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ABSTRACT
An extensive characterization and comparative study was done on two flue gas
desulfurization (FGD) residues derived from the same coal. LR residues
(originated from Loire/Rhne in the south of Lyon, France) are obtained after
a “primary desulfurization” process (S@ trapped by reaction with CaO at
a temperature of about 1100°C), and LM residues (originating from La Maxe,
near Metz in the east of France) are obtained after an additional “secondary
desulfurization” process (S{Os removed further by reaction with Ca(O}-t
a temperature of about 120°C). Various and complementary investigation
methods were used to determine their chemical, physical, and mineralogical
properties: x-ray fluorescence and diffraction, scanning electron microscopy,
differential scanning calorimetry, thermogravimetry analysis, granulometric
distribution, pycnometric density, BET specific surface area and pH, conduc-
tivity measurements, and chemical analysis of their insoluble fraction. The
FGD residues contain basically two main components: a silico-aluminous fly
ash part and calcic FGD phases. In the LR residues the two components can
be considered as independent, whereas they are linked in the LM residues
because chemical reactions have occurred, leading to the formation of silico-
calcic gel CSH, hydrated aluminate AFm, and AFt phas@s1998 Elsevier
Science Ltd

Introduction

Over the last few decades, environmental legislation has forced electricity producers using
coal combustion in power plants to equip their installations with flue gas desulfurization
(FGD) systems to reduce the quantities of sulfur dioxide emitted into the atmosphere.
Therefore, since 1992 the Loire/Rings (LR, situated in the south of Lyon, France) and La
Maxe’s (LM, situated in the north of Metz, France) power plants, both belonging to EDF
(Electricitede France), have been equipped with what is called a “primary desulfurization”
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system. It is based on injection of hydrated lime or pulverised limestone, at about 30 m above
the heart of the furnace. The LM power plant also is equipped with an additional system,
which consists of a “secondary desulfurization” system situated downstream of the boiler.
Water and hydrated lime are injected at a temperature of about 120°C. This system is a pilot
installation that treats only 7% of the fume.

Both samples studied here originated from the same bituminous coal, which contains about
0.9 wt% of sulfur (ratio Ca:S= 4.5).

Primary desulfurization is based on the following chemical reactions, occurring at a
temperature of about 1100°C: limestone decarbonation, G&&® + CO,, followed by
lime sulfatation, CaCt+ SO, + ¥20, — CaSQ. The desulfurization process is known to be
economical, because it can be installed easily on existing plants. The efficiency of “primary
desulfurization” is about 50%. The FGD residues collected after this treatment consist of fly
ash mixed with FGD phases.

Secondary desulfurization allows desulfurization efficiency to increase to 90% and is
based on reactions occurring at a lower temperature: (I20°C) than primary desulfuriz-
ation and in a moist atmosphere. Thus, sulfur dioxide is “trapped” by calcium hydroxide to
produce calcium sulphite hemihydrate and gypsum, according to the reactions: GafOH)
SO, — CasQ0.5H,0 + ¥2H,0 and Ca(OH) + SG, + %20, + H,0 — CaSQ:2H,0. The
residues ashes collected after this treatment differ because of their high hemihydrate con-
centration.

Silico-aluminous fly ashes, the usual ash from power plants, but which are not treated by
a primary or secondary desulfurization process, long have been extensively used in the civil
engineering field. They are used mainly in concrete or clinker extender and in road building.
There have been numerous studies of clinker or cement containing up to 60 wt% of
silico-aliminous fly ashes (1-5). Mineralogical properties of such ashes are well known
(6—17). They contain mullitex-quartz, magnetite, hematite, and a vitreous phase.

As desulfurization is a relatively new process, only a few studies dealing with primary
FGD residues originating from France (18,19) or the United States (20,21) have been
published (the equivalent of such residues in the US are called LIMB residues, as they are
formed by limestone injection multistage burner technology, or Sorbent injection residues).
It is known that primary FGD residues can be considered a blend composed of silico-
aluminous fly ashes, lime, calcite, and calcium sulphate and have cementitious properties.

Moreover, to our knowledge, the secondary FGD residues issued from the new experi-
mental process applied only in a pilot installation at La Maxe in France have no foreign
equivalent among the various residues issued from the “clean coal technology” reported in
the literature. A work concerning silico-sulfited residues, produced in a German power plant,
has been published (22). Their utilisation in cements concrete is discussed.

The aim of this work was to study the influence of desulfurization processes (primary and
secondary) on the physical, chemical, and mineralogical properties of these residues. The
second wet and low temperature process could result in important changes, as it is applied to
primary FGD residues already having cementitious properties. For this purpose, two different
samples of desulfurization ashes were studied: the LR sample, from LoiregRhpower
plant, desulfurization with the primary process, and the LM sample, from La Maxe’s power
plant, desulfured with a primary and an additional secondary process. It is useful to point out
that the LM and LR residues are sampled immediately before being conditioned with water
to prevent dusting during transportation or storage. Complete characterization of the LR and
LM residues was made using various and complementary techniques: x-ray diffraction
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TABLE 1
Density and surface specific area in LR and
LM samples.

LR sample LM sample

Density (g/crr) 2.50 2.27
Specific surface area {ify) 3.34 11.88

(XRD), x-ray fluorescence, scanning electron microscopy (SEM) linked with EDS analysis,
thermogravimetry (TGA) and differential scanning calorimetry (DSC) for determination of
hydrated phases, BET for surface specific area measurements, conductivity measurements,
and chemical analysis of the soluble fraction of the residues.

Experimental Procedure and Results

Description of the Samples

The analysed samples have the usual aspect of desulfurization ashes: a grey powder, with
white grains of calcite or lime and small black particles of unburned coal. The main
difference between the LR and LM samples is the presence in the latter of agglomerates of
grains, which can be several millimetres in size. The grains form during the secondary
desulfurization process, in which the wet conditions favour hydration reactions among the
different components. The granulometric distribution (not shown here) was determined by a
laser granulometer (CILAS type). They are not very different: the median diameter of the
particles, R, is 20 and 25.m in LR and LM samples, respectively.

Physical Properties

The density of the samples was determined by the pycnometric method using decaline
(deca-hydronaphthalep, = 0.8791 g/cm at 30°C) as reference. Specific area was deter-
mined by BET measurements. The results are reported in Table 1. Interestingly, the densities
are similar, whereas the surface specific area of LM sample is much higher than that of LR.

X-ray Fluorescence

The chemical composition of the two samples was determined by x-ray fluorescence and is
reported in Table 2. The concentration sum of oxides ${SKD,O; and FgO;) has a value
of 34.7 wt% and 49.4 wt% in the LR and LM fly ashes, respectively. They differ from class
C fly ashes because their high calcium content is due to the desulfurization process and not
because of the nature of the source coal. They also differ in having highgc@@ents.

The weight loss at 110°C corresponds to free water. It shows that the LM sample contains
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TABLE 2
Chemical composition of FGD residues obtained by
x-ray Fluorescence.

LR sample LM sample

Elementary oxides (Wt%) (Wt%)
Sio, 18.0 27.3
AlL,O, 12.2 17.0
Fe,Oq 4.5 5.1
K,0 1.7 1.3
MgO 1.8 1.8
Na,O 0.07 0.15
TiO, 0.03 0.68
P,Og 0.03 0.26
Mn,O4 0.07 0.10
Cr,0, 0.02 0.02
CaO 41.2 19.4
SG, 3.8 5.4
Loss on ignition at 975°C 15.4 21.4
Total 98.8 99.9
Loss on ignition at 105-110°C 0.0 5.0
Free lime Leduc* 22.9 15

(CaO + Ca(OHy),)

* Chemical analysis of free lime (CaO or Ca(Qjpy Ca&*
complexion with a 10% saccharose, (8,,0, ;) solution (1 g of
powder in 100 mL of 10% saccharose solution). Titration by HCI
acid using phenolphthaleine as an indicator.

5 wt% free water, resulting from the secondary desulfurization, whereas the LR sample
contains no measurable free water.

The weight loss at 975°C corresponds to the loss of water chemically bonded in hydrated
compounds, C@loss due to decarbonation of the calcite, and the combustion of unburned
coal particles. The weight loss value is greater for the LM sample (21.4 wt%) than for the LR
sample (15.5 wt%), which indicates that the hydration and or carbonation reactions are most
important in the LM sample.

From Table 2, it can be deduced that the calcic FGD phases plus the unburned coal
particles represent 60.4 wt% and 46.2 wt% in the LR and LM samples, respectively.

XRD

X-ray powder diffraction patterns were measured on a goniometer with Bragg-Brentano
geometry, using filtered CaK (A = 1.7889 A) radiation. The diffraction patterns were
analysed by the DIFFRAC-AT program (23), which included phase identification using the
ICDD Powder Diffraction File data base. Powder patterns (selected data range®8<

54°) of the LR and LM samples and of only the silico-aluminous parts of these ashes, which
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FIG. 1.
X-ray powder pattern (Co&) (A) of LR and B8) LM samples.

were separated by washing with the following procedure, are shown in Figure 1. To remove
the desulfurization fraction from the FGD residu2gy of powder is washed in abba L of
an aqueous HCI solution (I6 M). The washed powders then are dried and checked by
XRD. They did not contain any residual calcic phases. In this experiment, calcite and
hannebachite are dissolved completely by acid—basic reaction with the aqueous acid solution.
Gypsum and anhydrite, with solubilities of 2.4 and 2.1 g/L (24), can be removed easily.

The silico-aluminous part of the residues clearly shows the hump characteristic of the
glass, of which the maximum is situated at 28°. It corresponda tl value of 3.70 A,
indicating that the amorphous phase is constituted mainly by network-forming oxidgs SiO
and ALO; (14).

The crystalline phases in the silico-aluminous part of both samples are those usually
encountered in class F fly ashes: mullite, a-quartz, magnetite, and hematite. To increase the
concentration of the intergrown iron phases, magnetite and hematite, magnetic separation
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TABLE 3
XRD parameters and mineralogical composition of the
silico-aluminous part of the FGD residues.

Theta
Phases (CoK,) hkl AIR  Wit%
a-Sio, 15.55 101 111 8.7
AlgSi 0,4 19.40 220 0.13 24.7
Fe0, 17.60 220 0.37 4.0
Fe,O,4 19.40 104 0.40 0.6
Vitreous phase — — — 62.0

with a super permanent magnet in water was done. QXRD analysis by the “full matrix
flushing” method previously described (25) was performed, using silicon as an internal
standard (reflection (111) att2= 33.2°), on a powder diffraction pattern of the whole
silico-aluminous part and on the powder containing the iron phases only.

The method used here is based on the determination of analytical intensity ratio (AIR)
previously described (26,27). A ratio of intensity of a chosen peak of the analyte to a chosen
peak of the internal standard is determined from a reference melt of 50 wt% of pure phase
to analyse and 50 wt% of standard. The use of silicon as standard allows one to avoid
overlaps with peaks of the analyte. The AIR method can be considered quantitative, as
opposed to a semiquantitative method (reference intensity ratio). The AIR of each
analysed phase, the corresponding XRD parameters, and the resulting composition are
listed in Table 3.

The results for both LR and LM samples led to the following composition, recalculated to
the silico-aluminous part, for LR and LM samples: $iQuartza) 8.7%, AkSi,O, 5 (mullite)

24.7%, FeO, (magnetite) 4.0%, E©; (hematite) 0.6%, and vitreous phase 62.0%.

The remaining crystalline phases largely represent the FGD fraction of the residues. The
LR sample contains calcite, calcium oxide, and anhydrite. The LM sample contains calcite,
anhydrite, gypsum, and hannebachite (sulfite hemidydrate) but not free lime.

pH and Conductivity

pH and conductivity were measured as various mixtures of FGD residues in demineralised
water. The resulting curves for both samples (LR and LM) are shown in Figures 2A and 2B.

The pH curves (Fig. 2A) indicate that the LR sample is significantly more basic. The pH
of 12.6 in the LR sample is fixed by the free lime Ca(@H)he pH of 10.0 in the LM sample
is fixed by CaCQ, CaSQ-2H,0, minor Ca(OH) (not seen by XRD but detected by TGA
and DSC, as described following), and the pQ@air.

The conductivity of both LR and LM samples increases with the solid:water ratio without
reaching a constant value contrarily to the pH curves. This behaviour is dependent on the
solubility of the most soluble calcic phases contained in the samples. Their solubility values
(24,28) (CaSQ s= 3.4 g/L at pH 12.6 in LR sample,s 1.4 g/L at pH 10.0 in LM sample;
CaSQ-2H,0: s = 0.9 g/L and CaGl = 977.0 g/L at pH 10 in LM sample), and their
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FIG. 2.
pH (A) and conductivity B) of the LR and LM fly ashes as a function of the concentration.

concentrations (Table 4) show that even for a solid:water ratio of 1:100, saturation of the
solutions is not reached.

The conductivity (Fig. 2B) is significantly higher in the LR than in the LM sample,
indicating more significant solubility in the former than in the latter. The soluble fraction of
a solution containing 10g/L of fly ashes was dried and weighed. The fraction extracted was

TABLE 4
Mineralogical composition of the LR and LM samples.
Loire/Rhtne’s La Maxe’s
sample sample

Phase (conc. wt%) Techniques used (conc. wt%) Techniques used
CaO 21.0 Leduc 0.0 —
Ca(OH), 25 Leduc+ TGA 2.0 Leduc
CaCQ, 27.9 TGA+ XRF 14.3 TGA
CaSQ 6.5 (6.4) XRF+ (chem. anal.) 6.1 XRH- chem. anal.
CaSQ:2H,0 0.0 TGA 3.3 TGA+ chem. anal.
CaSQ;0-5H,0 0.0 TGA 2.7 (3.0) TGA+ (chem. anal.)
Sio, 3.2 QXRD 4.7 QXRD
ASS, 9.2 QXRD 135 QXRD
Fe,0, 15 (2.4) QXRD 2.2 (2.6) QXRD
Fe,0, 0.4 QXRD 0.5 QXRD
Coal particles 5.3 TGA 3.3 TGA
Vitreous phase 22.9 QXRD 335 QXRD
AFt phases 0.0 — el TGA, SEM, DSC
CSH 0.0 — €2 TGA, SEM, DSC
AFm phases 0.0 — €3 TGA, SEM, DSC
CaClL-2H,0 0.0 — 4 Chem. anal.

€l +¢e2+€e3=10.0
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reaction on the surface of spheres chloro-CSH
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FIG. 3.
SEM photographsA) and corresponding EDS specti) (of LR (photos 1-3 and LM
samples ghotos 4-3.
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found to be greater in the LR (30 wt%) than in the LM (11 wt%) sample, which is in
agreement with the conductivity measurements.

SEM Observations and EDS Analyses

The LR and LM samples were observed by SEM. Photographs at various enlargements and
corresponding energy dispersive spectrum (EDS) spectra are shown in Figures 3A and 3B.

General Aspect Both samples contain characteristic spherules (photo 1, LR sample; photo
4, LM sample) of the silico-aluminous fly ash fraction and the calcic FGD phases. These
different components form a blend with some binding in the LM sample but very little
binding in the LR sample.

Detailed Aspect

LR Sample The silico-aluminous fly ash is clearly isolated (spheres on photo 2) from the
calcic FGD phases CaO, Cag@nd CaSQ (photo 3). This confirms what was seen at lower
enlargement. The surface of the spheres are intact (photo 2), indicating that the silico-
aluminous fly ash is not attacked during the primary desulfurization process.

LM Sample All the observations support the premise that the LM sample is a multicom-
ponent system more complicated than the LR one. The silico-aluminous fly ash is embedded
in a phase (photo 5) with a geometrical shape that is not very well defined. An EDS analysis
on the point marked “B-" shows that this phase contains calcium, silicon, aluminium, sulfur,
and, in lower quantity, chlorine and potassium. This could be a chloro-CSH gel containing
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DSC curves of the LR and LM fly ashes.

many impurities. Hexagonal-like plates (photo 6) have the characteristic shape of calcium
aluminate hydrate crystals. An EDS analysis of such a crystal (at pejnindicates a
calcium- and aluminium-rich compound, but also a high chlorine content. This compound
could be calcium monochloro-aluminate hydrate (29). Although it is crystallised, it was not
detected by XRD because of its apparently low concentration.

Needle-like crystals (photo 7) contain calcium, aluminium, sulfur, and chloride elements.
These could be crystals of a chloro-ettringite. Such a compound has been observed in
Portland cement when attacked by Ca(9). The spherules are surrounded by a granular
film (photo 8) and embedded in an amorphous gel (at pe)rtontaining mainly calcium and
silicon, but also a significant quantity of chloride. It could be a “chloro-CSH” similar to that
observed by Diamond (30) with a characteristic reticular shape clearly visible in photo 9.

DSC Measurements

DSC over a temperature range-6100°C to+600°C and a heating rate of 10°C/min under
a flowing argon atmosphere was used to identify the hydrated phases contained in the
samples. The DSC curves are shown in Figure 4 for LR and LM samples.

LR Sample As expected from the SEM observations and XRD analyses, the only hydrated
phase detected in this sample is portlandite, which was not detected by XRD because it is
present at too low a quantity. Its dehydration leads to an endothermic peak at 494°C, spread
over the temperature range of 470°C to 510°C.

LM Sample The diagram of the LM sample is much more complicated than the LR one.
It must be correlated to a more complex system in LM residue. Five endothermic peaks are
detected and their assignments, when it is possible, are reported in the drawing. The sample
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TGA curves éolid lineg and the derivatives curveddshed linesof LM and LR fly ashes.

contains gypsum (peak at 140°C), hannebachite (peak at 370°C), and calcium hydroxide
(peak at 510°C). It is proposed that the peak at 80°C corresponds tg-2+(C, and the

broad peak at 120°C corresponds to chloro-CSH, AFt (ettringite), and AFm phases called
hydrated compounds in the drawing.

Chlorine contained in LM and not in LR residues originates from coal. Whereas chlorine
is trapped by water during the low-temperature secondary desulfurization process, apparently
it is eliminated into the atmosphere with remaining,2f0ring the high-temperature primary
process.

TGA Measurements

TGA was performed between room temperature and 950°C at a heating rate of 0.4°C/min
under flowing nitrogen atmosphere and used as a quantification method. The relative weight
loss, and the derivative curves, due to the reactions of dehydration and decarbonation are
reported as a function of temperature in Figure 5.

LR Sample The weight loss of 0.6% at 400°C corresponds to the dehydration of 2.5 wt%
of Ca(OH),. The gain weight in the temperature range 400°C to 600°C is noteworthy and
needs some explanation. Carbon dioxide is formed by the reaction of the unburned coal
particles and the di-oxygen present in very small quantity, even in a normally very pure N
atmosphere. It is proposed that the weight gain comes from the carbonation of free-lime CaO
by the newly formed CQ TGA measurement was stopped at 550°C, and the increased
content of calcite and disappearance of CaO were verified by XRD (not shown here). The
weight loss of 17.6% between 650°C and 700°C corresponds to the decarbonation of calcite
CaCaQ,. No signal corresponding to combustion of coal particles appears, indicating that the
whole carbon fraction was transformed into £@hen captured by CaO.

LM Sample As expected, the curve obtained is more complex than that of the LR sample.
Five temperature domains that are emphasised by the derivative curve can be separated.
Between 25°C and 95°C occurs the elimination of slightly bonded water from hydrated
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compounds (AFt ettringite, AFm phases, and CSH: see DSC). Between 95°C and 120°C the
dehydration of gypsum occurs. The observed weight loss of 0.7% corresponds to dehydration
of 3.3 wt% of gypsum.

The weight loss observed between 320°C and 670°C also leads to some quantitative
results. The weight loss of 0.19% over the temperature range 320°C to 380°C corresponds to
the dehydration of 2.7% of calcium sulfite hemihydrate, and those observed in the temper-
ature range 500°C to 670°C to the decarbonation of 14.3 wt% of calcite and to the elimination
of 3.3 wt% of “nonburned particles.”

Chemical Analyses of Anions

Sulfate and sulfite concentrations were determined by gravimetry. The method consists of
precipitation of sulfate ions with Ba* (BaCl,) into BaSQ, which then was dried and
weighed. Determination of the sulfite concentration needed an additional step: oxidization of
the sulfite into sulfate by hydrogen peroxide. Then, the total sulfur species, sulfate, and sulfite
can be determined. The sulfite concentration was determined by difference. The result was
that the LR ashes contain 6.4 wt% of CaS@he LM ashes contained 3 wt% of sulfite
(CaSQ-0.5H,0), in agreement with the value of 2.7 wt% obtained by TGA, and 8.7 wt% of
sulfate (CaS@and CaSQ2H,0).

The quantity of chloride was determined by precipitation of AgCl by addition of AGNO
(10~ *M). The equivalent point is determined by potentiometry at current zero on a silver
electrode. Before the equivalent point, the measured potential is of the A4¢| system.

After the equivalent point, when there is no chloride in solution, the potential is that of the
Ag " IAg | system. Thus, based on the assumption that the chlorides are contained totally in
the calcium chloride hydrated compound, it is determined that the LM sample contains less
than 4 wt% of CaCGt2H,0.

No chloride was detected in the LR sample.

Mineralogical Composition

Earlier quantitative measurements, QXRD, x-ray fluorescence, TGA, and chemical analysis,
led to the mineralogical composition of both samples summarised in Table 4. LR sample
contains 63 wt% of calcic FGD phases (which includes some amount of unburned coal
particles). This value, close to that deduced by x-ray fluorescence results (61 wt%), shows
that CaO, Ca(OH) CaCQ, and CaSQ are the only calcic phases present in this sample.

The calcic FGD phases in the LM sample (Ca(@HFaCQ,, CaSQ, CaSQ-2H,0,
CaSQ:0.5H,0, and CaCt2H,0) plus the unburned carbon sum to only 36 wt%, whereas the
value estimated by x-ray fluorescence was 46 wt%. The difference of 10 wt% represents the
hydrated compounds, CSHK1(wt%), AFt €2 wt%), and AFm €3 wt%) detected by SEM,
TGA, and DSC.

The LM fly ashes, a more complicated system than the LR fly ashes, contained nine
different calcic FGD phases, six of which are well quantified.
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Discussion

The FGD residues are complex systems. In the LR fly ashes (primary desulfurization), 10
different phases are detected; in the LM (secondary desulfurization), 15 phases were de-
tected.

QXRD analyses with internal standards were used for determining the mineralogical
composition of the noncalcic fly ash part of the residue. Indeed, mullitgjartz, and iron
oxides can be isolated easily by washing out the more soluble calcic phases and give
well-defined Bragg peaks. Hematite (present at very low proportion and embedded in
magnetite) concentration was determined after isolating the magnetic phase. The QXRD
technique used here allows one to deduce the vitreous phase by difference.

TGA analysis was quantitative for calcite (Cag)Qgypsum (CaS©2H,0), hannebachite
(CaSQr0.5H,0), free lime (Ca(OH)), and for nonburned carbon.

Chemical analysis of agueous solutions allowed determination of the proportion of anhy-
drite (CaSQ) in LR ashes. The relative proportion of gypsum, hannebachite, and anhydrite
in LM ashes was determined by three complementary techniques: x-ray fluorescence, chem-
ical analysis, and TGA.

The Leduc method for determining free lime (Ca©Ca(OH),) is completed by TGA
analysis (Ca(OH).

The proportion of CaGI2H,0 was determined easily by analysing chlorides in aqueous
solution.

Hydrated CSH, AFm, and AFt phases were detected by TGA, DSC, and SEM but are not
quantified separately. They represent about 10 wt% of the LM residues.

As shown by the analyses just described, the LM and LR FGD residues are quite different
with regard to their physical, chemical, and mineralogical properties. It is very important to
understand the influence of the primary and secondary desulfurization process when attempt-
ing to use these FGD residues in the civil engineering domain (e.g., building of roads,
admixtures to cement), as is the case for the classic silico-aluminous fly ashes.

The highest conductivity and, consequently, the highest solubility were observed in the
solutions made with LR sample. These properties vary with the concentration of free lime in
the samples (21.0 wt% CaO, 2.5 wt% Ca(QHf) LR, and 2.0 wt% in LM samples). The
silico-aluminous fraction is not soluble in water. The highest solubility of the LR sample
suggests that this sample would have better cementitious properties than the LM one.

The relative proportion of FGD calcic phases containing tota) &aSQ-2H,0, CaSqQ,
CaSQ-0.5H,0) represents 10.3 wt% and 26.3 wt% of the calcic part (which also includes
CaO, Ca(OH), CaCQ) in the LR and LM residues, respectively. This shows clearly the
efficiency of the secondary desulfurization.

The concentration of CaCQn the “calcic part” is high in both samples, 44.3 wt% and
31.1 wt% in the LR and LM sample, respectively. It probably means that the added
pulverized limestone was not decarbonated completely during the primary desulfurization
process, and the added free lime Ca(@thed in the secondary desulfurization process was
carbonated by CQOcontained in the fume.

The free lime concentration is relatively high in the LR residues (37 wt% of the calcic
phases), whereas it is much lower in LM fly ashes (3.3 wt% of the calcic phases). Therefore,
the LR residue could give rise to pozzolanic reactions more readily than the LM sample. The
LR residue should have characteristics of hydraulic material.

The secondary desulfurization process leads to the formation of hydrated compounds
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usually encountered in cement paste (CSH, AFm, and AFt phases). They are present in the
LM sample at a proportion of 10 wt%, showing that hydration reactions have started during
this secondary process. Hydration reactions lead to partial hardening phenomena, as clearly
seen by the formation of conglomerates. The silicate contained in the vitreous phase of the
ash is attacked by CaO leading to the CSH formation, and the aluminate readily forms AFm
and AFt with CaO and the sulfate/sulfite phases.

The chloride detected in the LM but not in the LR sample is far from insignificant. The
chlorides originate from the coal and are trapped by water during the secondary desulfuriz-
ation process, but are carried off in the flue gas when only the primary one is applied. The
trapped quantity of chloride is high enough (4 wt% of CaZHl,O) to induce problems, and
one must be prudent when attempting to use such LM residues as extender in cement pastes.

The difference of the specific surface area, significantly higher in the LM than in the LR
sample, can be explained by the two following reasons. First, the CSH gel contained in LM
residues has a complicated morphology and, consequently, a higher surface than a crystal-
lised phase. But it probably is not the main reason, because CSH is not present in high
guantity. Second, the vitreous phase of the silico-aluminous fly ash was attacked by pozzo-
lanic reactions, inducing changes and increasing of the surface of the sphere, as shown by
SEM photographs. That could be the main reason for the increase of specific surface area in
LM residues compared to the LR residues.

Conclusion

We showed that the FGD residues from a primary desulfurization process and the residues
from an additional secondary desulfurization process have different physical, chemical, and
mineralogical properties. The changes observed in the LM residues compared to the LR
residues are well explained by the reactions occurring during the secondary desulfurization
process, mainly, the pozzolanic reactions, leading to new calcic phases (AFm, AFt, CSH),
which involved attack on the vitreous phase in the silico-aluminous fly ash.
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