
https://doi.org/10.14311/AP.2026.66.0089
Acta Polytechnica 66(1):89–97, 2026 © 2026 The Author(s). Licensed under a CC-BY 4.0 licence

Published by the Czech Technical University in Prague

THERMAL ANALYSIS OF RAW MEALS DOPED WITH LI, CU AND
S FOR BURNING OF PORTLAND CEMENT CLINKER

Theodor Staněka,∗, Dalibor Všianskýb, Michaela Krejčí Kotlánováa,
Martin Boháča, Zdeněk Krejzaa, Eva Bartoníčkovác

a Research Institute for Building Materials, Hněvkovského 30, 617 00 Brno, Czech Republic
b Masaryk University, Faculty of Science, Department of Geological Sciences, Kotlářská 267, 611 37 Brno, Czech

Republic
c Brno University of Technology, Faculty of Chemistry, Institute of Materials Science, Purkyňova 464,

612 00 Brno, Czech Republic
∗ corresponding author: stanek@vush.cz

Abstract. The intensification of clinker production is one of the strategies for reducing energy
consumption and CO2 emissions associated with cement manufacturing. This study explores the use
of various mineralisers and fluxes, specifically lithium, copper, and sulphur, added to the raw meal
for clinker burning. These components can originate from both traditional and alternative fuels and
raw materials. The influence of these elements on clinker melt formation, phase composition, and
microstructure was investigated in the laboratory. Raw meals prepared from common cement materials
were doped with chemically pure compounds Li2CO3, CuO, and (NH4)2SO4 in graded amounts. The
thermal processes of the raw meals were monitored using differential thermal analysis coupled with
a thermogravimetric analysis. The phase composition and microstructure of the resulting clinkers were
analysed using X-ray powder diffraction and light microscopy. All dopants were found to lower the
melt formation temperature, with lithium having the most significant effect. The dopants also caused
changes in the phase composition and microstructure of the clinker, particularly affecting the size and
shape of the alite crystals and the volume of the belite unit cell.
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1. Introduction
One effective strategy to reduce the energy consump-
tion and CO2 emissions in cement production is to
lower the burning temperature of the main intermedi-
ate product – clinker. This can be achieved through
the use of various mineralisers and fluxes [1]. Sulphur
oxide (SO3) significantly alters the physicochemical
properties of the clinker melt, reducing its viscosity
and surface tension [2, 3]. This results in a reduction
in the nucleation of the alite crystals and increase in
their growth rate [4], thus promoting the formation of
the hydraulically active alite modification M1 [5, 6].
Sulphur is incorporated into all clinker phases, with
the most significant impact observed in belite [7]. Ex-
cess SO3 leads to the formation of alkaline sulfates,
CaSO4, and other less common phases. Increasing
the SO3 content in clinker can lead to a negative phe-
nomenon, an increase in belite content at the expense
of alite [8, 9].

In combination with other fluxing elements, such
as lithium (Li) and copper (Cu), the effects on clinker
melt can be even more significant. These elements
are recognised for their beneficial impact on clinker
mineralisation, as noted in a study by SINTEF [1].
Lithium, distinct from sodium or potassium, tends
to form a relatively nonvolatile oxide at elevated kiln
temperatures [10]. The addition of Li2CO3 lowers the
decomposition temperature of CaCO3, initiating the

process in two steps. At a 1 % dopant level, CaO
formed at low temperatures reacts with SiO2 to pro-
duce β-C2S even at 750 °C, with the reaction complet-
ing at 1 350 °C to form β-C2S and small amounts of
γ-C2S. A 5 % addition further reduces the final re-
action temperature to 1 290 °C, producing β-C2S and
small quantities of C3S [11].

Small amounts of lithium oxide improve the raw
meal reactivity by lowering the temperature of the
initial melt formation. However, exceeding a Li2O
exceeding 1 % in the raw meal impairs the combination
of free lime with C2S and inhibits the conversion of
C2S to C3S [10, 12]. Laboratory tests combining SO3
and Li2O demonstrated high mineraliation efficiency,
with cement prepared from clinker burned at 1 300–
1 350 °C showing an increase in initial strength of up
to 100 % compared to commercial OPC (ordinary
Portland cement) [13].

Kakali et al. [14] studied the phase formation of
Portland cement clinker containing Cu oxide. These
authors found that the addition of CuO affects the
formation of silicates and aluminates. CuO mainly
promotes the formation and growth of alite crystals
at lower temperatures and alters the crystalliation
processes upon cooling the clinker.

Ma et al. [15] reported that alite grains can be up
to 3 times larger for clinker with the addition of 3 % of
CuO than the reference sample without the addition
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Component Content
Pure limestone 52.84
Contaminated limestone 28.04
Clay shale 16.74
Fe correction 1.55
FGD gypsum 0.83
LSF∗ 96.5
SR∗∗ 2.66
AR∗∗∗ 1.34

∗ Lime saturation factor: LSF = 100 C
2.8S+1.18A+0.65F

∗∗ Silica ratio: SR = S
A+F

∗∗∗ Alumina-iron ratio: AR = A
F

Table 1. Composition of reference raw meal in wt. % and its basic chemical parameters.

of copper. The grains also have much more distinct
contours. Kolovos et al. [16] studied clinkers doped
with CuO by SEM and electron microprobe and the
authors reported a new phase in the form of white
rims around the crystals of alite. The EDS analysis
showed a high content of Cu and Ca. The CaO:CuO
ratio was about 1:2.

Ma et al. [17] found that the addition of 0.1 %
of CuO can increase the C3A content in the clinker
and at the same time the addition of 0.1 to 0.3 %
of CuO decreases the amount of C3S. In contrast,
the addition of 0.3 to 1.0 wt. % of CuO increases the
formation of C3S. However, Ma et al. [15] reported
that the addition of CuO increases the C4AF content
while the C3A content does not change much.

The addition of 3 % of CuO appears to be redun-
dant. The results showed that excess CuO clusters
in the form of Cu2O, as a cuprite mineral, at a tem-
perature higher than 1 085 °C [15, 18]. Cu2O slows
down the formation of alite due to its reduction prop-
erties [10]. The high Cu content in the clinker led to
the separation of C3S into C2S and free lime [19].

CuO, in quantities greater than 1 wt. %, can
cause a significantly prolonged induction period and
strength decrease in the early hydration stages [20].
On the contrary, a low addition of CuO, below 1 wt. %,
with an increased C4AF content increases the hydra-
tion activity of Portland cement [21].

2. Materials and methods
For the experimental work, a reference raw meal was
prepared using common cement raw materials. The
raw meal consisted of two types of limestone, clay
shale, iron correction, and flue gas desulphurization
(FGD) gypsum. The composition of the raw meal is
detailed in Table 1.

The crushed raw materials, weighed in the propor-
tions shown in Table 1, were combined to a total
quantity of 5 kg. These materials were ground to-
gether in a laboratory ball mill to achieve a fineness
characterised by a residue of 13.2 wt. % on a 0.09 mm
mesh. Secondary oxides in the form of chemically pure
compounds – (NH4)2SO4, CuO, and Li2CO3 – were

then added to this reference raw meal (designation
RM). The dosages of these individual compounds are
provided in Table 2. Calculations for the additions
were performed based on clinker composition, assum-
ing zero loss on ignition, which was taken as 35 wt. %
for the raw meal.

The weighted mixtures were homogenised and sub-
jected to monitoring using differential thermal analysis
performed on a Perseus STA 449 Netzsch device. The
analysis was conducted in the dynamic atmosphere of
synthetic air (N2/O2 = 80/20), with a temperature
rise rate of 10 °C min−1 within a temperature range
of 30–1 450 °C.

Subsequently, tablets with a diameter of 40 mm
and a weight of 20 g were pressed from each raw
meal. These tablets underwent burning in a pro-
grammable superkanthal furnace with an internal vol-
ume of 10 dm3, ramped up at 10 °C min−1 to 1 450 °C
with a soaking time of 1 hour, followed by removal
from the furnace to laboratory conditions (the cooling
rate was approximately 200 °C min−1).

X-ray powder diffraction analysis was performed us-
ing a Panalytical Empyrean diffractometer equipped
with fixed slits and a PIXcel detector at conven-
tional Bragg-Brentano reflection geometry. Oper-
ating conditions were 45 kV and 40 mA, using non-
monochromated, Ni-filtered CuKα radiation (λ =
1.541718 Å). Scans were conducted from 4.5° to 90° 2θ
in 0.013° 2θ increments with a counting time of 192 s
per step and a total scan time of 1 hour, 28 minutes,
and 8 seconds. Quantitative phase analysis of the crys-
talline portion of the samples and the refinement of
β-C2S lattice parameters were performed using the Ri-
etveld method with the Bruker AXS Topas 4 software,
using the ICDD No. 330302 structure model.

The microstructure of polished sections of clinkers
was etched with acetic acid fumes [22] and observed
using a Nikon Eclipse LV100 light microscope. The
average size of alite crystals was determined based on
100 individual measurements. In this case, the appar-
ent size was measured as the maximum dimension of
a randomly oriented section of the crystal.
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Designation CuO Li2CO3 (NH4)2SO4 RM
0 - - - 100
0.5S - - 0.532 99.468
1S - - 1.061 98.939
2S - - 2.100 97.900
3S - - 3.117 96.883
4S - - 4.114 95.886
5S - - 5.090 94.910
0.1Li - 0.162 - 99.838
0.2Li - 0.316 - 99.684
0.5Li - 0.799 - 99.201
1Li - 1.580 - 98.420
2Li - 3.117 - 96.883
3Li - 4.601 - 95.399
0.2Cu 0.130 - - 99.870
0.5Cu 0.324 - - 99.676
1Cu 0.646 - - 99.354
2Cu 1.283 - - 98.717
3Cu 1.913 - - 98.087

Table 2. Composition of doped raw meals [wt. %] (the number in the sample designation indicates the expected
content of dopant oxide in clinker [wt. %]).

Figure 1. Thermogram of the reference raw meal 0 with a detail characterising the clinker melt formation.
TC2S – exotherm peak of belite formation, Tl – beginning of clinker melt formation, Tmin – minimum temperature of
endothermic clinker melt formation.

3. Results and discussion
3.1. Thermal analysis
Differential thermal analysis (DTA) was employed
to monitor changes in clinker melt formation tem-
perature induced by the addition of dopants. The
formation of the liquid phase is pivotal in the clinker
formation process. At the onset of the furnace’s sin-
tering zone, prior to liquid phase formation, various
decomposition processes of the raw meal occur, includ-
ing the dissociation of carbonates, dehydration, and
dehydroxylation of clay minerals and mica. These re-
actions predominantly take place in a dispersed state
in heat exchangers (or calciners) in current produc-
tion systems, followed by a bulk state in a rotary kiln,
and are notably endothermic. Belite formation occurs
during the dissociation of limestone via solid-phase
reactions.

At the beginning of the sintering zone, local eu-
tectics form in the regions with elevated Fe contents,

initiating the aggregation of bulk material in these ar-
eas. The gradual development of a continuous clinker
melt is initially accompanied by a rapid exothermic
process of belite formation, which subsequently ceases.
The final phase of melt formation exhibits a significant
endothermic character [23].

These processes are visible on the DTA curve of
the reference raw meal 0 in Figure 1, where the peak
of belite formation, the beginning of melt formation,
and the minimum of its endotherm are marked. The
influence of dopants on these parameters is elucidated
in Figure 2.

At higher concentrations of SO3 and Li2O, the
exothermic nature of belite formation became less
pronounced, making it challenging to determine its
temperature via DTA. Our investigation revealed that
lithium exhibited the most significant reduction in
melt formation temperature, whereas sulphur demon-
strated the least effect. Specifically, at a Li2O content
of 0.5 wt. %, the temperature was reduced by approx-
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(a). Sulphur. (b). Copper.

(c). Lithium.

Figure 2. Differential thermal analysis – the effect of dopants on the clinker melt formation temperature and belite
formation.

imately 80 °C compared to the reference raw meal.
A similar reduction in temperature was observed with
the addition of 2–3 wt. % of CuO.

Furthermore, lithium was confirmed to lower the
decomposition temperature of limestone. At higher Li
concentrations, a decarbonation endothermic reaction
manifested as a split into two minima (see Figure 3),
consistent with previous findings by other authors [11].
The endothermic peak at 643 °C is associated with
the decomposition of lithium carbonate.

3.2. Phase composition of doped clinkers
and their microstructure

The quantitative phase composition of the clinkers, as
determined by X-ray diffraction analysis, is given in
Tables 3–5.

With increasing SO3 content, the belite content ob-
viously increases and the alite content in the clinker
decreases (Figure 4). As is well known, sulphur pref-
erentially enters into the structure of belite, where
it replaces Si in the anionic part, thus enabling the
entry of a larger proportion of Ca than in the case
of the pure C2S phase [24]. Therefore, the expected
increase in the free CaO content with increasing SO3
content in the clinker did not occur. The increasing
volume of the unit cell of belite is related to the entry
of sulphur into the belite structure (Figure 5).

Thus, sulfur promotes belite stability and retards
alite crystallisation. This is caused both by a change

Figure 3. Part of the DTA curves of the reference
raw meal and the raw meal with a high Li2O content
in the area of calcium carbonate decomposition.

in the physicochemical conditions in the clinker melt
(reduction in viscosity and surface tension) and by the
entry of sulfur into the belite crystal lattice [25].

Conversely, for the cation-forming elements Cu and
Li, an inverse correlation is evident. Given that the
lithium cation is smaller than that of copper, the
reduction in the unit cell is more pronounced. The
minimal change in unit cell volume in the case of cop-
per can also be attributed to the previously observed
phenomenon that Cu enters belite in the smallest
amount among all clinker phases [1, 26].

In the case of copper, the results reveal a notable
increase in the C4AF content (Figure 6), likely at-
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Phase 0 0.5S 1S 2S 3S 4S 5S
C3S 43.9 43.6 42.3 41.5 39.5 37.9 36.9
C2S 35.9 36.7 38.1 39.2 41.7 43.7 44.2
C3A 6.9 6.4 5.9 5.7 5.2 4.7 4.6
C4AF 11.6 12.1 12.3 12.6 12.3 12.4 12.8
C 0.4 0.3 0.3 0.0 0.3 0.2 0.3
CH 0.9 0.5 0.7 0.7 0.7 0.7 0.9
Arcanite 0.4 0.3 0.3 0.3 0.2 0.3 0.2
Suma 100 99.9 99.9 100 99.9 99.9 99.9
Rwp 3.24 3.20 3.17 3.18 3.21 3.22 3.25
GOF 1.50 1.46 1.45 1.45 1.46 1.47 1.48
V C2S [Å3]∗ 347.53 347.69 347.76 347.89 348.04 348.15 348.25

∗ C2S unit cell volume, Rwp and GOF: parameters characterising the degree of agreement
between the measured and calculated diffractometric record.

Table 3. Composition of burned clinkers doped with SO3 determined by X-ray diffraction [wt. %].

Phase 0 0.2Cu 0.5Cu 1Cu 2Cu 3Cu
C3S 43.9 44.6 44.4 43.9 43.0 42.1
C2S 35.9 35.0 35.8 36.6 37.7 38.3
C3A 6.9 6.8 4.8 3.9 1.6 1.2
C4AF 11.6 12.7 14.1 14.9 16.3 16.6
C 0.4 0.3 0.3 0.3 0.4 0.4
CH 0.9 0.5 0.1 0.1 0.3 0.3
Cuprite 0 0 0.1 0.1 0.3 0.8
Arcanite 0.4 0.1 0.3 0.2 0.3 0.3
Suma 100 100 99.9 100 99.9 100
Rwp 3.24 3.26 3.03 3.25 3.20 3.14
GOF 1.50 1.49 1.38 1.49 1.49 1.44
V C2S [Å3]∗ 347.53 347.49 347.32 347.19 347.09 347.04

∗ C2S unit cell volume, Rwp and GOF: parameters characterising the degree of
agreement between the measured and calculated diffractometric record.

Table 4. Composition of burned clinkers doped with CuO determined by X-ray diffraction [wt. %].

Phase 0 0.1Li 0.2Li 0.5Li 1Li 2Li
C3S 43.9 45.1 46.0 49.2 49.0 46.5
C2S 35.9 35.9 36.0 33.6 33.3 34.3
C3A 6.9 5.2 3.6 1.9 1.1 1.3
C4AF 11.6 12.4 13.3 13.5 11.1 6.2
C 0.4 0.4 0.4 0.6 2.1 4.8
CH 0.9 0.6 0.3 0 0.5 1.9
Li2SO4 0 0 0 0.3 0.8 1.6
LiFeO2 0 0 0 0.6 1.6 3.0
Arcanite 0.4 0.3 0.3 0.3 0.4 0.4
Suma 100 99.9 99.9 100 99.9 100
Rwp 3.24 3.21 3.17 3.20 3.13 3.53
GOF 1.50 1.47 1.46 1.47 1.44 1.62
V C2S [Å3]∗ 347.53 347.36 347.19 346.94 346.48 346.35

∗ C2S unit cell volume, Rwp and GOF: parameters characterising the degree of
agreement between the measured and calculated diffractometric record.

Table 5. Composition of burned clinkers doped with Li2O determined by X-ray diffraction [wt. %].

tributed to the incorporation of Cu along with Fe into
its structure, as corroborated by other authors [26].
Simultaneously, the C3A content decreases. A higher
Cu content in the clinker results in a slight increase

in the proportion of belite at the expense of alite.
Da et al. [27] combined Cu with CaF2 and found
a similar effect in the case of C4AF and C3A, but
CaF2 eliminated the negative effect of Cu on the for-
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Figure 4. Effect of SO3 addition on the contents of
calcium silicates in clinker.

Figure 5. Change in the volume of the belite unit
cell due to the content of individual dopants.

Figure 6. Effect of CuO on the interstitial clinker
phase content.

mation of alite. Starting from 0.5 wt. % of CuO, a
new phase, cuprite (Cu2O), begins to form. Other
studies also affirm that at larger amounts, Cu is in
excess and does not integrate into the structures of
clinker phases [15, 18].

Doping clinker with lithium initiates the formation
of new phases, starting from 0.5 wt. % of Li2O. These
phases are likely Li2SO4 and LiFeO2. The escalat-
ing proportion of free CaO with the increasing Li2O
content in the clinker can be partly attributed to
the substitution of Li for Ca in the alite structure,
which could also be related to the observed increas-

ing alite content in the clinker up to the addition of
1 wt. % of Li2O. Additionally, the previously estab-
lished decomposition of alite into a microcrystalline
mixture of belite and free lime also occurs to some
extent [28].

The introduction of dopants alters the physicochem-
ical conditions within the clinker melt, thereby influ-
encing the growth of alite crystals. Alite crystals
demonstrate an increase in size (Table 6), accompa-
nied by a transition in crystal habit from euhedral
to subhedral and anhedral forms. The microstruc-
ture of burned clinkers is depicted in Figure 7. Alite
(C3S) forms blue crystals, belite (C2S) forms brown
grains, the bright spaces between crystals and grains
are interstitial clinker phases (C4AF + C3A), the dif-
fuse black areas are open pores, and the grey areas
are pores closed filled with epoxy (see Figure 7A–
7C). In the case of lithium, anhedral clusters of inter-
grown alite crystals up to 500 µm in size are formed,
with belite between the alite crystals forming small
grains and structures referred to as “fishbone” (Fig-
ure 7E) [16]. In Figure 7D, one of these alite clus-
ters is visible – a large light blue area with yellow
inclusions of free lime, darker areas of decomposi-
tion of alite into belite, and free lime (marked by
arrows). Cuprite forms in clinker with a high cop-
per content, and its isolated light fine grains in the
interstitial mass (marked by arrows) are visible in
Figure 7F.

4. Conclusion
This study aimed to investigate the influence of sul-
phur, copper, and lithium on the thermal processes
occurring during clinker formation, as well as on its
phase composition and microstructure, under labo-
ratory conditions. Chemically pure compounds were
used as sources of these elements, while the reference
raw meal was prepared using common components for
clinker burning.

Sulphur doping in the form of (NH4)2SO4 resulted
in:
(1.) A decrease in the clinker melt formation tempera-

ture by approximately 15 °C at a theoretical content
of 3 wt. % of SO3 compared to the reference raw
meal.

(2.) A decrease of 10 °C in the peak exotherm maxi-
mum of belite formation at 1 wt. % of SO3.

(3.) An increase in belite content at the expense of
alite and a decrease in C3A content.

(4.) An augmentation of alite crystal size and imper-
fection of crystal habit from euhedral to subhedral.

(5.) At a dosage of 5 wt. % of SO3, alite crystals
reached up to four times the size compared to the
reference clinker.

(6.) An increase in the volume of the belite unit cell
by 0.2 % at a content of 5 wt. % of SO3.
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Designation Average Standard Coefficient Maximum
of clinker size deviation of variation size
0 28.6 13.62 0.488 65
5S 113.9 55.55 0.509 190
2Li 217.2 91.68 0.433 475∗

3Cu 67.8 33.28 0.503 135
∗ This is a cluster of intergrown alite crystals.

Table 6. Average and maximum detected alite crystal size [µm].

(a). Reference clinker (0). (b). Clinker doped with 5 wt. % of SO3.

(c). Clinker doped with 3 wt. % of CuO. (d). Clinker doped with 2 wt. % of Li2O.

(e). Clinker doped with 2 wt. % of Li2O. (f). Clinker doped with 3 wt. % of CuO.

Figure 7. Micrographs of polished sections of clinkers etched with acetic acid fumes, reflected light.

Copper doping in the form of CuO led to:
(1.) A decrease in the clinker melt formation temper-

ature by 85 °C at a theoretical content of 3 wt. % of
CuO compared to the reference raw meal.

(2.) A decrease of about 65 °C in the peak exotherm
maximum of belite formation at 3 wt. % of CuO.

(3.) An increase in C4AF content and a decrease in
C3A content.

(4.) Formation of a new phase – cuprite (Cu2O).
(5.) An increase in alite crystal size and imperfection

of crystal habit from euhedral to subhedral.
(6.) At a dosage of 3 wt. % of CuO, alite crystals

reached two and a half times the size compared
to the reference clinker.

(7.) A reduction of the belite unit cell volume by
0.14 % at a content of 3 wt. % of CuO.
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Lithium doping in the form of Li2CO3 resulted in:
(1.) A decrease in the clinker melt formation temper-

ature by up to 80 °C at a theoretical content of
0.5 wt. % of Li2O and by about 130 °C at 3 wt. % of
Li2O compared to the reference raw meal.

(2.) A decrease of about 70 °C in the peak exotherm
maximum of belite formation at 0.5 wt. % of Li2O.

(3.) A decrease of 50 °C in the endotherm minimum
of CaCO3 decomposition at 3 wt. % of Li2O, with
a splitting of the endotherm.

(4.) An increase in the content of C4AF, alite, and
free lime, and a decrease in the content of C3A.

(5.) Formation of new phases – Li2SO4, LiFeO2 (iden-
tification of these phases should be verified by other
experiments and analyses).

(6.) An increase in alite crystal size and imperfection
of crystal habit from euhedral to anhedral.

(7.) At a dosage of 2 wt. % of Li2O, alite crystals and
their clusters reached up to seven and a half times
the size compared to the reference clinker.

(8.) A reduction of the belite unit cell volume by
0.34 % at a content of 2 wt. % of Li2O.
The observed changes in clinker composition, crys-

tal growth, and phase formation highlight the im-
portance of quality control and product development
in the cement industry. Manufacturers may need to
adjust their production processes and formulations
to account for the effects of dopants on the cement
properties. Additionally, the development of new ce-
ment formulations incorporating dopants could lead
to a production of innovative cement products with
tailored properties for specific applications.

The insights gained from this study offer oppor-
tunities for improving the efficiency, sustainability,
and performance of cement production processes, ul-
timately contributing to the ongoing advancement of
the cement industry.

List of symbols
C CaO
S SiO2

A Al2O3

F Fe2O3

C3S Ca3SiO5, alite, tricalcium silicate
C2S Ca2SiO4, belite, dicalcium silicate
C3A Ca3Al2O6, tricalcium aluminate
C4AF Ca2(Al, Fe)2O5, brownmillerite, tetracalcium alu-

minoferrite
C CaO, free lime
CH Ca(OH)2, portlandite
Rwp Weighted R-profile residual
GOF Goodness of Fit
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