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Abstract The influence from the manufacturing of compact
fluorescent lamps (CFL) on mercury (Hg) speciation and dis-
tribution in river catchments nearby a typical CFL
manufacturing area in China was investigated. Water, sedi-
ment, river snail (Procambarus clarkii), and macrophyte
(Paspalum distichum L.) samples were collected. Total Hg
(THg) and methylmercury (MeHg) concentrations in water
ranged from 1.06 to 268 ng · L−1 and N.D. −2.14 ng · L−1,
respectively. MeHg was significantly positively correlated
with THg in water. THg and MeHg in sediment ranged from
15.0 to 2480 and 0.06 to 1.85 ng · g−1, respectively. River snail
samples exhibited high concentrations of THg (206–1437 ng ·

g−1) and MeHg (31.4–404 ng · g−1). THg and MeHg concen-
trations in root of P. distichum L. were significantly higher
than those in shoot, indicating that THg andMeHg in the plant
were mainly attributed to root assimilation. A very high bio-
accumulation factor (20.9±22.1) for MeHg in P. distichum L
was noted, suggesting that P. distichum L. might have a po-
tential role in phytoremediating MeHg contaminated soil due
to its abnormal uptake capacity to MeHg.
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Introduction

Mercury (Hg) is one of the most toxic pollutants in the
world. Both natural and anthropogenic activities contrib-
ute to the Hg burden in the environment, such as volcanic
explosion and Hg industrial activities. So far, Hg pollu-
tion has been drawing increasing concern worldwide; Hg
can stay in the atmosphere for about 0.5–2 years (Fu et al.
2010) and can be transported to remote areas without Hg
emission sources (Fitzgerald et al. 1998). In addition, in-
organic Hg can be converted to methylmercury (MeHg), a
more toxic and bioaccumulative Hg compound, especially
in anoxic aquatic environment. Some bacteria (e.g.,
sulfate/iron-reducing bacteria) are regarded as the princi-
pal agents responsible for MeHg production in the sedi-
ments of water bodies (King et al. 2000). It is believed
that accumulation of MeHg in aquatic systems may con-
tinue to pose a threat to fish and other biota, including
humans. However, there are few promising technologies
available to deal with Hg pollution in aquatic system.
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Compact fluorescent lamps (CFL) rely on Hg as a
source of ultraviolet radiation for the production of visible
light. Extremely high Hg concentrations in air, up to 16,
000 ng ·m−3, have been reported in CFL manufacturing
zone, resulting in a severe exposure of CFL workers to
Hg vapor through inhalation (Xu et al. 2007). Our previous
study has also demonstrated that CFL manufacturing ac-
tivities may lead to Hg contamination of the local soil and
agricultural products (Shao et al. 2012). Moreover, elevat-
ed concentrations of THg and MeHg in local cultivated rice
samples were observed when compared with the commer-
cial rice samples from the markets. It was doubted that the
two streams, serving as the major source of irrigation water
for the local paddy farmland, may have been contaminated
by Hg when passing through the CFL manufacture zone
(Liang et al. 2015). However, detailed information is still
lacking in terms of the concentrations and speciation of Hg
in the different compartments of local aquatic environ-
ment, including water, sediment, aquatic animals and mac-
rophytes. Based on our previous study, we hypothesized
that (i) Hg emitted from CFL manufacture may result in a
severe Hg pollution in the ambient waterbody via waste-
water discharge and wet/dry deposition, and (ii) part of
inorganic Hg entering into the aquatic environment may
be converted to MeHg in the sediment and then accumu-
lated in organisms such as macrophyte and river snail.
Therefore, THg and MeHg concentrations in surface water,
sediment, river snails, and aquatic plants from local water-
shed were examined in this study. Moreover, concentra-
tions of particulate Hg (PHg), dissolved Hg (DHg), partic-
ulate methylmercury (PMeHg), and dissolved MeHg
(DMeHg) in surface water were also determined. The

objectives of this study were (i) to figure out the distribu-
tion of Hg species in surface water and sediment in river
catchments, (ii) to determine the contamination levels in
terms of THg and MeHg in river snails and macrophytes
near the CFL manufacturing zone, and (iii) to screen po-
tent ia l aquat ic plants for phytoremedia t ing Hg-
contaminated sites.

Materials and methods

Sampling area

Gaohong Town (30°19′N, 119°40′E) is located in northern
Zhejiang Province, eastern China. It is commonly known as
the Bland of CFL^ because there are more than 180 CFL
manufacturing factories in this small town, accounting for
20 % of the global production in 2010 (SBZP 2011). There
are two streams namely Qiu stream and You stream passing
through Gaohong Town. Awastewater treatment plant (WTP)
is located at the confluence of the two streams. Most of the
CFL factories are situated along Qiu stream and downstream
of the wastewater treatment plant. Fewer factories are distrib-
uted along You stream (Fig. 1).

Sample collection

A total of 17 sampling sites were selected along the two
streams according to the spatial distribution of the CFL facto-
ries (as shown in Fig. 1). Sampling sites 1 to 6 and 10 to 12
were located at the upstream of Qiu stream and You stream,
where fewer CFL manufacturing factories were located.

Fig. 1 The sampling sites used in
this study
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Sampling sites 7 to 9 and 13 to 14 were closed to the zone
where the CFL were densely concentrated. Sampling sites 15
to 17 were located at the confluence of two streams and the
downstream.

River water samples were collected three times in
September 2013, July 2014, and August 2014. All the water
samples were acidified with ultra-pure HCl to a final acid
concentration of 0.4 % (v/v) within 24 h after collection.

Sediment, river snail (P. clarkia), and macrophyte (P.
distichum L.) samples were collected from the same sampling
sites as the water samples. However, river snail samples were
only available at nine sites. All samples were stored in double-
sealed polyethylene bags to avoid cross contamination. After
returning to laboratory, macrophyte samples were washed by
tap water and then rinsed by miliQ water three times. The
roots and shoots were separated for further analyses. The river
snail samples were washed by tap water and then rinsed by
miliQ water for three times before the shells were removed.
All of the solid samples were freeze-dried, ground, and ho-
mogenized for further analyses.

Sample analyses

THg concentrations in water samples were determined by
BrCl oxidation, SnCl2 reduction, purging, gold trapping, and
cold vapor atomic fluorescence spectrometry (CVAFS) detec-
tion according to USEPA Method 1631 (Feng et al. 2009,
USEPA 2002). THg in sediment, macrophyte, and river snail
samples were determined with a direct Hg analyzer (Lumix,
Russia) based on thermal decomposition, amalgamation, and
atomic absorption spectrophotometry, following the US EPA
Method 7473 (Li et al. 2011, USEPA 2007).

MeHg in water was measured following USEPA Method
1630 (USEPA 2001). An aliquot of 50-mL sample was placed
in a 60-mL fluoropolymer distillation vessel. The distillation
was carried out at 125 °C under Hg-free N2 flow until approx-
imately 45 mL of water was collected in the receiving vessel.
MeHg in soil and sediment was extracted with HNO3 and
CuSO4 and then leached with dichloromethane and back-
leached with water (Feng et al. 2009, Liang et al. 2004).

MeHg concentrations in hydrophyte samples and river snail
were analyzed after a digestion using KOH–methanol/solvent
extraction. MeHg was determined using aqueous ethylation,
purging, and gas chromatography-CVAFS detection (Books
Rand), following USEPA Method 1630 (Meng et al. 2011,
USEPA 2001).

pH and Eh values of water samples were determined by the
portable pH and Eh meter (SX751, Luheng, China) in field.

QA/QC

Quality assurance and quality control of THg and MeHg de-
terminations were carried out using duplicates, method
blanks, matrix spikes, and certified reference materials. The
detailed information is shown in Table 1.

Data analyze

Differences of Hg speciation and concentrations in environ-
mental samples among all the sites were performed by one-
way ANOVA (data could be transformed to obtain equal var-
iance) by SPSS 16.0 for windows. All of figures were per-
formed by Sigma plot 10.0.

Results and discussion

Hg speciation in river water

Table 2 shows the concentration of THg, MeHg, DHg, and PHg
in the water samples. THg concentration in water samples ex-
hibited a wide range of 1.06 to 268 ng ·L−1 with amean value of
15.8±44.6 ng ·L−1. THg concentrations in Qiu stream (4.82
±3.73 ng ·L−1) were slightly higher than those in You stream
(3.43±1.69 ng ·L−1). Peak concentrations of THg were noted at
the sampling sites near the wastewater treatment plant and sites
downstream of the plant (sites 15, 16, and 17) and were signif-
icantly higher (p<0.01, SNK test) than the THg concentrations
at the upstream sites of two streams.

Table 1 Detailed information for QA/QC results

Analysis items THg MeHg

Surface water Sediment Aquatic plant River snails Surface Water Sediment Aquatic plant River snails

LOD 0.01 ng · L−1 0.5 ng · g−1 0.5 ng · g−1 0.5 ng · g−1 0.01 ng · L−1 0.008 ng · g−1 0.07 ng · g−1 0.07 ng · g−1

LOQ 0.05 ng · L−1 1.5 ng · g−1 1.5 ng · g−1 1.5 ng · g−1 0.05 ng · L−1 0.040 ng · g−1 0.35 ng · g−1 0.35 ng · g-1

CRMs GBW-0730-5a (GSD-5a) GBW-10020 NRCC-Tort-2 ERM-CC580 NRCC-Tort-2 NRCC-Tort-2

Certified values 290 ± 30 150 ± 20 270 ± 60 77.5 ± 3.7 152 ± 30 152 ± 30

Determined values (n = 5) 300 ± 8.16 147.33 ± 3.44 272.67 ± 13.19 83.09 ± 0.14 149 ± 9.66 149 ± 9.66
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Although most of the CFL factories are located along Qiu
stream, there is no significant difference in THg concentration
between You and Qiu streams. This is because the wastewater
containing Hg exhausts from CFL factories was usually
discharged into the wastewater treatment plant through mu-
nicipal pipelines before discharged to the stream at the con-
fluence. Thus, it led to significantly higher THg concentra-
tions in the water samples collected near the treatment plant
and the downstream sites (sites 16 and 17). Fortunately, the
THg concentrations in all the water samples from the
watersheld of Gaohong town were still lower than 1000 ng ·
L−1, the upper limit of type Vwater quality in accordance with
the Chinese national standard. It means the water could be
used for agricultural purposes.

MeHg concentrations in water samples ranged from N.D.
−2.14 ng · L−1. The highest MeHg concentrations were ob-
served at sites 16 and 17 as well. In general, a significantly
positive correlation (r=0.825, p<0.001, n=49, T test) was
observed between MeHg and THg concentrations in all the
surface water samples. This result is in line with Ullrich et al.
(2001) who reported that a higher MeHg concentration may
appear in a waterbody with lower pH and Eh value as well as a
higher THg concentration. In the present study, no significant
differences (p>0.05, SNK test) were observed among all the
water samples with respect to Eh (182–205 mv) or pH value
(7.8–8.4). However, it is not surprising that THg

concentrations at sites 16 and 17 were significantly higher
(p<0.01, SNK test) than those at the other sites, resulting in
high MeHg concentrations observed there as well.

The ratios of DHg and PHg to THg (i.e., %DHg and %PHg)
and the ratios of DMeHg and PMeHg to TMeHg (i.e.,
%DMeHg and %PMeHg) were different in the two streams.
Higher%DHg and%DMeHgwere observed inYou stream than
in Qiu stream. In contrast, higher ratios of %PHg and %PMeHg
in Qiu stream were noted compared to You stream (Fig. 2).
These differences may be attributed to the differences in the
riverbed of the two streams. Most of the riverbed of You stream

Table 2 Concentrations of THg, DHg, PHg, and MeHg (ng/L) in surface water of Qiu (QS) and You (YS) streams

Site Location Sampling date

Sep. 2013 Jul. 2014 Aug. 2014

THg DHg PHg TMeHg DMeHg PMeHg THg MeHg THg DHg PHg TMeHg DMeHg PMeHg

1 QS upstream 1.06 0.53 0.52 0.78 0.76 0.02 4.17 0.07 5.18 3.39 1.80 0.05 0.02 0.03

2 QS upstream 2.64 0.94 1.69 0.06 0.05 0.01 5.53 0.11 3.75 3.38 0.37 0.12 0.09 0.03

3 QS upstream 2.13 0.92 1.21 0.26 0.2 0.06 4.37 0.09 4.82 2.84 1.99 0.11 0.07 0.04

4 QS upstream 1.53 0.91 0.62 0.07 0.03 0.04 2.83 0.06 4.17 2.03 2.14 0.05 0.02 0.03

5 QS upstream 2.14 1.02 1.12 0.13 0.09 0.04 9.79 0.10 3.47 2.13 1.33 – – –

6 QS upstream 2.20 0.81 1.39 0.16 0.07 0.09 6.08 0.12 2.67 2.40 0.28 0.06 0.03 0.03

7 QS CFLs factories 2.50 1.32 1.18 0.14 0.12 0.02 4.96 0.11 3.55 2.84 0.70 0.07 0.03 0.04

8 QS CFLs factories 5.51 2.33 3.18 0.23 0.23 N.A. 18.78 0.32 3.24 2.37 0.88 0.07 0.04 0.03

9 QS CFLs factories 2.96 0.32 2.64 0.19 0.03 0.16 12.08 0.31 8.19 3.23 4.95 0.19 0.06 0.13

10 YS upstream 4.36 1.58 2.78 0.08 0.02 0.06 3.60 0.16 1.78 1.30 0.48 0.04 0.02 0.02

11 YS upstream 1.96 1.88 0.08 0.08 0.04 0.04 2.68 0.03 3.09 0.97 2.11 0.03 0.02 0.01

12 YS upstream 1.98 1.89 0.09 0.08 0.02 0.06 2.58 0.02 7.09 1.53 5.56 0.04 0.02 0.02

13 YS CFLs factories 2.39 1.36 1.03 0.09 0.03 0.06 3.87 0.03 2.89 1.58 1.31 0.04 0.02 0.02

14 YS CFLs factories 4.31 2.26 2.05 0.14 0.02 0.12 7.00 0.03 1.91 1.15 0.75 – – –

15 WTP 11.20 7.16 4.04 0.73 0.50 0.23 98.47 0.68 9.77 4.46 5.31 0.13 0.12 0.01

16 Downstream of WTP 38.29 14.76 23.53 1.24 1.17 0.07 164.88 1.68 12.94 9.99 2.95 0.29 0.13 0.16

17 Downstream of WTP 13.90 4.8 9.1 1.17 0.37 0.80 268.40 2.14 7.25 4.52 2.73 0.85 0.28 0.57

WTP wastewater treatment plant

percent
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%DHg & %PHg 

%DMeHg & %PMeHg

%DHg & %PHg 

YS

QS

%DMeHg & %PMeHg

Fig. 2 Ratios of DHg and PHg to THg (%DHg and%PHg) and the ratios
of DMeHg and PMeHg to TMeHg (%DMeHg and %PMeHg) in the two
streams
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was lined with cement whereas the riverbed of Qiu stream was
unaltered (mainly sediment). Therefore, the amount of
suspended particles in Qiu stream was higher than that in You
stream due to the presence of sediment. Higher concentrations of
suspended particles resulted in higher ratios of %PHg and
%PMeHg, as the partition coefficient between solid and liquid
phases of Hg and MeHg reached 103–105 and 101.5–103.5, re-
spectively (Zhong and Wang. 2011).

It was clearly observed that the THg concentrations in
water samples that were collected in July 2014 were sig-
nificantly higher (p< 0.01, SNK test) than in the samples
collected on the other two occasions, especially in the
case of water samples near the wastewater treatment plant
and downstream. Moderate to heavy rain was encountered
during the sampling day in July 2014. Elevated Hg con-
centrations in water samples might be attributed to surface
runoff from both sides of the river or illegal effluent dis-
charge. However, there was no significant increase in
MeHg concentration in water samples among all the three
sampling times. It is therefore likely that effluent dis-
charge might be responsible for the elevated Hg concen-
trations on days with heavy rain.

Hg speciation in sediment

Figure 3 shows the distribution of THg and MeHg in
surface sediment. The mean concentrations of THg in
sediment for all of the sampling sites varied from 15.0
to 2480 ng · g−1. THg concentrations in sediment samples
collected at the upstream of the two rivers (81.4
± 50.4 ng · g−1) were significantly lower (p< 0.01, SNK
test) than those collected at CFL factories (906

± 626 ng · g−1) and the downstream sites of treatment plant
(1044 ± 421 ng · g−1). Elevated THg concentrations in sed-
iment were observed at sites 8, 9, 15, and 16, which were
located near CFL factories and the wastewater treatment
plant. MacDonald et al. (2000) have evaluated the thresh-
old effect concentration (TEC) and probable effect con-
centration (PEC) for establishing freshwater sediment
quality guidelines. TEC values refer to those below which
adverse effects are not expected to occur, while PEC
values refer to those above which adverse effects are ex-
pected to occur more often. TEC and PEC values for Hg
in freshwater sediment are 180 and 1060 ng · g−1, respec-
tively. In the present study, THg concentrations at all of
the CFL factory sites were higher than TEC, and even
higher than PEC at sites 8, 9, 15, and 16. Therefore, this
indicates that CFL manufacturing sites could potentially
cause adverse effects to ambient aquatic environment.

Compared with other recent studies conducted in different
industrial areas, the THg concentrations in river sediment near
CFL plants were higher than those in sediments adjacent to a
coal-fired power plants (55 to 201 ng · g−1) (Liang et al. 2010),
but were lower than those near chlor-alkali plants (110 to 617,
000 ng · g−1) (Ullrich et al. 2007), organic chemical plants
(260 to 38,900 ng · g−1) (Yan et al. 2008), and Zn smelters
(150 to 15,400 ng · g−1) (Zheng et al. 2011).

MeHg concentration in sediment ranged from 0.06 to
1.85 ng · g−1 and is of top concern in local society be-
cause of its high bioavailability and toxicity. Similar to
the distribution pattern of THg, the highest MeHg con-
centrations were noted at sites 8, 9, 15, and 17, which
were also close to the CFL factories and the wastewater
plant. A significant correlation between MeHg and THg
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concentrations in sediments was observed (r = 0.714,
p< 0.01, T test), indicating the impact of THg concen-
tration on MeHg production in sediment.

Accumulation of Hg in the river snails

THg concentrations in the river snails ranged from 206 to
1437 ng ·g−1. In comparison,MeHg concentrations ranged from
31.4 to 404 ng ·g−1 (Table 3). It is well known that MeHg can
accumulate in aquatic organisms through biomagnification.
About 75 to 90 % of THg was MeHg in some carnivorous fish
species (Liang et al. 2011). However, river snails do not belong
to the top level of the food web and are not carnivorous. The
percentage of MeHg to THg in the river snails accounted for
only 14.6–37.6%. Shao et al. (2012) reported that THg and
MeHg concentrations in fish from the local market in
Gaohong, and ranged from only 14 to 170 and from 11 to
143 ng ·g−1, respectively; which were significantly lower than
those in the river snails that lived in sediment. Furthermore, THg
and MeHg concentrations in fish samples from the abandoned
Hgmines in China ranged from 61 to 680 and from 24 to 98 ng ·
g−1, respectively (Qiu et al. 2009). These values were also lower
than those observed in the present study.

We found that THg concentrations in the river snails
from CFL manufacturing areas were also significantly
higher than those in Lengshui River, Hunan province,
China and in a reservoir close to an antimony ore (Fu
et al. 2011). The river snails were thus highly contam-
inated with Hg at the CFL manufacturing areas.

Bioaccumulation is a process in which a chemical
substance is absorbed in an organism thorough any
routes of exposure, i.e., dietary and ambient environ-
mental sources. This process is measured using the bio-
accumulation factor (BAF) which is defined as the ratio
of the concentration of a chemical accumulated inside
an organism (from food and direct exposure) to the
concentration in the surrounding environment (Ivanciuc
et al. 2006). In this study, BAF of the river snail for
MeHg (340 ± 257) was 105 times higher than that for

THg (3.23 ± 5.34). Moreover, significantly positive cor-
relations for THg (r= 0.705, p< 0.05, n= 9, T test) and
MeHg (r= 0.907, p< 0.01, n= 9, T test) were noted be-
tween the river snails and sediment. These results sug-
gested that sediment was the major source of THg and
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Paspalum distichum L

Table 3 THg, MeHg, %MeHg,
and BAF of the river snail
samples

Site Location THg (ng/g) MeHg (ng/g) %MeHg BAF(THg) BAF(MeHg)

5 QS upstream 244.75 63.41 26 4.49 450.51

6 QS upstream 329.00 52.42 16 17.09 318.73

7 QS CFLs factories 424.00 159.26 38 1.00 934.67

8 QS CFLs factories 1436.67 335.98 23 0.80 284.55

9 QS CFLs factories 1172.25 170.79 15 0.92 114.81

13 YS CFLs factories 205.67 31.38 15 0.35 60.54

14 YS CFLs factories 378.00 84.23 22 0.85 165.86

15 WTP 1286.67 403.72 31 1.15 359.64

17 Downstream of WTP 1313.00 389.72 30 2.42 371.09
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MeHg in the river snails, and MeHg was more readily
bioaccumulated in the river snails compared to THg.

Accumulation of Hg in P. distichum L.

THg and MeHg in the roots and shoots of P. distichum L. are
shown in Fig. 4. Elevated root THg and MeHg concentrations
were observed at the sampling sites close to the CFL factories
and the wastewater treatment plant, e.g., sites 8, 9, 15, 16, and
17. Table 4 shows the correlation between Hg concentration in
sediments and plant tissues. THg concentrations in sediment
were significantly positively correlated (p<0.01, T test) with
THg contents in roots, indicating that Hg inP. distichumL. roots
was derived mainly from the sediment. However, the correla-
tions between THg in the roots and shoots were not significant.
It had been demonstrated that most of the Hg in plant roots is
unlikely to be transported to the shoots because Hg in the roots
is bound to different proteins and phytochelatins (Carrasco-Gil
et al. 2013, Greger et al. 2005, Krupp et al. 2009). Moreover,
THg concentration in the shoots of plant samples was related to
THg in air as plant leaves can accumulate Hg from the air
(Rutter et al. 2011, Vannini et al. 2014). Hyper-accumulator
plants for heavy metals (e.g., nickel, copper, cadmium, and ar-
senic) have been reported to exist (Liu et al., 2007); however, so
far, no plants have been identified as hyper-accumulator of Hg
(Wang et al. 2012). In this study, BAF of THg for P. distichum
L. was 1.00±0.93 (0.15–3.42). More importantly, the THg con-
centration in the shoot of P. distichum L. was lower than that in
the root; therefore, P. distichum L. cannot be regarded as a
hyper-accumulator of Hg.

Although numerous studies have reported THg accumula-
tion in different plant samples, few have reported on the
MeHg concentrations in different plant tissues and the
accumulation ofMeHg in plants. Meng et al. (2011) suggested
that rice (Oryza sativa. L) can accumulate MeHg from soil
through root accumulation and the BAF of MeHg were found
to range from 2.5 to 6 in different treatments. In the present
study, MeHg concentrations in sediment were significantly
positively correlated with MeHg in the roots. Moreover,
MeHg contents in the roots were also significantly positively

correlated withMeHg in the shoots. These results indicate that
MeHg in the roots of P. distichum L. was derived mainly from
the sediment and MeHg could be further translocated to the
shoots. More importantly, the BAF of MeHg in P. distichum
L. roots reached 20.9±22.1 (1.08–82.1), which was signifi-
cantly higher than that for the rice samples (Meng et al., 2011).
These results indicate that P. distichum L. may be used as a
potential hyper-accumulator, but the process of MeHg accu-
mulation in the plant requires further studies.

Conclusions

CFL manufacturing activities indeed resulted in Hg pollution
of the local environment. High Hg contamination in river wa-
ter and sediment was observed at the sites downstream of the
wastewater treatment plant where the three CFL factories were
also located. High THg and MeHg concentrations were ob-
served in the river snails, reaching 754 ± 527 and 187 ±
149 ng g−1, respectively. THg contamination in P. distichum
L. was also noted in CFL manufacture areas around the treat-
ment plant. An elevated BAF of MeHg in P. distichum L. was
noted, indicating that P. distichum L has a potential role to be
used in phytoremediating the sites contaminated by MeHg.
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