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H I G H L I G H T S

• Artificial sweeteners (ASs) were widely
detected in Chinese outdoor dust and
soil.

• Gas (particulate) phase levels of ASs
were relatively higher in summer
(winter).

• The AS factory and WWTP could/may
act as atmospheric sources for ASs.

• Wet and dry deposition could act as
sources for ASs in surface environment.

• Seasonal variations of AS levels in
different waters were investigated in
Tianjin.
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A nationwide investigation on the occurrence of artificial sweeteners (ASs) was conducted by collecting 98
paired outdoor dust and soil samples frommainland China. The ASswerewidely detected in Chinese atmospher-
ic dry deposition and soil samples, at concentrations up to 6450 and 1280 ng/g, respectively. To give a picture on
AS distribution and source in thewhole environment, the concentrations and seasonal variations of ASs in Tianjin
were studied, including atmosphere, soil, and water samples. The AS levels were significantly higher in Haihe
river at TJW (a sampling site in central city) in winter, while no obviously seasonal trends were obtained at
BYL (close to a AS factory) and the site at a wastewater treatment plant. Saccharin, cyclamate, and acesulfame
were the dominant ASs in both gas and particulate phase, with concentrations varying from 0.02 to 1940 pg/m3.
Generally, gas phase concentrations of the ASs were relatively higher in summer, while opposite results were ac-
quired for particulate phase. Wet and dry deposition fluxes were calculated based on the measured AS levels. The
results indicated that both wet and dry deposition could efficiently remove ASs in the atmosphere and act as im-
portant pollutant sources for the ASs in surface environment.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Starting in 2007, great concern has been given to a new class of
emerging pollutants, artificial sweeteners (ASs) (Brorström-Lundén

et al., 2008; Kokotou et al., 2012; Lange et al., 2012). These sugar substi-
tutes are used in food, beverages, sanitary products, pharmaceuticals
and animal feeds over the world (Kokotou et al., 2012; Lange et al.,
2012). Recent publications indicate that ASs occur widespread in sur-
face waters, groundwater, drinking water, and wastewater treatment
plants (WWTPs), at concentrations up to 120, 34, 7.2, and 200 μg/L, re-
spectively (Kokotou et al., 2012; Lange et al., 2012; Gan et al., 2013).
Among the ASs, saccharin (SAC), cyclamate (CYC), acesulfame (ACE),
and sucralose (SUC) have raised more concerns due to their high
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detection frequency or great concentrations in variety of environmental
media (Kokotou et al., 2012; Lange et al., 2012).

As ASs are food additives, comprehensive toxicological tests have
been conducted on human health, and they seem nontoxic to humans
within acceptable daily intake values (Kroger et al., 2006). However, lit-
tle is known on their potential impact on ecosystems, whichmerits fur-
ther investigation (Lange et al., 2012; Stolte et al., 2013).

Majority of field investigations and laboratory studies on ASs have
been concentrated on aquatic environment due to their high water sol-
ubility. The studies include environmental distribution, possible source,
sorption, biodegradation, and photodegradation (Buerge et al., 2010;
Soh et al., 2011; Kokotou et al., 2012; Lange et al., 2012; Sang et al.,
2013). Owing to sewage irrigation and the use of pig manure or sludge
as fertilizer that contains ASs, ASsmay reach topsoil, and these alsomay
be the potential sources of ASs in groundwater especially in agricultural
areas (Buerge et al., 2010; Kokotou et al., 2012; Lange et al., 2012). Pre-
vious study implied that SAC, CYC, ACE, and SUC could be degraded in
soil, with half-lives of 3–12, 0.4–6, 3–49, and 8–124 days, respectively
(Buerge et al., 2010). However, to our knowledge, no information is
available regarding on the environmental level of ASs in soil, which is
important for understanding the fate and eco-risk of ASs.

Quite recently, we and another study reported that ASs even exist
in rainwater, stormwater runoff, and atmosphere samples at concentra-
tions up to 1.3 μg/L, 1.1 μg/L, and 99 pg/m3, respectively (Oppenheimer
et al., 2012; Gan et al., 2013). It was very surprising that these polar pol-
lutants with high water solubility could be found in rainfall and atmo-
sphere samples. A report from the U.S. National Library of Medicine
Toxnet Data Network (TOXNET, http://toxnet.nlm.nih.gov) indicated
that SUC, neotame (NEO), and aspartame (ASP) are expected to exist
solely in the atmospheric particulate phase, while ACE, SAC, and CYC
are expected to exist in both gas phase and particulate phase in the am-
bient atmosphere based on their estimated vapor pressure. The poten-
tial source of the ASs in rainfall samples was grossly assessed in our
previous study (Gan et al., 2013), and we suggested that ASs may
reach the atmosphere by airborne dust, and more efforts are needed
to understand the potential sources and temporal trends of the ASs in
the atmosphere.

The objectives of this studywere: 1) to confirm the extensive occur-
rence of ASs in soil and atmospheric samples by a nationwide investiga-
tion containing 98 paired outdoor dust samples and soil samples
obtained across mainland China and Hong Kong; 2) to get a picture on
AS distribution and seasonal variation in multimedia of environment
by measuring the concentrations of the selected ASs in atmosphere
samples (both gas and particulate phase), soil, and waters during two
sampling campaign (winter and summer) in Tianjin, the third largest
city in China; and 3) to grossly analyze the source and sink of ASs by es-
timating dry and wet deposition fluxes using ambient concentrations
and assumed deposition velocities.

2. Materials and methods

2.1. Chemicals and reagents

Chemicals andmaterials used in this study are described in Section 1
in the Supporting Information (SI).

2.2. National survey

A total of 98 paired soil and outdoor dust samples were collected
across the mainland China (one was from Hong Kong) during February
to March in 2013. The detailed information of sampling campaign and
sites was described in our previous study (Gan et al., 2014), and is also
presented in Fig. 1, Fig. S1, Table S1, and Section 2 in the SI. The sampling
sites covered most regions of China, except for Macau and Taiwan.
Briefly, settled dust on exterior window sill or building surface above
1mof the groundwas sampled using a hand-held brush and a paper. Si-
multaneously, soil sampleswere collected using a polypropylene plastic
(PP) tube near the dust sampling site, and 4 sub-samples of the topsoil
(0–3 cm) were taken and then mixed thoroughly to obtain a bulk sam-
ple for each sampling site. They were then air dried, sieved, transferred
to clean PP bottles, and stored at−20 ºC until analysis.

2.3. Sampling sites

To grasp the distribution and seasonal variation of ASs in multiple
media and their relationship of sink and source, ASs in different envi-
ronmental media in Tianjin were investigated during two sampling
campaigns. Tianjin is the third largest city in China and it currently has
the most rapid economic development in China. The prevailing wind
is southwest and northwest in summer and winter, respectively.
Three sampling sites were chosen to evaluate the potential occurrence
of the ASs based on our previous study (Fig. 1) (Gan et al., 2013). One
site (BYL) is located on the southeast of one of the five national largest
factories manufacturing SAC and CYC. Another site (WWTP) is situated
in a WWTP alongside its aeration tank on the northeast (downwind di-
rection in summer) of BYL. Previous investigation found high levels of
ASs in rainfall samples from these two sites (Gan et al., 2013). An
urban sampling site (TJW) is near the source of Haihe river in Tianjin
and on the northwest of BYL, with lower AS levels in wet precipitation
based on our previous study (Gan et al., 2013). This site played a role
as the city background site due to that it had no known potential pollut-
ant source.

2.4. Sample collection and preparation

Concurrent air, water, and soil samples were collected during
two campaigns conducted on December 13–26, 2012 (winter) and

Fig. 1.Map of the sampling sites (a: sampling sites in Tianjin, b: paired dust and soil samples frommainland China). (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of the article.)
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