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bstract

Valorization of phosphogypsum as mineralizer in the burning of Portland cement clinker was studied in our laboratory. X-ray fluorescence,
ptical microscope technique and powder X-ray diffraction were then used to characterize the synthesized clinker and its raw mixture in terms
f chemical composition and clinker mineralogical composition. The effects of phosphogypsum on structural and morphological properties of
linker minerals and on the presence of alite were followed by scanning electron microscopy combined with microprobe analysis. The addition of
hosphogypsum to the cement raw mixture shows that the burning temperature decreases and therefore improves the production process of clinker.
he addition of 10% phosphogypsum permits a complete clinkerization at low burning temperature (1200 ◦C), instead of 1470 ◦C, which increases
he cement factory efficiency by 25% and extends the service life of furnace fire brick. Structural and morphological analysis of clinker produced
nder the new conditions show that phosphogypsum preserve perfectly the crystalline structure of silicate phases, which leads to the improvement
f physical and mechanical properties of cement.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Mineralizers are inorganic compounds which accelerate the
rocess of reactions in solid phase, liquid phase and solid–liquid
nterface [1]. They lead to major impacts on the determination of
urning zone, the composition and formation of clinker minerals
2,3].

The effect of different mineralizers on the decrease of burn-
ng temperature of Portland clinker was the object of many
esearches. Fluorosilicates improve the chemical activity of
linker mixture minerals and accelerate the reactions of clink-
rization at low temperatures (1300–1350 ◦C) [4,5]. Fluorides,

ccording to different authors [6–8], have also a favorable action
n the formation of clinker minerals by decreasing the thermal
nergy consumption. Various researches related to the study of
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xides effect on the decrease of clinker burning temperature.
lkaline oxides, alkaline-earth oxides and heavy metal oxides,

ccording to their percentage in the mixture and their nature, act
ifferently on the clinker formation reactions [9–15]. Chlorides,
arbonates, sulfates and phosphates present also an adequate
ineralizer effect on the clinker formation [16–19].
The effect of these mineralizers on the clinker properties was

lso studied by many researchers [20–42], which determined the
nfluence of mineralizers on chemical, mineralogical, structural,
extural, mechanical and physical properties of clinker minerals.

The mineralizer effect of previous pure compounds led the
esearchers to study industrial wastes containing proportions of
uch mineralizers studied above. They tested the effect of some
ndustrial pollutant wastes on burning temperature of clinker and
heir effect on the cement properties, like blast-furnace slag [43],
y ash [44], borogypsum [45], fluogypsum [44] and phospho-
ypsum [46–53].
Phosphogypsum is a by-product of the fertilizers industry,
btained by etching natural calcium phosphates by sulfuric acid.
n this process, the residue is a dihydrate calcium sulfate (phos-
hogypsum) containing different impurities (Co, V, As, Cu, Cr,
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b, Ni, Hg, Cd, F and PO4), often toxic, found in the raw mate-
ials or produced during the treatment. Its elimination creates a
erious problem, which increases with the production increase.

In Algeria, there are two major processes to dispose of phos-
hogypsum: pouring it into the sea or rivers and burying it. Both
rocesses cause great environment problems and pollution risks
f phreatic surface-water table, vegetable soil, rivers and seawa-
er.

In this work, the valorization of phosphogypsum in the
ement production is studied. Its influence on the burning tem-
erature of clinker, produced in laboratory using Algerian raw
aterials (limestone and marl), was examined. The effect of

hosphogypsum on clinker minerals and hydraulic properties of
he cement derived from this new clinker was also determined.

. Experimentation

.1. Sample preparation

The development of clinker formation was followed mainly
n the basis of free lime (CaO) contained in burnt samples. It is
he most used procedure so far because calcium oxide, initially
ormed by dissociation of CaCO3, is gradually consumed to give
linker phases. The formation of the latter will be complete when
ree lime content tends to zero.

To prepare 6 g of mixture, 1–10% of phosphogypsum (PG)
as added to the laboratory raw mixture (ML), prepared from

imestone and marl (Table 1), according to the raw calculation.
fter homogenization in a mixer during 20 min, the mixture
as introduced into a platinum crucible and placed in a muf-
e furnace with a heating rate of 30 ◦C/min. The sample was
aintained at the desired burning temperature during 30 min,

hen quickly cooled by air and crushed. The burned mixture was
nalyzed by the traditional method (glycerine–alcohol), at the
aboratory of Zahana factory, according to the European standard
NE-2-1-015-1984), to determine the residual free lime content.

.2. Sample testing

The chemical compositions of raw materials, mixtures
nd synthesized clinkers were determined by X-ray fluores-

ence (PW 1404X) and the morphology by scanning electron
icroscopy, using a Philips XL30 microscope. The mineralog-

cal composition of these clinkers was determined from the
ptical microscope observations by using the polished section

X
p
i
fl

able 1
hemical composition (wt.%) of raw materials

aterial CaO SiO2 Al2O3 Fe2O3 MgO S

imestone 53.59 1.26 0.58 0.30 1.85
arl 13.86 45.70 11.39 4.88 3.79

G 31.18 0.88 0.10 0.03 0.06 4
L 43.14 10.52 3.08 2.88 2.21
ypsum 32.03 3.15 0.75 0.46 0.35 4
ozzolana 9.96 47.46 18.13 9.18 4.58

OI: loss on ignition; F.S.: fluorosilicates.
Fig. 1. X-ray pattern of phosphogypsum.

ethod. Thermal analyzer (DTA-TG) was used to study the min-
ral mixture transformations during the decarbonation process
etween 25 and 1100 ◦C.

The chemical composition of alite (3CaO·SiO2 or C3S) in
he synthesized clinkers was determined by scanning electron

icroprobe analysis on a Casting type (CAMEBAX) electron
icroscope. Crystallized phases in the clinker minerals were

dentified by X-ray diffraction with a Philips PW 1800 diffrac-
ometer equipped with a variable slit opening using the Cu K�
adiation.

Mechanical and physical tests on cements derived from this
linker were carried out according to the French standards (NF
15-431, 432, 442, 451, 461). The addition effects on the set-

ing time, expansion, density, specific area, mechanical strength
nd hydration heat of these products were determined. These
ements were prepared at the Zahana factory, in accordance with
he standardized method (NF P15-301) used in the industry, by
dding 5% gypsum and 15% pozzolana to the synthesized clink-
rs. The mineralizer effectiveness was compared to the clinker
ithout phosphogypsum (CML) and the ordinary clinker pro-
uced by the Zahana factory (COZ).

.3. Raw materials characterization

The chemical compositions of phosphogypsum (PG), raw
aterials (limestone, marl), cement additives (natural gypsum,

ozzolana) and the laboratory raw mixture (ML) determined by

-ray fluorescence are reported in Table 1. Minerals present in
hosphogypsum were identified by X-ray diffraction. As shown
n Fig. 1, PG contained gypsum (CaSO4·2H2O) and sodium
uorosilicate (Na2SiF6).

O3 Na2O K2O P2O5 F F.S. LOI

0.28 0.09 0.22 – – – 41.55
0.74 0.37 2.23 – – – 16.86
0.90 1.32 0.12 0.87 1.20 3.10 20.08
0.39 0.29 0.46 – – – 36.68
1.31 0.01 0.20 – – – 21.70
0.09 2.90 1.01 – – – 3.82
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ig. 2. Phosphogypsum effect on the clinker-free lime content at different tem-
eratures.

. Results and discussion

.1. Phosphogypsum effect on the decarbonation process

The decarbonation and the burning processes of various raw
ixtures (with and without mineralizer), expressed by the vari-

tion of free lime content versus heating temperature, are shown
n Fig. 2. The variation of free CaO content is a function of added
hosphogypsum percentage.

The free lime formation is not observed above 900 ◦C in mix-
ures containing more than 3% of phosphogypsum, although the
imestone decarbonation starts from 750 ◦C in the clinker raw
ixture [54], according to the reaction:

aCO3 → CaO + CO2

The absence of CaO is registered in spite of the strong decar-
onation, confirmed by thermal analysis (TDA-TG): high mass
oss is observed in the vicinity of 800 ◦C, which confirms the
O2 departure of the CaCO3 structure (Fig. 3).

This is explained, on one hand, by the immediate combi-

ation of lime (CaO) released by CaCO3 decomposition, with
iO2, Al2O3, Fe2O3, MgO, fluorides and fluorosilicates con-

ained in the mixture to form metastable minerals, as calcium
ilicates, calcium aluminates, calcium aluminoferrites and cal-

f
s
(
s

Fig. 3. TDA-TG pattern of ph
Materials B137 (2006) 129–137 131

ium fluosilicates [55,56]. On the other hand, calcium carbonate
an easily combine, in presence of phosphogypsum, with silica,
lumina and iron oxide, before its decomposition. Phosphogyp-
um contains sodium fluorosilicate (Na2SiF4) (Fig. 1), which
ives F− and forms calcium fluoride (CaF2). The calcium flu-
ride reacts with calcium carbonate (CaCO3) at temperatures
ower than 600 ◦C, according to the reaction [57]:

aCO3 + CaF2 → CaCO2·CaF2

Above 850 ◦C, the compound (CaCO2·CaF2) breaks up into
aO·CaF2 which combines easily with other compounds in the
ixture.
Over 900 ◦C, free lime starts to form (Fig. 2) and its amount is

ore significant in mixtures containing more phosphogypsum.
his explains the effect of this mineralizer on the decarbonation
rocess.

The reverse is noticed above 950 ◦C; free lime content in the
ixture without mineralizer is higher than in the other mixtures.
his difference is accentuated by the increase of phosphogyp-
um content in the mixture (Fig. 2). This is explained by the
ineralizer capacity to make lime combine quickly with other

ompounds in the mixture, and forms calcium silicates, calcium
luminates and calcium aluminoferrite increasingly rich in CaO.

At 1000 ◦C, the decarbonation is completed by giving high
ree lime content, which is higher in the mixtures containing
ess phosphogypsum. At this temperature, all calcium carbonate
s decomposed, which is proven by the mass loss halt in TG-
attern (Fig. 3), and part of resulting CaO is combined to form
ther minerals. The minerals formation is more significant at low
emperatures in the mixtures containing more phosphogypsum,
hich explains the weak free CaO content in these mixtures at
000 ◦C.

.2. Phosphogypsum effect on clinkerization process

The alite content in various burned mixtures was determined

rom the optical microscope observations by using the polished
ection method. Fig. 4 illustrates the variation of the formed alite
C3S) content in the mixtures containing different phosphogyp-
um contents versus burning temperature.

osphogypsum–clinker.
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Table 3
Mineralogical composition (wt.%) of studied clinkers

Clinker Burning T (◦C) Alite Belite C3A C4AF A.P.

CPG 1200 56 25 7 12 17.53
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ig. 4. Phosphogypsum effect on C3S formation at different temperatures.

Above 1000 ◦C, the free lime content starts to decrease. This
eduction is more significant when the phosphogypsum percent-
ge increases in the mixture (Fig. 2). This is due to the catalytic
ffect of the waste, which accelerates the lime combination pro-
ess and leads to the alite formation at low temperature (1150 ◦C)
Fig. 4).

As shown in Fig. 4, alite content quickly increases with
urning temperature when phosphogypsum content increases
n the mixture, and consequently, free CaO decreases (Fig. 2).
he temperature of alite complete formation, which is clinker

ormation temperature, decreases versus the phosphogypsum
ontent. Thus, for 10% phosphogypsum, the clinker contains
6% alite (Fig. 4) with a negligible free CaO content (0.4%)
t low burning temperature (1200 ◦C) (Fig. 2). This temper-
ture permits to form a clinker, rich in alite and poor in
ree lime, by addition of 10% phosphogypsum to the raw
ixture.
The clinker, containing 10% phosphogypsum, was retained

o study the mineralizer effect on its chemical, mineralogical,
tructural, morphological, physical and mechanical properties.

.3. Chemical composition of studied clinkers

The results of X-ray fluorescence chemical analysis of clinker
ith phosphogypsum (CPG), clinker without phosphogypsum

CML) and Zahana ordinary clinker (COZ) are reported in
able 2.

A reduction in the percentages of CaO, Al2O3, Fe2O3 and

ncrease in those of K2O, Na2O, SO3, are noticed in the clinker
ontaining phosphogypsum, which are due to the waste chemical
omposition and its content in the mixture.

t
a

able 2
hemical composition (wt.%) of studied clinkers

linker CaO SiO2 Al2O3 Fe2O3

PG 62.92 22.90 3.52 3.47
ML 64.77 22.43 4.76 4.20
OZ 65.24 23.16 4.55 3.92
ML 1450 54 29 7 10 20.61
OZ 1470 52 29 8 11 19.54

.4. Mineralogical composition of studied clinkers

The mineralogical composition of these clinkers was deter-
ined from the optical microscope observations by using the

olished section method. The results are reported in Table 3.
The weight percentages of clinker minerals [alite (C3S),

elite (C2S), 3CaO·Al2O3 (C3A) and 4CaO·Al2O3·Fe2O3
C4AF)] are calculated in comparison to the crystallized mass.

hile the percentage of the amorphous phase (A.P.) is given
ompared to the total mass of the sample, by using the follow-
ng Bogue method:

If the alumina modulus: AM = %Al2O3/%Fe2O3 > 1.38:

%AP = 6.1(%Fe2O3) + %MgO + %SO3 + %K2O

If AM ≤ 1.38:

%AP = 8.2(%Al2O3) − 5.22(%Fe2O3) + %MgO

+%SO3 + %K2O + %Na2O

The phosphogypsum–clinker presents the greatest alite con-
ent in spite of its low burning temperature (1200 ◦C). This
s owing to the catalytic effect of this waste containing some

ineralizers, in particular Na2SiF6 and CaSO4, known by
heir great effect on the C3S formation by solid-state reactions
21,30,47,58]. The low amorphous phase amount in CPG is due
o the low clinker burning temperature (1200 ◦C).

.5. Chemical composition of alite in the studied clinkers

Alite is the most wanted mineral in the clinker, because it
etermines the hydraulic properties of Portland cement, in par-
icular the mechanical strength. This characteristic is related to
ts structure and chemical composition. The results of the alite
hemical composition, obtained by EDAX, for different clinkers
The measured CaO/SiO2 ratio in CPG alite is smaller than
hat in COZ or CML. This is explained by the fact that in the
lite phase, there are small quantities of Na+, Mg2+ and F−,

MgO K2O Na2O SO3 P2O5

1.24 0.63 1.39 3.52 0.07
1.54 0.18 0.11 1.67 –
1.19 0.21 0.25 1.04 –
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Table 4
Chemical composition (wt.%) of alite in studied clinkers

Clinker CaO SiO2 Al2O3 Fe2O3 MgO Na2O K2O SO3 CaO/SiO2

CPG 62.67 25.45 2.24 0.51 2.34 1.93 0.25 4.61 2.46
CML 70.29 25.51 1.30 0.58 1.21 0.41 – 0.70 2.76
COZ 72.35 24.69 1.11 0.30 1.16 0.13 – 0.26 2.93
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Fig. 6. Scanning electron micrograph of CML burned at 1450 ◦C.

t
a
The alite phase in this clinker is different from 3CaO·SiO2, as
shown by the interreticular distances (Table 5). These distances
are definitely weaker in CPG than those of pure C3S or in the
Fig. 5. Scanning electron micrograph of COZ burned at 1470 ◦C.

hich induce a decrease in Ca content, but the phenomenon
f Si4+ substitution by Al3+, Fe3+ and SO3 is not clear. It is
ossible that they fill the interstices present in the alite phase.
ecause of its larger diameter (1.68 Å), Ca2+ ion gets substi-

uted by the smaller-diameter Na+ (0.98 Å) and Mg2+ (0.78 Å)
ons, and therefore reducing the alite crystal cell parameters. The
mount of SO3 solid solution in CPG alite is higher than in the
thers, which is generated by the presence of fluorosilicate in
his clinker [21,58].

.6. Characterization of clinkers by scanning electron
icroscopy

The effect of phosphogypsum on the calcium silicates (alite
nd belite) morphology was analyzed under scanning electron
icroscope. The micrographs of clinkers without phosphogyp-

um (COZ and CML) show that tricalcium silicate (alite) and
icalcium silicate (belite) are characterized by hexagonal and
ircular shapes, respectively (Figs. 5 and 6). In clinker with
hosphogypsum (CPG), this morphology is irregular (Fig. 7),
hich is due to the presence of fluorine in this clinker [2]. The

lite crystal size becomes smaller than in clinkers without min-
ralizer. This is owing to the Ca substitution by smaller ions
Table 4) and the low liquid mass formation (Table 3), which
nhibits crystals agglomeration.

.7. Characterization by X-ray diffraction

To study the effect of phosphogypsum on structural properties

f clinker, the synthesized clinkers (COZ, CML and CPG) were
haracterized by X-ray diffraction (Figs. 8–10).

The high peak intensities in the XRD pattern of
hosphogypsum–clinker (Fig. 10) confirm the adequate crys- F
Fig. 7. Scanning electron micrograph of CPG burned at 1200 ◦C.

allization of calcium silicates solid solutions, in particular the
lite phase, in spite of the low burning temperature (1200 ◦C).
ig. 8. X-ray pattern of Zahana ordinary clinker (COZ) burned at 1470 ◦C.
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Fig. 9. X-ray pattern of laboratory mixture clinker (CML) burned at 1450 ◦C.

Fig. 10. X-ray pattern of phosphogypsum–clinker (CPG) burned at 1200 ◦C.

Table 5
Main interreticular distances of alite crystal lattice in different studied clinkers

Clinker Main interreticular distances of alite (C3S)

Peak 1 Peak 2 Peak 3 Peak 4 Peak 5 Peak 6

CPG 3.0416 2.7836 2.7495 2.6163 2.6090 2.1886
CML 3.0425 2.7854 2.7517 2.6165 – 2.1924
C
P

o
b
c
d
i
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m
p
s
s
o
T

Table 7
Grindability of studied clinkers

Clinker Burning T (◦C) SSB (cm2/g) Grinding time (min)

C
C
C
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C
C
C

OZ 3.0461 2.7845 2.7575 2.6176 – 2.1924
ure C3S 3.0590 2.7883 2.7676 2.6392 2.6122 2.2153

ther clinkers (CML, COZ). This is owing to the Ca substitution
y Mg, Na or F, supported by the presence of sodium fluorosili-
ate and gypsum contained in phosphogypsum. This substitution
ecreases the CaO/SiO2 ratio in alite phase by increasing the
mpurities content in its crystal lattice (Table 4), which improves
he hydraulic reactivity of this clinker [21,59].

Belite in phosphogypsum–clinker is crystallized in �-
odification and the corresponding peaks shift from their usual

ositions (Fig. 10). This is due to the presence of fluorine and

ulfates which support the insertion of some impurities in belite
tructure [21]. �-C2S is not crystallized in this clinker, in spite
f the fluorine presence which supports this phase formation.
his is explained by the existence of SO3 that plays the role of

t
d
1
f

able 6
ain diffraction angles and peak intensities of C3A and C4AF

linker C3A

Peak 1 Peak 2

2θ (◦) I/I0 (%) 2θ (◦) I/I0 (%

PG 33.070 29.5 59.835 8.5
ML 33.240 19.9 59.910 7.4
OZ 33.170 18.6 59.915 6.5
PG 1200 3500 19
ML 1450 3500 30
OZ 1470 3500 26

-C2S structure stabilizer, in which its incorporation is higher
han in alite phase [21].

Some spots are noticed on calcium silicate crystals of
hosphogypsum–clinker (Fig. 7), due to the precipitation of SO3
iquid phase: presence of gypsum and fluoride in the mixture
22,58].

C3A and C4AF seem to be better crystallized in CPG (Fig. 10)
han in CML (Fig. 9) and COZ (Fig. 8), as deduced from their
eak intensities (Table 6). This crystallization is due to the low
urning temperature (1200 ◦C), which is close to that of the
elting temperature of these phases [21].
The main peak intensity of C3A (Fig. 10, peak at 2θ = 33.07◦)

s stronger than that of C4AF (Fig. 10, peak at 2θ = 33.79◦)
n phosphogypsum–clinker (Table 6). This is explained by the
imultaneous presence of fluorosilicate and SO3, which supports
3A crystallization [58].

The X-ray diffraction angles of C3A in CPG are lower than
hose in the other clinkers (Table 6), which is explained by
he presence of fluoride and sulfate in crystals, by forming
1CaO·7Al2O3·CaF2 or 4CaO·Al2O3·SO3 [21,22,58].

Consequently, phosphogypsum preserves the silicate phases
rystallinity of clinker produced at low burning temperatures, by
upporting the alite formation with a great number of inclusions
nd belite in the variety �, which improves the clinker hydraulic
ctivity [21,59].

.8. Effect of phosphogypsum on the hydraulic properties
f clinker cements

To study the physical and mechanical properties of selected
ements, great quantities of clinker were synthesized to carry
ut the hydration and hardening tests.

The mixture made of 80% synthesized clinker, 5% natural
ypsum and 15% Algerian natural pozzolana (Table 1), was
rushed and mixed, in accordance with the used factory method,

o obtain Portland cement (CPJ or CEM II), according to stan-
ard (NF P15-301). Then 450 g of this cement was mixed with
350 g of standardized sand and 225 g of water, to obtain mortars
or the physical and mechanical analyses.

C4AF

Peak 1 Peak 2

) 2θ (◦) I/I0 (%) 2θ (◦) I/I0 (%)

12.050 13.0 33.795 22.0
12.035 11.5 33.755 19.9
12.060 7.3 33.810 15.8



L. Kacimi et al. / Journal of Hazardous Materials B137 (2006) 129–137 135

Table 8
Physical properties of studied clinker cements

Cement of Burning T (◦C) Density (g/ml) Expansion (mm) Setting time, H (min) Hydration heat (Cal/g)

Initial Final 3 days 7 days 28 days

CPG 1200 1.13 00 5:30 7:30 56.3 81.1 94.7
CML 1450 1.24 00 3:14 4:30 71.4 75.4 92.2
COZ 1470 1.23 00 3:55 4:45 60.7 68.6 88.4

Table 9
Mechanical strength of studied clinker cements

Cement of Burning T (◦C) Flexural strength (MPa) Compressive strength (MPa)

2 days 7 days 28 days 2 days 7 days 28 days

CPG 1200 1.87 3.0 8.3 10.84 21.7 45.15
C
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ML 1450 3.50 6.25
OZ 1470 3.75 5.63

.8.1. Effect of phosphogypsum on the clinker grindability
The grindability of the produced clinkers was studied by

rinding 100 g of the material, precrushed to 1–2 mm, in a small
aboratory swing mill and by determining the grinding time to
btain clinker with a 3500 cm2/g Blaine specific area (SSB). The
esults are summarized in Table 7.

There is a great difference between the grindabilities of the
ndividual clinkers. The grindability of clinker containing phos-
hogypsum is easier than the others. This is owing to the low
morphous phase (A.P.) amount in this product (Table 3), and
onsequently the clinker porosity increases which decreases the
linker grain hardness. The decrease of grinding time is also
xplained by the presence of sufficient amount of SO3 in clinker
inerals [21,58].

.8.2. Physical properties of studied cements
Physical tests used to determine the expansion, setting time

nd hydration heat of the clinker cements, according to the
rench standards (NF P15-432), (NF P15-431) and (NF P15-
61) successively, led to the results presented in Table 8.

The hydration heat of CPG-cement evolves quickly with time.
his heat, related mainly to the content of C3S and C3A, reaches
igh values after 7 days of hydration, by comparison with other
ements (Table 8). The low hydration heat in the short time is
ue to the ettringite formation, which precipitates on the miner-
ls surface and decreases the C3S and C3A exothermic reactions
61]. This is owing to the high SO3 content in this clinker. After
days, the ettringite crystal lattice is destroyed and the clinker
inerals continue their hydration, which accelerates the heat

elease. The hydration heat becomes more significant in cement
f phosphogypsum–clinker. This is explained by the high C3S
ontent in this clinker (Table 3), the low size of its crystals
Fig. 7) and its disturbed structure, by the substitution of Ca
y Na, Mg and F, and by the insertion of other foreign elements

ike Al, Fe and S (Table 4) [21,61].

The lower density of CPG-cement is due to the low amor-
hous phase and the high porosity of phosphogypsum–clinker.
his clinker, as shown in Fig. 7 and Table 5, is characterized

4

p

7.0 16.9 33.2 43.1
7.0 16.37 30.46 42.0

y small crystals and low amorphous phase which improves the
roduct porosity.

The CPG-cement is characterized by setting time higher than
he others. This is owing to the presence of SO3 in clinker min-
rals, in particular C3A and C3S. The high presence of SO3
n calcium aluminates decreases the cement hydration, by the
ttringite formation on crystal surface [60].

On the other hand, the fast cooling of clinker obtained at
ow temperature allows the formation of crypto-crystalline C3A,
hich reacts slowly with water [62].

.8.3. Mechanical properties of studied clinkers
Because it is one of the most important properties for prac-

ical use, the strength development of cements was tested.
est specimens of mortars (40 mm × 40 mm × 160 mm) with
ater/cement ratio of 0.5 and an aggregate/cement ratio of
, according to standard (NF P15-451), were produced from
ements of studied clinkers. The results of compressive and
ending strengths are given in Table 9.

The mechanical strength of CPG-cement (compressive and
exural strengths) is lower than that of control cements at
arly ages. After 7 days, the evolution speed of these strengths
ncreases to reach values at 28 days higher than those of the
ther cements, which is in agreement with the literature [60].
his is explained by the presence of SO3 on the clinker minerals
urface, in particular C3S (Table 4 and Fig. 7), which decreases
he hydration and consequently the cement hardening, by the
recipitation of sulfoaluminates and sulfosilicates on the alite
urface. This leads to some expansion and deformation inside
ortars [48,58,60]. During the hydration process, water destroys

hese layers and the cement continues energetically its hardening
eactions, which accelerate the strength development to become
igher than this of ordinary cement.
. Conclusion

Phosphogypsum allows a complete clinkerization at low tem-
erature (1200 ◦C). It is distinguished perfectly from the usual
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mineralizers by its catalytic effect on the decarbonation and
burning processes of clinker raw mixture.

The addition of 10% of this waste in clinker raw mixture
permits to decrease the free lime content in the clinker to
0.4% for burning temperature of 1200 ◦C. The very satisfactory
result is due to the mineralogical composition of this by-product
composed of gypsum (CaSO4·2H2O) and sodium fluorosilicate
(Na2SiF6). The structural and morphological analysis of the
clinker, produced under these conditions, showed that this min-
eralizer preserves, at low burning temperature (1200 ◦C), the
silicate phases crystallinity usually acquired at high tempera-
tures (higher than 1450 ◦C).

The phosphogypsum–clinker, containing high alite content
and �-belite, is characterized by low size crystals of C3S and
C2S, generating a great number of inclusions. These character-
istics are at the base of the improved mechanical and physical
properties of this clinker cement.

The low amorphous phase amount in this clinker increases its
porosity and consequently, facilitates its grinding and improves
its specific area. This leads to the improvement of its hydraulic
properties.

This clinker is characterized by high hydration heat and good
mechanical strength at 28 days, in spite of low values at early
ages. The prolonged setting time of this cement is owing to the
high sulfate amount in its clinker.

The results of this study show that phosphogypsum, under
the optimal conditions, influences positively the technological
parameters of clinker. It is thus advised to use it as mineralizer
in the raw mixtures, since it enables to reduce the burning tem-
perature by almost 250 ◦C. This generates the reduction of fuel
expenditure, the increase in the revolving kiln productivity, the
reduction of the electric power expenditure, the increase of the
working life of refractory materials and the improvement of the
cement quality.

Moreover, the valorization of this polluting industrial waste
enables to contribute to the improvement of ecological balance
and the environmental protection by its recovery and incin-
eration in the production of clinker Portland cement and by
the reduction of the exhausted CO2, NOx and SOx due to the
decrease of clinker burning temperature.
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