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Abstract

Background: Worldwide, stockpiled cement kiln dust (CKD) has been neither properly disposed, nor profitably utilized. Mostly it
contains >6 wt % alkali metal salts; therefore, it cannot be reused as a raw material in clinker manufacturing in cement industry. In the
present work, a facile water treatment, before and after calcination (at 500-1000 °C) of CKD, was designed and found to help leaching
out the salt content that renders CKD reusable in the clinker manufacturing.

Results: Water treatment products, as examined for compositional and morphological consequences by XRD, FTIR, SEM and EDX,
were found to reveal that the water treatment applied, via stirring for as short as 15 min under ambient conditions, effectively freed
CKD from its salt content (KCL, NaCl and CaSO,) in the form of separable flake-like crystal aggregates.

Conclusion: The proposed water treatment procedure was proved efficient in wavering CKD from its salt content thus paving the way
to its reuse in clinker manufacturing, thus evolving an added value to the cement industry.
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Introduction

Cement kiln dust (denoted CKD) is by-produced during the calcination process in the kiln of cement clinker manufacturing plants [1,2]. It
is a massive by-product (ca. 30 million tons/year worldwide and 5-20 % of the amount of cement clinker produced [3-5]) that is generally
a heterogeneous mixture by chemistry and particulate size. These characteristics are dependent on the raw feed materials, fuels, kiln pyro-
processing type (dry or wet), overall equipment layout, and kind of cement being manufactured [4,6]. Chemically speaking, however, it
includes oxides, carbonates, chlorides and sulfates of Ca, K, Na, Al, Fe and Si, with CaO/ CaCo, being its major constituent [2]. CKD is
separated from the clinker kiln exhaust gas in order to prevent (i) the alkali content of the clinker from exceeding the maximum allowable
value (<0.6 %) [7], and (ii) the buildup of excessive salts (chlorides and sulfates) in the produced clinker [7].

Only a small proportion of the generated CKD is recycled back again with the clinker, but the rest (ca. 80 %) is stockpiled and/or
land-filled thus posing significant environmental and health threats [3,7,8]. Hence, it is a chemical waste material that is neither
properly disposed, nor profitably utilized. In Egypt, for instance, ca. one million tons of CKD are discharged annually from cement
kilns [9], which contain excessive amounts of alkali compounds, thus making them unsuitable for reuse in the cement making
process [5,10]. Consequently, an active research has been urged to find out profitable ways and means of using CKD, not only
to avoid its environment and health threats, but also to evolve an added value to the global cement industry. This is bearing in
mind, that cement is indispensably a strategic material for the ever growing construction economy [7,11]. Research-devised new
applications implement CKD in (i) concrete mixes as cement substituent [6,11,12], (ii) soil conditioning and stabilization [13-17],
(iii) filler material in asphalt mixes [13,15,18], (iv) the making of lightweight aggregates, blocks and bricks [7], (v) solidification/
stabilization of hazardous waste [15], (vi) wastewater treatment [9,19], (vii) heavy metal scavenging [20,21], and (viii) the making
of a catalyst for the gasification of biomass [22]. Despite of their obvious diversity, these applications use-up but only a small
amount of the on-site piled CKD worldwide. Hence, further research efforts are still urged to optimize utilization of CKD.

The present investigation is an attempt to join the forces with the international research endeavor in tackling this important issue.
The thrust has been not only the awareness of the obvious environmental, health and economical necessities of the subject, but also
the lack of in-depth knowledge about the influence of two basic treatments, namely the heat and water treatments, on the chemical
composition and morphology of CKD particles. It is worth noting, in this regard, that influence of water treatment of CKD was
previously examined but was focused on the hydration of the lime content into Ca(OH), in order to improve the viability of using
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it in soil stabilization [14] and wastewater treatment [9,19,20] purposes. In the present investigation, however, water treatment
experiments were designed to facilitate long-term (up to 14 days) processing in hopes of going beyond the hydration into the
hydrolysis of a patch of a stockpiled CKD in a local cement manufacturing plant. Subsequently, the CKD and its hydrolysis (and
thermolysis) products were characterized by means of thermogravimetry, X-ray diffractometry, infrared spectroscopy, scanning
electron microscopy, and energy dispersive X-ray micro-probing chemical analysis. Results obtained were implemented to reveal
influence of the heat and water treatments applied on the salt content of CKD and, hence, its reusability in clinker manufacturing.

Experimental
CKD origin and factory provided information

CKD sample used in the present investigation was a grayish white fine powder provided by ASECMINYA cement plant (Minya
Portland/El-Minya/Egypt). It was taken from a freshly homogenized mixture that was exited at 1050 °C, then quenched and cooled
by fresh air, separated by means of a bag house filter, and collected in pin without any treatment, throughout a 24-h processing.
Information provided for the CKD sample included the chemical composition, mass loss on ignition (LOI) at 975 °C for 1 h,
the manufacturing kiln type and processing condition, and raw materials used, are set out in Table 1. Accordingly, the chemical
composition is shown to be majored by CaO (50.25 %) and SiO, (14.66 %), and minored by alkali metal oxides (K,O (6.64 %), Na,O
(3.30 %) and MgO (0.99 %)) as well as ALO, (4.51 %), Fe, O, (2.9 %), SO, (5.89 %) and CI (7.69 %). These quantitative results are
in the order of magnitude of the average of quantitative results reported for variously obtained CKD samples by Peethamparan et
al. [14]. On the other hand, it was also provided that the CKD sample consists of 61 % particles below 45 pm diameter and 15 %
particles above 90 pum.

CKD heat treatment

Based on thermogravimetry and differential thermal analysis results (vide infra), portions of the CKD sample were calcined at
500, 650 or 1000+2 °C (for 1 h) in a static atmosphere of air. Therefore, ca. 10-g portion of the loose powder was placed in wide-
mouth porcelain crucible, admitted into an electronically controlled Naber 2804 muflle furnace (Germany) at room temperature
(RT), and, then, the temperature was linearly elevated (at 20 °C/min) to the set value. After the elapse of 1 h, the temperature was
leveled off, the calcination product was withdrawn from the furnace (at 200 °C), and kept desiccated over CaCl, till further use. The
calcination products are discerned from the uncalcined CKD by suffixing the calcination temperature applied. For instance, the
calcination product at 500 °C is denoted CKD-500 throughout the text.

CKD water treatment

Long- (LT) and short-term (ST) modes of water treatment of CKD and its calcination product at 1000 °C (i.e., CKD-1000) were
conducted by soaking the material particles in bi-distilled water (1 g/40 mL) in a glass vessel at RT, magnetically stirring the
vessel content for 15 min, and, then, either (i) maintaining the water/solid contact at RT till complete dryness (LT mode), or (ii)
separating immediately the solid particles from the aqueous medium by filtration through a filter paper (ST-mode). In the ST-
mode, the separated wet solid and filtrate were also maintained under ambient conditions till complete dryness. The complete
dryness was accomplished in both modes after 14 days. The dried products of the LT-mode were milky white crystals (aggregated
in the form of large, thin flakes) settling on top of a fine powder. The crystals’ flakes were large enough to be successfully manually
separated from the powder. Dried crystals and powders produced via the LT- and ST-modes of water treatment were pulverized by
mortar and pestle, and kept desiccated over CaCl, till further use. It is obvious that the crystals are for water-leachable constituents
of the soaked material (CKD or CKD-1000), whose growth may had been reminiscent to the slowness of both the water solvent
evaporation and the consequent elevation of concentration of the leachate species at room temperature (RT). Whereas the powders
are to dwell the residual solid particles. Hence, leachate crystals (L) produced via the LT-mode of water treatment of CKD are
designated as CKD(LT/L), whereas the residual powder (R) produced via the ST-mode is denoted CKD(ST/R). It is worth noting,
that water treatment parameters were chosen in order to help going beyond CKD hydration [14] into hydrolysis.

Characterization methods

Thermogravimetry (TG) and differential thermal analysis (DTA) were carried out on heating (at 20 °C/min) ca. 25-mg portion
of test sample, in a dynamic atmosphere of air (40 mL/min), up to 1000 °C, using a model DTG-60H Shimadzu analyzer (Japan).
a-AlL O, (Shimadzu Corp.) was the thermally inert reference material used with the DTA measurement. X-ray powder difractometry
(XRD) was conducted on a model JSX-60PA Jeol diffractometer (Japan) equipped with Ni-filtered CuKa radiation (A = 0.1542 nm,
40 kV and 30 mA). Diffraction patterns thus obtained were matched with standard diffraction data filed in JCPDS cards [23] for
phase composition identification purposes. Fourier-transform infrared (FT-IR) spectroscopy was carried out employing a Genesis
IT Thermo Mattson FT-IR spectrophotometer (USA) powered with WinFirst Lit software (Mattson Corp.) for data acquisition
and handling. The spectra were taken from lightly loaded (< 1 wt %) KBr-supported disks of test samples at 4000-400 cm™, by
averaging 20 scans at the resolution of 4 cm™. Scanning electron microscopy (SEM) was performed with Thermo Fischer Quanta
FEG250 scanning electron microscope (Switzerland) at 30 kV. Test samples were sputter coated with ca. 2-nm thick gold film
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before examination, by means of a Balzers sputter coater (Liechtenstein). Energy dispersive X-ray (EDX) analysis was done using
an Oxford-Instruments (High Wycombe, United Kingdom) EDX system. It is worth noting, that (i) test samples characterized were
pre-ground and passed through a <250 mesh Sieve, and (ii) equipment used for TG/DTA, XRD and IR analysis were pre-calibrated
versus CaCO, thermal decomposition, Si single crystal, and polyethylene standard film, respectively.

Results and Discussion

CKD composition and particle morphology

Ca: CaO (Lime), JCPDS 77-2376
K: KCI (Syhvine), JCPDS 73-0380
Ma: NaCl (Halite), JCPDS 88.2300
S: CaS04 (Anhydrite), JCPDS 74.1782
Si: $i02 {(Quartz), JCPDS 461045
Fe: Fe203 {Hematite), JCPDS 89.0598
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Figure 1: (A) XRD diffractogram; (B) IR spectrum; and (C) TGA/DTA curves obtained for the as-obtained CKD

Annex Publishers | www.annexpublishers.com Volume 2 | Issue 1



Journal of Waste Resources and Recycling

Composition
/%£0.02 mass %*

Kiln

Ca0 (50.25), Si0, (14.66), K,0 (6.64),
SO, (5.89), ALO, (4.51), Na,0 (3.30),

Type

Process

Temp./°C

Raw materials

Fe,0, (2.90), MgO (0.99), Cl (7.69),
LOI@975 °C (4.03)

Short

Dryx-*

145070

Limestone, clay,
sand, iron ore

*On-site XRF-determined using a model ARL 9900 Thermo-Fischerspectrometer (Switzerland). XRF calibration was undertaken
automatically by a built-in SUS system and 8 standard materials. Results obtained are the average of triplicate measurements.
**With in-line pre-calciner.

***Fueled by heavy oil and coal.

Table 1: Provided CKD composition, kiln type and conditions, and raw materials used in the clinker manufacturing

XRD, IR and TGA/DTA results obtained for CKD are exhibited in Figure 1. Matching the diffraction peaks monitored in the
XRD diftractogram (Figure 1A) with standard diffraction data [23] revealed that crystalline domains of CKD are majored by
CaO (Lime), and minored by SiO, (Quartz), KCI (Sylvine), CaSO, (Anhydrite), NaCl (Halite) and Fe,O, (Hematite). According to
Peethamparan et al. [14], such a crystalline phase composition is typical for CKD released during cement clinker manufacturing
under the processing conditions set out in Table 1. Consistently, the corresponding IR spectrum (Figure 1B) monitors absorptions
of S-O bond vibrations (at 1149, 677, 616 and 597 cm™) for the CaSO, [24], and Si-O bond vibrations (at 1119, 1001, 917 and
890 cm™) for the SiO, [24]. It monitors, moreover, absorptions at 3638, 3422, 1630, 1446, 1423, 864 and 510 cm™, which are
frequently encountered in IR spectra taken from partially hydrated and carbonated CaO [25]. This is in the sense that the former
three absorptions (at 3638, 3422 and 1630 cm™) are due to v/§OH vibrations arising from hydrated species of CaO, i.e. Ca(OH),
[24,25]. Whereas, the absorptions at 1446, 1423 and 864 cm™" are assignable to v/8CO, vibrations arising from carbonated species
of Ca0, i.e. CaCO, [24,25]. Partial hydration and carbonation of CaO are influenced by the known strong tendency of CaO towards
adsorption/absorption of ambient H,O and CO, molecules yielding Ca(OH), and CaCO, impurity species in the CKD. The absence
of XRD indications (Figure 1A) for these impurity species may be due to their scarce presence and/or non-crystallinity. It is worth
noting, that the XRD-observed chlorides of K and Na (Figure 1A) are not accessible to IR spectroscopy over the frequency range
scanned [24].
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Figure 2: SEM images (A and C) and EDX spectra (B and D) obtained for CKD. Tables underneath set out
analytical results derived from the EDX spectrum above each

TGA and DTA curves obtained for CKD (Figure 1C) indicate that it is thermally stable to heating up to 560 °C, but at higher
temperatures it suffers a minor mass loss (ca. 0.7 %) via an endothermic decomposition process maximized at 610 °C, and a larger
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mass loss >750 °C, which is shown to extend beyond the highest temperature scanned (1000 °C). On-site LOI determination at 975
°C brought about a value of 4.03 % (Table 1), which may corroborate ascribing the TGA-observed high-temperature mass loss to a
minor decomposition process. The fact that Ca(OH), has been reportedly found [26] to decompose into CaO and H,O near 600 °C,
but CaCO, decomposes >750 °C [25], may consider the observed mass loss maximized at 610 °C to be due to the decomposition of
the Ca(OH), minority species, whereas the larger mass loss at >750 °C to undertake that of the CaCO, species. It is worth noting,
however, that contribution of decomposition and/or sublimation of other constituents of CKD (e.g., sulfate and/or chlorides) to the
high-temperature mass loss cannot be excluded with certainty. It is worth admitting, that the TGA-observed non-isothermal mass
losses were the thrust behind examining consequences of isothermal heat treatments of CKD at 500-1000 °C (vide infra).

SEM image (16 kx) taken from CKD is shown (Figure 2A) to visualize loose globular particles of sizes <2 pm, as well as particle
aggregates of larger sizes (up to 6 um). The corresponding EDX spectrum (Figure 2B) is shown to detect most of the elements expected
from Table 1. Analytical data derived therefrom (set out in the table inset underneath) convey relative elemental proportions in line
with the XRF-determined proportions (Table 1). EDX probing across the sample could identify CaO-rich particles (Figure 1D and
the table underneath), whose SEM image (Figure 1C) finds them to assume warm-like shapes of preferential growth direction, but
of non-preferential orientation. Furthermore, these CaO-rich particles are shown to be slightly coalescent and to assume varied
lengths in the range 336-678 nm (Figure S1, in online Supplementary Material).

Consequences of heat treatment
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Figure 3: XRD diffractograms obtained for CKD and its calcination product at 1000 °C for 1 h (CKD-1000)

Compositional consequences of calcining CKD at 500, 650 and 1000 °C (for 1 h) were identified by means of the XRD powder
diffractograms compared in Figure S2, and IR spectra stacked in Figure S3. Figure S2 shows that most of the diffraction peaks given
rise by CKD are maintained in the diffractograms of the calcination products, except for a gradual weakening of the diagnosing
peak (Si-labeled at 26 = 26.7°) of SiO, with increasing temperature till complete disappearance in the diffractogram of CKD-1000. In
contrast, the diagnosing peak (S-labeled at 26 = 25.6°) of CaSO,, though is shown to have varied intensities, remained visible in the
diffractogram of CKD-1000. On the other hand, three weak, but distinct, peaks emerged (CS-labeled at 20 = 32.6, 34.3 and 41.3°) in
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the diffractogram of CKD-1000. According to the standard data filed in JCPDS file No. 77-0409 [23], these are the three strongest
peaks of Ca SiO, (Larnite). Formation of Larnite is, most likely, due to a solid state reaction between SiO, and CaO activated at high
temperature (ca. 1000 °C). This may be justified by the observed disappearance of the diagnostic diffraction peak of SiO, as well as
the relative weakening of CaO (Lime) diffraction peaks (Ca-labeled, Figure S2) particularly in the diffractogram of CKD-1000. It
is worth noting, that peaks due to KCI (Sylvine) and NaCl (Halite) are still clearly observed in the diffractogram of CKD-1000. In
order to better resolve and highlight the described ultimate changes in the mineralogical composition as a consequence of heating,
close-up diffractograms of CKD and CKD-1000 are compared in Figure 3.

IR spectra taken from CKD and its calcination products, shown in Figure S3, do not only sustain the XRD-observed compositional
consequences of heating CKD, but also reveal changes occurred in its non-crystalline species. This is manifested in (i) the significant
weakening and sharpening of the SiO, (Quartz) absorptions at 1119, 1001, 917, 890 and 841 cm™ due to its conversion into Ca SiO,
(Larnite) [25], (ii) the almost complete elimination of the absorptions assignable to Ca(OH), and CaCO, (at 3638, 3422, 1630,
1446, 1423 and 864 cm™) [24,25], and (iii) the weakening of diagnostic absorptions of CaSO, (Anhydrite) at 1149, 677, 616 and 597
cm. The comparison held in Figure S3 reveals, moreover, that the vOH-absorptions (at 3638 and 3422 cm™), i.e. those diagnostic
of the presence of non-crystalline Ca(OH), species, are significantly weakened in the spectrum of CKD-650, whereas those of
CaCO, and CaSO, are shown, respectively, to be eliminated and weakened but only in the spectrum of CKD-1000. These results
may support that the TGA-monitored 0.7 % mass loss at 560-650 °C (Figure 1C) is confined to the decomposition of Ca(OH),
[24,25], whereas the larger mass loss (ca. 4 %, Table 1) observed at > 750 °C involves the complete decomposition of CaCO, species
as well as a partial elimination of CaSO,.

Exploring morphological consequences of heating was sought by SEM examination of CKD-1000. Image obtained and corresponding
EDX microanalysis results are given in Figure S4. The SEM image (Figure S4A) visualizes some remarkable morphological
modifications: (i) overall particle thickening and size increase, (ii) formation of particle agglomerates with signs of frozen melts,
which are more visible in Figure S4B, and (iii) formation of rod-like particles. The particle size increase and agglomeration are due,
expectedly, to enhanced mass transfer at such a high temperature of calcination (1000 °C). The melts are most likely of chlorides
of K and Na, which are still there as evidenced in the EDX analytical results (Figure S4C and D). On the other hand, the rod-like
particles are presumably formed at the expense of the original warm-like CaO-rich particles of CKD (Figure 2C). This modification
might have been influenced as a result of the formation of Ca SiO,. Compatibly, the EDX analysis results (Figure S4C) brought
about much higher proportions for Ca (29.75 %) and Si (8.72 %) than for the other metal components probed (<4.03 %).

Summing up, the test CKD has been found largely stable to heat treatment at 500 °C. Upon increasing the temperature up to 650
°C, it was freed from minority Ca(OH), species via thermal decomposition. At 1000 °C, CKD was freed further from minority
CaCO, species via thermal decomposition, and the SiO, (Quartz) content of CKD was activated for a solid state reaction with
CaO (Lime) whereby it was transformed almost quantitatively into Ca SiO, (Larnite). Moreover, the CaSO, (Anhydrite) content
was only partially reduced in magnitude, whereas the chlorides of Na and K commenced to melt but without significant mass loss.
Hence, the heat treatment applied could not free CKD from the chloride and sulfate contents, whose presence is known to hamper
CKD reuse as a raw material in the clinker production [7].

Consequences of water treatment

Irrespective of the water treatment mode applied (i.e., long-term (LT) or short-term (ST)), and whether the treated material is
CKD or its calcination product at 1000 °C (CKD-1000), the yield is two-fold: (i) a crystalline leachate (L), and (ii) a pulverized
solid residue (R)).

Long-term processing

The solid residues: XRD diffractograms obtained for the solid residues of long-term water-treated CKD (i.e., CKD(LT/R)) and
CKD-1000 (i.e., CKD-1000(LT/R)) are compared to those obtained for the untreated materials in Figure 4. The comparison reveals
that the diffractogram of CKD (LT/R) is almost completely void of diagnostic peaks of CaO, SiO,, Fe O, KCl and NaCl. It declares,
moreover, a weakening of the diagnostic (S-labeled) peak of CaSO,, and the emergence of six new (CC-labeled) peaks (at 26=29.4,
36.0, 39.5, 43.2, 47.6 and 48.50) due to formation of CaCO, (Calcite, JCPDS 88-1812) [23]. On the other hand, the diffractogram
obtained for CKD-1000(LT/R) shows not only the disappearance of peaks of Fe,O,, KCl and NaCl, but also weakening of the peaks
of Ca SiO, due, most likely, to its gelation into calcium silicate hydrate (CSH) and non-crystalline Ca(OH), species [27]. It also
monitors peaks of CaCO, at detectably lower intensities than those monitored in CKD (LT/R), and CaSO,. Consistent results are
communicated in the corresponding IR spectra compared in Figure S5. These results are in line with the facts that upon hydrolysis
(i) CaO is transformed into Ca(OH), (Portlandite), which, in turn, absorbs ambient CO, to convert into CaCO, (Calcite) [27],
(i) Ca,SiO, (Larnite) is readily transformed into Ca(OH), (and eventually to CaCO,) and CSH gel [14,27], (iii) KCl and NaCl are
readily dissolved in the aqueous medium, and (iv) f-CaSO, (B-Anhydrite), a high-temperature transformation product of CaSO,,
is sparingly soluble in water [27], However, the disappearance of the XRD diagnostic peak (at 6 = 26.6°) of SiO, (Quartz) in the
diffractogram of CKD(LT/R) (Figure 4) is due, presumably, to its conversion into non-crystalline CSH species [27].
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CC: CaCO3 (Calcite), JCPDS 88-1812
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Figure 4: XRD diffractograms obtained for long-term water treatment solid residues of CKD (i.e., CKD(LT/R)) and CKD-1000
(i.e., CKD-1000(LT/R)). The diffractograms of the untreated CKD and CKD-1000 are inset for comparison purposes

Morphological consequences of the long-term water treatment of CKD were examined by SEM and EDX microanalysis. SEM
image obtained for CKD (LT/R) (Figure 5) resolves three discernible particle morphologies; namely, A-labeled rod-like particles,
B-labeled sponge-like particles, and C-labeled cubic-like particles. Neither of these particle morphologies is observable in the
SEM images (Figure 2) obtained for CKD before exposure to the water treatment, which are shown to be dominated by CaO-rich
warm-like particles, plus loose and aggregated globular particles (Figure 2A). Therefore, it is plausible to relate these new particle
morphologies to water-treatment influenced changes to the initial CKD composition, i.e. the formation of CaCO, at the expense
of CaO, and the conversion of quartz-SiO, into non-crystalline CSH species. EDX microanalysis results obtained for the A-labeled
rod-like particles, set out in Table S1, reveal that they are Ca (17.46 %) and C (16.87 %) enriched. Hence, the rod-like particles
are most probably due to CaCO,. EDX results obtained for the B-labeled sponge-like particles (Table S2) reveal further Ca (23.26
%) and C (21.37 %) enrichment, as well as Si (3.76 %) enrichment, which may help relating the sponge-like morphology to non-
crystalline domains dwelling CSH species. In contrast, Table S3 indicates that the C-labeled cubic-like particles are distinct by the
highest proportion of Fe (28. 17 %), which may help suggesting that they contain non-crystalline FeO(OH)x species.
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Figure 5: SEM image obtained for CKD(LT/R). Encircled are the different morphologies
observed: (A) rod-like particles; (B) sponge-like particles; and (C) cubic-like particles.
Corresponding EDAX analysis results are set out in Tables S1, S2 and S3, respectively

The leachate crystals: It is obvious from the XRD diffractogram exhibited in Figure 6, that the CKD leachate (i.e., CKD(LT/L) is
composed of crystalline salts of CaCO, (Calcite), KCI (Sylvine) and NaCl (Hallite). The corresponding IR spectrum is shown (Figure
7) to be dominated by diagnostic absorptions (at 2518, 1800, 1430, 869 and 713 cm™) of CaCO, (Calcite) [24], since KCI and NaCl
bond vibrations are observable only <400 cm™ [24]. The broad absorption centered around 3465 cm™ is indicative of the presence
of hydrogen-bonded OH-groups of retained water molecules. Whereas the shoulder at 1163 cm™ and the tiny, but distinct, peak at
605 cm™, which are assignable to S-O vibrations [24], may imply the presence of non-crystalline calcium sulfate species. The failure
of EDX spectroscopy to detect Na, K and Cl in the solid residue CKD(LT/R) (Tables S1-S3) may evidence their almost complete
leaching out under the long-term water treatment conditions applied. The subsequent slow natural evaporation of the water at RT
(completed in 14 days) must have furnished the necessary conditions for crystal growth of KCl and NaCl. On the other hand, the
presence of Calcite large crystals in the leachate (CKD(LT/L)), and microcrystallites in the solid residue CKD(LT/R) (Figure 4),
should have occurred via one-and-the-same formation course: CaO(s) + H,O(l) = Ca(OH), + ambient CO,(g) = CaCO,(s) + H,0O(l)
[27]. Unlike the complete leaching out of the elements of KCl and NaCl from CKD, the much larger proportion of CaO has rendered
its leaching out incomplete under the water treatment conditions applied. It is worth mentioning, that subjecting CKD-1000 to the
same long-term water treatment resulted in leachate crystals of Calcite only (Figure S6). The corresponding SEM and EDX analysis
results (Figure S7) disclose the presence in the leachate (CKD-1000(LT/L) of detectable amounts of non-crystalline KCl and NaCl
species. This may imply that their melting in CKD-1000 (Figure S4) may have rendered them sparingly soluble in water, thus
rendering their soluble concentrations far less than the necessary saturation level for crystallization.

CC

K CKD(LTIL)

Intensity/a.u. — .

20 25 30 35 40 45 50
28/Degrees

Figure 6: X-ray diffractogram obtained for the leachate of CKD after long-term water treatment, i.e. CKD(LT/L)
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Figure 7: IR spectrum obtained for CKD(LT/L)
Short-term processing

Shortening the soaking period of CKD particles in water (1 g/40 mL) to 15 min (instead of 14 days), the dried filtrate (CKD(ST/L))
and soild residue (CKD(ST/R) exhibited the XRD diftractograms compared in Figure S8. The comparison reveals that the leachate
crystals formed were of CaCO, (Calcite), NaCl (Hallite) and KCI (Sylvine), as well as CaSO,.2H,0 (Gypsum, JCPDS 06-0047)) [23].
On the other hand, the solid residue is shown to be still majored by microcrystallites of CaO (Lime), but minored by microcrystallites
of CaCO, (Calcite). In contrast, none of the diffraction peaks of NaCl and KCl are monitored in the XRD diffractogram of the
solid residue CKD(ST/R) (Figure S8). SEM and EDX analysis results (Figure S9) obtained for CKD(ST/R) resolve, according to
Peethmparan et al. [14], the co-existence of non-crystalline aggregates of Ca(OH), and CSH species. Accordingly, the short soaking
period of CKD particles in water facilitates leaching out most of the KCI, NaCl and CaSO, contents of CKD, and help leaching but
a small proportion of its initially high content of CaO. These results, together with the detection of non-crystalline Ca(OH), in the
residue, may suggest that the hydration, and subsequent carbonation, of CaO are slow processes; hence, their completion require
long CKD/water contact time.

Conclusion

The above presented and discussed results may help drawing the following conclusions, which are further graphically summarized
in Figure S10:

1. CKD composition is stable to heating (in air) up to 500 °C. It is freed from minority Ca(OH), species via thermal decomposition
at 650 °C. At 1000 °C, it is further freed from minority CaCO, species via thermal decomposition, the SiO, (Quartz) content
is activated for a solid state reaction with CaO (Lime) whereby it is transformed almost quantitatively into Ca SiO, (Larnite).
Moreover, the CaSO, (Anhydrite) content was only partially eliminated, whereas the chlorides of Na and K commenced to melt
but without significant mass loss.

2. Hence, the heat treatment up to 1000 °C cannot free CKD from the chloride and sulfate contents, whose presence is known
to hamper the CKD reuse as a raw material in the clinker production.

3. The chloride and sulfate contents are, however, leached out almost completely while soaking CKD particles in water (1g/40 mL)
with stirring for as short as 15 min. Meanwhile, the CaO content is partially hydrated into Ca(OH),, which is carbonated (via
acid-base interaction with ambient CO, molecules) to yield CaCO, both in the aqueous and solid residue. Moreover, the Quartz-
SiO, and Hematite-Fe O, contents are hydrolyzed into non-crystalline species.

4. The hydration and carbonation processes of the CaO content are slow and, therefore, require a longer CKD/water contact time
to be completed.

5. The slow evaporation of water (under ambient conditions) from the aqueous leachate results in the formation of visibly large
flake-like aggregates of crystals of CaCO, (Calcite), CaSO,.2H,0 (Gypsum), KCI (Sylvine) and NaCl (Halite).

6. Hence, a 15-min stirring of CKD in water (1g/40 mL) is sufficient to bring down its chloride and sulfate salt content to <6 %,
which renders possible the reusing of CKD as a raw material in the clinker manufacturing, thereby minimizing its environmental
hazards.
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