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A pilot-scale hybrid wetland system was constructed for the removal of fluoride and arsenic from synthetic
wastewater. After five months of operation, the fluoride and arsenic removal rate were at the value of 65% and
90%, respectively. Through calculation, the accumulation of fluoride in plants only accounted for 1.63% of the
accumulation in substrates, and the accumulation of arsenic in plants accounted for 3.3% of that in substrates.
Both the accumulation of fluoride and arsenic in plants were much higher in roots than that in leaves. And for
substrates, the accumulation in the first layer was higher than the second layer. The changes of microbial
community in the substrate of the wetland during the operation were also analyzed to investigate the effects of
operating condition on the microbial community and to study the role of microorganism on the removal of
fluoride and arsenic. The results showed that the relative abundance of Firmicutes reduced, while the relative
abundance of Proteobacteria increased, indicating that the fluoride and arsenic in solution had a great influence
on the microbial community. Findings of this study suggest that the hybrid constructed wetland system may be
a promising process for the removal of fluoride and arsenic from synthetic wastewater.
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Introduction

In recent years, more and more attentions have been
paid to the pollution of water environment. For that
the pollution of fluoride and arsenic in some areas of
China is especially serious, it has received broad
attention. This pollution mainly comes from the
process of mining and smelting arsenic and arsenic-
containing metals, phosphate rock processing,
phosphate fertilizer production, iron and steel smelt-
ing and coal combustion. Fluoride is considered as a
beneficial nutrient at an optimal level and is very
important to the integrity of bone and teeth.[1]

However, exposure to excessive consumption of
fluoride may result in pathological changes in teeth
and bones, such as mottling of teeth or dental
fluorosis followed by skeletal fluorosis.[2] Arsenic is a
natural element widespread in the environment. It

appeared usually in industry and agriculture, such as
the impurity arsenic in copper smelting and the use of
arsenic containing pesticides. It is also a byproduct of
coal burning and mining.[3,4] These processes may
release pounds of arsenic into the environment.
However, exposure to arsenic polluted environments
may pose a great risk to human health. Studies
showed that high concentrations of arsenic in drinking
water may lead to bladder, lung and skin cancer,
kidney cancer, liver cancer and many other
diseases.[5,6] Nowadays, more than one hundred
millions of people worldwide are at risk of elevated
arsenic exposure.[7] What is more, it has been reported
that the concentration of fluoride and arsenic in
surface water of some regions had a significant
increase over the past decade.[8] In particular, the
pollution of fluoride and arsenic is very serious in
some areas of China, such as Shanxi Province. Water
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pollution by fluoride and arsenic has become an
important environmental issue with a major impact on
the public health.

Nowadays a variety of techniques have been
developed to remove fluoride and arsenic, such as
adsorption technology,[9–11] reverse osmosis and so
on.[12–14] Adsorption technology has been widely used
to remove fluoride and arsenic due to its high
efficiency and low cost. Studies showed that the
activated alumina had good performance for the
adsorption of both fluoride and arsenic.[15,16] Con-
structed wetland is a kind of emerging technology. It
utilizes the natural processes involving wetland vege-
tation, soils or substrates, and their associated micro-
bial assemblages to assist in treating wastewater.[17]

During the last decade, constructed wetland has
become a common treatment selection of waste-
waters. Studies showed that wetland has been used
for the treatment of municipal sewage,[18] aquaculture
wastewater and oily wastewater.[19,20] Wetland has also
been used for the treatment of wastewater containing
heavy metals.[21] Schwindaman and co-workers de-
signed and built a pilot-scale constructed wetland
treatment system to remove arsenic from simulated
Bangladesh groundwater.[22] The results showed that
the constructed wetland treatment system can de-
crease the concentrations of arsenic in arsenic-con-
taminated water to below the World Health Organ-
ization drinking water guideline of 10 μgL� 1. However,
simultaneous removal of fluoride and arsenic by wet-
land has never been reported in the previous
literature.

In order to achieve better wastewater purification
effect, studies have focused on the some combination
of constructed wetland, which mainly includes the
combination of different types of wetland and the
combination of some wastewater treatment technolo-
gies with wetland. For example, Fabio Masia et al.[23]

built a hybrid constructed wetland (horizontal subsur-
face flow+vertical subsurface flow) system for the
treatment of wastewater produced by a medium-size
hotel. It was found proper for the removal of
pathogens and all the monitored chemical parameters.
The combined wetland can improve the treatment
efficiency of the pollutants and achieve specific
purpose.

In this study, a pilot-scale hybrid system including
an adsorption unit and a vertical-flow constructed
wetland unit using coal cinder as substrate was
constructed. The performance of this system for the
removal of fluoride and arsenic was investigated, and
the accumulation of fluoride and arsenic in plants and

in substrates was studied to evaluate the main
removal pathways of the fluoride and arsenic. At the
same time, the microorganism from the substrate at
different depths in the wetland was received to
analyze the change of the microbial community and
their effect on the removal of fluoride and arsenic.

Results and Discussion

Removal Fluoride and Arsenic by the Hybrid Constructed
Wetland System

Plants in constructed wetlands can adsorb fluoride
and arsenic, and can enrich target pollutants. The root
system provides various living environment for micro-
organisms. Moreover, the concentration of pollutants
in the water can be reduced by harvesting or
removing plants that have accumulated and enriched
heavy metals.

Structure of the hybrid constructed wetland system
is shown in Figure 1. Samples were taken periodically
for analysis of residual fluoride and arsenic in synthetic
wastewater. As shown in Figure 2, the removal rate of
fluoride and arsenic by the hybrid constructed wetland
system can reach 65% and 90% at the end of the
operation. The removal of fluoride decreased gradu-
ally, while the removal of arsenic also declined in the
first three months, and then the removal of arsenic
gradually increased. Figure 3a and 3b present the
concentrations of fluoride and arsenic in the effluent
of the adsorption unit and constructed wetland unit,
respectively. As shown in Figure 3a, the concentration
of fluoride in the effluent of the adsorption unit and
the wetland unit were all gradually increased with the
operation of the system. This was because that the
adsorbent in the adsorption device and the substrate
in the constructed wetland were gradually saturated
with the fluoride. The adsorption unit had a better
performance for the removal of fluoride than the
wetland unit. During the operation, the average
fluoride concentration in the effluent of adsorption
unit was 4.63 mg/L, while in the wetland unit was
3.01 mg/L.

As shown in Figure 3b, the concentration of arsenic
in the adsorption unit was relatively high and gradu-
ally became stable as the operation of the system. The
concentration of arsenic in the wetland increased in
the first three months, but subsequently decreased
gradually and tended to be stable, which was
corresponding to Figure 2. This result may be due to
the role of plants and microorganisms. The plants in
wetland were during the vigorous growth period at
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that time. The adsorption of arsenic by plants was
strengthened, and the growth of roots may affect the
hydraulic quality of the substrates,[24] which may be
favorable for the adsorption of arsenic. On the other
hand, with the operation, microorganism community
composition in wetland may have changed, and some
microorganism may play an important role in the
adsorption, usage and transformation of arsenic.
During the operation, the average arsenic concentra-
tion in the effluent of adsorption unit was 0.38 mg/L,
while in the wetland unit was 0.11 mg/L.

Therefore, in the hybrid constructed wetland sys-
tem, the adsorption unit had a good performance for
the removal of arsenic and fluoride, the arsenic and
fluoride were removed mainly by adsorption unit,

while the wetland can make the sewage be further
purified. In the overall, the hybrid system had a good
performance for the removal of arsenic and fluoride.
However, further research may be needed to improve
the performance of the adsorbent and the wetland in
order to improve the removal of arsenic and fluoride.

The Accumulation of Fluoride and Arsenic in Substrates
and Plants

The accumulation of fluoride and arsenic in substrates
and plants were assessed by comparison to the
corresponding values of unused materials and plants.
Figure 4a shows the accumulation of fluoride and
arsenic in plants, and Figure 4b presents the accumu-
lation of fluoride and arsenic in substrates. As shown
in Figure 4a, fluoride and arsenic accumulation in the
roots were much higher than that in leaves. This was
in agreement with the results of the study conducted
by Lesage et al.,[25] which showed that metal concen-
trations in the belowground biomass were generally
higher than in the aboveground plant parts. This
indicated that the well-developed roots of calamus
played an important role for the adsorption of fluoride
and arsenic. As shown in Figure 4b, the accumulation
of fluoride and arsenic in the first layer were higher
than the second layer, which indicated that the
substrates in the first layer may be much more suitable
for the removal of fluoride and arsenic than the
second layer. The substrate of the first layer was a
mixture of soil and coal cinder with a diameter of 0–
3 mm, while the substrate of the second layer was the
coal cinder of 3–15 mm. The good performance of the

Figure 1. Structure of the hybrid constructed wetland system.

Figure 2. Removal efficiency of fluoride and arsenic by the
hybrid constructed wetland system.
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first layer, on the one hand, may because that the soil
had a good adsorption for the fluoride and arsenic, on
the other hand, may because the smaller diameter of
the substrate. The relatively small size of the substrate
has a large surface area, which is good for the
adsorption of the pollutants. What is more, the smaller
size of the substrate may lead to a smaller runoff
velocity and a longer contact time with the pollutants,
thus the first layer had a good performance for the
adsorption of fluoride and arsenic than the second
layer.

The accumulation of fluoride in plants, through the
calculation, only accounted for 1.63% of the sub-
strates, while accumulation of arsenic in plants

accounted for 3.3% of the substrates. Then, it can be
concluded that fluoride and arsenic were mainly
adsorbed by the substrate. The plants played a
relatively small role for the adsorption of fluoride and
arsenic. However, plants can improve the condition of
substrates and was conductive for the operation of the
wetland.[26] Moreover, the growth of roots could affect
the physical (hydraulic) quality of the substrates. The
roots of plants and microorganisms in the system
would block the pores of soil, while the growth of
roots and the microbial degradation of dead roots
may lead to the formation of new secondary soil
pores. Therefore, although the small role for the

Figure 3. The concentrations of fluoride and arsenic in the effluent of the adsorption unit and constructed wetland unit. a) The
concentrations of fluoride in the effluent of the adsorption unit and constructed wetland unit. b) The concentrations of arsenic in
the effluent of the adsorption unit and constructed wetland unit). Data are presented as mean�SD, n=3.

Figure 4. Accumulation of fluoride and arsenic in plants and substrates. Data are presented as mean � SD, n=3.
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adsorption of fluoride and arsenic, the plants were
essential for the operation of the wetland system.

Changes of the Microbial Community in the Substrates
of the Constructed Wetland

The changes of microbial community in the substrate
of the vertical-flow constructed wetland were analyzed
to investigate the effects of operating condition on
the microbial community and to analyze the role of
microorganism on the removal of fluoride and arsenic.

The microbial community in the substrate of the
first layer at the start and at the end of the operation
was shown in Figure 5a and 5b. The results showed
that the microbial community had a significant change
after the five months’ operation. The number of
Firmicutes reduced, while the number of Proteobacteria
increased. The microbial community in the substrate
of second layer at the start and at the end of the
operation was as shown in Figure 5c and 5d. The
results showed that it had the same change in the
second layer substrate with the first layer, and the
change was much more significant. This study found
that the number of Thiobacillus increased significantly
in the substrate of the wetland during the operation. It
may be closely related with the arsenical resistance

function. The Thiobacillus may have a great influence
on the removal of arsenic. Although the arsenical
resistance mechanism is complicated, there is no
doubt that the Thiobacillus can be resistant to the
arsenic. And Thiobacillus was commonly used as the
pretreatment for the arsenic removal in the industry to
improve the extraction rate of metal.[27] As introduced
above, when the system operated to the third month,
the concentration of arsenic in the effluent from the
wetland decreased and tended to be stable, this may
had a great relationship with the changes of microbial
community in substrates. And it can be explained why
the removal of arsenic became better as the operation
of the system.

Conclusion

The hybrid constructed wetland system had a good
performance for the removal of fluoride and arsenic.
At the end of the operation, the fluoride and arsenic
removal rate were at the value of 65% and 90%,
respectively. In this system, fluoride and arsenic were
removed mainly by adsorption device, while the
wetland can make the sewage be further purified. For
the wetland, fluoride and arsenic were mainly re-

Figure 5. The microbial community in substrates. a) The first substrate at the start of the operation; b) The first substrate at the end
of the operation; c) The second substrate at the start of the operation; d) The second substrate at the end of the operation.
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moved by the substrate. The plants in wetland played
a small role for the adsorption of fluoride and arsenic,
but they could improve the condition of substrates
and were conductive for the operation of wetlands.
For substrates, the first layer was more favorable for
the removal of fluoride and arsenic than the second
layer. And for plants, the roots accumulated much
more fluoride and arsenic than the leaves.

The operation of the device with high concentra-
tion of fluoride and arsenic had a big influence on the
microbial community in substrates of the wetland. The
microbial community had a significant change during
the operation, and the Thiobacillus may play an
important role for the removal of arsenic.

Experimental Section

Materials

The specific materials selected for substrates were: soil
from campus of University of Chinese Academy of
Sciences and coal cinder from restaurant near the
University of Chinese Academy of Sciences. After
grinding, the coal cinder can be divided into two parts
with particles between 0–3 mm and particles between
3–12 mm. For the construction of the vertical flow
constructed wetland, the pebbles were also used.

The elemental composition of coal cinder was
determined by X-ray fluorescence spectroscopy (XRF).
Table 1 presented the main chemical composition of
coal cinder with diameter of 0–3 mm and diameter of
3–15 mm. The pH of the soil was determined with a
pH meter (METROHM 632) after mixing 2 g of material
with 20 ml of 0.01 M CaCl2.

[28] After measurement, the
pH was 8.92. In addition, the other main physical-
chemical properties of soil used in the experiment
were as follows: the available phosphorus content was
15.6 mg/kg, total phosphorus was 0.49 g/kg, effective
nitrogen was 134.77 mg/kg and organic matter was
9.31 g/kg.

The samples were collected from different depths
of the substrate at the start of the operation and at
the end of the operation. Then, the DNA of the

microorganism was extracted from the samples to
analyze the changes of microbial community.

The Construction and Operation of the Hybrid System

The hybrid constructed wetland system was operated
for five months from April to September to remove
fluoride and arsenic from synthetic wastewater. The air
temperature was in the range of 10–35 °C during the
operation, which was the usual temperature for the
season in China. The temperature was favorable for
the growth of the microorganisms.

The hybrid system consisted of an adsorption
device unit and a vertical-flow constructed wetland
unit, as shown in Figure 1. The adsorption device with
length L=0.5 m, width B=0.5 m and height H=0.7 m
was filled with three successive layers of following
materials: the first layer (5 cm, 5–10 mm pebbles),
followed by the second layer (40 cm, 3–5 mm acti-
vated alumina) and the third drainage layer (10 cm,
20–30 mm pebbles).

The vertical-flow constructed wetland with length
L=0.8 m, width B=0.5 m and height H=0.7 m was
filled with three successive layers of following materi-
als: the first layer (20 cm, 0–3 mm soil: 0–3 mm coal
cinder at a ratio 3.5 :1, w/w), followed by the second
layer (20 cm, 3–15 mm coal cinder) and the third
drainage layer (10 cm, 20–30 mm pebbles). The verti-
cal-flow constructed wetland was planted with Iris
pseudacorus L. The system was kept flooded for a
week with tap water and a week with synthetic
sewage, and then synthetic sewage was applied for
the experiment.

Synthetic sewage solution was used as the influent
for the wetland for health and safety reasons and in
order to minimize variability of composition during
the experiments. The synthetic wastewater contained
approximately 15 mg/L fluoride and 2 mg/L arsenic.
The concentration of fluoride and arsenic are close to
that in actual wastewater. The required chemicals
were mixed with a mechanical mixer in 100 L poly-
ethylene container, using tap water. The residual

Table 1. The main chemical composition of coal cinder (%, w/w).

Particle size C SiO2 Al2O3 CaO Fe2O3 K2O Na2O TiO2 SO3 MgO

0–3 mm 2.82 49.65 25.58 7.55 5.01 2.33 1.66 1.10 1.92 1.05
3–15 mm 0.85 53.12 27.13 5.62 4.60 2.65 1.80 1.12 1.06 0.99
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chlorine content of tap water was controlled and
eliminated by setting the tap water in the open
polyethylene container for approximately 48 h. The
wastewater volume was kept constant 45 L/day, and
the residence times of the wastewater in the system
were kept at 48 h.

The Measurement of Fluoride and Arsenic in Synthetic
Wastewater

Fluoride was determined in the filtrate using fluoride
ion selective electrode method.[29] This method is not
affected by the ash content of coal and can be used as
a measure method of fluoride. Arsenic was measured
in the filtrate using ICP-MS (Inductively Coupled
Plasma Mass Spectrometry).[30] The ICP-MS instrument
used was ELAN DRC-e (PerkinElmer, USA). Detection
limit ranges for arsenic was 0.05–0.1 ppb.

The Measurement of Fluoride and Arsenic in Substrates

For the measurement of fluoride in substrates, 0.2 g of
samples and 2 g of solid sodium hydroxide were
added to the nickel crucible. The crucible was heated
in a high-temperature electric furnace at 550 °C for
20 min. After cooling, the frit was dissolved with 50 mL
of boiling hot water and 5 mL of hydrochloric acid (1+

1), and then the volume was set to 50 mL. Finally the
concentration of fluoride was determined using ion
selective electrode method.

For the measurement of arsenic in substrates, 5 mL
of aqua regia were added to 0.2 g of samples, and the
mixture was soaked overnight. Then, the mixture was
put into the digestion apparatus for digestion. After
digestion, the volume was set to 50 mL and the
concentration of arsenic in the solution was deter-
mined by ICP-MS.

The Measurement of Fluoride and Arsenic in Plant

For the measurement of fluoride in plant, 1.00 g of
plant samples which crushed through 40 mesh sieve
was placed in a 50 mL volumetric bottle, and 10 mL of
hydrochloric acid (1+11) was added to the volumetric
bottle. After extracting for 1 h, 25 mL of total ionic
strength buffer was added. And then the concen-
tration of fluoride was determined using ion selective
electrode method.

For the measurement of arsenic in plant, 2 mL of
HNO3 and 1 mL of H2O2 were added to 0.2 g of plant

samples, and the mixture was soaked overnight. Then,
the mixture was put into the digestion apparatus for
digestion. After digestion, the volume was set to
25 mL and the concentration of arsenic in the solution
was determined by ICP-MS.
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