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bstract

The leachable contents of elements of environmental concern considered in the Council Decision 2003/33/EC on waste disposal were determined
n flue gas desulphurisation (FGD) gypsum. To this end, leaching tests were performed following the standard EN-12457-4 which specifies the
etermination of the dry mass of the material at 105 ◦C and the use of a liquid to solid (L/S) ratio of 10 l kg−1 dry matter. Additionally, leaching tests
ere also carried out taking into account the dry mass of the material at 60 ◦C and using different L/S ratios (2, 5, 8, 10, 15 and 20 l kg−1 dry matter).

t was found that the dry mass determination at 105 ◦C turns out to be inappropriate for FGD gypsum since at this temperature gypsum transforms
nto bassanite, and so, in addition to moisture content, crystalline water is removed. As a consequence the moisture content is overvalued (about

6%), what makes consider a lower L/S ratio than that specified by the standard EN-12457-4. As a result the leachable contents in FGD gypsum are,
n general, overestimated, what could lead to more strict environmental requirements for FGD gypsum when considering its disposal in landfills,
pecially concerning those elements (e.g., F) risking the characterisation of FGD gypsum as a waste acceptable at landfills for non-hazardous
astes.
2007 Elsevier B.V. All rights reserved.

t

d
v
[
t
t
c
M

a
c
p
t

eywords: FGD gypsum; Landfilling; EN-12457-4; Leaching; Moisture conten

. Introduction

During the last decades most coal-combustion power plants
n order to comply with the legislation regarding the SO2 emis-
ions to the atmosphere [1–3] have been equipped with flue
as desulphurisation (FGD) installations. Although several FGD
rocesses are available to this end, the wet limestone FGD pro-
ess is that most widely applied, taking up to about 80% of the
arket. In this process SO2 is removed from the flue gas by

bsorption 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. The process
aking place can be summarised in the following reaction:
aCO3(s) + SO2(g) + (1/2)O2(g) + 2H2O(l)

→ CaSO4·2H2O(s) + CO2(g) (1)

∗ Corresponding author. Fax: +34 93 4110012.
E-mail address: ealvarez@ija.csic.es (E. Álvarez-Ayuso).
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It is important to note that the limestone slurry used in the
esulphurisation process acts as a scavenging system also for
olatile elements other than S, such as F, Cl, As, Se and Hg
4–9], present as well in the flue gas emissions, or condensed on
he particulate matter (PM) escaping the electrostatic precipita-
ors (ESPs), likewise for other trace elements of environmental
oncern present in this PM (Cd, Cr, Cu, Ni, Pb, Zn, Ba, Sb and
o).
FGD gypsum produced from the indicated process can find

pplication in the wallboard manufacture or be used in the
ement industry. Nevertheless, it is also employed in a great
roportion as a landfill material in mine reclamation or sent
o landfills for its disposal. In such cases the leaching of ele-

ents of environmental concern must be controlled according
o the Council Decision 2003/33/EC [10], presently in force.
he Council Decision establishes the criteria and procedures
or the acceptance of waste at landfills, their application being
ompulsory (by 16 July 2005) by European Union (EU) Mem-
er States. The procedure to determine the acceptability of
aste at landfills consists of the basic characterisation, com-

mailto:ealvarez@ija.csic.es
dx.doi.org/10.1016/j.jhazmat.2007.08.088
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liance testing and on-site verification. Basic characterisation
onstitutes a full characterisation of the waste (type and origin,
omposition, consistency, leachability and, where necessary and
vailable, other characteristic properties). A waste is deemed
cceptable for a landfill class on the basis of the basic charac-
erisation. Subsequently, the compliance testing and the on-site
erification shall be performed with the aim of verifying the
lassification derived from the basic characterisation. In accor-
ance with the Council Decision 2003/33/EC [10], and as it
s specified in the section 3 of its annex, listing the methods
o be used for the sampling and testing of waste, the EN stan-
ards must be used for the determination of the basic waste
roperties. Thus, the standards EN-12457/1–4 [11–14] must be
mployed as leaching tests for granular waste materials and
ludges. These standards differ in the liquid to solid (L/S) ratio
o employ, the particle size of the waste and the number of stages
o perform in the batch leaching test. Among them, the standard
N-12457-4 [14] is generally that followed due to its simplic-

ty (the corresponding leaching test is performed in only one
tage), and because it requires lesser material size reduction.
hysical modification of wastes should be avoided since as a
esult their properties could be altered, including their leaching
ehaviour.

According to the specifications of the standard EN-12457-
, the leaching of waste materials must be performed using:
a) representative samples containing 0.090 ± 0.005 kg of dry
ass with a grain size of at least 95% (mass) less than

0 mm, (b) samples without being subjected to drying pro-
esses, unless their moisture content does not allow their
rushing to reach the required sample grain size (in such
ases drying temperature must not exceed 40 ◦C), (c) deionised
ater or water of equivalent purity (5 < pH < 7.5, conduc-

ivity <0.5 mS m−1) as leachant, employing a L/S ratio of
0 l kg−1 dry matter ±2% and (d) an agitation period of
4 ± 0.5 h, using a rotary system at about 5–10 rpm. The
tandard EN-12457-4 also establishes that, even though the
eaching test must be performed using samples without being
ried, the leachable contents in the waste material must be
alculated on its dry mass, specifying the determination of
he dry mass of the material at 105 ± 5 ◦C according to ISO
1465.

The determination of moisture content at the temperature
pecified by the standard EN-12457-4 could turn out to be inap-
ropriate for certain materials, namely those risking to lose
rystalline water at temperatures about or below 105 ◦C, as
ould be the case of FGD gypsum. It has been reported that
ypsum transforms into bassanite (CaSO4·0.5H2O) by losing
.5 molecules of crystalline water per molecule of gypsum
hen heating at moderate temperature; although there is some

ontroversy, the onset of the dehydration temperature of gyp-
um to bassanite is generally accepted to be about 100 ◦C
15].

The main objective of the present work is to assess the impli-

ations of moisture content determination as specified by the
tandard EN-12457-4 in the establishment of FGD gypsum
eachable contents, and so in the environmental characterisation
f this by-product for its disposal in landfills.

b
(
m
o
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. Materials and methods

.1. FGD gypsum

Samples of FGD gypsum were collected from a Spanish
oal-combustion power plant equipped with a wet limestone
GD installation. Sample collection was carried out just after

he dewatering process of FGD gypsum slurry performed at
he power plant before sending it for disposal. Sampling was
erformed in three consecutive days, obtaining three different
amples that were mixed and homogenized to give a single
ample.

.2. Mineralogical characterisation

The mineralogical composition of FGD gypsum samples
ried at both 60 ◦C and 105 ◦C was determined by X-ray
iffraction (XRD) using the reference intensity method (RIM)
escribed by Chung [16,17]. XRD analysis was performed on
Siemens D 501 diffractometer using Cu K� radiation. Solids
ere scanned as unoriented powder samples from 4◦ to 60◦ 2θ

ith a 0.04◦ 2θ step interval and a 1 s per step counting time.

.3. Moisture content analysis

Moisture content of FGD gypsum samples was determined
oth at 105 ◦C (according to ISO 11465, as the standard EN-
2457-4 establishes) and at 60 ◦C. With this aim FGD gypsum
amples were dried in an oven at 105 ± 5 ◦C and at 60 ± 5 ◦C
o constant weight. Moisture content determinations in this
ay were carried out by triplicate and only mean values are
resented.

.4. Leaching tests

.4.1. Environmental characterisation of FGD gypsum
Leaching tests were performed following the standard EN-

2457-4 as the Council Decision 2003/33/EC establishes. Thus,
GD gypsum samples were subjected to an agitation period of
4 h with deionised water on a vertical rotary shaker (10 rpm),
sing a L/S ratio of 10 l kg−1 dry matter. FGD gypsum samples
nderwent this process without being dried and without being
rushed since their particle aggregate size was already below
0 mm, as the mentioned standard requires. Such leaching tests
ere carried out by triplicate. Leachates were analysed for all

hose elements considered in the Council Decision 2003/33/EC
10], thus As, Ba, Cd, Cr, Cu, Mo, Ni, Pb, Sb, Se and Zn
ere analysed by inductively coupled plasma-mass spectrome-

ry (ICP-MS) using a Thermo Electron Corporation ICP-MS X
eries II apparatus, Cl and sulphate by ion chromatography (IC)
sing a KONTRON-WATERS unit, Hg using a mercury anal-
ser (model AMA-254) equipped for thermal decomposition,
malgam formation and atomic absorption measurement, and F

y fluoride selective electrode using a Thermo Orion ISE-meter
model 710). The leachable content of constituents of environ-
ental concern in FGD gypsum was calculated on the dry mass

f the material dried at 105 ◦C as specified by the standard EN-
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2457-4. Also leaching tests were performed taking into account
he dry mass of the material dried at 60 ◦C, following, except for
his aspect, the procedure and the analytical techniques men-
ioned before. Leaching tests in this way were also performed
y triplicate.

.4.2. Effect of L/S ratio in the leaching behaviour of FGD
ypsum

The actual L/S ratio employed when leaching test are carried
ut considering the dry mass of FGD gypsum dried at 105 ◦C
s 8 l kg−1 dry matter instead of 10 l kg−1 dry matter. There-
ore, in order to assess the influence of the L/S ratio in the
eaching behaviour of FGD gypsum, leaching tests following
he procedure described before were performed at different L/S
atios, namely 2, 5, 8, 10, 15 and 20 l kg−1 dry matter. The dry
ass of the material derived at 60 ◦C was that employed for

he accomplishment of these leaching tests (also by triplicate).
eachates were analysed for all those elements considered in the
ouncil Decision 2003/33/EC using the analytical techniques
forementioned.

. Results and discussion

.1. Mineralogical characterisation

Fig. 1 shows the XRD diagrams of FGD gypsum samples
ried at 60 ◦C and at 105 ◦C. The FGD gypsum sample dried
t 60 ◦C presents gypsum as main mineral phase with some
mpurities of calcite (<5%) and montmorillonite (traces). The

ccurrence of calcite is related to its incomplete sulphation
uring the desulphurisation process according to the reaction
ndicated in Eq. (1), and that of montmorillonite to its occur-
ence in trace amounts in the limestone used as scavenging

Fig. 1. XRD patterns of FGD gypsum dried at 60 ◦C and at 105 ◦C.
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aterial in the desulphurisation process described before. The
RD pattern of the FGD gypsum sample dried at 105 ◦C
nly displays the diffraction peaks corresponding to bassan-
te, and those of the calcite impurity (<5%). No diffraction
eaks related to gypsum are observed, proving a complete phase
ransformation of gypsum to bassanite, what implies the loss
f 1.5 molecules of crystalline water per molecule of gyp-
um. This transition involves a structural change; it has been
stablished that the gypsum–bassanite transition is associated
ith a rearrangement of sulphate ions in the crystal structure
ecause of the fact that they are strongly coupled with the water
olecules [15]. Thus, the crystalline structure of gypsum is
onoclinic-prismatic, while that of bassanite is orthorhombic.
herefore, when FGD gypsum is dried at 105 ◦C, in addi-

ion to moisture content removal, gypsum crystalline water is
artially lost, being completely transformed into a new min-
ral phase. The mass loss corresponding to crystalline water
emoval theoretically accounts for 15.7% of the initial gypsum
ass, this mass loss cannot be in any case attributed to mois-

ure content as the standard EN-12457-4 regarding this aspect
oes.

.2. Moisture content analysis

The moisture content ratio (MC) (%) of FGD gypsum
amples dried at 60 ◦C and at 105 ◦C are 13.8 and 29.7%, respec-
ively, and the dry matter content ratio (DR) (%) of FGD gypsum
amples dried at 60 ◦C and at 105 ◦C are 86.2 and 70.3%, respec-
ively. The MC was calculated as follows:

C (%) = 100 × (MW − MD)

MW
(2)

here MW is the mass of undried test portion and MD is the mass
f the dried (either at 60 ◦C or at 105 ◦C) test portion.

The DR was calculated as follows:

R (%) = 100 × MD

MW
(3)

hese results show that the determined MC and DR values are
ifferent depending on the drying temperature at which FGD
ypsum samples were subjected. Much greater MC and, there-
ore, much lower DR values were derived when FGD gypsum
amples were dried at 105 ◦C. The difference between the MC
nd DR values obtained at both temperatures are found to be
5.9%, which is in correspondence with the crystalline water
oss produced when FGD gypsum samples were dried at 105 ◦C.
s was mentioned before, the crystalline water loss correspond-

ng to the transformation of gypsum into bassanite theoretically
ccounts for 15.7% of the initial gypsum mass. Hence, all the
ass loss produced when FGD gypsum is dried from 60 ◦C to

05 ◦C is attributable to the removal of the crystalline water
ecessary for gypsum to be transformed into bassanite, since
o significant differences were found between both values.

herefore, it could be concluded that, in order to properly deter-
ine the MC and DR of FGD gypsum, the drying process

hould be performed at temperatures below which the transition
ypsum–bassanite starts; a temperature of 60 ◦C seems suitable
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o totally remove moisture content from FGD gypsum while
eeping crystalline water.

.3. Leaching tests

.3.1. Environmental characterisation of FGD gypsum
Table 1 shows the leachable contents in FGD gypsum for

ll the elements of environmental concern considered in the
ouncil Decision 2003/33/EC derived from both the leach-

ng tests performed taking into account the dry mass of the
aterial dried at 105 ◦C, as the standard EN-12457-4 estab-

ishes, and the dry mass of the material dried at 60 ◦C (the
eported contents represent mean values). All the leachable
ontents determined following strictly the standard EN-12457-
remained below the required limit values for wastes to be

ccepted at landfills for non-hazardous wastes (also indicated
n Table 1), therefore, regarding the leachable content of inor-
anic constituents, FGD gypsum could be disposed of in such
andfills, following the additional stated dispositions (e.g., non-
azardous gypsum-based materials should be disposed of only in
andfills for non-hazardous wastes in cells where no biodegrad-
ble waste is accepted). Anyway, the leachable contents of some
f them, namely fluoride and sulphate, were very close to the
entioned limit values, what could risk the classification of this
aste as acceptable at landfills for non-hazardous wastes. Mea-

ures to control their leaching from FGD gypsum when disposed
f should be undertaken, especially in the case of fluoride, given
hat the Council Decision 2003/33/EC allows the use of the TDS
total dissolved solids) value (60,000 mg kg−1) alternatively to
hose for sulphate and chloride, what could allow higher sulphate
eaching concentrations. The minimisation of fluoride leaching
hen FGD gypsum is disposed of has already been recently sub-

ect of study [18], pointing out the concern brought about by this

ew environmental issue.

Nevertheless, when the leachable contents in FGD gypsum
ere derived considering the dry mass of the material dried

t 60 ◦C such contents were found to be generally lower. This

s
a
a

able 1
eachable contents in FGD gypsum at different drying temperatures (105 ◦C and 60
astes

onstituent FGD gypsum (105 ◦C)
(mg leachable kg−1 dry matter)

FGD g
(mg le

s 0.060 0.055
a 0.272 0.262
d <0.001 <0.00
r <0.001 <0.00
u 0.015 0.015
g <0.001 <0.00
o 0.042 0.035
i 0.078 0.073
b <0.001 <0.00
b <0.001 <0.00
e 0.439 0.412
n 0.030 0.029
hloride 341 273
luoride 144 134
ulphate 19,510 18,570
ous Materials 153 (2008) 544–550 547

nding becomes particularly relevant for those elements risking
he characterisation of FGD gypsum as acceptable at landfills for
on-hazardous wastes when their leachable content is derived
onsidering the dry mass of the material dried at 105 ◦C, as
he standard EN-12457-4 establishes. In this aspect, and as is
hown in the present study, fluoride is an element of interest. In
ddition, other toxic elements should be considered, especially
elenium. This element has been reported to be removed in a high
roportion from flue gas in the absorber by the formation of FGD
ypsum [19,20], and its leachable content could be considered
o be in the intermediate-upper range when comparing it with
he limit value allowed to characterise a waste as acceptable at
andfills for non-hazardous wastes.

Several aspects must be born in mind to explain the difference
etween the leachable contents in FGD gypsum derived at both
emperatures (60 ◦C and 105 ◦C), all of them consequence of
he wrong MC and DR determination at 105 ◦C. Firstly the L/S
atio employed when leaching tests are carried out considering
he dry mass of the material dried at 105 ◦C is not 10 l kg−1 dry
atter, but actually 8 l kg−1 dry matter, as calculated from the

ollowing equation:

= [

(
L

S

)
MD − (MW − MD)] (4)

here the actual MD, that derived at 60 ◦C, was considered; this
spect could influence the leaching behaviour of FGD gypsum
s will be shown in the latter section. Secondly, when calculating
he leachable contents of constituents in FGD gypsum from their
oncentrations in the leachates, a factor of 10 l kg−1 is being
onsidered when it is actually 8 l kg−1.

.3.2. Effect of L/S ratio in the leaching behaviour of FGD
ypsum
Fig. 2 shows the concentrations (�g l−1 or mg l−1) of con-
tituents of environmental concern present in the leachates
rising from the leaching processes of FGD gypsum performed
t different L/S ratios taking into account the actual MC and DR

◦C) and limit values for wastes to be accepted at landfills for non-hazardous

ypsum (60 ◦C)
achable kg−1 dry matter)

Limit value
(mg leachable kg−1 dry matter)

2
100

1 1
1 10

50
1 0.2

10
10

1 10
1 0.7

0.5
50

15,000
150

20,000
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alues (those derived when the FGD gypsum drying process
as performed at 60 ◦C). The corresponding leachable con-

ents (mg kg−1) in FGD gypsum derived from the concentrations
resent in such leachates are also shown in Fig. 2.

i
c
d

ig. 2. Leached concentrations from FGD gypsum (�g l−1 for As, Ba, Cu, Mo, Ni,
ypsum (mg kg−1) at different L/S ratios considering a drying temperature of 60 ◦C (l
0.1 �g l−1)).
ous Materials 153 (2008) 544–550
Leaching from FGD gypsum mainly depends on the solubil-
ty of their chemical components. Ideally, solubility-controlled
onditions result in concentrations in the leachates indepen-
ent of the L/S ratio [20], but dealing with complex systems,

Se and Zn and mg l−1 for Cl, F and sulphate) and leachable contents in FGD
eached concentrations of Cd, Cr, Hg, Pb and Sb were below the detection limit
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s is the case of the by-product subject of study, and with
oncentrated systems, as those here, the actual behaviour dif-
ers from that expected for ideal conditions. Thus, in general,
he element concentrations in the FGD gypsum leachates are
aised with the increasing solid content (or with the decreasing
/S ratio). Therefore, as was suggested in the previous section,

he L/S ratio influences the leaching behaviour of FGD gyp-
um. Nevertheless, in spite of the fact that the concentrations
eached (�g l−1 or mg l−1) from FGD gypsum decrease with
he L/S ratio increase, the leachable contents (mg kg−1) in FGD
ypsum become higher with the L/S ratio increase, as a con-
equence of the dilution of waste material with the leaching
olution. Hence, lower leachable contents are found at a L/S
atio of 8 l kg−1 dry matter than at L/S ratio of 10 l kg−1 dry
atter. However, when leaching is performed following strictly

he standard EN-12457-4 higher leachable contents are derived,
ven if the actual L/S ratio employed in this leaching test is
l kg−1 dry matter. This happens because when following the

tandard EN-12457-4 the leachable contents of constituents in
GD gypsum are calculated from their concentrations in the elu-
tes considering a factor of 10 l kg−1, being actually 8 l kg−1.
herefore, the wrong FGD gypsum MC and DR determination
t 105 ◦C, as established by the standard EN-12457-4, makes
verestimate leachable contents in FGD gypsum in relation to
hose determined taking into account the actual moisture con-
ent (that derived at 60 ◦C). Concerning the elements risking
r susceptible of risking the characterisation of FGD gypsum
s a waste acceptable at landfills for non-hazardous wastes,
amely fluoride and selenium, an overestimation in their leach-
ble contents about 7% is found. This could lead to more strict
nvironmental requirements for FGD gypsum for its disposal
n landfills when compared with other by-products not losing
rystalline water during the moisture content determination at
05 ◦C.

. Conclusions

The moisture content determination at 105 ◦C, as the stan-
ard EN-12457-4 establishes, turned out to be inappropriate for
GD gypsum, since at this temperature gypsum transforms into
assanite, and so, in addition to moisture content, crystalline
ater is removed. This wrong determination leads to overvalue

he moisture content of FGD gypsum (about 16%), in correspon-
ence with the crystalline water loss produced when gypsum is
ried at 105 ◦C. As a consequence, in the leaching test performed
ollowing strictly the standard EN-12457-4 two mistakes are
ncluded, these are, the L/S ratio employed in the leaching test
s not 10 l kg−1 dry matter, but actually 8 l kg−1 dry matter, and
hen calculating the leachable contents of constituents in the
GD gypsum from their concentrations in the leachates, a factor
f 10 l kg−1 is being considered when it is actually 8 l kg−1. The
onjugation of these two factors makes overestimate in general
he leachable contents in FGD gypsum. Particularly the leach-

ble contents of elements risking or susceptible of risking the
haracterisation of FGD gypsum as a waste acceptable at land-
lls for non-hazardous wastes, namely fluoride and selenium, are
verestimated about 7%. This could lead to more strict environ-

[

ous Materials 153 (2008) 544–550 549

ental requirements for FGD gypsum for its disposal in landfills
hen compared with other materials not losing crystalline water

t 105 ◦C.
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