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Removal of ﬂuoride and arsenic by pilot vertical-ﬂow
constructed wetlands using soil and coal cinder as
substrate
Juan Li, Xinchun Liu, Zhisheng Yu, Xin Yi, Yiwen Ju, Jing Huang and
Ruyin Liu

ABSTRACT
This study evaluated the performance of soil and coal cinder used as substrate in vertical-ﬂow
constructed wetlands for removal of ﬂuoride and arsenic. Two duplicate pilot-scale artiﬁcial wetlands
were set up, planted respectively with cannas, calamus and no plant as blank, fed with a synthetic
sewage solution. Laboratory (batch) incubation experiments were also carried out separately to
ascertain the ﬂuoride and arsenic adsorption capacity of the two materials (i.e. soil and coal cinder).
The results showed that both soil and coal cinder had quite high ﬂuoride and arsenic adsorption
capacity. The wetlands were operated for two months. The concentrations of ﬂuoride and arsenic in
the efﬂuent of the blank wetlands were obviously higher than in the other wetlands planted with
cannas and calamus. Fluoride and arsenic accumulation in the wetlands body at the end of the
operation period was in range of 14.07–37.24% and 32.43–90.04%, respectively, as compared with
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INTRODUCTION
Fluoride is a natural element that is considered a beneﬁcial
nutrient at an optimal level and is important to the integrity
of bone and teeth (Palmer et al. ). However, due to its
strong electronegativity, ﬂuoride is attracted by positively
charged calcium ions in teeth and bones. Excessive
intake may result in pathological changes in teeth and
bones, such as mottling of teeth or dental ﬂuorosis followed
by skeletal ﬂuorosis (Hussain et al. ). As Seraj et al.
() report, high water ﬂuoride concentration has great
inﬂuence on the intellectual development of children.
Arsenic and arsenic compounds are listed by the International Agency for Research on Cancer as an evident
human carcinogen. High concentrations of arsenic in
drinking water may result in skin cancer, bladder cancer,
lung cancer and so on (Guo & Tseng ). Fluoride and
arsenic are classiﬁed as contaminants of water for human
consumption by the World Health Organization (),
in addition to nitrate, which causes large-scale health
problems. Over the past decade, the contamination of
groundwater by ﬂuoride and arsenic has recently
increased. Signiﬁcant increase in the concentration levels
doi: 10.2166/wst.2014.273

Downloaded from https://iwaponline.com/wst/article-pdf/70/4/620/471213/620.pdf
by guest
on 13 November 2018

of arsenic and ﬂuoride in surface water has been reported
(Kumar et al. ). This will be a serious threat to human
health. Therefore, study on the removal of ﬂuoride and
arsenic is extremely urgent.
During the last decade, vertical-ﬂow constructed wetlands have become a common treatment selection of
urban wastewaters. They are attractive in speciﬁc cases,
due to the relatively small surface requirement and their
high puriﬁcation efﬁciency compared with other natural
systems. However, most application cases of wetlands
have mainly focused on the removal of organic matter
(Vymazal ) and phosphorus (Prochaska & Zouboulis
). There are few studies on the removal of ﬂuoride
and arsenic.
The present study examines the use of soil and coal
cinder as a potential constructed wetland substrate to
remove ﬂuoride and arsenic from aqueous solution. The
objectives of this study were (1) to evaluate the maximum
adsorption capacity of soil and coal cinder and (2) to compare the ﬂuoride and arsenic removal performance of six
pilot-scale vertical-ﬂow constructed wetland systems. The
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six systems were respectively planted with cannas, calamus
and no plant as blank, all in duplicate. The present results
concern 2 months of operation, which followed the construction and the establishment of the wetlands.

MATERIALS AND METHODS
Vertical-ﬂow constructed wetland construction and
operation
Six glass vessels, each with a surface of 0.12 m2 and 60 cm in
height, were ﬁlled with four successive layers of the following materials: an upper layer (10 cm, soil), followed by the
second layer (10 cm, 0–3 mm soil: 0–3 mm coal cinder at a
ratio 3.5: 1, w/w), the third layer (10 cm, 3–15 mm coal
cinder) and a lower drainage layer (10 cm, 20–30 mm
pebbles). For the collection of the treated efﬂuents, a drainage pipe was placed at the bottom of each vessel. This
pipe had an internal diameter of 5 cm and 15 cm length
(Figure 1).
The wetlands were located in the balcony of the main
building on the campus of the University of Chinese Academy of Science. The six wetlands were planted in autumn,
two of them planted with cannas (A), two of them with calamus (B), and the remaining two with no plants (C) as blank.
All wetlands were kept ﬂooded for a week with tap water
and a week with synthetic sewage, and then synthetic
sewage was applied to each wetland for the experiment.
The plants in four wetlands reached 30–40 cm in height
and a density of four to six stems per wetland when we
began the operation.
Synthetic sewage solution was used as the inﬂuent
for the wetlands for health and safety reasons and in order
to
minimize
variability
of
composition
during
the experiments. The synthetic wastewater contained
approximately 10 mg/L ﬂuorine and 1 mg/L arsenic. The
required chemicals were mixed with a mechanical mixer
in a 100-L polyethylene container, using tap water. The
residual chlorine content of tap water was controlled and
eliminated by setting the tap water in the open polyethylene
container for approximately 48 h.
The batch applied wastewater volume was kept constant
at 15 L, while the application times were kept at 72 h. The
synthetic sewage was applied onto the wetlands surface in
a batch mode; the entire volume was applied within less
than 10 min. The wastewater was allowed to drain by gravity
and sampled for ﬂuorine and arsenic analytical
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Figure 1

|

Schematic diagram of semi-pilot scale vertical-ﬂow constructed wetland.

determination through the respective drainage pipe when
it achieved the application time.
Vertical-ﬂow constructed wetland substrate materials
The speciﬁc materials selected for substrates were soil from
the campus of the University of Chinese Academy of
Science and coal cinder from a restaurant (near the University of Chinese Academy of Science); after grinding, it can be
divided into two parts, with diameter 0–3 mm and 3–12 mm.
The soil and coal cinder were provided free of charge. For
the construction of the vertical-ﬂow constructed wetlands,
pebbles were used.
The elemental composition of coal cinder was determined
by X-ray ﬂuorescence spectroscopy (XRF). The pH of the
materials was determined with a pH meter (METROHM
632) after mixing 2 g of material with 20 mL of 0.01 M CaCl2
(Drizo et al. ). Table 1 presents the main chemical composition of coal cinder. Table 2 presents the main physicalchemical properties of substrate soil used in the experiment.
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The main chemical composition of coal cinder XRF analysis (%, w/w)

C

SiO2

Al2O3

CaO

Fe2O3

K2O

Na2O

TiO2

SO3

MgO

5.24

50.50

25.46

5.7

4.42

2.79

1.82

1.10

1.08

0.99

Table 2

|

The main physical-chemical properties of substrate soil

Available

Total

Effective

phosphorus

phosphorus

nitrogen

Organic

(mg/kg)

(g/kg)

(mg/kg)

matter(g/kg)

pH

15.6

0.49

134.77

9.31

8.92

The measurement of ﬂuoride and arsenic
Fluoride was measured in the ﬁltrate using ﬂuorine ion
selective electrode method (Gao et al. ). Arsenic was
measured in the ﬁltrate using ICP-MS (inductively coupled
plasma mass spectrometry) (Zheng et al. ).

measured in the ﬁltrate. The ﬂuoride and arsenic content
which was not recovered in the solution was considered as
the amount adsorbed by the media. The obtained data were
expressed as ﬂuoride (F) and arsenic (As) adsorbed per
unit weight of materials under equilibrium conditions.
Fluoride and arsenic accumulation experiments in
wetlands substrate
Fluoride and arsenic accumulation in wetlands substrate
was assessed. This analysis was performed on samples
received from the two replicate wetlands. Unless otherwise
stated, all experiments were conducted in triplicate and
the mean values were reported.

Fluoride and arsenic adsorption capacity experiments

RESULTS AND DISCUSSION
These experiments were conducted for the coal cinder and
soil, using batch incubation technique. Each medium was
ground to less than 0.15 mm and equilibrated for 24 h with
100 ml solution, containing different concentrations of ﬂuoride and arsenic, with continuous shaking in a reciprocal
shaker at 160 rpm, at 25 ± 2 C. The equilibrated samples
were centrifuged at 3500 rpm for 10 min and ﬁltered through
a 0.45 μm membrane ﬁlter. Fluoride and arsenic were
W

Figure 2
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Relation between equilibrium solution As and adsorbed As for soil and coal cinder.
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Maximum arsenic and ﬂuoride adsorption capacity
To understand the involved processes of arsenic, the main
adsorption equations (i.e. Langmuir and Freundlich
equations) were applied. The concentration of As in the
equilibrium solution was related to adsorption quantity of
As, as shown in Figure 2. The data of As obtained in this
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study were found to ﬁt both Langmuir and Freundlich
equations, while the coal cinder ﬁt is only good up to an
equilibrium concentration of around 3 mg/L. The regression
values for these equations and the respective constants were
different for the two materials, indicating variations in the
As adsorption characteristics, with coal cinder presenting
higher adsorption capacity (Table 3). According to the coefﬁcients of the Langmuir isotherm, the maximum adsorption
capacity of the soil was 0.18 mg As/g and of coal cinder
0.52 mg As/g.
The relationship between concentration of F in the
equilibrium solution and the adsorption of F is shown in
Figure 3. The data of F for soil obtained were found to ﬁt
both Langmuir and Freundlich equations, while the data
of F for coal cinder were found to ﬁt the Langmuir

Table 3

|

Langmuir and Freundlich adsorption constants and correlation coefﬁcients for
arsenic

Material

Soil

Coal cinder

0.18

0.52

Langmuir
q0(mg g1)
1

KL(L mg )

0.10

0.98

R2

0.97

0.98

KL

0.02

0.20

1/n

0.59

0.37

R2

0.99

0.93

Freundlich

Figure 3

|

Relation between equilibrium solution F and adsorbed F for soil and coal cinder.
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equation better than the Freundlich equation when the concentration of F was more than 100 mg/L. The regression
values for these equations and the respective constants
were also different for the two materials, indicating variations in the F adsorption characteristics, with coal
cinder presenting higher adsorption capacity (Table 4).
According to the coefﬁcients of the Langmuir isotherm, the
maximum adsorption capacity of the soil was 0.78 mg F/g
and of coal cinder was 7.25 mg F/g. The maximum adsorption capacity of the coal cinder was found to agree with the
respective maximum adsorption capacity values of three
coal-based sorbents (6.9–7.44 mg/g) (Sivasamy et al. ).
The above estimations compare favorably with estimations quoted in the literature for other wetland substrates.
Activated alumina has been an absorbent of interest for
years among researchers for ﬂuoride and arsenic removal.
As tested by Ku & Chiou (), activated alumina had a ﬂuoride adsorbing capacity of 16.3 mg/g. Saturation
adsorption capacity of As(III) in activated alumina was
0.0041 g of As (III)/g (Manjare et al. ). But the adsorption of ﬂuoride and arsenic by activated alumina was quite
inﬂuenced by pH (Pietrelli ). Its application was limited
to a great extent. Some other materials had also been examined and had an extremely high ﬂuoride and arsenic
adsorbing capacity, such as some industrial by-products
(Kanel et al. ; Nigussie et al. ), agricultural wastes
(Amin et al. ; Parmar et al. ) and other metal
oxides (Kim et al. ; Streat et al. ) and so on. However, the adsorption capacities of these materials were
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Langmuir and Freundlich adsorption constants and correlation coefﬁcients for
ﬂuoride

Material

Soil

Coal cinder

0.78

7.25

KL (L mg )

0.004

0.08

R2

0.97

0.98

KL (L mg1)

0.01

0.91

1/n

0.69

2.28

R2

0.99

0.68

Langmuir
q0 (mg g1)
1

Freundlich

rather limited and inﬂuenced by pH (Mohan & Pittman
).
Fluoride and arsenic removal efﬁciency
The six wetlands were operated in autumn. The air temperature was in the range of 10–33 C during the operation,
which is not unusual for the season in China. The temperature favors the soil microorganisms’ growth. The pH values
in efﬂuent of wetlands ranged between 7.50 and 8.28.
Figures 4(a) and 4(b), respectively, present the concentrations of ﬂuoride and arsenic in the efﬂuent of the
wetlands planted with cannas (A), calamus (B) and the
blank (C). The concentrations of ﬂuoride and arsenic in
the efﬂuent of the wetlands followed the order: C þ A > B.
The wetlands C were capable to remove 31.22% of initially
applied ﬂuoride and 88.60% of initially applied arsenic at
W

Figure 4
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Outlet concentrations of ﬂuoride and arsenic.
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the end of the operation period. The corresponding data
for wetlands A were 50.94 and 95.34%, and those of wetlands B were 59.09 and 96.40%.
Because plants can absorb ﬂuoride and arsenic, and the
roots of the plants can adjust the conditions of wetlands substrate, which may regulate biological activities (Lavelle
), the wetlands A and B can remove ﬂuoride and arsenic
better than wetlands C. The wetlands A and B can operate
for a longer time than wetlands C before saturation.
Fluoride and arsenic accumulation in wetlands body
Fluoride and arsenic accumulation in wetlands substrate
were assessed by comparison to corresponding values of
unused materials (i.e. soil and coal cinder unused in the wetlands). The results are presented in Figure 5.
An increase of F accumulation in the range of 14.07–
37.24% and As in the range of 32.43–90.04% was found,
as compared with the unused media. The accumulation of
ﬂuoride in the wetlands was the second layer > the ﬁrst layer
> the third layer, while the accumulation of arsenic was the
ﬁrst layer > the second layer > the third layer, as is shown in
Figure 5. This indicated that the substrate in different layers
had different adsorption capability for ﬂuoride and arsenic.
The accumulation of ﬂuoride and arsenic was found higher
in wetlands A and B than the corresponding layers of wetlands C. This indicated that the growth of plants was
beneﬁcial to the substrates’ adsorption, which had been
reported in the literature (Tanner ; Weis & Weis
). And, since calamus had a better-developed root
system than cannas, the accumulation of ﬂuoride and
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Fluoride and arsenic adsorption of wetland substrates.

arsenic were found higher in wetlands B than A. Besides the
retained F and As in the wetlands substrate, the remaining
ﬂuoride and arsenic may be absorbed by the plants or microorganism or ﬂushed as outﬂow.
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