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ABSTRACT: Manganese enters the clinker from alternative fuel and alternative raw materials. It is present in the iron ores utilized
in the cement burning and is found in the slags employed as supplementary cement materials. The jouravskite, as a member of the
ettringite family, may form in limestone cement when exposed to sulfate media. To understand its effect on the hydration process,
the expansion of small cylindrical clinker pastes doped with synthesized jouravskite and ettringite in magnesium sulfate solutions
was measured with a micrometer; and the compressive strength of representative cubes was monitored. The phases formed were
characterized by means of X-ray diffraction, infrared spectroscopy and scanning electron microscopy. The jouravskite is found to
be a strong retarder for clinker hydration probably due to its adsorption on the cement hydrates.
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RESUMEN: Comparando los efectos de la jouravskita y la etringita en la hidratacion del clinker. El manganeso ingresa al
clinker a partir de combustibles alternativos y materias primas alternativas. Esta presente en los minerales de hierro utilizados en la
combustion del cemento y se encuentra en las escorias empleadas como materiales complementarios del cemento. La jouravskita,
como miembro de la familia de la etringita, puede formarse en cementos de piedra caliza cuando se expone a medios ricos en sulfatos.
Para comprender su efecto en el proceso de hidratacion, se midié con un micrometro la expansion de pequeiias pastas cilindricas
de clinker dopadas con jouravskita y etringita sintetizadas en soluciones de sulfato de magnesio, y se monitoreo la resistencia
a la compresion de cubos representativos. Las fases formadas se caracterizaron mediante difraccion de rayos X, espectroscopia
infrarroja y microscopia electronica de barrido. Se encuentra que la jouravskita es un fuerte retardador de la hidratacion del clinker,
probablemente debido a su adsorcion en los hidratos de cemento.
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1. INTRODUCTION

According to World Bank data (1), the world
generates 2 billion tons of municipal solid waste
annually and is expected to increase to 3.4 billion
metric tons by 2050. This problem was partially
solved by the employment of the wastes in the ce-
ment industry because of the high temperature of
the kiln and the suitable chemistry of the clinker.
This strategy was implemented in the early 1990s
(2). Municipal, industrial, and agricultural wastes
are now largely used in the cement plants. For the
cement manufacturers, the advantages of their use
are cost savings, conservation of natural resourc-
es, and minimization of greenhouse gas emissions.
These applications have, however, influenced the
cement manufacturing process and the properties of
the product (3-5). The clinker absorbs the ashes and
entraps the non-volatile and semi-volatile heavy
metals in the crystal lattice of its phases. Several
trace elements available in the ashes, which were
not present in conventional raw materials and reg-
ular fuels, are incorporated in the clinker; manga-
nese is the focus of this paper. The World Bank data
(1) shows that the world generates ~2 billion tons
of municipal solid waste annually and is expected
to increase to 3.4 billion metric tons by 2050. This
problem was partially solved by the employment
of the wastes in the cement industry because of
the high temperature of the kiln and the suitable
chemistry of the clinker. This strategy was imple-
mented in the early 1990s (2). Municipal, industri-
al, and agricultural wastes are now largely used in
the cement plants. For the cement manufacturers,
the advantages of their use are cost savings, con-
servation of natural resources, and minimization
of greenhouse gas emissions. These applications
have, however, influenced the cement manufactur-
ing process and the properties of the product (3-
5). The clinker absorbs the ashes and entraps the
non-volatile and semi-volatile heavy metals in the
crystal lattice of its phases. Several trace elements
that are found in the ashes but not in regular raw
materials and fuels are added to the clinker. This
paper will focus on manganese. Furthermore, the
amount of manganese oxides in cement made from
primary raw materials was rarely greater than 0.2%
(6). Their concentrations in the cements produced
with alternative fuels and raw materials might at-
tain ~0.9% (3). Manganese is present in a signif-
icant amount in the iron ores used to reduce the
clinkering temperature (7). Its content in the blast
furnace slag cement may reach 5%. Studies are re-
ported in the literature (8—11) on the use of sili-
con-manganese slag with ~ 10% MnO, as well as
steel slag, which has manganese in its structure, as
cement replacement materials, The effect of man-
ganese on the clinker hydration process must thus
be investigated. Manganese appears in several ox-

idation states (M>*, Mn*", and Mn™) in Portland
cement clinker (12—-15). Its presence in the clinker
can be summarized as follows: The replacement of
Ca? by Mn?" is possible due to the similarity of
their ionic radii (0.91 and 0.99). Mn** replaces Fe**
preferentially in C AF and forms Ca,AIMnO.. Its
substitution for Al3+ in the C,A is limited, and the
C,A content is reduced in parallel with its incorpo-
ration in the ferrite phase (16). In the C,S and C,S
phases, Si* is difficultly replaced by Mn™, with the
C,S phase having a higher capacity for doping, but
in the presence of excess Mn, 2Ca0.MnO, forms.

On the other hand, the strength of cement decreas-
es when the concentration of Mn,O, is higher than
0.5% (1, 17). Manganese was found to activate the
hydration of the ferrite phase but reduce the strength
of the calcium silicate hydrates (3).

Few publications are found on the type of man-
ganese salts formed during cement hydration. The
tetravalent oxidation state of manganese is the most
stable state in neutral and alkaline solutions (18).
The jouravskite, Ca,Mn*(S0O,)(CO,)(OH).12H,0,
is an interesting salt in cement chemistry be-
cause it is an ettringite with isostructural similar-
ities to thaumasite (19). Its structure is charac-
terized by the presence of columns composed of
[Ca,Mn*(OH) (H,0) ,]** formed by alternating
Mn(OH), octahedra and triplets of Ca-centered
eightfold polyhedra Ca(OH),(H,O). The SO, tetra-
hedra and CO, triangles are located among the col-
umns, and all O atoms of these groups are involved
in a system of hydrogen bonds (20). It is expect-
ed that jouravskite will form in limestone-bearing
cements with enough manganese content exposed
to sulphate media. To understand its nature, the
expansion of a clinker doped with a synthesized
jouravskite salt in sulphate solution was compared
with that of a clinker doped with ettringite (21).
Previous research (22, 23) demonstrated a signif-
icant length change in sodium sulphate solutions
of a synthesized ettringite as well as clinker doped
with ettringite. The clinker sample deteriorated af-
ter 60 days of exposure to a 1 molar solution. In the
present work, measurements are carried out using
the self-designed methods applied in the previous
research as follows (22, 23): The length change of
the clinker pastes was recorded for small cylindri-
cal samples using an accurate micrometer, and the
compressive strength of the hardened pastes was
measured on 1x1x1 inch cubes.

2. EXPERIMENTAL PROCEDURE

2.1 Preparation

The jouravskite salt was prepared from chem-
ically pure manganous sulfate solution and lime
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dissolved in sugar solution to increase its solubility
(Equation [1]) (24).

2MnSO,-H,0 +6Ca0+ H,0 +CO,—>

4 2

CaMn,* (S0,),(CO,),(OH) ,- 24H,0 [1]

The lime/sugar solution was added dropwise to the
sulfate solution with continuous stirring. The beaker
was covered with a black plastic sheet, stirred over-
night, then vacuum filtered and left in a desiccator
for two days.

The ettringite was prepared from aluminum sul-
fate solution and lime at room temperature (Equa-
tion [2]) (23).

6Ca0 + AL (SO,),-18H,0 + H,0 —
6Ca0-Al,0,-350,-32H,0 2]

The lime suspension was added to the sulfate
solution, stirred for 24 hours, and then filtered off.
The precipitate was removed by vacuum filtration,
rinsed with distilled water followed by isopropyl al-
cohol, and then dried at 50°C for 1 day.

Wet chemical analysis (21) and a Philips X-ray
spectrometer model PW/1710 were used to deter-
mine the chemical composition of jouravskite. An
X-ray diffraction apparatus (X’PERT MPD) and a
Philips diffractometer with a nickel filter and cop-
per K- radiation were used to identify the structures
of jouravskite and ettringite. The functional groups
were analyzed with the Fourier transform infrared
spectrometer, FTIR-4100 Type A. The morphology
of selected samples was examined using a scan-
ning electron microscope, FEI Type Quanta 250,
equipped with a Field Emission Gun (FEG) with a
30 kV accelerating voltage.

2.2 Effect on the clinker

The effect of jouravskite and ettringite on the
hydration of the clinker was studied by measuring
the expansion of clinker pastes doped with each salt
keeping the SO, concentration equal to 5%. This
concentration was found to have no negative influ-
ence on the cement at room temperature (23). The
total manganese concentration in the jouravskite-
doped clinker was 1.49 Mn,O,%. The expansion of
the pastes was measured using a self-designed meth-
od employed in previous work (22, 23). The pastes
were cast in cylindrical plastic molds with a 20-mm
diameter and 40 mm height, using a water/solid ra-
tio of 0.3. The samples were covered with a plastic
sheet for one day, then demolded. The zero-reading
was recorded by measuring the length of the hard-
ened cylinder using a micrometer with an accuracy
of 0.01 mm. The cylindrical samples were cured in
0.01, 0.1, and 1% magnesium sulfate solutions at
room temperature, and their length change was re-

corded at 60 days. The phases formed in the bulk of
the samples were studied using X-ray diffraction, in-
frared spectroscopy, and a scanning electron micro-
scope. The compressive strength of the pastes was
measured for 1x1x1 inch cubic samples cast in steel
molds and cured as before. Readings were recorded
after 28 and 60 days.

3. RESULTS

3.1 Characterization

The X-ray diffraction patterns of the synthesized
jouravskite are depicted in Figure 1. They show
d-value lines at 9.52, 5.52, 4.91, 3.88, 3.59, 3.44,
3.09, 2.76, 2.60, 2.21, 1.92, 1.79, 1.68, and 1.60 A,
which corresponds to jouravskite database (25, 26).

9.52
Jou

552 Jou

Counts/s
2.60 Jou

Pos. [°2Th.]

FiGure 1. The X-ray diffraction patterns of jouravskite (Jou).

Wet chemically (21) and using X-ray fluorescence,
the oxide composition of the synthesized jouravskite,
with the theoretical formula Ca,Mn*/(SO,)(CO,)
(OH),*12(H,0), was determined. The results ob-
tained are very close to each other and accord with
the theoretical value (Table 1).

TaBLE 1. Chemical composition of jouravskite (wt. %).

Oxide Theoretical Wet Chemically XRF
CaO 25.20 25 25.22
MnO, 13.02 12.5 13.04
SO, 17.99 17.4 17.94
CO, 3.30 3.6 3.37

H,0 40.49 41.5 40.43

The infrared spectra of Figure 2 indicate a strong
band of OH/portlandite at 3642 cm™'. The stretching
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and bending modes of OH/water are found at 3390
and 1645 cm™ and the CO bands of carbonate are
at 1473 and 1411 cm. The strong band observed
at 1099 cm! is attributed to the stretching vibra-
tion mode of S-O, and that at 620 cm™' is due to the
bending vibration. The bands identified at 573 and
550 cm’! belong to Mn*-O stretching vibrations.
These data agree with the literature (20).
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Ficure 2. The Infrared spectra of jouravskite.

The morphology of the salt shows rounded co-
lumnar shaped particles of different sizes lying in
the range of 3-4 microns (Figure 3).

5 pm
QUANTA FEG250 (NRC)

FiGure 3. The scanning electron micrograph of the prepared
jouravskite salt.

All of the characteristics of the prepared ettringite
salt were consistent with the literature.

TABLE 2. The chemical compos

Tables 2 and 3 illustrate the chemical composition
of the clinker. Its X-ray diffraction patterns, and its
infrared spectra are shown in Figures 4 and 5. All the
characteristic d-value lines of the clinker phases are
represented in the diffractogram. As expected, no
hump is observed in the background of the figure;
the hump reflects the hydration of the sample and the
presence of amorphous products.

120
C28, CaS
100 -] ERg
o Ny
2 'y
B0 < (4]
"
. ] 0
8 b G <
€ o4 o 5]
3 g 3
o @ o s 3
u o
40 4 b < = 2 ;g "]
k| ] 8 U G246
0RO @0 589
89 2 O g nolSina
20 4 N8 6 oo a1z
w - ~ o~

Pos. [°2Th)]

FiGure 4. The X-ray diffraction patterns of the clinker.
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FiGure 5. The infrared spectra of the clinker.

The infrared spectrum of the clinker indicates that
a slight hydration and carbonation of the clinker oc-
curred in the sample; the respective bands appear in
the range of 3500 and 1470 cm™ respectively. Weak
shoulders of S-O and AI-O are detected at 1111 and
736 cm’!, and the Si-O frequencies are observed at
924 and 451 cm™.

ition of the clinker (wt.%).

SiO ALO, Fe0O, CaO  MgO NaO KO SO, FEL. cl LOI

2

CEMI425R 20.83 5.07 3.91 65.05 3.19

0.32 0.17 0.74 1.32 0.01 3.7
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TasLE 3. The phases composition of the clinker (wt.%).

CS C,S
66.80 9.41

CA
6.82

C,AF
11.89

3.2 Effect on the clinker

Figure 6a shows the expansion behavior of the
clinker pastes doped with jouravskite in 0.01, 0.1,
and 1% magnesium sulfate solutions at room tem-
perature. The expansion of the clinker doped with
ettringite is illustrated in Figure 6b. The results show
that no significant change occurs in the length of the
clinker/jouravskite curve over the 60-day exposure
time; the clinker/ettringite pastes, however, undergo
noticeable expansion in 0.1 and 1% magnesium sul-
fate solutions.

3.0
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254 4 1% MS

Jouravskite pastes
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FIGURE 6. Expansion of the clinker pastes doped with a)

jouravskite- b) ettringite in 0.01, 0.1, 1 % magnesium sulfate at
room temperature.

Figure 7 illustrates the X-ray diffractogram of a
sample taken from the bulk of the clinker/ ettring-
ite paste cured in a 1% magnesium sulfate solu-
tion for 60 days. The diffractogram of the clinker/

jouravskite paste treated under similar conditions is
shown in Figure 8. The results indicate the presence
of the ettringite d-values at 9.63, 5.56A and others,
beside gypsum and portlandite. In this figure, the
clinker patterns are weak, which means that pro-
gressive hydration took place in the sample. This is
supported by the presence of a hump in the two-theta
range of 25 to 35 degrees, which reflects the pres-
ence of amorphous products in the sample. Figure
8 shows the presence of jouravskite patterns at 9.55
and 5.55 A, beside a moderate peak at 4.95 A at-
tributed to portlandite and jouravskite. Well-defined
lines of the anhydrous clinker phases appear at 3.02,
2.76,2.73, and 2.59 A. The absence of a hump in the
two-theta range of 25 to 35 degrees means that the
hydration process of the clinker is retarded.
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Ficure 7. The X-ray diffraction patterns of the bulk of clinker/
ettringite paste cured in 1% magnesium sulfate solution for 2
months. (E=Ettringite, CH= Portlandite, G=Gypsum, Cc=Calcite).
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Ficure 8. The X-ray diffraction patterns of the bulk of clinker/
jouravskite paste cured in 1% magnesium sulfate solution
for 2 months (Jou= Jouravskite, G=Gypsum, Clin= Clinker,
CH=Portlandite).
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The scanning electron micrograph of the paste
cured for 60 days at room temperature in 1% magne-
sium sulphate solution shows a coated layer formed
on the surface of the clinker phases (Figure 9).This
sample’s infrared spectra show a weak stretching vi-
bration of the OH- group of calcium hydroxide at
3640 cm! (Figure 10); the bands detected at 989 and
940 cm™! are assigned to the stretching vibration of
Si-O; and the band detected at 539 cm! is assigned
to Mn-O.

—y
QUANTA FEG250 (NRC)

HV mag O] | spot | WD det W
20.00 kv | 30000 | 4.0 | 10.1mm | BSED | 13.8um | 1

Ficure 9. The scanning electron micrograph clinker/jouravskite
pastes cured 60 days in 1% magnesium sulfate at room tem-
perature indicating a layer probably coating the clinker phases.
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FiGure 10. Infrared spectra of the bulk of clinker/ jouravskite
paste cured 60 days in 1% magnesium sulfate solution at room
temperature.

The 28 and 60-days compressive strength curves
of the clinker/jouravskite and the clinker/ettring-
ite pastes in 0.01, 0.1, 1 % magnesium sulfate at
room temperature were identical. Typical curves
are depicted in Figure 11 next to those of the refer-
ence pastes for comparison. The results show very
low compressive strength values for the clinker/

jouravskite pastes, which reach zero at 60 days. The
values of the clinker/ ettringite are low as well but
are slightly higher than those of the jouravskite. The
reference sample shows a value of 18 N/mm? after
one month and increases to 25 N/mm? after 60 days.
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FiGure 11. Typical curves for the compressive strength of the
clinker/jouravskite (jou)-, the clinker/ ettringite (E) and the
reference pastes in 0.01, 0.1, 1 % magnesium sulfate at room
temperature.

4. DISCUSSION

The ettringite (Ca[Al (OH).],:(SO,),"24H,0),
and thaumasite (Ca[Si(OH),],(SO,),(CO,),"24H,0)
salts are known to damage cement and concrete in
sulfate media. The structure of ettringite is com-
posed of columns of central trivalent aluminum ions
surrounded octahedrally by hydroxyl ions attached
to the 8-coordinated calcium ions. The expansive
properties take place in the presence of excess sul-
fate, lime, and humidity at room temperature. The
sulfates enter the channels between the columns and
cause expansion. The source of sulfate may be inter-
nal or external (27, 28).

In thaumasite, tetravalent silicon is present as a
central ion in the octahedra instead of aluminum. It
is responsible for the deterioration of cement sys-
tems in carbonate and sulfate media at low tempera-
tures (<15°C). The mechanism of its formation is
explained as follows: In the presence of carbonate,
the pH-value of the system is reduced, the calcium
silicate hydrates, and ettringite decomposes. Thaum-
asite forms with the resupply of lime and the rise of
the value. To allow the formation of the octahedral
arrangement of OHions around the highly polariz-
ing Si, the existence of a transition intermediate state
was proposed (29). This mechanism is favored by
low temperatures because of the increased solubility
of lime. The intermediate phase was identified (30)
as a carbonated silicate phase incorporating relics
of ettringite. It shows an IR shoulder at 1030 cm!
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instead of the pure Si-O band usually appearing at
980 cm™!. This band disappears with the supply of
lime, and the formation of thaumasite. The forma-
tion of thaumasite is not accompanied by an expan-
sion behavior like ettringite (31), but the surface of
hardened cement systems exposed to sulphate sepa-
rates and further layers deteriorate.

Theeffectofjouravskite (Ca [Mn(OH),],(SO,),(CO,),
'24H,0) on cement is rarely discussed in the litera-
ture, and its formation mechanism is not explained.
The present work shows that it is a strong retarder for
the hydration of the clinker.

The major product of the hydration of the silicate
phases in cement is the calcium silicate hydrate gel.
This gel is a mixture of poorly crystallized particles
with a structure far from equilibrium. It is thermo-
dynamically unstable at ambient temperature. When
pH approaches 12.5, portlandite precipitates from
solutions. Calcium hydroxide influences the mor-
phological and structural features of C—S—H (32),
and a tightly bound bi-layer of calcium ions forms
with the negatively charged C—S—H surface (33, 34).

Heavy metals will be adsorbed on the hydration
products if the amount is sufficient precipitation may
occur on the surfaces of the CSH phases because of
the unsatisfied charges. The cement grains are then
coated with salts of the heavy metals. The saturation
indices of the low-solubility species of these metals
are very high, and the spontaneous nucleation of the
salts occurs very quickly. Metals that form the least
soluble hydroxides retard the hydration reactions,
inhibit their nucleation and growth, and in some cas-
es enhance the silicate polymerization (35, 36). The
more soluble hydroxides exhibit only a slight degree
of retardation, and metals that form soluble hydrox-
ides behave as accelerators of cement hydration. In
general, heavy metals are considered inhibitors of
C,S; some of them retard early hydration and then
act as accelerators at later ages.

The carbonation process might change the char-
acteristics of the C—S—H phases and increases their
capacity for retaining heavy metal cations and heavy
metal hydroxyl ions, because of the large surface
area and the meta-stability of decalcified C—S—H gel
(34). The jouravskite shall precipitate if enough sul-
fate, carbonate, hydroxide, calcium, and manganese
are available.

The jouravskite was added as an already-formed
salt in the current work. Its effect on the clinker hy-
dration is therefore explained by adsorption rather
than precipitation from the individual soluble ions.
The morphology of the hydration products in the
clinker-jouravskite system after 60 days of immer-
sion in 1% magnesium sulphate solution is fascinat-
ing (Figure 9) The coated layer of the cement grains
is composed of particles with dimensions less than
one micron. The jouravskite particles in Figure 3
are seen to be of greater size. This observation in-
dicates that a certain interaction took place between

the jouravskite and the cement grains in the magne-
sium sulfate solution. The amount of portlandite in
the system was very low at 60 days, as determined
by infrared, indicating that clinker hydration was in-
hibited.

Because of the similarity between the composi-
tion of jouravskite and thaumasite, the availability
of carbonate ions for their formation must be strictly
considered. The jouravskite is expected to form in
limestone cement and in carbonated atmosphere of
ordinary Portland cement exposed to sulfate media.
The low temperature required for thaumasite forma-
tion in jouravskite is unclear.

5. CONCLUSIONS

* The concentration of manganese in the clinker
must be regularly monitored

» Jouravskite is a strong retarder for the hydration
of Portland cement clinker

*  The formation of jouravskite is probable in Port-
land limestone cements, and in carbonated ordi-
nary Portland cement exposed to sulfate media

* The manganese can be provided from the alter-
native fuels and alternative raw materials used
in the cement manufacture process, and the slag
can be added as a mineral admixture in cements.
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