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This  study  investigated  total  mercury  (THg)  and  methylmercury  (MeHg)  contamination  in a  major  pro-
duction  center  of compact  fluorescent  lamps  (CFLs)  located  in  Gaohong,  Zhejiang  Province,  China.  This
was a result  of  the  growing  concern  associated  with  the  release  of  mercury  into  the  environment  from
such components.  The  results  of the  study  included  the  following  mean  concentrations  for  THg and
MeHg  of  157  ±  11  (61–518)  ng/g  dw  and  0.28  ±  0.07 (0.07–0.67)  ng/g  dw  in  agricultural  soil,  respectively,
and  18.6  ± 6.5  (3.2–47.8)  ng/g  ww and  0.11  ±  0.03  (0.02–0.37)  ng/g  ww  in vegetable  samples,  respec-
tively.  A  significant  correlation  was  observed  between  THg  in  vegetables  and  corresponding  soil  samples
ercury
ud  skipper

ioaccessibility

(r  =  0.64,  p  <  0.01).  THg  and  MeHg  in  sediment  samples  had  respective  concentrations  ranging  from  28  to
1019  ng/g  dw  and  0.11  to  3.15  ng/g  dw. Mud  skipper  bought  from  the  local  market  contained  the  high-
est  Hg  (THg:  170  ±  45  ng/g  ww,  MeHg:  143  ± 37 ng/g  ww)  amongst  all  fish  species  (THg:  14–170;  MeHg:
11–143  ng/g  ww)  of  the  study.  The  risk  assessment  indicated  that  fish  consumption  should  not  result  in a
MeHg EDI  exceeding  the  RfD  (0.1  �g/kg  bw/d)  for both  adults  and  children,  when  MeHg  bioaccessibility
is  taken  into  account.
. Introduction

Compact fluorescent lamps (CFLs) are a type of fluorescent
amp, which relies on mercury (Hg) as a source of ultraviolet
adiation, for the production of visible light. The amount of Hg
ontained within each bulb, in 1994, was relatively small, rang-
ng from 0.72 to 115 mg  with an average Hg content of about
0 mg  [1].  In 2003, however, CFLs of the same brand contained
s little as 1.4–2.7 mg  Hg per lamp, with Hg contents increas-
ng slightly with wattage [2].  CFLs have been extensively used
or house lighting because they are energy-efficient and have a
onger rated life [3]. Much of the current and projected growth
or them is associated with their domestic use, in that consumers
re offered approximately 75% reduction in energy usage and 10-
old increase in lifetime, relative to incandescent bulbs. Federal
egislation already passed in the USA signifies the phasing out of
he use of incandescent bulbs by 2012, with CFLs being the likely
eplacement [3].
Nevertheless, individuals can still often be directly exposed to
he dangers of Hg vapor emissions from CFLs, such as when they
re damaged or broken during shipping, handling, retailing, and

∗ Corresponding author. Tel.: +852 3411 7746; fax: +852 3411 7743.
E-mail address: mhwong@hkbu.edu.hk (M.H. Wong).
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© 2012 Elsevier B.V. All rights reserved.

while in use. This is of potential concern particularly in scenar-
ios involving multiple lamps, confined spaces and young children
[4]. Concerns also arise with regard to Hg exposure via inhalation,
where 80% of it is physiologically absorbed [5].  This vapor being
a well-documented neurotoxin easily penetrates the blood–brain
barrier, with elemental Hg also shown to be oxidized to the inor-
ganic divalent form in body tissues [6].  Consequently, exposure to
Hg can result in neurological and behavioral disorders including:
tremors; emotional lability; insomnia; memory loss; neuromuscu-
lar changes; and headaches.

The THg released into the environment from fluorescent lamps
is estimated to be about 15 t in China [7].  Gaohong Town (30◦19′N,
119◦40′E) is located within the northeastern part of Lin’an District
in Hangzhou City in northern Zhejiang Province, China. It also com-
monly known as the “town of CFLs” because of the central role it
plays in CFL production, spanning a total area of 110 km2 with a
population of 35,000 including 21,000 migrants (Statistics Bureau
of Zhejiang Province, 2010) and in 2003, there was in excess of
70 factories manufacturing CFLs in Gaohong, which accounted for
a third of the country’s production (Statistics Bureau of Zhejiang
Province, 2010). However, the region also has a major industry for

agricultural production, vegetable, tea and fruit produces, there-
fore, Hg contamination resulting from CFL production can have
potentially negative and significant impacts on the growth and
safety of such produce.

dx.doi.org/10.1016/j.jhazmat.2012.03.061
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:mhwong@hkbu.edu.hk
dx.doi.org/10.1016/j.jhazmat.2012.03.061
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Fig. 1. Locations of the sampling sites in Gaohong. No. 1: Daxi reservoir, No. 2:
Xiafeng village, No. 3: Changqing village, No. 4: Daxi village, No. 5: Huoshan village,
No. 6: Nanshanwu village, No. 7: Chenjiakan village, No. 8: Shang’an village, No.
9:  Xiaan village, No. 10: Tangxia village, No. 11: Chalukou village, No. 12: Taiping
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ill, No. 13: Shuitaozhuang reservoir, No. 14: Northern Xinde village, No. 15: Xinde
illage, No. 16: Hongqiao village, No. 17: Maling village, No. 18: Wuma  village, �:
ocations of CFL companies.

This is the first study dealing with Hg contamination in envi-
onmental matrices around CFL manufacturing sites in China. The
ain objectives of the present study were: (1) to investigate the

Hg and MeHg contamination in soil and vegetables collected from
arms in Gaohong; (2) to investigate THg and MeHg contamination
n sediments and fish collected in Gaohong; and (3) to evaluate the
ealth risk of dietary MeHg exposure from different food items.

. Materials and methods

.1. Sampling and pretreatment

The samples were collected, during January 2011, from 18
ampling sites located around Gaohong (Fig. 1). Soil samples act-
ng as the control were obtained from both the Daxi (No. 1)
nd Shuitaozhuang reservoirs (No. 13), while sediment samples
0–10 cm,  n = 3) were collected using a grab sampler from the for-

er  and its branch streams. The other 16 soil samples (10–40 cm)
nd vegetable samples (Chinese white cabbage (Brassica campestris
.), xuelihong (Brassica juncea var. crispifolia),  Chinese radish (R.
ativus var. longipinnatus),  spinach (Spinacia oleracea), and lettuce
Lactuca sativa)  were collected from farmland in close proximity
o CFL factories (triplicate samples for each site). Two species of
reshwater fish (bighead carp (Aristichthys nobilis)  (n = 4), crucian
arp (Carassius carassius) (n = 6) were caught from the Daxi reser-
oir (No. 1), while 5 species of fish (grass carp (Ctenopharyngodon
dellus) (n = 6), northern snakehead (Channa argus) (n = 4), orien-
al weatherfish (Misgurnus anguillicaudatus) (n = 20), mud  skipper
Periophthalmus argentilineatus) (n = 25) and yellowhead catfish
Pelteobagrus fulvidraco)  (n = 5) were bought from the local markets.
fter collection, all soil and sediment samples were immediately

ransported to the laboratory in polyethylene zippered bags in cold
oxes, and stored under −20 ◦C prior to freeze-drying. While, dor-
al muscles of fish were placed in polyethylene bags, stored at 0 ◦C
nd transported to the laboratory within the same day.

.2. Sample analyses
Sediment and soil samples were freeze dried, ground into fine
owder and passed through a 0.154 mm sieve. Fish (dorsal muscles)
nd vegetable samples were freeze-dried, crushed, and ground into
aterials 221– 222 (2012) 28– 34 29

powder. All glassware was  soaked in 50% (v/v) HNO3 for 24 h and
rinsed with deionized water before use.

The analytical protocol for MeHg in sediment and soil was based
on the method applied in Liang et al. [8].  MeHg was extracted from
sediment (1 g) and soil (1 g) using 25% HNO3 (1 mL), 1 M CuSO4
(1 mL)  and CH2Cl2 (8 mL)  in 50 mL  centrifugal tube. The tube was
shaken for 30 min, centrifuged for 20 min  at 3000 rpm, and filtered.
The organic phase was  made up to 40 mL  by adding Milli-Q water to
the 50 mL  centrifugal tubes. The tubes were placed in a water bath
at 50 ◦C and purged with N2 to remove excess dichloromethane
(DCM) (60 ◦C, 10 min). The solution (30 �L) was added to 40 mL
vials (ensured to be absent of air by filling with Milli-Q water)
with Teflon lined septa caps. Samples were buffered (300 �L) to
pH 4.9, ethylated with the addition of NaBEt4 (40 �L), and made up
to volume with Milli-Q water, capped, shaken and loaded into the
auto sampler of the MeHg analyzer. The MeHg analyses of fish and
vegetables were conducted according to the Brooks Rand LLC Stan-
dard Operating Procedures (SOPs). Sample weighing 0.1–0.2 g was
digested with 25% KOH methanol (2.5 mL)  in an oven at 70 ◦C for 3 h.
The solution was  diluted to 20 mL  with methanol after cooling. The
solution (30 �L) was  added to 40 mL  vials (ensured to be absent of
air by filling with Milli-Q water) with Teflon lined septa caps. Sam-
ples were buffered (300 �L) to pH 4.9, ethylated with the addition of
NaBEt4 (40 �L), and made up to volume with Milli-Q water, capped,
shaken and loaded into the auto sampler of the MeHg analyzer.

The THg concentration was analyzed by the direct mercury ana-
lyzer DMA-80 (Milestone, USA) following the USEPA Method 7473
[9]. Measurements of MeHg were conducted using the automated
modular mercury system from Brooks Rand (MERX, Brooks Rand
Labs, USA).

2.3. Quality control

The accuracy of the THg and MeHg measurements for each
analytical batch was  determined using 3 certified reference materi-
als: TORT-2 (Lobster hepatopancreas, National Research Council of
Canada); NIES No. 13 (Human hair, National Institute for Environ-
mental Studies, Japan); and NIST 1570a (Spinach leaves, National
Institute of Standards and Technology, USA). The recoveries of
the standard reference materials for THg and MeHg ranged from
96–105% to 92–106%, respectively.

2.4. Oral bioaccessibility determination of Hg in fish and
vegetables

The in vitro digestion test was performed according to the one
used in Ruby et al. [10] Gastric solution for the test was prepared by
adding 8.8 g of NaCl, 0.5 g of citrate, 0.5 g of malate, 0.4 mL  of lactic
acid, 0.5 mL of acetic acid, and 1.25 g of pepsin in to 1 L of deionized
water, which was adjusted to pH 1.5 with 12 M HCl. The pH of the
intestinal solution was adjusted to 7.0 using a saturated solution of
NaHCO3, followed by the addition of 15 g pancreatin, 5 g �-amylase,
1.5 g bile salt and 7 g lipase to 1 L of deionized water. Samples of
either fish or vegetables weighing 1–2 g were added to 10–20 mL
gastric solution and the mixture shaken at 37 ◦C for 4 h. Afterwards,
the mixture was  centrifuged at 3000 rpm for 20 min  and the result-
ing supernatant filtered through 0.45 �m filter paper. Then 10 mL
intestinal solution was added to suspend the pellet in the centrifuge
tube. After shaking at 37 ◦C for 4 h, the mixture was centrifuged at
3000 rpm for 20 min  and filtered. Hg in the extracts and pellets were
measured. The bioaccessibility (% BA) of Hg (stomach and intestine)

was  calculated as:

% BA = [Hg in bioaccessible fraction]
[Hg in food]

× 100
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Guizhou, followed by Guangdong and Zhejiang when comparing
Hg concentrations. It appears Hg mining can be attributed as a fac-
tor more serious to Hg contamination in soil than other industrial
activities, including CFL factories.
0 D.D. Shao et al. / Journal of Hazar

To test the recovery, certified reference materials of TORT-2,
IST 1566b and NIST-1570a were analyzed in parallel with each
atch of 5 fish samples. The recovery rate was obtained by cal-
ulating the ratio of the sum of Hg in digestible and indigestible
ractions to the Hg concentration in the certified reference mate-
ials. The recovery rates of MeHg and THg ranged from 64 to 83%
nd 89 to 115%, respectively. If the recovery rate was below 75% (a
mall proportion), the reported data was adjusted by the recovery
ate.

.5. Risk assessment of fish and vegetable consumption

To estimate the daily intake of MeHg via the consumption of
reshwater fish, the following equations [11] were used:

DI = MeHg concentration (�g/g ww) × consumption rate (g/

body weight (kg)

DIbio = MeHg concentration (�g/g ww) × consumption rate 

body weight (kg)

hereby EDI and EDIbio represented the estimated daily intake
f MeHg and estimated daily intake of bioaccessible MeHg,
espectively, BA% was bioaccessibility of MeHg in fish, MeHg con-
entration in fish tissue was based on wet weight, body weights
or adults and children were 55.9 [12] and 21.8 kg, respectively
13], and the consumption rate was 32.1 g/d for adults and 18.3 g/d
or children, respectively, in Zhejiang Province [14]. The oral ref-
rence dose (RfD) for MeHg recommended by the USEPA 2010
16] was 1 × 10−4 mg/kg/d. The acceptable daily intake (ADI) estab-
ished by the Joint Expert Committee on Food Additives (JECFA) was
.23 �g/kg bw/d (2006) [17]. To estimate the daily intake of THg via
he consumption of vegetables, the same equations were used as
he ones for fish. The consumption rate was 465 g/d and 265 g/d for
dults and children, respectively, in Zhejiang Province [14]. Both the
sh and vegetable consumption rate for children were estimated
s 57% of that of adults [15]. The RfD for HgCl2 recommended by
he USEPA 1995 [18] was 0.3 �g/kg bw/d.

.6. Statistical analyses

All of the data were analyzed using the Statistical Package for
ocial Sciences (SPSS). The one-way ANOVA test was  used to deter-
ine any significant differences in terms of Hg concentrations in

oil, vegetable, sediment and fish samples. While, independent
wo-sample t-test was used to determine differences between Hg
oncentrations for sampling and control sites and linear regression
sed to identify relationships between Hg levels in soil and veg-
tables. The data was log-transformed prior to linear regression
nd one-way ANOVA analysis with the level of significance set at

 < 0.05 for all analyses.

. Results and discussion

.1. Soil Hg levels

THg and MeHg concentrations in soil samples are shown in Fig. 2,
ith the mean concentration of THg being 157 ± 11 ng/g dw, rang-

ng from 61 to 518 ng/g dw. While, the mean concentration of MeHg
as 0.28 ± 0.07 ng/g dw, ranging from 0.07 to 0.67 ng/g dw,  with
eHg contributing to 0.19% of THg. The highest THg and MeHg

alues were observed in Wuma  Village (No. 18) and Hongqiao

illage (No. 16). The mean THg and MeHg concentrations in
oil samples collected from CFL manufacturing sites were signif-
cantly higher (p < 0.05) than those of the control sites (THg: 48 ± 2
17–56) ng/g dw; MeHg: 0.07 ± 0.02 (0.02–0.12) ng/g dw).
aterials 221– 222 (2012) 28– 34

 × % BA

THg levels from 2 sites (No. 16 and No. 18) exceeded grade
II (0.3 mg/kg; grade II classification deems agricultural soil suit-
able for growing paddy rice and vegetables) of the Chinese Soil
Environmental Quality Standard (GB 15618-1995) for Hg concen-
trations. When compared with other studies, the concentrations
of Hg obtained in the present study were lower than those in the
topsoils around the Diss Mere weaving industry of the UK (THg:
200–600 ng/g dw)  [19] and agricultural soil around zinc smelting
areas in Liaoning (THg: 0.51–18 �g/g) [20]. The Hg levels in the
present study were also lower than those in Guangzhou urban
soils, which ranged from 0.013 to 12 �g/g with an average of
0.61 �g/g [21], as well as, in Foshan and Nanhai farmland soil, which
ranged from 0.12 to 1.3 �g/g with an average of 0.71 �g/g [22]. This
may  be due to the long industrial history of Guangzhou involving

electronics, ceramics, and printing and dyeing, [21] and the increas-
ing application of agrochemicals (fertilizers, pesticides, and animal
manures) on farmland of Foshan and Nanhai [22]. In comparison
with Hg contamination caused by coal combustion, THg concen-
trations in agricultural soil obtained in the present study were
slightly higher than those found under the same experimental set
up conducted in Korea (11–192 ng/g dw) [23]. But slightly lower
than those found around a coal-fired power plant in Baoji, China
(197–2105 ng/g dw) [24] and Wuhu, China (25–1696 ng/g dw) [25].

When compared with samples collected from abandoned Hg
mines in Wanshan District of Guizhou Province, high THg and
MeHg concentrations were obtained from riparian soil mined areas
(Aozhai River and Xiaxi River), ranging from 5.1 to 790 mg/kg and
0.13 to 15 ng/g, respectively [26]. Wanshan in Guizhou Province
was  the largest conglomeration of Hg mines and refining plants in
China, with mining dating back to the Qin Dynasty (221 B.C.) but
all of this ceased in 2001. When large-scale Hg mining and retort-
ing were shut down, approximately 22,000 t of Hg and 6000 t of
cinnabar had been produced [26], which may  have caused the most
severe Hg contamination in Guizhou Province. The THg concentra-
tion in the rice paddy soil samples ranged from 8.0 to 130 mg/kg
[27]. The highest level was observed in soil samples collected from
Fig. 2. THg and MeHg concentrations in soil samples. Columns with the same letter
are  not significantly different (p < 0.05) according to the results of one way ANOVA
test.
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ig. 3. THg and MeHg concentrations in vegetable samples. Columns with the same
etter are not significantly different (p < 0.05) according to the results of one way
NOVA test.

.2. Vegetable Hg levels

Fig. 3 shows the THg and MeHg concentrations in vegetable
amples. The mean concentration of THg was 18.6 ± 6.5 ng/g ww,
anging from 3.2 to 47.8 ng/g ww, while the mean concentra-
ion of MeHg was 0.11 ± 0.03 ng/g ww, ranging from 0.02 to
.37 ng/g ww, with the ratio of MeHg to THg being 0.58%. The
ighest THg and MeHg values were observed in the villages
f Shang’an (No. 8) and Hongqiao (No. 16), respectively, which
ay  be due to the higher density of CFL manufacturing plants

elative to the other sites (Fig. 1). The mean THg and MeHg
oncentrations in vegetable samples collected from CFL man-
facturing sites were significantly higher (p < 0.05) than those
rom the control sites (THg: 4.5 ± 1.4 (1.9–7.2) ng/g ww;  MeHg:
.02 ± 0.01 (0.01–0.09) ng/g ww). In addition, THg concentrations

n 50% of the vegetables were higher than China’s National Standard
10 ng/g ww), which indicates that Hg released from CFL manufac-
uring was a source of Hg pollution.

THg levels of vegetables (Chinese white cabbage, xueli-
ong, Chinese radish, spinach, and lettuce) obtained in the
resent study were higher than those collected from the PRD
1.32 ± 0.57 ng/g ww) [28]. But lower than those from the Wan-
han area (130 ng/g ww) [29], Dashuixi (346 ng/g ww), Xiachangxi
87 ng/ ww) and Baoxi (109 ng/g ww) villages in Wanshan town
30], and the vicinity of five Hg mines including Laowu, Gouxi,
ashui, Sikeng and Gaolou (8.92–1160 ng/g dw)  [31] in Guizhou
rovince. For MeHg, similar levels were observed from these three
egions (PRD: 0.03 ± 0.01 ng/g ww [28]; Wanshan: 0.097 ng/g ww
29]). In addition, there were significant correlations between THg
n vegetable and corresponding soil samples (r = 0.64, p < 0.01)
Fig. 4). These results indicate that vegetable samples can accu-

ulate inorganic Hg from farmland soil, and Hg contamination
n soil may  be the source of Hg pollution in vegetables. In addi-
ion, previous studies showed that plants can take up elemental Hg
rom the air and inorganic Hg (II) and MeHg from the soil [32,33].
he Hg released from industrial activities settles on the surface of
egetables and in turn causes the increase in Hg concentrations.
urther investigation is needed in order to obtain a more in-depth
xplanation of the results.

.3. Sediment Hg Levels
Sediment samples were collected from 9 sites around CFL
anufacturing plants (No. 3, 8–12 and 16–18), with THg

nd MeHg concentrations ranging from 28 to 1019 ng/g dw
Fig. 4. The relationship between THg concentrations in vegetable samples and cor-
responding soils. The data was  log-transformed prior to linear regression.

and 0.11 to 3.15 ng/g dw,  respectively. The mean Hg concen-
trations in sediments collected from CFL manufacturing sites
(THg: 322 ± 30 ng/g dw, MeHg: 0.85 ± 0.14 ng/g dw) were higher
than those from the control site (No. 1) (THg: 77.9 ± 2.0 ng/g dw,
MeHg: 0.15 ± 0.05 ng/g dw). The highest Hg level was  observed
in samples from Hongqiao Village (No. 16), which contained
1019 ± 54 ng/g dw of THg and 3.15 ± 0.14 ng/g dw of MeHg. This
may  have resulted due to the higher density of CFL manufacturing
plants existing at this location relative to the other sampling sites.

THg and MeHg concentrations in sediments (Gaohong) of
the present study were slightly higher than the Hg levels of
freshwater fish pond sediments in the PRD (33–386 ng/g dw of
THg, 0.18–1.3 ng/g dw of MeHg) [34]. Furthermore, when com-
paring with Hg pollution caused by coal combustion, the present
study’s Hg concentrations were higher than those found around
a coal-fired power plant in Xiamen (THg: 55–201 ng/g dw; MeHg:
0.017–0.26 ng/g dw) [35]. However, both Hg concentrations in
sediments from Gaohong and the PRD were lower than those col-
lected from areas of mining in Wanshan (THg: 1.1–480 �g/g dw)
[27], zinc smelting in Liaoning (THg: 0.15–15.4 �g/g dw)  [20] and
weaving industry in Diss Mere (average THg: 3000 ng/g dw) [19]
and a sodium pentachlorophenate manufacturing plant in Taiwan
(THg: 0.8–157 �g/g dw;  MeHg: 2–12.7 ng/g dw) [36]. In addition,
the concentration of MeHg in stream sediments was generally
higher than that of agriculture soils for the corresponding locations
(Fig. 5). This result is in line with the study conducted in Wanshan,
which obtained higher Hg concentrations in sediments than those
in associated soil samples [27]. This may  be explained by the fact
that Hg evaporates more readily in soil than in sediment. In addi-
tion, sediments under aerobic conditions when compared to soils
are known to be more favorable for Hg methylation by anaerobic
bacteria, with optimal conditions occurring at the sediment/water
interface [37].

3.4. Fish Hg levels

Two fish species were collected from the Daxi reservoir,
with higher Hg concentrations observed in bighead carp
(57.0 ± 16.9 ng/g ww of THg and 50.8 ± 14.8 ng/g ww of MeHg)
than in crucian carp (83.7 ± 29.0 ng/g ww and 64.9 ± 18.3 ng/g ww,
respectively). Five fish species were bought from the local market,
with the highest Hg concentrations observed in the descend-
ing order as follows: the dorsal muscle of mud  skipper (THg:
170 ± 45 ng/g ww,  MeHg: 143 ± 37 ng/g ww); yellowhead catfish

(THg: 41.2 ± 16.3 ng/g ww,  MeHg: 32.6 ± 11.8 ng/g ww); northern
snakehead (THg: 31.2 ± 6.4 ng/g ww,  MeHg: 25.3 ± 5.83 ng/g ww);
grass carp (THg: 23.6 ± 10.9 ng/g ww, MeHg: 18.6 ± 7.2 ng/g ww);
and oriental weatherfish (THg: 14.1 ± 4.3 ng/g ww, MeHg:
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ig. 5. Comparison of Hg concentrations in soil and sediment samples collected
rom the same sites. (A): THg; (B): MeHg. Columns with the same letter are not
ignificantly different (p < 0.05) according to the results of one way  ANOVA test.

0.5 ± 3.5 ng/g ww) (Fig. 6). The Hg concentrations observed
n all fish samples did not exceed the USEPA 2010 health guideline

f 0.30 mg/kg [16] and China’s National Standard for THg concen-
rations of 0.5 mg/kg ww), which is the acceptable Hg level for fish.

Table 1 compares the THg and MeHg concentrations of differ-
nt fish species collected from Gaohong, the PRD and Wanshan.
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The grass carp collected from Dashuixi in Wanshan and the mud
skipper collected from Gaohong market (present study) contained
the highest THg and MeHg concentrations, respectively. In gen-
eral, fish trophic level influences the concentration of Hg, with
the highest levels found in fish at the top of the predatory food
chain [38]. It is commonly acknowledged that grass carp feed on
hydrophytes, therefore, they usually contain lower Hg than other
fish species. However, in our study the highest THg in fish was
observed in grass carp from Wanshan, which may  be explained
by the severely Hg contaminated water of the Wanshan Hg mining
area (THg: 15–9300 ng/L, MeHg: 0.31–25 ng/L) [39]. The high MeHg
noted in the mud  skipper from Gaohong market may be attributed
to the extensive periods of time they spend in the mud, and thus,
resulting in the bioaccumulation of Hg via their skin and gills as
well as dietary intake of predominantly small fish and insects [40].

3.5. Human health risk assessment

Table 2 shows the EDI of MeHg via fish consumption for both
adults and children in Zhejiang Province, which indicates that
consumption of mud  skipper at 32% would result in an EDI exceed-
ing the USEPA RfD (0.1 �g/kg bw/d) for adults. The MeHg EDIs of
adults for all other sampled species including: northern snakehead;
grass carp; crucian; bighead carp; yellowhead catfish; and oriental
weatherfish were lower than the RfD (Table 2). For children, higher
MeHg EDIs when compared to RfD were found for 60% of mud  skip-
pers but lower than the RfD for six other fish species. However,
the MeHg EDI of all the samples did not exceed the ADI set by the
JECFA (0.23 �g/kg bw/d) [17] for both adults and children (Table 2).
The present results are inconsistent with the findings of our ear-
lier study in that consumption of freshwater fish including bighead
carp, northern snakehead and grass carp around the PRD resulted
in a higher EDI of Hg than the RfD for adults [34]. These differences
were due to the high rate of fish consumption by PRD residents,
93 g/d for adults and 50 g/d for children [34].

The USEPA established the RfD of 0.3 �g/kg bw/d for HgCl2 in
1995 [18]. In the present study, MeHg accounted for less than 1% of
THg found in vegetables, which infers that THg is mostly composed
of inorganic Hg [41]. However, inorganic Hg can consist of elemen-
tal Hg and divalent Hg (Hg2+). With the assumption that all Hg forms
in vegetable samples exist as HgCl2, the EDI via vegetable con-
sumption for three sampling sites (No. 8: 0.39 �g/kg bw/d, No. 16:
0.40 �g/kg bw/d and No. 18: 0.33 �g/kg bw/d) would be expected
to exceed the RfD of HgCl2 (0.3 �g/kg bw/d) for adults and five
sampling sites (No. 5: 0.38 �g/kg bw/d, No. 7: 0.35 �g/kg bw/d,
No. 8: 0.57 �g/kg bw/d, No. 16: 0.58 �g/kg bw/d and No. 18:
0.47 �g/kg bw/d) for children.

It should be noted that the assessment results may be influenced
by other factors such as fish ingestion rates and bioavailability of
MeHg in fish to humans. Considering the limitations of in vivo stud-
ies (expensive, laborious and ethical issues) [42], the in vitro method
was  used instead for this study to estimate the bioaccessibility of
MeHg in fish. Table 3 shows the MeHg bioaccessibility of differ-
ent fish species collected from Gaohong. The total bioaccessibility
of MeHg in different fish ranged from 37.5% (yellowhead catfish)
to 56.5% (bighead carp). The average gastric and intestinal bioac-
cessibility of MeHg in fish ranged from 14.2% to 22.2% and 29.4%
to 38.2%, respectively. The present data were higher than those
observed in Cabanero et al. [43] (gastric: 9–20%; intestinal: 9–17%;
fish species: tuna, swordfish, sardine). This may be due to differ-
ences in the fish species studied, which might affect the solubility
of Hg and/or the release of Hg from each sample during digestion

[43]. Table 2 shows the EDIbio of bioaccessible MeHg via the con-
sumption of freshwater fish for both adults and children in Zhejiang
Province. The results indicate that the consumption of any of the
sampled fish species should not result in a MeHg EDI exceeding
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Table  1
THg and MeHg levels in different fish species collected from Gaohong, the PRD and Wanshan.

Fish species THg (ng/g ww)  MeHg (ng/g ww)  Location Sample size (n)

Grass carp 13.1 ± 6.9 8.1 ± 2.6 PRD, marketa 16
10.1  ± 5.1 8.6 ± 4.4 PRD, fish pondb 33
61–680  24–98 Wanshan, miningc –
23.6  ± 10.9 18.6 ± 7.2 Gaohong, marketd 6

Bighead carp 45.9 ± 4.8 40.4 ± 3.3 PRD, marketa 16
44.5  ± 11.0 42.5 ± 12.3 PRD, fish pondb 17
57.0  ± 16.9 50.8 ± 14.8 Gaohong, reservoird 4

Northern snakehead 80.4 ± 19.6 70.4 ± 18.6 PRD, marketa 15
25.2  ± 6.8 24.4 ± 7.3 PRD, fish pondb 24
31.2  ± 6.4 25.3 ± 5.8 Gaohong, marketd 4

Crucian carp 43.5 ± 38.0 34.7 ± 30.1 PRD, marketa 15
83.7  ± 29.0 64.9 ± 18.3 Gaohong, reservoird 6

a [28].
b [32].
c [37].
d Present study.

Table 2
Estimated daily intake of MeHg or bioaccessible MeHg via freshwater fish consumption for adults and children in Zhejiang Province(�g/kg bw/d).

Fish species Adult Adultbio Children Childrenbio

Oriental weatherfish (2.76E−03–9.36E−03, 6.09E−03) (1.54E−03–5.24E−03, 3.41E−03) (4.03E−03–1.37E−02, 8.90E−03) (2.26E−03–7.66E−03, 4.98E−03)
Mud  skipper (4.34E−02–1.12E−01, 8.34E−02) (1.95E−02–5.05E−02, 3.75E−02) (6.35E−02–1.64E−01, 1.22E−01) (2.86E−02–7.39E−02, 5.48E−02)
Grass  carp (5.74E−03–1.64E−02, 1.04E−02) (2.99E−03–8.54E−03, 5.39E−03) (8.39E−03–2.40E−02, 1.52E−02) (4.36E−03–1.25E−02, 7.88E−03)
Yellowhead catfish (1.04E−02–2.78E−02, 1.83E−02) (3.95E−03–1.06E−02, 6.94E−03) (1.52E−02–4.06E−02, 2.67E−02) (5.77E−03–1.54E−02, 1.01E−02)
Northern snakehead (1.20E−02–1.94E−02, 1.34E−02) (6.60E−03–1.06E−02, 7.34E−03) (1.75E−02–2.83E−02, 1.95E−02) (9.65E−03–1.56E−02, 1.08E−02)
Bighead carp (2.00E−02–3.96E−02, 2.86E−02) (1.14E−02–2.26E−02, 1.63E−02) (2.93E−02–5.78E−02, 4.18E−02) (1.67E−02–3.30E−02, 2.38E−02)
Crucian carp (2.13E−02–5.08E−02, 3.81E−02) (1.11E−02–2.64E−02, 1.98E−02) (3.11E−02–7.43E−02, 5.56E−02) (1.62E−02–3.86E−02, 2.89E−02)

Reference dose 0.1 �g/kg bw/d
Acceptable daily intake 0.23 �g/kg bw/d

Table 3
Bioaccessibility of Hg in different fish species and vegetables.

Fish and vegetable Stomach (%) Intestine (%) Total (%)

Oriental weatherfish (MeHg) 19.30 ± 2.10 36.70 ± 3.20 56
Mud  skipper (MeHg) 15.40 ± 1.60 29.50 ± 3.00 44.9
Yellowhead catfish (MeHg) 14.20 ± 1.60 23.30 ± 2.20 37.5
Grass carp (MeHg) 18.30 ± 1.90 33.20 ± 3.10 51.5
Northern snakehead (MeHg) 16.30 ± 1.80 38.20 ± 4.10 54.5
Bighead carp (MeHg) 21.10 ± 2.40 35.40 ± 3.70 56.5
Crucian carp (MeHg) 22.20 ± 2.50 29.40 ± 3.40 51.6
Chinese white cabbage (THg) 29.30 ± 3.10 17.55 ± 2.10 46.85
Xuelihong (THg) 21.20 ± 2.10 13.20 ± 1.40 34.4
Chinese radish (THg) 27.20 ± 1.50 23.30 ± 2.50 50.5

t
M

T
3
b
w
T
a
H
c

4

s
s
t

Spinach (THg) 22.30 ± 2.50 21.20 ± 1.30 43.5
Lettuce (THg) 33.10 ± 2.90 21.50 ± 2.40 54.6

he USEPA RfD (0.1 �g/kg bw/d) for both adults and children, when
eHg bioaccessibility was taken into account.
The bioaccessibility of THg in vegetables is shown in Table 3.

he total bioaccessibility of THg in different vegetables ranged from
4.4% (xuelihong) to 54.6% (lettuce). While, the gastric bioaccessi-
ility in different vegetables ranged from 21.2% to 33.1%, which
as lower than the intestinal bioaccessibility range of 13.2–23.3%.

he results of EDIbio indicate that the consumption of vegetables of
ll sampling sites should not result in EDIbio exceeding the RfD of
gCl2Cha (0.3 �g/kg bw/d) for adults and children, when THg bioac-
essibility is considered.

. Conclusion
Soil and vegetable samples collected from CFL manufacturing
ites showed higher Hg concentrations than those of the control
ites, and thus indicating that the Hg released from CFL produc-
ion processes does actually affect the surrounding environment.
A significant correlation (p < 0.05) was observed between vegeta-
bles and corresponding farmland soil. Mud  skipper bought from the
local market contained the highest Hg amongst all the fish species
studied, possibly due to its habit of being in close contact with
mud  the majority of time. The risk assessment indicates that the
consumption of fish should not result in a MeHg EDI  exceeding
the RfD (0.1 �g/kg bw/d) for both adults and children, when MeHg
bioaccessibility is taken into account.
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