III) and 9.9 pg/kg As(V). The resulting concentra-
tion was 19.6 + 1.3 pg/kg. The corresponding recov-
ery of total inorganic in a sample made by As(III),
As(V), and DMA was 98% of 10.0 ug/kg As(IlI) and
9.9 pg/kg As(V). This result indicates that the separ-
ation of the inorganic arsenic species from DMA was
well completed by the anionic separator filter. Conse-
quently, the SPE method employed in this work was
found to be effective in separating the inorganic arse-
nics, As(III) and As(V), from the organic ones with
the recovery efficiency close to 100%.

Separation of inorganic arsenic from the organoarsenic

In this study, As(V) was measured by fs-LA-ICP-MS
after it was separated from DMA by ion-exchange mem-
brane filter. It is necessary to confirm the complete sep-
aration of As(V) from DMA. Thus, the chromatograms
for 10 pg/kg As(Ill), DMA, MMA, and As(V) standards
were obtained by IC-ICP-MS as the results were shown
in the Fig. 3. Arsenobetaine standard was used as an in-
ternal standard.

Table 3 Determination of As(V) absorbed on the SPE filter disk by fs-LA-ICP-MS

Concentration of As(V) Concentration of DMA Results Recovery
(ng/kg) (ng/kg) (ng/kg) (%)

20.1 209 £ 27 103.8
623 66.3 £ 9.5 1064
200' 193+ 24 964

19.92 20.0 196 £ 1.3 983

110.0 pg/kg As(lll), 10.0 pg/kg As(V), and hydrogen peroxide in the solution

210.0 pg/kg As(lll), 9.9 ug/kg As(V), 20.0 pug/kg DMA, and hydrogen peroxide in the solution
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Table 4 Determination of DMA by IC-ICP-MS in solution

Concentration of DMA Results Recovery
(ng/kg) (ng/kg) (%)

16.8 174+ 20 102.7
786 818 £ 86 104.2
8094 8787 723 108.6

DMA completely from As(V) by adsorbing the inor-
ganic arsenic selectively.

Conclusions

Inorganic arsenic species, As(III) and As(V), dissolved in
water was separated from the co-dissolved organoarsenic
by the simple SPE method using an anion-exchange
membrane filter. Before the filtration, one of the inor-
ganic arsenic species, As(IIl), could be selectively oxi-
dized to As(V) by hydrogen peroxide. The resulting
As(V) that represents the total inorganic arsenics, As(III)
and As(V), could be completely separated from the orga-
noarsenic species. The ion-exchange membrane filter,
on which the inorganic arsenics, As(III) and As(V), were
adsorbed in forms of As(V), was analyzed by fs-LA-ICP-
MS. As(V) was well and equally adsorbed on the surface
of the filter. The RSD for the signal intensities of As(V)
was estimated to be 1.2-5.3% in the concentration range
from 0.5 to 1000 pg/kg. The recovery efficiency of inor-
ganic arsenic was ranged from 96 to 106%. As the recov-
ery of total inorganic, As(IIl) + As(V), in the sample
solution containing As(IlI), As(V), and DMA was 98%. It
indicated that the separation of As(V) from DMA was
well completed by the anionic separator filter. The orga-
noarsenic species in the filtered solution was quantita-
tively analyzed by IC-ICP-MS after the inorganic arsenic
on the filter was quantified by fs-LA-ICP-MS. The linear
dynamic range was obtained from 0.5 to 1000 ug/kg.
The LOD of inorganic arsenic was 0.028 pg/kg, which is
far below the MCL of arsenic in drinking water set by
EPA. The detection limit of our SPE-fs-LA-ICP-MS
method is much lower than that reported using SPE-
LIBS by a factor of 3.6 x 10° and even lower than that
obtained for the aqueous solution sample by the conven-
tional IC-ICP-MS. This remarkable LOD performance
can be attributed to the pre-concentration effect during
the SPE process. Our results suggest that the combin-
ation of SPE and fs-LA-ICP-MS can be a simple and fast
alternative for practical arsenic toxicity assessment for
water at the level of parts per trillion.
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