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a  b  s  t  r  a  c  t

The  application  of  flue  gas  desulphurisation  (FGD)  gypsum  as  an acid  soil  ameliorant  was  studied  in order
to establish  the  possible  detrimental  effects  on  plants  and  animals  feeding  on  them  caused  by the  high
fluoride  content  in this  by-product.  A  greenhouse  experiment  was  conducted  under  controlled  conditions
to determine  the  F accumulation  by two  plant  species  (alfalfa  (Medicago  sativa  L.)  and  ryegrass  (Lolium
perenne  L.))  grown  in  acid  soils  amended  with  different  FGD  gypsum  doses  (0–10%).  The  F concentrations
eywords:
luoride
GD gypsum
cid soil ameliorant
lant availability

in  plant  aerial  parts  were  comprised  in  the range  22–65  mg  kg−1, and  those  in plant  roots  varied  from
49  to 135  mg  kg−1.  The  F contents  in the  above-ground  plant  tissues  showed  to  decrease  with  the  FGD
gypsum  application  rate, whereas  an  inverse  trend  was  manifested  by plant  roots.  The  increase  in the
soil  content  of soluble  Ca  as  a result  of the  FGD  gypsum  addition  seemed  to play  an  important  role in
limiting  the  translocation  of F to  plant  aerial  parts.
hytotoxicity

. Introduction

Coal combustion plants have been equipped with flue gas desul-
hurisation (FGD) systems to reduce the SO2 emissions to the
tmosphere [1–3]. In the FGD process most widely applied, i.e.
he wet limestone FGD method, SO2 is removed from the flue gas
y absorption into limestone slurry, then oxidised to produce sul-
hate, extracted from the absorber as gypsum slurry, and finally
ewatered, producing the so-called FGD gypsum. This by-product

s largely employed in the wallboard manufacture or in the cement
ndustry. Nevertheless, in many countries with natural deposits of
ypsum this by-product is used in a great proportion as a landfill
aterial in mine reclamation or just sent to landfills for its disposal.

he ever-increasing production of FGD gypsum has promoted the
earch for alternative ways of dealing with this by-product. These
ainly include its use as a construction material for roads, for waste

tabilisation and as a soil ameliorant [4–9].
The agricultural benefits of gypsum or gypsum-based prod-

cts are well known. These mainly involve improving soil water
nfiltration and storage, providing a source of nutrients (Ca, S) to
lants, and lessening the effects of aluminium toxicity in acid soils

6,10–13]. In addition to such ameliorations, the use of gypsum by-
roducts in this application can also bring about some detrimental
onsequences. Thus, different elements of environmental concern

∗ Corresponding author. Tel.: +34 923219606; fax: +34 923219609.
E-mail address: esther.alvarez@irnasa.csic.es (E. Álvarez-Ayuso).
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© 2011 Elsevier B.V. All rights reserved.

(such as F, As, Se, Sb, Hg, Cd, Cr, Cu, Ni, Pb, Zn, Ba, Mo)  can occur
in FGD gypsum since the limestone slurry used in the FGD process
acts as a scavenging system also for them. Several studies have been
performed trying to elucidate the environmental risks that could be
derived from the agricultural use of FGD gypsum [6,10,11,14,15].
No soil contamination problems have been found as a result of
the application of FGD gypsum as a soil amendment. Likewise, no
increased toxic element concentrations in plants growing in FGD
gypsum-treated soils have been reported, except for molybdenum.
In any case, the plant contents of Mo  are not large enough to cause
nutritional problems for grazing animals. In spite of such positive
findings, the safe agricultural use of FGD gypsum cannot be guaran-
teed without assessing the risks associated with the different toxic
elements occurring in this by-product. So far, the researches per-
formed on this subject have paid no attention to fluoride. Recent
studies carried out on the environmental characterisation of coal
combustion by-products [16,17] have revealed critical leachable
contents of F in FGD gypsum (close to 150 mg  kg−1), being the toxic
element of greatest concern in this regard. Consequently, measures
for the immobilisation of F leached from FGD gypsum have been
investigated in order to minimise the risk of F dispersion into the
environment when this by-product is disposed of [18–20].

Environment pollution with F may  entail severe risks to mam-
mals. Excessive intakes of F can lead to a well-defined disorder,

skeletal fluorosis, which may  affect the teeth and skeletal tissues,
and secondarily the nervous system [21,22]. For this reason, F
release into the environment has been a matter of great concern
in the last decades. Thus, plant F uptake from areas receiving F

dx.doi.org/10.1016/j.jhazmat.2011.06.084
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
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Table 1
Mineralogical and chemical characterisation of FGD gypsum (values are expressed
as  mean ± standard deviation of three replicates).

FGD gypsum

Mineralogical composition Gypsum, calcite (<5%)
pH 7.87 ± 0.19
EC  (�S cm−1) 8450 ± 120

Major and trace element composition

wt.%

Al 0.106 ± 0.001
Ca  21.9 ± 0.2
Fe 0.080 ± 0.001
K 0.025 ± 0.001
Mg 0.317 ± 0.008
Mn  0.014 ± 0.001
Na 0.094 ± 0.004
P  0.006 ± 0.001
S 16.1 ± 0.1

mg kg−1

As 1.81 ± 0.52
Ba 4.38 ± 0.04
Cd 0.06 ± 0.01
Cr 2.29 ± 0.18
Cu 0.78 ± 0.16
F 1419 ± 64
Hg 0.23 ± 0.02
Mo  0.19 ± 0.02
Ni 4.17 ± 0.45
Pb 1.09 ± 0.28

tion with potassium chloride following the procedure described
by Mokolobate and Haynes [38], organic matter (OM) was  derived
by dichromate oxidation using the Tiurin method [39], and parti-
cle size distribution was analysed by the pipette method [40]. The

Table 2
Leached concentrations from FGD gypsum and leachable contents in FGD gypsum
of  elements of environmental concern (values are expressed as mean ± standard
deviation of three replicates).

FGD gypsum

mg l−1 mg  kg−1

As 0.004 ± 0.001 0.04 ± 0.01
Ba  0.037 ± 0.003 0.37 ± 0.03
Cd  <0.001 <0.01
Cr <0.001 <0.01
Cu 0.002 ± 0.001 0.02 ± 0.01
F 13.5 ± 1.1 135 ± 11
Hg <0.001 <0.01
Mo  0.016 ± 0.002 0.16 ± 0.02
Ni  0.045 ± 0.005 0.45 ± 0.05
660 E. Álvarez-Ayuso et al. / Journal of H

nputs is focusing increasing attention [23–29] due to the risk of
lant F accumulation and further transfer to the higher trophic

evels of food chain. Different F sources have been studied in
his respect, including irrigation waters, Al smelters, brick kilns
nd phosphorus fertilisers [23,30–33].  The atmospheric emissions
f F and the use of irrigation waters polluted with this element
ave been proven to have a negative impact on vegetation, either

imiting its growth or raising its F content up to limits not rec-
mmended for consumption. Fluoride contents in food plants vary
etween 0.1 and 11 mg  kg−1. Forage plants are likely to contain a
it more elevated amounts of F [34]. Much higher values have been
eported in plants in F-polluted areas. Fluoride accumulation val-
es in the range 29.8–65.4 mg  kg−1 have been found in food plants

n the vicinity of brick fields [32]. Particularly high F concentrations
71–1330 mg  kg−1) have been reported in plant foliage in areas
ffected by the phosphate rock processing and Al-processing indus-
ries [31,34]. At such high F concentrations even F-tolerant plants
an be injured. However, the greatest concern with increased F con-
entrations in plants is related to the toxicity to animals. Hence, it is
ssential to establish this aspect as regards the use of FGD gypsum
s a soil ameliorant, which up to now remains unknown.

The main goals of this study are to evaluate the F accumulation
y plants grown in acid soils amended with FGD gypsum and to
ssess the associated risks.

. Materials and methods

.1. FGD gypsum

FGD gypsum was collected from a Spanish coal-combustion
ower plant equipped with a wet limestone FGD scrubber. Sam-
ling was performed on three consecutive days, obtaining three
ifferent samples that were mixed and homogenised to give a sin-
le sample. The mineralogical composition of FGD gypsum (Table 1)
as determined by X-ray diffraction (XRD) using the reference

ntensity method (RIM). X-ray diffraction analysis was performed
n a Philips 1710 diffractometer using the Cu K� radiation. The FGD
ypsum pH and electrical conductivity (EC) were analysed poten-
iometrically in a FGD gypsum paste saturated with water (Table 1).
he chemical composition of FGD gypsum (Table 1) was deter-
ined following different procedures and/or analytical methods.

or the determination of the total concentrations of most major
nd trace elements FGD gypsum was digested with aqua regia
sing a Milestone Ethos Plus microwave oven working at a tem-
erature of 190 ◦C for 15 min. After digestion major elements were
nalysed by inductively coupled plasma-atomic emission spec-
rometry (ICP-AES) using a Varian 720-ES unit, and trace elements
ere analysed by electrothermal atomic absorption spectrome-

ry (ETAAS) using a Varian Spectra AA-220 instrument equipped
ith a GTA 110 graphite atomiser unit. The total Hg content in

GD gypsum was analysed using a mercury analyser (model DMA-
0). The total F content in FGD gypsum was determined following
he method described by Sager [35]. Accordingly, samples were
used with NaOH at 550 ◦C during 1 h, followed by dissolving the
risen residues by means of tiron (pyrocatechol-3,5-disulfonic acid,
isodium salt). Fluoride analysis was performed by fluoride ion
elective electrode (ISE) using a Thermo Orion ISE-meter (model
10). The leachable content of elements of environmental con-
ern in FGD gypsum (Table 2) was determined according to the
N 12457-4 leaching standard [36]. Thus, samples underwent an
gitation period of 24 h with deionised water on a vertical rotary
haker (10 rpm), using a liquid/solid ratio of 10 l kg−1. Leachates

erived from this process were analysed for As, Se, Sb, Cd, Cr, Cu,
i, Pb, Zn, Ba, Mo  by ETAAS, for Hg using a mercury analyser and

or F by fluoride ISE after the addition of TISAB III as described by
garwal et al. [37].
Sb 0.10 ± 0.03
Se 1.53 ± 0.42
Zn 3.53 ± 0.24

2.2. Soils

Two acid agricultural soils of different characteristics (Soil A
and Soil B) from the central west region of Spain were selected
to carry out this study. Soil A is a chromic luvisol with a loamy sand
texture and Soil B is a gleyic acrisol with a sandy loam texture. Sur-
face soils (0–20 cm depth) were sampled, then air-dried, and sieved
through a 2-mm screen prior to subsequent characterisation. The
main soil physicochemical properties (Table 3) were determined as
follows: pH and EC were analysed potentiometrically in a soil paste
saturated with water, exchangeable Al was  obtained by extrac-
Pb <0.001 <0.01
Sb <0.001 <0.01
Se 0.018 ± 0.002 0.18 ± 0.02
Zn 0.029 ± 0.003 0.29 ± 0.03
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Table  3
Physicochemical characterisation of soils (values are expressed as mean ± standard
deviation of three replicates).

Soil A Soil B

pH 4.40 ± 0.03 4.67 ± 0.05
EC  (�S cm−1) 375 ± 20 100 ± 10
Fleachable (mg  kg−1) 4.94 ± 0.42 6.79 ± 0.66
Alexchangeable (mg  kg−1) 4.94 ± 0.67 14.7 ± 0.4
OM (%) 0.80 ± 0.08 0.72 ± 0.06
Sand (%) 87.7 ± 3.3 76.4 ± 2.5
Silt  (%) 5.6 ± 0.7 5.5 ± 0.6
Clay (%) 6.7 ± 0.8 18.1 ± 1.4

Major and trace element composition

wt.%

Soil A Soil B

Al 0.578 ± 0.041 1.60 ± 0.06
Ca  0.063 ± 0.003 0.077 ± 0.002
Fe  0.418 ± 0.014 1.25 ± 0.04
K  0.138 ± 0.010 0.226 ± 0.015
Mg 0.104 ±  0.005 0.134 ± 0.005
Mn  0.009 ± 0.001 0.034 ± 0.002
Na  0.076 ± 0.006 0.089 ± 0.006
P  0.045 ± 0.001 0.031 ± 0.002
S  0.018 ± 0.001 0.014 ± 0.001

mg  kg−1

Soil A Soil B

As 1.90 ± 0.18 5.28 ± 0.37
Ba  26.7 ± 1.4 76.2 ± 3.5
Cd 0.09 ±  0.03 0.17 ± 0.05
Cr  5.18 ± 0.10 14.9 ± 0.4
Cu 4.81 ± 0.09 10.1 ± 0.4
F  106 ± 7 138 ± 11
Hg  0.03 ± 0.01 0.05 ± 0.01
Mo  0.65 ± 0.12 1.62 ± 0.19
Ni  2.66 ± 0.48 11.7 ± 0.4
Pb 8.60 ±  1.87 19.0 ± 1.1
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Sb  0.10 ± 0.03 0.07 ± 0.02
Se 0.78 ± 0.18 0.98 ± 0.14
Zn  16.4 ± 0.2 31.7 ± 2.0

hemical composition of soils (Table 3) was determined following
ifferent procedures and/or analytical methods. For the determina-
ion of the total concentrations of most major and trace elements
nely ground soil samples were digested with aqua regia follow-

ng the aforementioned procedure. After digestion major elements
nd trace elements were analysed by ICP-AES and ETAAS, respec-
ively. The total Hg content in soils was analysed using a mercury
nalyser. The total F content in soils was determined by the NaOH
usion method described by Sager [35], followed by the analysis of
issolved residues by fluoride ISE. The leachable content of F in soils
Table 3) was determined according to the EN 12457-4 leaching
tandard [36]. Leachates derived from this process were analysed
or F by fluoride ISE after the addition of TISAB III as described by
garwal et al. [37].

.3. Phytotoxicity tests

A germination-elongation test was performed (in triplicate) to
ssess the phytotoxic effects of FGD gypsum leachates. Four differ-
nt solutions were used in order to evaluate the toxicity range of
GD gypsum leachates. These were the leachate derived from FGD
ypsum using the EN 12457-4 leaching standard [36] and three
ilutions of this leachate (1/2, 1/5, 1/10), showing, respectively, F

oncentrations of 13.5, 6.8, 2.7 and 1.4 mg  l−1 and EC of 2770, 1770,
00 and 560 �S cm−1. Although other elements of environmen-
al concern were present in these solutions, their concentrations,
ven in the non-diluted leachate (Table 2), were low enough as to
us Materials 192 (2011) 1659– 1666 1661

not produce a significant phytotoxic effect. Ten seeds of two  plant
species, namely alfalfa (Medicago sativa L.) and ryegrass (Lolium
perenne L.), were placed in Petri dishes on filter paper on which 2 ml
of the mentioned solutions were added. The covered Petri dished
were incubated at 25 ◦C during 5 days in the dark. The number of
germinated seeds and the average sum of the root lengths were
recorded to calculate a germination index (GI) as follows [41]:

GI = G L

Gc Lc
× 100 (1)

where G and Gc are the number of germinated seeds in the sample
and the control, respectively, and L and Lc are the average sum of
root lengths in the sample and the control, respectively. Deionised
water was used as solution in the control.

2.4. Plant growth experiments

Plant growth experiments were conducted in soil pots in a
greenhouse maintained between 18 ± 2 ◦C (minimum (night) tem-
perature) and 28 ± 2 ◦C (maximum (day) temperature). Soils were
fertilised with 50 mg  kg−1 N and 143 mg  kg−1 P as NH4NO3 and
KH2PO4, respectively. This fertilisation was applied twice, at the
beginning and after the first-half of the experimentation period.
Soils were thoroughly mixed with different FGD gypsum doses (0,
1, 2, 5 and 10%). All these experiments were carried out in triplicate
for each FGD gypsum treatment. Deionised water was  incorporated
to soil mixtures to reach the 60–70% of their water holding capacity
(this condition was kept throughout the experimentation period).
After 7 days of equilibration, either 10 seeds of alfalfa or 40 seeds of
ryegrass were sown in each pot. Alfalfa plants were thinned to 5 per
pot and ryegrass plants to 20 a few days after emergence. All the
plants were harvested 90 days after sowing. Plants were separated
into roots and above-ground tissues. The different plant sections
were washed with freshwater, and then rinsed with deionised
water in order to remove soil particles. Afterwards, plant samples
were dried at 70 ◦C for 24 h, weighed and powdered for analysis.
The plant F content was determined by the NaOH fusion method
[35], followed by the analysis of dissolved residues by fluoride ISE.
The accuracy of the fusion procedure and analytical method was
checked with the standard reference material SRM 2695, showing
analytical errors <10%. Soil samples were collected from each pot
after the plant harvest, and subjected to subsequent characterisa-
tion. The analysis of soil pH was performed potentiometrically in
a soil paste saturated with water. The total soluble F content, the
free ionic F content and the soluble Ca content in soils were derived
from soil leachates obtained according to the EN 12457-4 leaching
standard [36]. The total F concentration in leachates was analysed
by fluoride ISE after the addition of TISAB III as described by Agar-
wal et al. [37], and the free ionic F concentration was analysed by
fluoride ISE after ionic strength and pH sample conditioning follow-
ing the method of Agarwal et al. [37]. The Ca analysis in leachates
was performed by ICP-AES.

3. Results and discussion

3.1. Phytotoxicity tests

Germination indices for alfalfa and ryegrass seeds are given
in Fig. 1. The seed germination appeared quite different for the
two studied species. The diverse FGD gypsum leachates hardly
showed inhibitory effect on alfalfa seed germination. The corre-
sponding GI showed values between 88 and 96%. Hence, none of

the FGD gypsum leachates evidenced phytotoxicity for alfalfa, as
would be indicated by GI values under 80% [41]. However, the
two most concentrated solutions importantly inhibited the germi-
nation of ryegrass seeds. The corresponding GI displayed values
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bout 40%. Therefore, the ryegrass species appeared to be much
ore sensitive to FGD gypsum leachates than alfalfa. The germi-

ation inhibition showed by the most concentrated FGD gypsum
eachates could be attributed to their higher F concentrations and
lso to their relatively high salinity. High salinity has been also
uggested as a likely factor contributing to the ryegrass seed ger-
ination decrease found under F-containing wastewaters from the

hosphate fertilizer industry [33]. Anyway, one must bear in mind
hat when FGD gypsum is applied to soil there is an important
ilution effect. Moreover, the leachable F supplied by FGD gyp-
um can be immobilised in some extent by sorption processes
n soil surfaces, mainly on variable charge surfaces. On the other
and, among the main mechanisms proposed to reduce the Al
oxicity in acid soils by the use of gypsum and gypsum-based
roducts is the precipitation of low soluble forms of Al, including Al-

ydroxy and Al-hydroxy-sulphate compounds [12,42–45].  These
ompounds can act as effective immobilising systems for F due to
orption or incorporation in the Al precipitation by substitution for
ydroxyl groups.

Fl
uo

rid
e 

co
nc

en
tra

tio
n 

(m
g 

kg
-1

) 

Alfalfa

0

20

40

60

80

105210

Alfalfa

0

20

40

60

80

105210

FGD gypsu

Soil A     

ig. 2. Fluoride concentration in the above-ground tissues of plant species grown in FGD g
eplicates.)
te from the EN 12457-4 leaching standard (1/1) and different dilutions of the EN
hree replicates.)

3.2. Plant growth experiments

3.2.1. Plant F contents
No visible symptoms of F toxicity occurred at any of the FGD gyp-

sum treatments applied to soils. Throughout the growing period,
either alfalfa or ryegrass did not show the typical tip or marginal
leaf necrosis (“tip-burn”) manifested by plants when their accumu-
lated F contents surpass the tolerable concentrations of F. There is a
great variability in the toxic threshold concentrations of F in plants.
Susceptible plants can be injured by foliar F contents between 20
and 150 mg  kg−1, whereas highly tolerant plants do not exhibit
injury at about 500 mg  kg−1 [46]. In this regard, concentrations up
to 2745 mg  kg−1 have been reported in the foliage of perennial rye-
grass grown in fluorspar waste without showing visible symptoms
of phytotoxicity [47]. Likewise, no chlorosis or necrosis was  found

−1
in alfalfa plants with foliar F contents up to 500 mg kg as a result
of fumigation with F during a 10-year period [48].

Fig. 2 shows the F contents accumulated in the aerial parts of
alfalfa and ryegrass plants grown in the acid soils treated with
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ig. 3. Fluoride concentration in the roots of plant species grown in FGD gypsum-a

ifferent FGD gypsum doses (0–10%). The F concentrations in
he above-ground tissues of alfalfa were comprised in the ranges
0–58 mg  kg−1 and 46–65 mg  kg−1 when growing in Soil A and
oil B, respectively, whereas those of ryegrass varied from 22 to
8 mg  kg−1 in Soil A and from 34 to 50 mg  kg−1 in Soil B. These
oncentrations surpass the typical F content in plant tissues which
anges from 2 to 20 mg  kg−1 [49]. Anyway, such concentrations are
ar below the tolerable limits of F reported for these plant species.
oncerning the toxic threshold values of F in fodder, opinions vary.
onetheless, it has been proven that a daily intake of forage with

 concentrations >100 mg  kg−1 can lead to fluorosis [50]. On the
ther hand, the maximum F content allowed in animal feed, so as to
educe its presence in the food chain, is established at 150 mg  kg−1

y the Directive 2002/32/EC on undesirable substances in animal
eed [51]. The F concentrations found in the alfalfa and ryegrass
lants grown in FGD gypsum treated-soils were below these values.
oreover, F contents were higher in plants grown in not amended

oils, and decreased progressively with the FGD gypsum addition
p to a certain application rate (5%) from which F contents in plants
tayed more or less constant or increased slightly. These decreases
ttained levels up to 48% and 29% in alfalfa plants and up to 19%
nd 32% in ryegrass plants when growing, respectively, in Soil A
nd Soil B. Therefore, the application of FGD gypsum as an acid soil
meliorant at the suitable dose, rather than representing a F source
o plants, limits the accumulation of F in plant aerial tissues.

Fig. 3 illustrates the F contents accumulated in the roots of
lfalfa and ryegrass plants grown in the acid soils treated with
ifferent FGD gypsum doses (0–10%). The F concentrations in the
oots of alfalfa were included in the ranges 52–74 mg  kg−1 and
8–81 mg  kg−1 when growing in Soil A and Soil B, respectively,
hereas those of ryegrass varied from 49 to 66 mg  kg−1 in Soil

−1

 and from 115 to 135 mg  kg in Soil B. An increasing trend is
bserved in the F concentrations of plant roots with the FGD gyp-
um addition to soils. Such increases attained levels up to 33% and
5% in alfalfa plants and up to 35% and 17% in ryegrass plants
Soil B

ed soils. (Error bars indicate standard deviation of the mean of three replicates.)

when growing, respectively, in Soil A and Soil B. Plant roots showed
higher F contents than plant aerial parts, except for alfalfa growing
in not amended soils which accumulated similar F concentrations
throughout the plant. This means relatively low translocation fac-
tor values (between 0.2 and 1), especially when soils received the
highest FGD gypsum doses (5 and 10%). In such cases root F con-
tents were the highest and F contents in the above-ground plant
tissues were the lowest.

3.2.2. Plant biomass
Fig. 4 shows the biomass of aerial parts and roots of alfalfa and

ryegrass plants grown in the acid soils treated with different FGD
gypsum doses (0–10%). A raising trend is observed in the biomass
of plants with the FGD gypsum addition to soils. These increases
resulted higher for plants growing in Soil B than for those grow-
ing in Soil A. At the highest FGD gypsum dose (10%), there was
a biomass enhancement of about 100% or higher when Soil B was
involved, whereas biomass increases were about 25–50% when Soil
A was implied. In general, higher biomass raises were found for
roots. In acid soils high bioavailable Al contents inhibit root growth
and nutrient uptake. With the increasing FGD gypsum dose the soil
pH raised (Table 4), entailing a progressive decrease in Al bioavail-
ability. The higher exchangeable Al content shown by Soil B could
explain the greater biomass increases experienced by plants grow-
ing in Soil B. It is important to note that the increased plant growth
with the FGD gypsum application rate has a dilution effect on the
F accumulated in the above-ground plant tissues.

3.2.3. Relating plant F concentrations to soil parameters
The increased F concentrations found in the aerial parts of plants

grown in either amended or not amended soils do not respond to

elevated total contents of F in soils. Common concentrations for
most soils seem to range from 150 to 400 mg  kg−1, although the
overall variation is much broader [46]. The total F contents of stud-
ied soils (106 and 138 mg  kg−1 in Soil A and Soil B, respectively)
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Fig. 4. Biomass yield of plant species grown in FGD gypsum-amended 

ere below this range. This is in agreement with their textural
roperties; the lowest F concentrations are found in sandy soils.
ven when soils were amended with the highest FGD gypsum
ose (10%) the resulting total F contents (225 and 254 mg  kg−1 for
mended Soil A and amended Soil B, respectively) stayed within
he typical F range found in uncontaminated soils. Therefore, the
otal F content of studied soils cannot be considered critical. More-
ver, generally, total F contents in soils do not correlate well with F
ptake by plants, being soluble F a better indicator of F phytoavail-
bility [52].

In normal soils soluble F is low, only 0.05% of the total F [24,32].
owever, in acid soils the solubility of F increases, which facilitates

ts uptake by plants. The total soluble F content of soils after the
lant growing period (Table 4) showed the greatest values when
oils were not amended and when amended with the highest FGD
ypsum dose (10%). Differently, the free ionic F content of soils
Table 4) showed an increasing trend with the FGD gypsum appli-
ation rate, from concentrations about 3–4 mg  kg−1 up to values

−1
bout 6–8 mg  kg . Anyway, neither total soluble F contents of soils
or free ionic F contents of soils appeared to be correlated with

 concentrations accumulated in plant aerial parts. Nevertheless,
uch plant concentrations seemed to correlate positively with sol-

able 4
H, total soluble F content, free ionic F content and soluble Ca content in FGD gypsum-am
ean  ± standard deviation of three replicates).

Soil Plant FGD gypsum
dose (%)

pH 

Soil A

Alfalfa

0 3.46 ± 0.03 

1  4.32 ± 0.06 

2  5.08 ± 0.08 

5  5.40 ± 0.05 

10 5.65  ± 0.04 

Ryegrass

0  3.75 ± 0.10 

1  4.42 ± 0.02 

2  5.19 ± 0.03 

5  5.59 ± 0.06 

10 5.80  ± 0.06 

Soil  B

Alfalfa

0 3.74 ± 0.11 

1  4.30 ± 0.08 

2  4.97 ± 0.04 

5  5.75 ± 0.06 

10 6.06 ±  0.04 

Ryegrass

0  3.98 ± 0.17 

1  4.55 ± 0.03 

2 5.27  ± 0.11 

5  5.95 ± 0.07 

10 6.16  ± 0.02 
Error bars indicate standard deviation of the mean of three replicates.)

uble F content of soils not present as free ionic F, and negatively
with soil pH.

In soil solutions of neutral to alkaline pH, F exits predominantly
as the free F ion [53,54]. At slightly acid pH (<6) F is predominantly
complexed with Al, whereas with decreasing solution pH the pro-
portion of HF increases considerably [52–55]. The mobility of F in
soils is variable and highly controlled by pH and sorption processes
on inorganic soil constituents [56,57], with freshly precipitated Al
hydroxide showing the highest F sorption capacity [58]. The mobil-
ity of F usually increases at pH below 5 and above 6. The great
solubility of F under acidic conditions is explained by the formation
of Al–F complexes, and under alkaline conditions by the desorption
of free F ion as a result of repulsion by the negatively charged sur-
faces [54]. Aluminium–fluoride complexes are more easily taken
up by plant roots than the free F ion due to anion exclusion by neg-
atively charged cell walls, and HF is taken up more readily than Al–F
species due to its easy diffusion across the cell membrane [52,59].
Taking into account these considerations and the pH increase expe-

rienced by soils (from values close to 4 up to values about 6) with
the FGD gypsum application rate (Table 4), the accumulation trend
of F in plant aerial plants could be explained. The decreasing accu-
mulation of F in such plant tissues with the FGD gypsum application

ended soils corresponding to plant growth experiments (values are expressed as

Total soluble F
content (mg  kg−1)

Free ionic F content
(mg  kg−1)

Soluble Ca content
(mg  kg−1)

8.37 ± 0.56 3.96 ± 0.82 154 ± 20
6.12 ± 0.43 3.92 ± 0.76 1651 ± 137
5.38 ± 0.08 3.95 ± 0.06 3236 ± 283
5.31 ± 0.08 4.49 ± 0.08 6024 ± 161
6.25 ± 0.22 5.94 ± 0.13 6094 ± 153
4.75 ± 0.30 3.38 ± 0.40 58 ± 13
4.16 ± 0.31 3.63 ± 0.12 1558 ± 191
3.83 ± 0.01 3.70 ± 0.13 3390 ± 299
4.43 ± 0.08 4.42 ± 0.20 6210 ± 27
6.67 ± 0.49 6.69 ± 0.55 6189 ± 54
10.0 ± 0.78 4.19 ± 0.49 166 ± 17
7.41 ± 0.60 4.17 ± 0.14 2549 ± 261
6.44 ± 0.22 4.14 ± 0.06 4789 ± 421
7.32 ± 0.38 5.51 ± 0.35 6402 ± 210
9.95 ± 0.24 7.55 ± 0.24 6480 ± 207
6.81 ± 0.81 3.50 ± 0.44 38 ± 6
5.88 ± 0.23 3.63 ± 0.17 1588 ± 90
5.65 ± 0.10 3.87 ± 0.13 4770 ± 409
7.24 ± 0.13 5.37 ± 0.10 6377 ± 146
9.24 ± 0.46 7.57 ± 0.81 6495 ± 128



E. Álvarez-Ayuso et al. / Journal of Hazardous Materials 192 (2011) 1659– 1666 1665

Table  5
Correlation coefficient and significance level of correlations between F concentrations in plant aerial parts and different soil parameters.

R

pH [Soluble Ca] [Total soluble F] − [free ionic F]

Soil A-Alfalfa 0.9484 (p < 0.02) 0.8858 (p < 0.05) 0.9702 (p < 0.01)
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Soil  A-Ryegrass 0.9476 (p < 0.02) 

Soil  B-Alfalfa 0.8946 (p < 0.05) 

Soil  B-Ryegrass 0.9499 (p < 0.02) 

ate is in agreement with the pH raise experienced by soils and with
he concomitant progressive decrease of Al–F complexes.

The soluble Ca content in soils (Table 4) increased sharply with
he addition of FGD gypsum, from values about 50–150 mg  kg−1

p to values comprised between 6000 and 6500 mg  kg−1. The lat-
er concentrations correspond to FGD gypsum additions of 5 and
0% for which amended soils showed similar values. Soluble Ca
ontents seemed to keep an inverse correlation with the F concen-
rations found in the above-ground tissues of alfalfa and ryegrass
lants. Thus, these plant F concentrations showed to decrease grad-
ally with the increasing soluble Ca contents in soils, pointing out
he important role that must be played by Ca supplied by FGD
ypsum on F uptake and translocation. In this regard, it has been
eported that the addition of soluble Ca results in the formation of
aF2 coatings on root surfaces, physically limiting the uptake of F,
hile if F enters the plant then it interferes with Ca deposition and
artitioning within the plant [59]. This is in agreement with the
enerally higher F concentrations found in the roots of alfalfa and
yegrass as compared to those in the corresponding above-ground
issues. Moreover, the reduced F uptake following Ca application
hould not be simply due to the aforementioned mechanism. It has
een suggested that Ca influences the properties of cell wall or the
embrane permeability, causing a F passage decrease [60].
Statistical tests were performed to establish the correlation

etween F concentrations in plant aerial parts and different soil
arameters (pH, soluble Ca content, total soluble F content, free

onic F content and total soluble F content minus free ionic F con-
ent). As indicated, high correlations (R > 0.88) were found between

 concentrations in plant aerial tissues and pH, soluble Ca con-
ent and total soluble F content minus free ionic F content. The
orresponding statistical fits are indicated in Table 5.

. Conclusions

No evident symptoms of F phytotoxicity occurred on the stud-
ed plant species at any of the FGD gypsum treatments applied to
cid soils (0–10%). The application of FGD gypsum as an acid soil
meliorant, rather than representing a F source to plants, limits its
ccumulation in plant aerial parts. Fluoride concentrations in plant
erial parts showed a high negative correlation with pH and soluble
a content, and a high positive correlation with soluble F content,
xcluding that present as free ionic F. This behaviour implies an
mportant reduction of health risks for animals feeding on plants
rowing in acid soils when amended with this by-product.

cknowledgment

The present work was carried out under the project CSI05A08
unded by the “Junta de Castilla y León”.

eferences
[1] Council Directive 88/609/EEC of 24 November 1988 on the limitation of emis-
sions of certain pollutants into the air from large combustion plants.

[2] Council Directive 94/66/EC of 15 December 1994 amending Directive
88/609/EEC on the limitation of emissions of certain pollutants into the air
from large combustion plants.

[

0.9504 (p < 0.02) 0.9534 (p < 0.02)
0.9532 (p < 0.02) 0.9829 (p < 0.01)
0.9714 (p < 0.01) 0.9451 (p < 0.02)

[3] Directive 2001/80/EC of the European Parliament and of the Council of 23 Octo-
ber 2001 on the limitation of emissions of certain pollutants into the air from
large combustion plants.

[4] J.K. Solem-Tishmack, G.J. McCarthy, B. Docktor, K.E. Eylands, J.S. Thomp-
son, D.J. Hassett, High-calcium coal combustion by-products: engineering
properties, ettringite formation, and potential application in solidification
and stabilization of selenium and boron , Cem. Concr. Res. 25 (1995)
658–670.

[5] R.M. Payette, W.E. Wolfe, J. Beeghly, Use of clean coal combustion by-products
in  highway repairs , Fuel 76 (1997) 749–753.

[6] L. Chen, W.A. Dick, S. Nelson, Flue gas desulfurization products as sulfur sources
for alfalfa and soybean , Agron. J. 97 (2005) 265–271.

[7] X.C. Qiao, C.S. Poon, C. Cheeseman, Use of flue gas desulphurisation (FGD)
waste and rejected fly ash in waste stabilization/solidification systems ,  Waste
Manage. 26 (2006) 141–149.

[8] X. Zhou, K.D. Ritchey, R.B. Clark, N. Persaud, D.P. Belesky, Upper profile changes
over  time in an Appalachian hayfield soil amended with coal combustion by-
products , Commun. Soil Sci. Plant 37 (2006) 1247–1267.

[9] M.  Hua, B. Wang, L. Chen, Y. Wang, V.M. Quynh, B. He, X. Li, Verification of
lime and water glass stabilized FGD gypsum as road sub-base , Fuel 89 (2010)
1812–1817.

10] R.C. Stehouwer, P. Sutton, W.A. Dick, Transport and plant uptake of soil-applied
dry  flue gas desulfurization by-products , Soil Sci. 161 (1996) 562–574.

11] W.L. Stout, W.E. Priddy, Use of flue gas desulfurization (FGD) by-product gyp-
sum on alfalfa , Commun. Soil Sci. Plant 27 (1996) 2419–2432.

12] R.R. Wendell, K.D. Ritchey, High-calcium flue gas desulfurization products
reduce aluminium toxicity in an Appalachian soil , J. Environ. Qual. 25 (1996)
1401–1410.

13] L. Chen, D. Kost, W.A. Dick, Flue gas desulfurization products as sulphur sources
for corn , Soil Sci. Soc. Am.  J. 72 (2008) 1464–1470.

14] L. Chen, W.A. Dick, S. Nelson, Flue gas desulfurization by-products additions to
acid soil: alfalfa productivity and environmental quality , Environ. Pollut. 114
(2001) 161–168.

15] U. Kukier, M.E. Sumner, W.P. Miller, Distribution of exchangeable cations and
trace elements in the profiles of soils amended with coal combustion by-
products , Soil Sci. 166 (2001) 585–597.

16] E. Álvarez-Ayuso, X. Querol, A. Tomás, Environmental impact of a coal
combustion-desulphurisation plant: abatement capacity of desulphurisation
process and environmental characterisation of combustion by-products ,
Chemosphere 65 (2006) 2009–2017.

17] E. Álvarez-Ayuso, X. Querol, A. Tomás, Implications of moisture content deter-
mination in the environmental characterisation of FGD gypsum for its disposal
in  landfills , J. Hazard. Mater. 153 (2008) 544–550.

18] E. Álvarez-Ayuso, X. Querol, Stabilization of FGD gypsum for its disposal in
landfills using amorphous aluminium oxide as a fluoride retention additive ,
Chemosphere 69 (2007) 295–302.

19] E. Álvarez-Ayuso, X. Querol, Study of the use of coal fly ash as an additive to
minimise fluoride leaching from FGD gypsum for its disposal , Chemosphere
71  (2008) 140–146.

20] E. Álvarez-Ayuso, X. Querol, J.C. Ballesteros, A. Giménez, Risk minimisation
of  FGD gypsum leachates by incorporation of aluminium sulphate , Sci. Total
Environ. 406 (2008) 69–75.

21] A. Heikens, S. Sumarti, M. van Bergen, B. Widianarko, L. Fokkert, K. van Leeuwen,
W.  Seinen, The impact of the hyperacid Ijen Crater Lake: risks of excess fluoride
to  human health , Sci. Total Environ. 346 (2005) 56–69.

22] Meenakshi, R.C. Maheshwari, Fluoride in drinking water and its removal , J.
Hazard. Mater. 137 (2006) 456–463.

23] P. Loganathan, M.J. Hedley, G.C. Wallace, A.H.C. Roberts, Fluoride accumulation
in  pasture forages and soils following long-term applications of phosphorus
fertilisers , Environ. Pollut. 115 (2001) 275–282.

24] W.S. Shu, Z.Q. Zhang, C.Y. Lan, M.H. Wong, Fluoride and aluminium concen-
trations of tea plants and tea products from Sichuan Province, PR China ,
Chemosphere 52 (2003) 1475–1482.

25] J. Franzaring, H. Hrenn, C. Schumm, A. Klumpp, A. Fangmeier, Environmen-
tal  monitoring of fluoride emissions using precipitation, dust, plant and soil
samples , Environ. Pollut. 144 (2006) 158–165.

26] C.M. Furlan, M.  Domingos, A. Salatino, Effects of initial climatic conditions on
growth and accumulation of fluoride and nitrogen in leaves of two tropical

tree species exposed to industrial air pollution , Sci. Total Environ. 374 (2007)
399–407.

27] V. Manoharan, P. Loganathan, R.W. Tillman, R.L. Parfitt, Interactive effects of soil
acidity and fluoride on soil solution aluminium chemistry and barley (Hordeum
vulgare L.) root growth , Environ. Pollut. 145 (2007) 778–786.



1 azardo

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[
[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

666 E. Álvarez-Ayuso et al. / Journal of H

28]  S.K. Jha, A.K. Nayak, Y.K. Sharma, Response of spinach (Spinacea oleracea)
to  the added fluoride in an alkaline soil , Food Chem. Toxicol. 46 (2008)
2968–2971.

29] S.K. Jha, A.K. Nayak, Y.K. Sharma, Fluoride toxicity effects in onion (Allium cepa
L.)  grown in contaminated soils , Chemosphere 76 (2009) 353–356.

30] M. Domingos, A. Klumpp, M.C.S. Rinaldi, I.F. Modesto, G. Klumpp, W.B.C. Delitti,
Combined effects of air and soil pollution by fluoride emissions on Tibouchina
pulchra Cogn., at Cubatão, SE Brazil, and their relations with aluminium , Plant
Soil 249 (2003) 297–308.

31] E. Vike, Uptake, deposition and wash off of fluoride and aluminium in plant
foliage in the vicinity of an aluminium smelter in Norway , Water Air Soil Pollut.
160 (2005) 145–159.

32] S.K Jha, A.K. Nayak, Y.K. Sharma, V.K. Mishra, D.K. Sharma, Fluoride accumula-
tion  in soil and vegetation in the vicinity of brick fields , Bull. Environ. Contam.
Toxicol. 80 (2008) 369–373.

33] M. Gouider, M.  Feki, S. Sayadi, Bioassay and use in irrigation of untreated and
treated wastewaters from phosphate fertilizer industry , Ecotox. Environ. Safe
75  (2010) 932–938.

34] A. Kabata-Pendias, H. Pendias, Trace Elements in Soils and Plants , CRC Press,
FL,  2001.

35] M. Sager, Rapid determination of fluorine in solid samples , Monatsh. Chem.
118 (1987) 25–29.

36] EN-12457-4: 2002 Characterization of waste-Leaching-Compliance test for
leaching of granular waste materials and sludges – Part 4: one stage batch
test  at a liquid to solid ratio of 10 l/kg for materials with particle size below
10  mm (without or with size reduction).

37] M. Agarwal, K. Rai, R. Shrivastav, S. Dass, Fluoride speciation in aqueous sus-
pensions of montmorillonite and kaolinite , Water Air Soil Pollut. 141 (2002)
247–261.

38] M.S. Mokolobate, R.J. Haynes, Increases in pH and soluble salts influence
the  effect that additions of organic residues have on concentrations of
exchangeable and soil solution aluminium , Eur. J. Soil Sci. 53 (2002)
481–489.

39] M.L. Jackson, Soil Chemical Analysis , Prentice-Hall, Inc, Englewood Cliffs, NJ,
1960.

40] K.H. Tan, Soil sampling , in: Preparation and Analysis, Marcel Dekker Inc., NY,
1996.

41] F. Zucconi, M.  Forte, A. Monaco, M.  De Bertoldi, Biological evaluation of compost
maturity , Biocycle 22 (1981) 27–29.
42] G. Sposito, The Chemistry of Soils , Oxford Univ. Press, NY, 1989.
43] S.M. Luther, M.J. Dudas, Pore water chemistry of phosphogypsum-treated soil

,  J. Environ. Qual. 22 (1993) 103–108.
44] M.E. Sumner, Gypsum and acid soils – the world scene , Adv. Agron. 51 (1993)

1–32.

[

[

us Materials 192 (2011) 1659– 1666

45] J. Shamshuddin, H. Ismail, Reactions of ground magnesium limestone and gyp-
sum  in soils with variable-charge minerals , Soil Sci. Soc. Am.  J. 59 (1995)
106–112.

46] A. Kabata-Pendias, A.B. Mukherjee, Trace Elements from Soil to Human ,
Springer-Verlag, Berlin, 2007.

47] J.A. Cooke, M.S. Johnson, A.W. Davison, A.D. Bradshaw, Fluoride in plants
colonising fluorspar mine waste in the Peak district and Weardale , Environ.
Pollut. 11 (1976) 9–23.

48] M.  Treshow, F.M. Harner, Growth responses of Pinto bean and alfalfa to sub-
lethal fluoride concentrations , Can. J. Bot. 46 (1968) 1207–1210.

49] A. Klumpp, G. Klumpp, M. Domingos, Plants as bioindicators of air pollution
at  the Serra do Mar  near the industrial complex of Cubatao, Brazil , Environ.
Pollut. 85 (1994) 109–116.

50] J.L. Shupe, A.E. Olson, Clinical and pathological aspects of fluoride toxicosis
in  animals , in: J.L. Shupe, H.B. Peterson, N.C. Leone (Eds.), Fluorides: Effects
on Vegetation, Animals, and Humans, Paragon Press, Salt Lake City, 1983, pp.
319–338.

51] Directive 2002/32/EC of the European Parliament and of the Council of 7 May
2002 on undesirable substances in animal feed.

52] D.P. Stevens, M.J. McLaughlin, A.M. Alston, Phytotoxicity of aluminium-fluoride
complexes and their uptake from solution culture by Avena sativa and Lycop-
ersicon esculentum , Plant Soil 192 (1997) 81–93.

53] N.J. Barrow, A.S. Ellis, Testing a mechanistic model. V. The points of zero salt
effect for phosphate retention, for zinc retention and for acid/alkali titration of
a soil , J. Soil Sci. 37 (1986) 303–310.

54] W.W.  Wenzel, W.E.H. Blum, Fluorine speciation and mobility in F-contaminated
soils , Soil Sci. 153 (1992) 357–364.

55] D.P. Stevens, M.J. McLaughlin, A.M. Alston, Phytotoxicity of the fluoride ion and
its  uptake from solution culture by Avena sativa and Lycopersicon esculentum ,
Plant Soil 200 (1998) 119–129.

56] M.J. McLaughlin, D.P. Stevens, D.G. Keerthisinghe, J.W.D. Cayley, A.M. Ridley,
Contamination of soil with fluoride by long-term application of superphos-
phates to pastures and risk to grazing animals , Aust. J. Soil Res. 39 (2001)
627–640.

57] P. Loganathan, M.J. Hedley, N.D. Grace, J. Lee, S.J. Cronin, N.S. Bolan, J.M. Zanders,
Fertiliser contaminants in New Zealand grazed pasture with special reference
to  cadmium and fluorine: a review , Aust. J. Soil Res. 41 (2003) 501–532.

58] W.F. Pickering, The mobility of soluble fluoride in soils , Environ. Pollut. Ser. B
9  (1985) 281–308.
59] C.L. Mackowiak, P.R. Grossl, B.G. Bugbee, Plant and environment interactions:
biogeochemistry of fluoride in a plant-solution system , J. Environ. Qual. 32
(2003) 2230–2237.

60] J. Ruan, L. Ma,  Y. Shi, W.  Han, The impact of pH and calcium on the uptake of
fluoride by tea plants (Camellia sinensis L.) , Ann. Bot. 93 (2004) 97–105.


	Fluoride accumulation by plants grown in acid soils amended with flue gas desulphurisation gypsum
	1 Introduction
	2 Materials and methods
	2.1 FGD gypsum
	2.2 Soils
	2.3 Phytotoxicity tests
	2.4 Plant growth experiments

	3 Results and discussion
	3.1 Phytotoxicity tests
	3.2 Plant growth experiments
	3.2.1 Plant F contents
	3.2.2 Plant biomass
	3.2.3 Relating plant F concentrations to soil parameters


	4 Conclusions
	Acknowledgment
	References


