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ABSTRACT
In this work, arsenic species in mainstream cigarette smoke condensates was systemically studied with
inductively coupled plasma mass spectrometry. A single particle inductively coupled plasma mass spectrom-
etry was utilized for analysis of the physical forms of arsenic, and no particle arsenic was observed in main-
stream cigarette smoke condensates. The solvent extraction experiments proved that the water-soluble
arsenic was the main species in mainstream cigarette smoke condensates, which was consistent with the
result of single particle inductively coupled plasma mass spectrometry. Furthermore, speciation of arsenite,
arsenate, monomethylarsonic acid, and dimethylarsinic acid was investigated using high performance weak
anion exchange chromatography coupled with inductively coupled plasma mass spectrometry detection.
The developed high performance liquid chromatography coupled inductively coupled plasma mass spec-
trometry method was successfully applied to the determination of arsenic species in mainstream cigarette
smoke condensates with satisfactory recoveries. Four arsenic species were detected in the mainstream cigar-
ette smoke condensates from four brands of commercial available cigarettes, and there was a great differ-
ence between the arsenic content and composition among the different brands of cigarettes. It is found
that arsenate was the main species in all tested cigarette samples.
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Introduction

As is well known, arsenic is a ubiquitous element in the
environment. Recently, the toxicity of arsenic compounds
has raised concern about their environmental, occupational,
and nutritional safety because many arsenic compounds are
toxic and potentially carcinogenic for human beings. Arsenic
exists mainly in four species, As(III), As(V), monomethylar-
sonic acid (MMA), and dimethylarsinic acid (DMA). The
toxicological studies have indicated that the role and impact
of arsenic on the environment and living organisms depend
primarily on its chemical form.[1] As(III) is the most toxic
form of the water-soluble species, while As(V) is also consid-
erably toxic.

Recently, there has been an increase in attention towards
cigarette smoke due to the reported health risks of environ-
mental tobacco smoke (ETS) on the human respiratory sys-
tem.[2] Some studies have indicated that cigarette smoke can
significantly damage indoor air quality, and is also one of the
major sources of airborne fine particulate matter (PM2.5).

[3,4]

Arsenic is one of the elements found in tobacco and cigarette
smoke. Levels of arsenic in modern filtered cigarette smoke
range from sub-ppm to a few tens of ppms.[5,6] Therefore, it
is highly desirable to develop efficient speciation approaches

to determine the individual arsenic species in cigarette smoke
in order to estimate its environmental impact and health risk.

Inductively coupled plasma mass spectrometry .(ICP-MS) is
one of the most powerful determination techniques for trace
elements because of its high sensitivity, wide dynamic linear
range, and so on.[7–10] With preliminary separation techniques,
for example, high performance liquid chromatography
(HPLC), capillary electrophoresis (CE), and solid phase extrac-
tion (SPE) or solid phase microextraction (SPME), ICP-MS
can realize the speciation analysis of arsenic.[11–14] The
hyphenated technique of HPLC-ICP-MS gained much atten-
tion as it is more powerful (removal of interferences, e.g.
40Ar35Cl) and more sensitive, and has been widely used in the
speciation analysis of arsenic.[15–17] Taebunpakul et al. used
the HPLC-ICP-MS to study the speciation of As in water-
soluble extracts of mainstream smoke, and found the presence
of arsenate (as a major As species) and DMA and MMA (as a
minor As species). Although HPLC-ICP-MS possesses the
capacity of accurately quantitative and qualitative determin-
ation of one or several species, it is also often not possible to
determine the concentrations of the different chemical species
that sum up to the total concentration of an element in a
given matrix. Based on many different properties of the
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chemical species, such as size, solubility, affinity, charge, and
hydrophobicity, the fractionation practice has been adopted to
identify various classes of species of an element and to deter-
mine the sum of its concentrations in each class. In some
instances, the operationally defined fractionation can provide
important supplementary information for chemical speciation,
and may be further refined by following speciation analysis.[18]

With the gradual recognition of health effect and ecological
toxicity of nanoparticles (NPs), single particle (SP)-ICP-MS
has been an alternative that is gaining much interest as a
promising new measurement method for the detection and
quantification of NPs, for example, nano Ag and Au.[19,20] In
SP-ICP-MS, the sample, an aqueous suspension containing
the particles to be analyzed, is introduced continuously into
an ICP-MS system that acquires data with a high time reso-
lution. Following nebulization, a fraction of the NPs enter the
plasma where they are vaporized and the individual atoms
ionized resulting in a cloud of ions. This cloud of ions is
sampled by the mass spectrometer and detected as a signal
pulse in the detector.

Mainstream cigarette smoke refers to the smoke coming
out of the mouth end of a cigarette during smoking. In this
study, arsenic species in mainstream cigarette smoke con-
densates (MCSCs) were systemically studied with ICP-MS
based methods. Off-line solvent extraction-ICP-MS and on-
line HPLC-ICP-MS were employed for the fractionation and
speciation of arsenic species, respectively. SP-ICP-MS was
employed to investigate existence of arsenic containing NPs
in MCSCs. As a result, a reliable and relatively easy assess-
ment of the complete speciation analysis of arsenic present
in mainstream cigarette smoke was achieved.

Experimental

Reagents

All standards and mobile phases were prepared with deion-
ized water (DIW, 18.25MX�cm, Millipore, Billerica, MA).
Nitric acid (HNO3,�99.999% metals basis) and ammonium
hydroxide (NH3�H2O, semi-conductor grade) were obtained
from Merck (Darmstadt, Germany). Methanol and hexane
(both are of chromatographic grade) were purchased from
Sigma-Aldrich (St. Louis, MO). As(V), As(III), MMA, and
DMA solutions were purchased from National Institute of
Metrology (NIM, Beijing, China). Lower concentration stand-
ard solutions were prepared daily by appropriate dilutions
from their stock solutions. All the stock solutions and stand-
ard solutions were kept at 4 �C.

Sample collection and preparation

Commercial cigarettes were acquired in local supermarkets
in Changsha, China. A RM20 (Borgwaldt KC GmbH,
Hamburg, Germany) was used to produce cigarette main-
stream smoke. An electrostatic trapping method was used to
gather mainstream smoke, and the device was represented in
Fig. 1. Two hundred cigarettes of the same brand were
burned by simulated smoking condition in sequence. After
gathering, the MCSCs accumulated on electrostatic trapping

tubes were collected through repeatedly washing with 30mL
methanol at room temperature, and the resultant MCSCs
were combined and kept at 4 �C for further use.

Analysis of arsenic containing particles

The obtained MCSCs (section “Sample collection and prepa-
ration”) was diluted 100 times with fresh DIW, and then
directly analyzed by the SP-ICP-MS method. The measure-
ments of SP-ICP-MS were carried out using a quadrupole-
based ICP-MS instrument (NexION 300X) with a dual-port
quartz spray chamber, which is commercially available from
PerkinElmer (Waltham, MA). The SP-ICP-MS detection
conditions were as follows: arsenic atomic weight: 74.9; peak
mode: single point peak, interval time: 0.1ms; read times:
10,000; repeat five times; total sampling time 30 s; detection
mode: standard mode.

Fractionation of arsenic species

Ten milliliter of methanolic MCSCs solution was dried by
nitrogen gas on a water bath (Gongyi, China) at 50 �C, and
then 10mL of hexane were added in. The extraction of the
water soluble fraction was performed by adding 5mL fresh
DIW and shaking in a water bath for 1 hr. After standing
the mixture for 30min, the lower aqueous phase was sepa-
rated. This procedure was repeated using another 5mL
DIW, and the collected aqueous phases were combined. The
rest of the solution was filtered by filter paper, and the
resultant hexane phase and filter paper were collected,
respectively.

This procedure divides arsenics MCSCs into three chem-
ical fractions: water soluble (aqueous phase), lipo-soluble
(hexane phase), and particle arsenic (residue). The arsenic
concentrations in the extracts and paper were analyzed,
respectively, by ICP-MS after digestion.

The digestion procedure was described as follows. For
water-soluble arsenic and lipo-soluble arsenic species, 2mL
aqueous and hexane solutions were digested, respectively.
For particle arsenic, the whole filter paper was digested
after cutting in pieces. Briefly, 2mL solutions or filter

Figure 1. The instrumentation diagram of the electrostatic trapping device
used to gather mainstream smoke.
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paper pieces were added into a glass beaker, to which a
pre-mixed acid solution (HNO3-H2O2, 2 gþ 0.5 g) was
added. This was placed on a hot plate (Uchen, Shanghai,
China, instrument set temperature: 150 �C) to dissolve the
sample. After digestion, the digest solutions were evaporated
to dryness and then diluted to the appropriate volume fol-
lowed by introduction into the ICP-MS for determination.
For total arsenic, 2mL MCSCs methanolic solution were
digested directly. Blank tests carried out under the same
digestion conditions were performed against each corre-
sponding samples.

Arsenic speciation by HPLC-ICP-MS

The chromatographic system comprised an Agilent 1100
HPLC system (Agilent Technologies, Waldbronn, Germany)
and an autoinjector fitted with a 100lL sample loop. Agilent
7700x ICP-MS (Agilent Technologies, Waldbronn, Germany)
with standard glass concentric nebulizer, quartz double-pass
spray chamber was used in arsenic determination. The LC
system was hyphenated to the ICP-MS via a 50-cm polyether-
etherketone (PEEK) tubing that directed column effluent to
the nebulizer. Octopole reaction system (ORS) was employed
to remove polyatomic interference such as 40Ar35Cl with
ultra-high purity helium gas. Anion exchange column was
used for arsenic speciation. Four arsenic species, As(III),
As(V), MMA, and DMA, were separated by using an anion
exchange column (Hamilton PRP-X100, 150� 4.6mm,
10lm) under isocratic elution. Mobile phase containing
40mM NH4NO3 for HPLC was prepared by addition of
appropriate amount of HNO3 in DIW. Then, the HNO3 solu-
tion was adjusted to pH 8.7 by adding NH3�H2O while moni-
toring with a pH meter. The mobile phase was filtered
through a 0.45-lm cellulose acetate membrane filter (Xinya
Purify Device Company, Shanghai, China), then degassed in
an ultrasonic bath (Shumei, Kunshan, China) before use. The
HPLC and ICP-MS operating parameters are given in
Table 1.

Results and discussion

Arsenic containing particles by single particle mode

SP-ICP-MS, as an innovative method in recent years, has
been successfully applied for detection and characterization
of particulate metal. If the arsenic-containing particle existed
in MCSCs, there would be a discontinuous 75As signal in its
time resolved analysis (TRA) chromatogram. The MCSCs
were diluted to different times with DIW and measured using
SP-ICP-MS. The dwell time was set at 0.1ms with total acqui-
sition time of 30 s per measurement. Fig. 2 is a typical TRA
chromatogram. It can be seen that a continuous 75As signal
was obtained in the whole chromatogram, no obvious signal
pulse was observed. Therefore, there was no arsenic contain-
ing particle existed in the MCSCs, that is, no insoluble arsenic
species in the mainstream cigarette smoke.

Water-soluble, lipo-soluble, and insoluble arsenic species

The solvent extraction procedure divides arsenics into three
physical fractions: water-soluble (aqueous phase), lipo-soluble
(hexane phase), and particle arsenic (residue). Each part was
analyzed by ICP-MS after digestion. For lipo-soluble and insol-
uble arsenic, the results of the test sample showed the arsenic
contents in hexane phase and residue were lower than the
detection limits (0.05lg L�1) of ICP-MS. For water-soluble
arsenic, the arsenic content was found in the aqueous phase,
and moreover equaled the total arsenic in MCSCs methanolic
solution, which demonstrated that the water-soluble arsenic
was the dominant species in MCSCs.

Speciation of water-soluble arsenic

HPLC-ICP-MS is a desirable technique for speciation ana-
lysis because it not only possesses the high separation ability
of HPLC, but also the strong detectability of ICP-MS.
Therefore, the method of HPLC-ICP-MS was employed to
further study the arsenic species in the water extracts in the
follow-up experiments. The experiment conditions were
optimized and the final conditions were listed in the section
“Arsenic speciation by HPLC-ICP-MS”.

By using the proposed procedure, calibration curves of
As(III), As(V), MMA, and DMA were established in the

Table 1. Operating conditions of high performance liquid chromatography
and inductively coupled plasma mass spectrometry.

Parameter Setting

HPLC (Agilent 1100 Series Quatpump)
Column Hamilton PRP-X100, 150� 4.6mm, 10 lm
Mobile phase 30mM NH4NO3 (pH¼ 8.7)
Flow rate 1mL min�1

Sample injection volume 50 lL
Column temperature Ambient
ICP-MS (Agilent 7700x)
Radio frequency power 1550 W
Sampling depth 8mm
Carrier gas flow rate 1.1 L min�1

Collision gas flow rate He, 4.3mL min�1

Sampling cone Ni/1.0mm
Skimmer cone Ni/0.4mm
Acquisition mode Time-resolved data acquisition
Scanning mode Peak-hopping
Dwell mode 300ms
Integration mode Peak area
Isotope monitored 75As

HPLC: high performance liquid chromatography; ICP-MS: inductively coupled
plasma mass spectrometry.

Figure 2. TRA chromatogram of single particle inductively coupled plasma
mass spectrometry analysis of a diluted mainstream cigarette smoke conden-
sates. Dilution factor: 100.
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range of 1–50 lg L�1 with the correlation coefficients
(R)�0.999. The chromatograms of the standard solutions
are shown in Fig. 3. The limits of detection (LODs), calcu-
lated on the basis of S/N ratios of 3, were 0.06, 0.05, 0.06,
and 0.09 ng cig�1 of As for As(III), DMA, MMA, and As(V),
respectively. Precision was expressed as relative standard
deviation (RSD) values of the analyte peaks. The precision of
HPLC-ICP-MS determination was investigated by injecting a
2 lg L�1 standard solution six times, and the RSDs obtained
for the peak area ranged from 2.3% to 5.6%. To further ver-
ify the viability of the method, recovery experiments (spiking
level: 2 and 5lg L�1, respectively) were carried out, and
good spiked recoveries over the range of 87.1–110.8% were
obtained. Fig. 3 shows the typical chromatograms of an
aqueous solution and a spiked solution. The results indicated
that the method developed was accurate and reliable for the
speciation of arsenic in mainstream cigarette smoke.

Whole analysis of mainstream cigarette smoke condensates

Cigarettes of four brands were bought from a local super
market, pretreated according to the pretreatment procedure
described earlier. The analysis of arsenic species was per-
formed by the proposed methods comprehensively. The
experimental results in Table 2 indicated that no particle
arsenic was detected by SP-ICP-MS, and no lipo-soluble was
detected in MCSCs over the established detection limits.
However, the levels of water soluble arsenic in MCSCs were
in the 1.84–3.54 ng cig�1 range by HPLC-ICP-MS, and
extraction-ICP-MS also gave comparable results. Among
these arsenic species, HPLC-ICP-MS analysis demonstrated
that arsenic species had strikingly different contents in main-
stream cigarette smoke from different brands of cigarettes,

and As(V) was the main species in all tested commercial
cigarettes, which may be attributed to the oxidation of other
arsenic species during the cigarette burning process.

Conclusions

In this study, a strategy for fractionation and speciation of
arsenic species in MCSCs was investigated by using SP-ICP-
MS, off-line solvent extraction-ICP-MS and on-line HPLC-
ICP-MS. It was experimentally proven that the water-soluble
arsenic is the dominant species in mainstream cigarette
smoke. Based on the validated HPLC-ICP-MS analytical
method, As(III), As(V), MMA, and DMA were found in the
mainstream cigarette smoke, and the contents varied to a
large extent different brand cigarettes. However, As(V) was
the main species in all tested samples, which may be attrib-
uted to the oxidation of arsenic during the cigarette burning
process. The developed procedures can be further used in
the speciation analysis of metals and metalloids in other
complex matrices.
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