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ABSTRACT

The cement production is accompanied by generation of fine dust, known as cement kiln dust (CKD), formed

during the high-temperature processing of raw materials in the rotary kilns. This study focusses on characterizing

CKD from Bulgarian cement plants and explore its physical and chemical properties. The study includes analysing
CKD samples from three local cement plants using techniques such as laser diffraction, XRD, XRF, FT-IR, and SEM.
Variations have been observed in their physical, chemical, and mineralogical properties likely due to differences in

raw materials, kiln conditions and the use of alternative fuels. This research provides valuable local data that can

guide sustainable CKD management and utilization strategies, contributing to reduced waste and environmental

impact in cement production.

Keywords: cement kiln dust, CKD, cement bypass dust, CBD.

INTRODUCTION

Cement production plays a pivotal role in the
global construction sector, with the demand for cement
expected to reach 8.2 billion tons by 2030 according to
World Cement Association [1]. Despite its economic
and technological importance, cement production is
associated with significant environmental challenges.
Cement production is a significant contributor to global
CO: emissions, responsible for about 8 % of the total
emissions, which is approximately 2.8 billion tons
of CO:2 in 2023 [2, 3]. Modern approaches to reduce
CO: emissions in cement plants focus on optimizing

energy efficiency through advanced kiln technologies
and renewable energy integration, promoting circular
economy practices such as: (i) material recycling and
utilization of alternative raw materials as raw feed
to reduce the consumption of limestone; (ii) indirect
production of blended cements by partly replacement of
Portland cement with alternative cementitious materials
like fly ash and slag [4]. These strategies aim to transition
towards a circular economy in cement production,
minimizing waste and maximizing resource efficiency
across the lifecycle of cement and concrete products [5].
The cement production is accompanied by generation
of fine dust, known as cement kiln dust (CKD). CKD
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is generated during the high-temperature processing of
raw materials in the rotary kilns, where the temperature
can exceed 1450°C [6]. The dust is transported in a
stream of gas flowing from the burner throughout
the rotary kiln and cyclone preheaters, after which is
collected in bag filters or other bypass system. The CKD
comprises a complex mixture of raw material and fuel
residues, clinker dust, along with trace metals such as
lead, chromium, and cadmium [7]. The composition of
CKD is critical for understanding its potential impacts
and applications. Typical CKD contains about 60 - 70 %
calcium oxide (Ca0), 15 - 20 % silicon dioxide (SiO2), 5 -
10 % aluminum oxide (Al=0s), alkalis, chlorides, sulfates
and varying amounts of other oxides and compounds [8,
9]. The composition of CKD varies significantly based
on raw materials, specific kiln operation conditions and
type of fuel [10]. The growing use of alternative fuels
has necessitated significant modifications to production
system and sometimes require additional dust removal
methods. Often significant amount of chlorine is
introduced to kiln with the usage of alternative fuels
such as refuse-derived fuel (RDF) [11], municipal solid
waste [12]; tyre-derived fuel (TDF) [13], biomass [14],
etc. The alkali chlorides volatize and tend to accumulate
as aggregates on the wall of the cyclone preheaters
thus hindering their operational performance. For this
reason, in modern cement plants bypass installation is
applied between kiln and preheaters [15]. The dust from
bypass removal system often is called cement bypass
dust (CBD or CBPD). Cement kiln dust and cement
bypass dust are often used as synonyms, but usually
CBD is enriched in chlorine and potassium [9]. At the
presented study the term cement kiln dust includes also
the cement bypass dust.

All cement kilns generate CKD, where the quantities
of the produced CKD depend on operational factors and
the inputs to the manufacturing process [16]. Globally,
the generation of cement kiln dust (CKD) is estimated
to be between up to 20 % of the total cement production.
Of course, collected CKD is re-used within the cement
plants as raw feed material, but because of high alkali,
sulfate and chloride content there is technological limits
ofre-using CKD, thus about 1/3 of the produced CKD is
considered as industrial waste [10]. Since global cement
production exceeds 4 billion metric tons annually, this
suggests hundreds of millions of metric tons of CKD
generated each year [10]. Furthermore, CKD has been
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successfully incorporated as a supplementary mineral
additive in cement and concrete production, where it
can partially replace clinker, reducing greenhouse gas
emissions [17, 18]. The later application is limited due to
the content of certain substances such as: alkali content
which influence the settling time of the cement and may
react chemically with certain aggregates (Alkali silicate
reaction) in concrete mixtures; sulfates/chloride ions
which promote steel corrosion in reinforced concrete.
Moreover, there are strict requirements for sulfates
(as SO,) < 4.0 % and chlorides < 0.10 % in Portland
cement, according to EN 197-1. Thus, utilization of
CKD in cement and conventional concrete is limited.
Additionally, CKD has been utilized in: neutralization
of acidic waste streams and the immobilization of heavy
metals in contaminated soils [19]; in soil stabilization
projects to improve soil strength and reduce swelling
in expansive soils [20], waste water treatment [21, 22],
bricks production [23]. The non-utilized CKD brings
environmental challenges. The leaching of heavy
metals from CKD into groundwater is a major concern,
necessitating proper management and treatment [10].
However, CKD’s high content of calcium and other
reactive components makes it a promising candidate for
various beneficial uses.

Characterizing CKD from Bulgarian cement plants
is essential for understanding its specific properties
and exploring their potential applications at local scale.
To the best of our knowledge studies about chemical
and physical properties of Bulgarian CKD were not
published digitally, yet. The present study aims to
characterize CKD from three Bulgarian cement plants,
focusing on the chemical and physical properties related
to utilization of CKD in cementitious materials. The data
obtained from this research are expected to contribute
to sustainable cement production practices by providing
local data and insights that support the development of
effective CKD utilization strategies.

EXPERIMENTAL

Samples of cement kiln dust were provided
from three local Bulgarian cement producing plants,
hereinafter designated as CKD1, CKD2, and CKD3,
correspondingly. The sample CKD1 was provided by
a cement plant collected between cyclone preheaters
and rotary kiln. The samples CKD2 and CKD3 were
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provided by cement plants equipped with chlorine bypass
dust collecting system, classifying them technically as
cement bypass dust. All samples received were stored at
airtight container to prevent hydration and carbonization
from the atmospheric air.

Powder XRD analysis on the CKD samples was
performed on Empyrean Powder X-ray diffractometer
(Malvern Panalytical, Netherlands) in the 3°-100° 20
range, overall scanning time 35 min, using Cu radiation
at 40 kV and 30 mA and PIXcel3D detector. Initial
phase identification was carried out using the HighScore
Plus program [24]. The Rietveld refinement procedures
have been carried out with the GSAS program and
EXPGUI. Neutral atomic scattering factors, as these
are stored in GSAS, have been used for all atoms [25,
26]. Infrared spectra of samples of 2 mg each as 13
mm in diameter KBr pressed pellets were recorded
with a FT-IR spectrometer JASCO 4X (Japan) in the
middle infrared spectral range between 4000 and 400
cm’!, with a resolution of 4 cm™ and 64 scans. Particle
size distribution was evaluated by Mastersizer 3000
Malvern-Panalytical in dry dispersion mode. Chemical
composition was determined using wave dispersive
X-ray fluorescence (XRF) apparatus Rigaku Supermini
200 at 50 kV and 4 mA, with detecting elemental limits
from F to U. Scanning electron microscopy (SEM)
examinations of the CKD samples were performed on a
ZEISS SEM EVO 25LS ata 15 kV acceleration voltage
using two imaging regimes: in backscattered electrons
(BSE) - for composition contrast and in secondary
electrons (SE) - for topography contrast. The sample
preparation included fixation of the powder material of
each sample onto SEM stub using conducting carbon
adhesive and then coating with carbon.

RESULTS AND DISCUSSION

Physical properties

The results from hygroscopicity, bulk and absolute
density measurements showed similar physical
properties of CKD2 and CKD3 (Table 1). The CKDI
showed lower bulk density, higher absolute density and
lower hygroscopicity compared to others sample. The
CKD’s bulk and absolute densities are significantly
lower compared to ordinary Portland cement which
usually ranges from 0.83~1.6 g cm™ for bulk density and
3.10 to 3.25 g em? for absolute density. The measured

Table 1. Bulk density, absolute density and hygroscopicity
of cement kiln dust from three local cement plants.

Bulk Absolute Hveroscobicit
Series density, density, e . pretty,
%
gcm? gcm?
CKD1 0.58 2.66 33.1
CKD2 0.66 2.46 71.3
CKD3 0.61 2.40 70.1

hygroscopicity is relatively high, requiring special
measures to prevent CKD from absorbing moisture from
the atmosphere which initiate processes of hydration
and carbonation.

Particle size distribution

The samples are characterized by lognormal
distribution of the curves with a pronounced bimodality
(Fig. 1). The particle size of CKD3 is characterized by
the finest particles, respectively by the highest specific
surface area, followed by CKD2 and CKD1, with
Brouckere mean diameters (D[4,3]) of 34 um, 37 and
53 um, respectively (Table 2). The 90 % of the total
volume of the particles are below 80 pm, 102 pm and
136 pm for CKD3, CKD and CKDI1.

Chemical composition of CKD

The results of the X-ray fluorescence analysis of
the samples from the cement kilns dust of the three
plants (Table 3) reveal similar composition for CKD2
and CKD3. The CKD1 showed highest content of CaO,
SiO, and AL O,. All samples contain significant contents
of K,O and CI, where at samples CKD2 and CKD3 the
amount reach 17 - 19 % for K,O and 12 % for CI. High
chlorine content is common when alternative fuels were
used (such as RDF) [9]. Other oxide compounds such
as Fe,0, from 1.5 to 2.7 %, MnO and ZnO < 1 % were
found in the studied samples, most likely due to their
presence in the raw material. The highest Fe O, content
was measured at CKD1, which corresponds to the
higher absolute density, registered for this sample. Trace
amounts of Pb, ZnO, CuO and Br were detected (< 1 %)
which need to be considered as potential environmental
issues. The presence of bromine could be due to the use
of RDF and/or electronic waste as fuel [27].
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Fig. 1. Mie-sizing of powdered samples in dry air of cement kiln dust samples from the three plants.

Table 2. Particle size distribution parameters of cement kiln dust samples from the different plants.

Sample | D [3;2], um | D[4;3], um | Dv 10, um | Dv 50, um | Dv 90, um | Specific surface area, m*kg'!
CKDI1 7.31 52.5 5.25 27 136 335.2
CKD2 3.61 374 1.28 15.6 102 678.6
CKD3 2.83 33.8 1.09 11.9 80.2 865.3

Table 3. Chemical composition of cement kiln dust sam
ples from different cement plants, wt. %.

SIZ;SZ; t CKDI CKD2 CKD3
Na,0 0.14 1.51 1.79
MgO 0.60 0.47 0.50
ALO, 2.81 1.79 1.93
Si0, 12.37 5.39 5.47
PO, 0.10 0.07 0.08
SO, 0.88 439 5.96
cl 3.70 11.81 11.70
K0 9.84 16.65 18.64
Ca0 65.84 55.51 51.85
TiO, 0.00 0.17 0.12
MnO 0.00 0.03 0.13
Fe,0, 2.70 1.59 1.42
CuO 0.03 0.06 0.02
ZnO 0.49 0.06 0.12
Br 0.04 0.16 0.08
PbO 0.45 0.34 0.19
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Mineral phase composition of CKD

The main mineral phases in all three samples
are lime, larnite and sylvite in different proportions
(Fig. 2). The calcium contained in the examined CKDs
is present in two main phases - free lime (CaO) and
larnite (Ca,(Si0,)). The free lime is significantly lower
in sample CKD1 compared to other samples. Part of
the lime in the three samples has started to hydrate to
portlandite (Ca(OH),) probably due to storage in contact
with humidity. Spur rite phase (Ca,(SiO,),(CO,)) was
detected only in sample CKD1 and was probably formed
in cement kiln as an early-formed reaction product
of the raw precursors in the presence of CI acting as
mineralizer [28].

Sylvite content is significant (~ 20 - 21 %) in samples
CKD2 and CKD3, and it is lower in CKDI1, which
correlates well with the chemical compositions presented
in Table 3 and with measured hygroscopicity (Table 1).
Sylvite, aphthitalite and other chlorides and sulphates
are phases which was formed because of condensation
from gaseous phase on raw material grains [29]. The
aphthitalite phase (exceeding 12 wt%) was observed
only in CKD?3. This corresponds to the increased amount
of potassium and sulphate in this sample as compared
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to the other two. The aphthitalite is alkali sulphate
considered here as a protogenetic phase, which differs
from other sulphate phases originating from added
calcium sulphates introduced to control the setting time
of the Portland cement clinker [30]. The presence of
alkali sulphates in cementitious systems could activate
the pozzolanic reaction with fly ash or another reactive
mineral additive [31].

The larnite (known also as belite - Ca,(SiO,) or
B-C,S) phase amount, is higher in sample CKD1. The
contents of AL,O, and Fe,O, are similar for all three cases
and a certain positive correlation is observed between
them (Table 3). This implies the entry of these metals
into the composition of larnite as impurities, in which
case their valences are possibly complemented to obtain
an electroneutral structure, for example according to the
scheme: Si*+Ca?" <> AI**+Fe*'. Small amounts of Cu,
Zn, Mn, etc. probably also accumulate in the larnites as
evidenced by the results of the XRF analyses (Table 3).

SEM images of CKD

The SEM examination (Fig. 3) reveals that the
distribution and nature of the particles and aggregates
exhibit similarities and differences in all three CKD
materials. BSE images (Fig. 3a, ¢, ¢) of CKDs well
highlight their distinctive features in both composition
and microstructure. Sylvite (KCI) (brightest crystals
in BSE images) is very well distinguished in CKD2
and CKD3 samples, and only sporadically occurs
in SKDI. These data are in full agreement with the
results of chemical and analysis, showing the lowest
chlorine contents in the (CKDI1), confirmed also by
XRD analysis. Among all the crystalline phases in
the studied CKD materials identified by XRD, sylvite
forms the largest crystals, with sizes ranging from 10 -
35 um (predominantly 20 - 35 um) for CKD1, 10 - 30
um (predominantly 15 - 20 pm) for CKD2, and 15 - 40
um (predominantly 30 - 35 um) for CKD3. The crystal
sizes of all other crystalline phases are micron and
submicron (Fig. 3b, d, f). Moreover, all CKD materials
mainly consist of aggregates of micron and submicron
polyphase particles. These aggregates vary in size, shape
and cohesiveness. The aggregates sizes vary between
first up to 300 pm. Conditionally according to their size,
the aggregates can be divided into large (100 - 300 pm),
medium (50 - 100 um), small (20 - 50 pm) and very
(small <20 pm). In all samples, small and very small

Bekgr CKD1
1 — Cale

x Obs Lm -23.4%
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Fig. 2. Quantitative powder X-ray analysis (in wt. %) of
cement kiln dust (CKD) from three local cement plants.
Legend: lime CaO (Lm); portlandite Ca(OH), (Por);
larnite (belite) Ca (SiO,), B-C_S, belite (Lrn); aphthitalite
K,Na(S0,), (Att); sylvite KCI (Syl); quartz SiO, (Qz);
spurrite Ca(SiO,),.(CO,) (Spu).
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aggregates predominate. Large aggregates are more
typical for CKDI and CKD?2, large and middle - for
CKD3 (Fig. 3a, c, e).

FT-IR

The infrared spectra of analyzed cement kiln dusts
(CKD1, CKD2 and CKD3) are graphically presented

T &0

DR
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b AT ¢ £ 1
el S!lgrjl%‘LA CTZB‘SD_

in Fig. 4. The analysis of the spectra and assignments
of bands have revealed that the main constituents in
the three samples are silica and calcium carbonate in
the form of aragonite, which is in good agreement with
the XRF and XRD analysis. There is certain indication
for the presence of calcium oxide and hydroxide. The
presence of silica and hydroxides is most distinctly

e

Al 3 hs e L IR
pre TH$500KV  Jmes Signal ASSET
: —m : WA el

Fig. 3. SEM images of CKD: (a, b) - CKDI; (¢, d) - CKD2; (e, f) - CKD3, images a, ¢ and e - in BSE (the brightest
particles in all CKDs are sylvite crystals); images b, d and f - in SE (sylvite crystals and polyphase aggregates in CKDs).
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Fig. 4. Infrared spectra of the studied CKD samples: (a) Functional group region; (b) Fingerprint region.

revealed in the spectrum of CKD3, whereas in the
spectrum of CKD1 it is least indicated. CKD3 contains
higher amounts of calcium oxide and carbonates. CKD2
and CKD3 possess higher common similarity than
compared to CKD1. The identified species are listed
in Table 4.

CONCLUSIONS

The present study characterizes cement kiln dust
(CKD) from three local cement plants, revealing
variations in the physical, chemical, and mineralogical
properties most probably being due to differences
in the used raw materials, kiln conditions and usage
of alternative fuels. The CKD2 and CKD3 showed
very similar characteristics, whereas CKD1 differs in
chemical and phase composition. The conclusions are
summarised as:

e The CKD’s bulk and absolute densities vary
between 0.58 to 0.66 g cm™ and 2.40-2.66 g cm™.

® The measured hygroscopicity are relatively
high (up to 71 %) which require special measures
to prevent CKD from absorbing moisture from the
atmosphere.

e The chemical composition is characterized
primarily by CaO. The K,O content is significant
reaching 19 %, and that one of CI - up to 12 %. Trace
amounts of Pb, ZnO, CuO and Br have been detected
(< 1 %) which should be considered as potential
environmental issues.

Table 4. IR frequencies of normal vibrations of identified
species of cement kiln dust samples.

Band Band
Species measured, reference,
v _,cm? v, cm’!
OH-group 3639, 3634 3644 [32]
Si-OH 3434 3425 [33]
CaCO, (aragonite) 1528 1504[34]
C=0 (carbonate) 1395 1420[32]
. . 1087 [32],
-O- 1
Si-O-Si 097 1040 [35]
CaO 861 875 [32]

®  The mineral composition of the analysed CKD

comprises mostly of lime (23 - 37 %), larnite (26 - 57
%), sylvite (9 - 22 %), and quartz (4 - 6 %). Other phases
such as: aphthitalite (12 % in CKD3), spur rite (5 %
in CKD1), portlandite (< 2 %) and calcite < 1 % were
also detected.

e SEM examination has revealed that CKD
samples have differences in particle and aggregate
distribution, with sylvite crystals being most prominent
in CKD2 and CKD3 however sporadic in CKD1. The
aggregates in all samples predominantly consist of
small and very small polyphase particles, with larger
aggregates more common in CKD1 and CKD2.
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