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Abstract: Global industry relies on a linear approach for economic growth. One step towards
transformation is the implementation of a circular economy and the reclamation of anthropogenic
deposits. This study examines two filter dusts, one German and one Argentinian, from the production
of calcined clays, representing such deposits. Investigations and comparisons of untreated and
calcined filter dust and the industrial base product pave the way for using waste product filter
dust as supplementary cementitious material (SCM). In the future, some twenty thousand tons of
contemporary waste could potentially be used annually as SCM. The results confirm the suitability of
one material as a full-fledged SCM without further treatment and a measured pozzolanic reactivity
on par with fly ash. Sample materials were classified into two groups: one was found to be a reactive
pozzolanic material; the other was characterized as filler material with minor pozzolanic reactivity.
Additionally, important insights into the physical properties of oven dust and heat-treated oven
dust were obtained. For both material groups, an inversely proportional relationship with rising
calcination temperatures was found for the specific surface area and water demand. The impact of
the calcination temperature on both the particle size distribution and the potential to optimize the
reactivity performance is presented.

Keywords: filter dust; recycling; supplementary cementitious material; SCM; cement-based composites;
calcined clay; reactivity; physical properties

1. Introduction

The construction and building industry contributes greatly to the world’s economy. In
addition to the resulting increase in CO2 emissions, the consumption of vast amounts of
primary resources presents a growing challenge for producers around the world, especially
in densely populated areas like Germany. Due to an ever-increasing population on our
planet and improving living standards, the demand for economic growth, while projected
to be stagnant by 2040, will continue to be a driving force for the industry [1]. The OECD
report estimates that by 2060 there will be an increase by 87% in material consumption
in general and almost a doubling from 44 to 86 Gt for non-metallic materials, including
cement and concrete [1]. Since the industrial revolution, humankind and its economic
behavior relies more and more on a linear economy approach. This, also called the “take-
make-waste” economy, according to the Ellen MacArthur foundation, runs the planet’s
resources down with an ever-increasing rate that is currently linked to our population
growth [2]. A decoupling of economic growth and the use of primary resources is needed
and can be achieved only by changing the economic system to a circular approach.
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Therefore, a careful assessment of primary and secondary resources is needed and
urban deposits and possibilities in waste management especially need to be explored to
enable better recycling strategies for the future. In addition to the well-known concept of
utilizing materials from demolition sites, the concept of urban mining extends to all of the
materials that have accumulated in the anthroposphere, including landfilled materials [3]. It
describes all long-lived human goods, where long-lived is defined as a one-year minimum
stay in a deposit of a relevant size [4]. While the possibility of prospecting landfills for
valuable resources is a very important challenge, the circumvention of new waste materials
and therefore the anticipation and capturing of tomorrow’s waste value is the key to a
healthy future for humanity.

The Paris Agreement’s aim to limit “the temperature increase to 1.5 ◦C above pre-
industrial levels” [5] is a focus of media and research. A popular approach to reduce CO2
emissions is the use of supplementary cementitious materials (SCMs) to achieve clinker-
reduced binders [6]. The current market provides a variety of different SCMs, one of which
is the group of calcined clays. The recent literature calculates the potential savings in
kg-CO2 per m3 of concrete to be at least 16.5% for a 25% replacement of ordinary Portland
cement (OPC) with an illitic shale and about 17.7% for the same replacement with a low-
grade kaolin [7]. These findings are in line with Thienel and Beuntner, who calculate the
potential savings in CO2 to be close to 15% [8]. In the near future, a lowered clinker factor
will increase the demand for SCM [6]. Furthermore, established SCMs like fly ash and
blast furnace slag will be of lesser importance due to the output limiting transformation
in energy-intensive industries by 2030 as projected by [9]. While available in abundance
and already in frequent use in some countries [10], calcined clays still play a minor role
in the worldwide cement mix. This is going to change as more and more countries pass
improved standards for wider varieties of cement mixes and, combined with the overall
increasing demand for SCM, will boost the worldwide production of calcined clays to
2.6 Mt by 2030 [9,11].

However, while being potential materials to reduce CO2 emissions, they are still
primary resources and thus a considerate waste-minimizing use is desirable. Another
challenge is the availability of materials suitable for use as SCM close to a construction
site, as transportation is a major cost and emission factor for the construction industry,
especially in vast countries such as Argentina.

One possible solution for many of these challenges is the use of currently arising waste
streams as future secondary resources to change from a linear to a circular approach. In the
production of calcined clays on an industrial scale, a significant amount of dust is produced
and discarded if not processed properly. The quantity and quality of the dust generated
depends on the type of kiln employed and the nature of the clay. This issue is a hot topic
for environment and health regulations in both Germany and Argentina.

On the German side, filter dust, although initially just a common clay, is legally
considered a waste material due to being heat-treated in the industrial process [12]. It
must therefore not be used to fill existing clay pits, but must be disposed of in special
landfills, which takes up valuable landfill space and wastes large quantities of potential
resources. However, §5 of the German circular economy law states that the declared waste
character of a material ends when its suitability for a determined function is proven, there
is a demand for it and it meets the respective standards and criteria to be safe for humans
and nature [13]. One way to achieve this status is to fulfill the standards to be classified
as a “supplementary building material” [12]. With this certificate, not only can precious
landfill space be preserved and resources saved, but the respective company also saves a
significant amount of money.

Although the Argentinian legal restrictions are different, recycled waste material still
provides huge benefits due to the conservation of nature, increased product output, saved
primary resources and short supply routes due to local production.

The aim of this paper is to assess two filter dusts that accumulate during the production
of calcined clays in two industrial plants in Germany and Argentina for their suitability to
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be used as SCM. This project’s objective is to use the collected filter dust in combination
with calcined clay in cement to contribute to the zero-waste ambition during calcined
clay production. After determining the individual qualities, laboratory calcinations were
performed to optimize the materials’ reactivities. Finally, raw and calcined filter dusts were
compared to their respective industrial calcined clays in terms of their usability as SCM
and real-world challenges for their use were identified.

2. Materials and Methods
2.1. Materials

The investigation of this international collaboration project focuses on two different
filter dusts that are collected during the industrial production of calcined clay in two local
production facilities in Germany and Argentina. Both facilities provided the individual
research teams with one batch of each of the discussed samples. Those batches were around
20 kg on the German side and 100 kg on the Argentinian side. According to information
from the suppliers, those batches resemble the current production processes that are
under continuous monitoring to achieve consistent product quality on the industrial level.
All samples were thoroughly mixed and subdivided to achieve homogenous laboratory
samples for all the tests performed in this study. The German team cooperated with
a producer of lightweight aggregates and calcined clay located in the state of Bavaria,
Germany. A three-stage rotary kiln produces the calcined clay (CCC—calcined common
clay) with an aimed material temperature of 750 ◦C [14]. The raw clay is fed to the kiln with
rocks up to 100 mm in size, and the calcined material with a particle size of up to 40 mm
is shipped to customers for milling. The total amount of collected filter dust comprises
approximately 20% of the material throughput and is labeled D-CCC (dust of calcined
common clay).

The Argentinian clay was obtained from a quarry near the city of Olavarría, Buenos
Aires, Argentina. A single-stage rotary kiln with an aimed temperature of 950 ◦C produces
industrial calcined clay (CIC—calcined illitic clay). The raw clay enters the rotary kiln with
a particle size characterized by 11% residue on a 25.4 mm sieve and the calcined clay has
roughly the same particle size. The shape of the material is that of laminated grain and the
total amount of dust generated and collected is around 5% according to the production
company. The collected filter dust is called DCIC (dust of calcined illitic clay).

The filter dusts calcined in the laboratory were designated with an additional “c”
indicating calcination and the corresponding temperature (e.g., cD-CIC-750).

While the production temperature of both industrial products and the laboratory
calcination is known, it has to be stated that it is not possible to measure the real temperature
that the collected oven dust was exposed to.

2.2. Methods
2.2.1. Chemical and Mineralogical Characterization

The chemical composition expressed as a percentage of oxides of the different sam-
ples (CCC, D-CCC, CIC, D-CIC) was determined via inductively coupled plasma–optical
emission spectrometry (ICP-OES) according to [15] and described in detail in [16].

For the mineralogical characterization, X-ray diffraction (XRD) was performed in an
Empyrean diffractometer, Malvern Panalytical Ltd., Malvern, Worcestershire, UK, using
Cu-Kα radiation at 40 kV and 40 mA equipped with a BraggBrentanoHD Monochromator.
Quantification was obtained through Rietveld refinement and the amount of amorphous
phases was calculated with the internal standard method [17], using Profex BGMN [18].

Side-loading sample preparation with a particle size < 40 µm was used with 20 wt.%
Zincite set as the internal standard. The identification of the mineral phases was achieved
through an investigation of the 2 µm fractions on oriented mounts using the glass slide
method [19]. The identification of swellable minerals was conducted on air-dried (AD)
samples via treatment with glycol vapors in a 50 ◦C heated desiccator.
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2.2.2. Thermal Characterization

The optimal calcination temperatures for each filter dust were determined through
thermal gravimetry (TG) (STA 449 F3 Jupiter), Netzsch-Gerätebau GmbH, Selb, Germany.
Therefore, the dusts were heated up to 1000 ◦C with a heating rate of 10 ◦C min−1.

2.2.3. Dust Calcination

Based on the thermogravimetric analysis, filter dusts were calcined at two different
temperatures. The first one was set at the relevant maximum peak of the clays’ dehydroxy-
lation temperature, the second one at 100 ◦C below it to test its suitability.

Due to varying facilities and practices in the laboratories of Germany and Argentina,
the workflows to achieve the calcination differed. Both workflows are described in Table 1.

Table 1. Calcination workflow.

Argentina Germany

• Place the samples in a shallow container
in the cold oven.

• Heat oven to target temperature
(~10 ◦C min−1).

• Keep temperature constant for 1 h.
• Let oven cool down naturally with closed

door and sample inside.

• Heat oven to desired temperature.
• Place the sample in a shallow container

inside the preheated oven.
• Keep temperature constant for 1 h.
• Remove sample and let cool down in

desiccator.

2.2.4. Determination of the Calcination State

To assess whether the heat treatment achieved full calcination, Fourier Transformed
Infrared spectroscopy (FTIR) was conducted at room temperature in attenuated total
reflection (ATR) using a Nicolet iS10, ThermoFisher Scientific, Germering, Germany. The
spectra were measured in the wavenumber range from 400 to 4000 cm−1 with diamond as
the ATR crystal, collecting a series of 16 scans at a resolution of 4 cm−1.

2.2.5. Assessment of Particle Properties

Particle properties were assessed using the particle size distribution (PSD), specific
surface area, water demand and absolute density. PSD and its parameters (d90, d50 and
d10) were determined using a laser diffraction analyzer Bettersizer S3 Plus, Bettersize
Instruments Ltd., Liaoning, China, and Mie Scattering [20]. The specific surface area was
measured with the BET method [21] using nitrogen gas with a Horiba SA-9600 Series. To
determine the samples’ water demand, the Puntke method was applied [22]. The absolute
density was measured using a ThermoFisher Scientific Pyknomatic ATC Helium pycnome-
ter following the standard [23]. To facilitate comparisons with the existing literature, the
location parameter x′ of the RRSB distribution was calculated [24].

2.2.6. Reactivity Tests

The reactivity of the filter dust and calcined dust was determined with four different
techniques: part one and two of the rapid, relevant and reliable (R3) test method [25],
the Frattini test [26] and the solubility of Al and Si ions [27]. A comparison of the filter
dusts with the industrially produced calcined clays (Argentinian calcined illitic clay (CIC),
German calcined common clay (CCC)) allowed for an evaluation of the reactivity of the
filter dusts.

Cumulative heat release, part one of the R3 test, was measured in a TAM Air isothermal
Calorimeter, TA instruments, New Castle, DE, USA; chemically bound water, part two
of the R3 test, was determined according to [25]. As a second way of ascertaining the
reactivity, the Frattini test [26] was conducted at 7, 14 and 28 days. This provided additional
information about the pozzolanicity of the material. According to DIN EN 196-5 [26], the
Frattini Diagram is split by the curve of the maximum CaO solubility into two sections:
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everything below the curve passes the test; everything above does not. To facilitate reading
and comparison, the coefficient XFr based on [28] was introduced. XFr represents the
vertical distance of the measured data point to the solubility curve, calculated according to
Equation (1). The given variables express the isothermal curve of the maximum calcium ion
solubility expressed as calcium oxide (lime solubility curve) [26] ([CaO]MAX), the calcium
concentration of the sample ([CaO]Sample) and the given hydroxide concentration that
describes the lime solubility curve.

XFr =
350

[OH]− 15
− [CaO]Sample = [CaO]MAX − [CaO]Sample (1)

After this calculation, higher positive values signify higher pozzolanic reactivity.
The solubility of silicon (Si) and aluminum (Al) ions in alkaline solution was measured

via ICP-OES, using a Varian 720 ES spectrometer according to [27]. External standards and
a multi-point calibration were used according to [15]. To dissolve the ions, the preparation
routine described in [29] was performed.

3. Results and Discussion
3.1. Chemical Characterization of Materials

The chemical composition (Table 2) of the filter dust D-CCC and the raw material CCC
shows minor differences. The content of SiO2, Al2O3 and CaO is reduced by 1.1 to 3.3 wt.%
in the D-CCC compared to CCC, whereas the content of Fe2O3 and SO3 is slightly higher,
with 2.3 and 1.3 wt.%. The D-CCC shows almost double the LOI compared to CCC.

Table 2. Chemical composition of the calcined clays in wt.%.

Filter Dust Industrial Products

Sample D-CCC D-CIC CCC CIC

SiO2 50.6 53.9 51.74 61.3

Al2O3 18.3 16.3 21.6 16.4

CaO 5.2 3.9 6.5 2.2

Fe2O3 10.3 6.8 8.0 6.8

K2O 2.4 4.3 2.9 4.3

MgO 2.2 2.2 2.9 2.2

Na2O 0.9 5.8 0.8 4.2

TiO2 1.3 0.8 1.0 0.9

SO3 3.1 0.2 1.8 0.3

LOI 5.5 6.7 2.8 1.4

The chemical composition of the Argentinian filter dusts (D-CICs) and the correspond-
ing industrial products (CICs) differ further. A significantly higher SiO2 content of 7.4 wt.%
in CIC and reduced contents of CaO and Na2O can be observed. The thorough calcination
of the industrial product results in a lower LOI by 5.3 wt.% compared to the only partially
calcined dust. All samples in Table 2 comply with the limits for the LOI, SO3 and CaO
for Class N Natural Pozzolans described in ASTM C618-23 and all, except the D-CIC,
comply with the limits for Class F Natural Pozzolans [30]. While it is proven that this
standard allows for false positives, as elaborated in [31], the assessment of the reactivity
in Section 3.4 clarifies this question and complying with the standard makes practical use
easier in construction applications.
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3.2. Mineralogical Characterization of Materials

The German sample originates from the Lias delta clay formation of the lower Jurassic
in the region of Nuremberg [32,33]. It therefore has a high content of clay minerals, with
mica and kaolinite making up more than 50% of the material.

On the contrary, the raw material of the Argentinian filter dust comes from a region
where the “Sierras Bayas Group-Cerro Negro Formation” [34] is the prevalent geological
structure. The main clay minerals of the raw material are illite, chlorite, smectite and
fine granular quartz as an impurity [35]. These geological differences are reflected in the
mineralogical composition as shown in Table 3. In general, a quantification of (partly)
calcined samples poses great challenges, but is important to obtain an idea of the share of
uncalcined clay and swellable clay minerals.

Table 3. Mineralogical composition of the materials in wt.%.

D-CCC CCC D-CIC CIC

Quartz 16 19 21 32

Carbonate 3 3 3 -

Chlorite 3 - 10 1

Pyrite 1 - - -

Feldspar 4 3 12 15

Muscovite 6 - - -

Illite/Muscovite - - 33 21

Illite/smectite
alternation 36 22 - -

Smectite - - 15 8

Kaolinite 10 - - -

Rutile/Anatase 3 - 1 1

Hematite - 2 - -

Anhydrite - 2 - -

Amorphous 17 49 5 22

The D-CCC reveals a lower amorphous content by ~32 wt.% in comparison with
CCC. Given the actual calcination temperature of CCC (~750 ◦C), glass formation and the
calcination of the carbonates can be ruled out. Thereby, the difference in the content of clay
minerals explains the variation in the amorphous content. The sample D-CCC contains
33 wt.% more of different phyllosilicates, which, within a margin of error, can be attributed
to the higher amorphous content of CCC. However, the content of quartz, hematite and
anhydrite is lower in the filter dust, which, in general, points towards a slight segregation
of different particles owing to the industrial process as discussed in Section 2.2.5. Due to
the smectite being bound in an illite/smectite alternation, neither the D-CCC nor CCC
contains any swellable clay minerals [36].

During the analysis of the Argentinian samples, the distinction between smectite
and chlorite required a glycol vapor treatment described in Figure 1. Figure 1 shows the
resulting shift in the XRD peaks due to the widened layers after treatment.
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Figure 1. XRD assessment of swellable clay minerals in D-CIC through glycol vapor treatment.
D-CIC—AD represents the air-dried and D-CIC—Glycol the glycol vapor-treated D-CIC sample.

The peak at 6 ◦2θ with an attached shoulder can be identified as a combination of
chlorite and swellable smectite (Figure 2). This facilitates a better overall fit during the
Rietveld refinement and allows for a confident final quantification.
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Figure 2. XRD segment of the XRD quantification showing the different phyllosilicates present in the
D-CIC.

The detailed analysis of the mineralogical composition of the Argentinian samples
indicates a different link between the product (CIC) and the collected dust (D-CIC). In
contrast to the 17 wt.% higher amorphous content in the CIC sample, the portion of the
phyllosilicates is much lower with a combined total of ~−30 wt.%, whereas the content of
quartz is 11 wt.% and that of feldspar is 3 wt.% higher than in the collected dust. Thus, it
appears that the segregation effect in the production process of CIC is much stronger than
in the German facility.

A possible explanation for the segregation effects in both samples is the nature of
the production process, in which a strong airflow supports the combustion of the fuels
in the kiln. The airflow is likely to favor the transport of fine and light particles, thus
enriching them in the dust to a certain degree. Those particles are likely clay minerals
due to their lower hardness and ability to withstand deagglomeration compared to the
structural integrity of the bigger and harder quartz and feldspar particles.



Materials 2024, 17, 5676 8 of 19

3.3. Impact of Temperature on Properties of Filter Dust

Figure 3 shows the thermal analysis of the two filter dusts. The different stages of lost
mass are detailed for both filter dusts in Table 4. The D-CCC sample exhibits three stages:
The first one below 300 ◦C is related to the water desorption and bound interlayer water.
The second stage between 300 and 650 ◦C characterizes the dehydroxylation of kaolinite,
and the last stage up to 1000 ◦C is associated with the dehydroxylation of illite and the
decarbonation of the minor carbonate content with a mass loss of 1.60% [37]. In total, that
amounts to a mass loss of 5.18%.
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Table 4. Thermal parameters and mass loss of D-CIC and D-CCC samples.

Sample Temperature Range Loss of Mass (%) Maximum in DTG Curve (◦C)

D-CCC

25–300 1.03 89.3

300–650 2.55 505.5

650–1000 1.60 721.7

D-CIC

25–250 1.12 106.8

250–350 0.19 292.3

350–650 1.93 579.9

650–1000 2.50 764.2

On the other hand, four different stages can be distinguished for the D-CIC sample.
The first area, below 250 ◦C, is associated with the water adsorption and the dehydration of
the interlayer water of smectite [38]. The second stage in the range of 250–350 ◦C indicates
either the loss of interlayer water from T-O-T clay minerals [35] or the composition of
iron (III) oxide-hydroxide [39]. From 350 to 650 ◦C and between 650 and 1000 ◦C, the
dehydroxylation of illite, smectite, muscovite, and chlorite takes place in two steps with a
mass loss of 1.93% and 2.50%, respectively [37]. This leads to a total loss of mass of 5.74%.

Kaolinite has reached ~95% dehydroxylation already at 650 ◦C according to [37],
compared to the temperature of up to 1000 ◦C that is needed to calcine illite, smectite
and chlorite. Thus, an increased amount of kaolinite in a material lowers the temperature
required to reach a certain degree of dehydroxylation. Consequently, the calcination
temperatures for the D-CIC, shown in Figure 3, were set to 750 and 850 ◦C (cD-CIC-750
and cD-CIC-850, respectively), and for the D-CCC to 650 and 750 ◦C, accounting for the
kaolinite content (cD-CCC-650 and cD-CCC-750, respectively).
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The actual calcination was performed according to Section 2.2.3.

3.3.1. Degree of Dehydroxylation

Figures 4 and 5 display the FTIR spectra of the two filter dusts and the heat-treated
sample materials. The gray columns indicate the different wavenumber areas correspond-
ing to the individual markers relevant for assessing the calcination process according
to [37,40,41]. The LOI and XRD display the amorphous content and indicate partly calcined
filter dusts. However, the FTIR spectra still show a significant portion of uncalcined phases
in both material groups and therefore a potential to increase the reactivity of the samples.
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After calcination at 650 ◦C, the FTIR spectra of the D-CCC samples no longer show the
characteristic stretching bands of the OH groups of kaolinite between 3620 and ~3695 cm−1

as well as the other phyllosilicates at ~3300 cm−1, ~1620 cm−1 and ~1420 cm−1. How-
ever, the Si-O band intensity at 1000 cm−1, as well as the two alumina bands, is not
reduced, and the secondary Al-OH band at 911 cm−1 does not yet disappear until 750 ◦C is
reached [37,40,41].

The characteristic sections of the OH groups are completely gone after calcination at
750 ◦C in the three spectra of the Argentinian material group (Figure 5). The important
areas are in this case 3600–3700 cm−1, ~3400 cm−1 and ~1640 cm−1 and can be attributed to
the OH groups of the different phyllosilicates, abbreviated with “l-s” in the diagram. The
band at ~1420 cm−1 indicates carbonate [42]. The absence of all the aforementioned peaks
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confirms a full dehydroxylation of the samples. However, the disappearance of the Al-OH
shoulder at 909 cm−1 and the reduction in the Si-O peak intensity at 980 cm−1, described
by [43], as well as the two alumina sections, are not completed until 850 ◦C.

3.3.2. Physical Properties

Table 5 presents the physical properties of the different materials. For the particle size
distribution, the corresponding d10, d50 and d90 values for each of the investigated samples
are listed, as well as the location parameter x’ of the RRSB distribution. The sample group
associated with the D-CCC shows a significant trend of coarsening particle size distribution
with higher calcination temperatures. From the untreated D-CCC to the cD-CCC-750, a
gradual increase in particle size is observed. For d50 and d90, this has considerable values
of 25 and 32%, respectively.

Table 5. Physical properties of the raw and calcined filter dusts and the industrial products.

D-CCC cD-CCC-650 cD-CCC-750 CCC D-CIC cD-CIC-750 cD-CIC-850 CIC

Particle size (µm)

d10 2.3 2.5 2.8 4.0 2.4 3.0 3.9 2.1

d50 19.1 21.7 23.9 13.2 19.7 21.8 22.8 16.5

d90 77.2 88.6 101.9 37.0 90.0 93.8 88.2 47.7

x′ (63.3%) RRSB 30.0 34.5 38.0 16.7 30.5 33.2 33.8 23.3

Density (g/cm3) 2.65 2.66 2.66 2.60 2.75 2.71 2.70 2.69

BET (m2/g) 18.5 17.8 14.3 3.8 13.9 9.3 3.4 4.6

Water
demand (dm3/m3) 26 32 34 42 25 32 38 33

The samples associated with the D-CIC have a somewhat different tendency: While
exhibiting an increasing particle size with a rising calcination temperature for the d10 and
d50 values, with the D-CIC having the lowest and the cD-CIC-850 the highest, the results
for the d90 values are different. The highest particle size is observed in the cD-CIC-750,
with the D-CIC and the cD-CIC-850 both having 4% and 6% lower values, respectively.
However, all values lie within a narrow range.

The general idea of a coarsening particle size with rising calcination temperatures is
already described in [44] for low-grade kaolinitic clays with kaolinite, illite and montmo-
rillonite as the main clay minerals. Apart from the d90 values of the D-CIC sample group,
all measured samples fit this tendency. Interestingly, the D-CIC also matches these results,
although it does not contain kaolinite. Therefore, it seems that this perception can generally
be transferred to clay mineral-containing materials.

While comparing the filter dusts to their industrial counterparts, it must be pointed
out that CCC and CIC are produced as coarse-grained aggregates with particle sizes of up
to 40 mm (CCC) and 25 mm (CIC). Grinding is performed in a separate step, optimizing
the PSD for use in cement, while the filter dusts were tested in their unground form.
In comparison, both groups of filter dusts are much coarser than the ground industrial
materials. The d50 of CCC is only 60–80% of that of the filter dust samples. The measured
d90 is only 40–60% of that of the D-CCC and its heat-treated derivates. Similar results were
obtained from the Argentinian samples. CIC’s d50 is 72–84% and the d90 50–54% of that of
the D-CIC samples.

Table 6 shows the PSD ranges of three materials, described by the location parameter
x′ as the 63.2% quantile of the RRSB distribution [24] obtained from the literature. These
parameters can be compared to the data in Table 5. The fineness of the untreated filter
dusts, the D-CCC with 30.0 µm and the D-CIC with 30.5 µm, compares well to the cement
presented in Table 6. Although this does not hold for the other samples with bigger
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diameters, they still are comparatively close to the established SCM and to that of CEM
I 32.5 R. Based on the PSD, all analyzed filter dusts, uncalcined as well as calcined, are
suitable to be used in blended cements without further grinding.

Table 6. PSD of cement and SCM described by x’ after RRSB [24].

Sample RRSB: x′ (63.2% Quantile)

CEM I 32.5 R [45] 19.6–31.3

Fly Ash [46] 26.5

EFA Filler (Electro-Filter Ash) [47] 21.8

The particle densities of the untreated filter dusts, the D-CCC as well as the D-CIC,
are 2% higher than the industrial end product. This corresponds with the presumed lower
density associated with the loss of hydroxyl groups during the calcination process [48].
The lab calcination of the individual dusts resulted in a slight variation in the individual
densities. With higher calcination temperatures, they appear to decrease for the Argentinian
samples, whereas for the German samples, they increase. However, those changes are fairly
small and all within <1% of the standard deviation.

The BET surface area of the D-CCC samples of 18.5 m2/g decreases to 14.3 m2/g for
the cD-CCC-750 with an increased calcination temperature. Interestingly, CCC presents
itself with a much lower BET surface area, with only 3.8 m2/g. This difference between
the D-CCC samples and CCC can neither be explained by the temperature nor by the
deviating PSD. If the production process is examined closely, it can be split into different
individual parts for the samples. While CCC is calcined in a rotary kiln, the influence of
the dust separation in the hot process gas might be comparable to the effects seen in flash
and fluidized bed processes. Due to the mechanical deagglomeration of the material in a
rotary kiln, the exposure time in the oven is much longer than the 5 s one in a fluidized bed
and even more than that in a flash calciner according to [49], but still significantly shorter
than the 30 min stated by the manufacturer for CCC. The X-ray amorphous content of the
D-CCC (Table 3) indicates that the residence time and temperature in the gas stream have a
long resp. high enough to calcine part of the kaolinite. In this regard, the difference in the
BET surface area between the heat-treated dusts might be due to the different calcination
mechanisms. Hanpongpun et al. compared two clays of a similar median particle size that
had been calcined in different processes [49]. They found an 18% higher BET surface area
for fluidized bed calcination compared to rotary kiln production.

The sample group with the D-CIC exhibits a different behavior, which can be attributed
to the raw material not containing kaolinite and the time in the hot process gas not being
sufficient to calcine the present clay minerals. These findings are backed up by [33,50,51],
who describe in depth the change in the BET surface area with a varying calcination
temperature.

Contrary to the specific surface area of the filter dusts, the water demand determined
with the Puntke method increases with rising calcination temperatures. While this increase
is 30% from the uncalcined sample to the material calcined at 750 ◦C for the D-CCC, it is
still a 60% lower water demand compared to CCC. Again, the same tendency was observed
for the D-CIC with an increase of 53% from the uncalcined dust to the sample calcined at
850 ◦C (cD-CIC-850). However, the difference between CIC and the D-CIC is only 32%.

Summarizing the measurements of the physical properties, four significant tendencies
for both sample groups are identified to facilitate the subsequent discussion. One is
the significantly higher BET surface area of the filter dusts compared to the industrial
products. A trend contrary to this finding is the much lower water demand determined
with the Puntke method of the D-CCC and the D-CIC at the mentioned higher BET surface
area compared to the industrial product. Furthermore, with an increasing calcination
temperature, both a decreasing BET surface area and increasing water demand have been
observed. This inversely proportional behavior is visualized in Figure 6. It has to be
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mentioned that the horizontal axis, while showing the different calcination temperatures,
has to be seen in a qualitative way. As mentioned in Section 2.1, the temperature to which
the oven dust was exposed could not be measured in the industrial process. However, due
to the FTIR analysis elaborated in Section 2.2.4, it is certainly below that of the calcined
dusts, hence the order shown in Figure 6.
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both of the investigated sample groups.

The measurements concur very well with the findings [52], where a similar behavior is
presented for (calcined) muscovite. It states that not only might the BET and PSD contribute
to these findings but also the mineralogy and the calcination process itself.

However, He et al. investigated the water/(cement + clay) ratios in mortars for six
different clays to obtain 100% flow as well as the BET surface area for the different calci-
nation temperatures of the individual clays [53]. Of the six clays, four exhibited a drastic
reduction in the BET surface area and water demand in the corresponding mortars with an
increasing temperature. The other two mixtures showed similar, albeit smaller, effects.

Besides the influence of the mineralogical composition, another explanation for the
inversely proportional relationship between the BET surface area and water demand
hinges on the physical parameters. The observed coarsening effect as well as particle
agglomeration might present a reason for the observed behavior. During the heat treatment,
the formation of agglomerates of different sizes was observed, despite temperatures far
below any melting point. This indicates a formation of robust and compact particle clusters
and provides a plausible explanation for the anti-proportional effect of a decreasing BET
surface area and increasing water demand.

The BET method measures the surface area by applying a multimolecular layer of
the test fluid, in this case nitrogen, on the surface of the sample particles [54]. While the
coarsening of particles, formation of compact clusters and potential closing of small pores
decrease this area, the bulk density of the material stays the same or even declines due to
the increased particle size. In contrast to the multilayer mechanism of the BET method, the
Puntke test aims to fill all voids present in the bulk of the sample right to the point where
liquid shows on the surface of the sample [22]. A lower bulk density therefore means more
voids that can be filled with water, and thus a higher water demand determined with the
Puntke method.

3.4. Reactivity of Untreated and Calcined Filter Dust

Due to the different geological structures the raw material originates from (Section 3.1),
the mineralogical composition and therefore the expected reactivity in both the untreated
and heat-treated filter dusts differ.
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Tables 7 and 8 provide the results of the four methods that were used to assess the
reactivity of the different materials, namely the two parts of the R3 test (accumulated heat
and chemically bound water), the Frattini test and the solubilities of Al and Si ions.

Table 7. Reactivity, measured by R3 test and Frattini test.

R3 Calorimeter R3 Bound Water Frattini

Sample Accumulated Heat Over 168 h
[J/gSCM]

Bound Water After 7 d (→168 h)
[%]

XFr—Pozzolanic
Coefficient (28 d)

→ See Section 2.2.6

D-CCC 222 5.21 3.39

cD-CCC-650 296 6.71 2.96

cD-CCC-750 304 6.71 3.46

CCC 349 8.11 4.09

D-CIC 43.7 2.00 −0.17

cD-CIC-750 78 2.40 0.34

cD-CIC-850 151 3.70 0.06

CIC 129 3.10 1.15

Table 8. Solubilities of Al and Si ions.

Sample Al
[mmol/L]

Si
[mmol/L]

Al + Si
[mmol/L] Si/Al

D-CCC 0.95 1.25 2.20 1.31

cD-CCC-650 0.67 0.82 1.49 1.23

cD-CCC-750 1.53 2.00 3.53 1.31

CCC 1.44 2.40 3.84 1.67

D-CIC 0.11 0.27 0.38 2.46

cD-CIC-750 0.32 0.69 1.01 2.19

cD-CIC-850 0.31 0.80 1.11 2.56

CIC 0.41 0.89 1.30 2.18

The results of the two parts of the R3 test correlate well for the German sample group
and indicate the D-CCC as having the lowest and CCC the highest reactivity of this cluster.
The Argentinian samples present a different picture with the cD-CIC-850 having the highest
reactivity and that of the industrial product CIC being almost 20% lower. The standard
deviation for the bound water test according to the R3 method was calculated to be between
1.6% (CCC) and 5.3% (D-CCC). In general, the Frattini test supports these results. However,
the ranking of the individual samples and the relative degree of reactivity do not correspond
well with the R3 test outcome. This discrepancy is in line with the results of RILEM TC
267-TRM [55], where the R3 test is described as the most reliable test for pozzolanic activity.
The possible conclusions based on the combined solubility of Si and Al ions are more in
line with the results of the R3 test. This does hold except for CIC, which has the highest
solubility of the Argentinian samples, and the D-CCC, which, unlike in the R3 test, has a
solubility higher than the cD-CCC-650.

Figures 7 and 8 emphasize this further by showing the heat release of the individual
samples together with the references fly ash and blast furnace slag adapted from [55,56].
Further, the aforementioned threshold to distinguish between reactive and inert material is
adapted from [9] and displayed as a red horizontal band stretching from 100 to 120 J/gSCM.
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The added information helps classify the results into two different material groups, as
was already suspected from the other methods of characterization.

The reactivity of the D-CCC is well above the inert threshold and on par with the fly
ash at the end of the seven-day test period. However, the two post calcinations could not
achieve the reactivity of the original product, CCC. This may be explained by two different
factors. First, although the aimed temperature in the production process is 750 ◦C, it could
be somewhat higher since it is very difficult to determine the actual material temperature
in practice. Infrared thermometers do not work well due to the dusty kiln atmosphere
developed during the process. The additionally practiced control of the process temperature
on manually collected samples at the head of the rotary kiln underestimates the actual
calcination temperature due to the rapid cooling of the sample in the open air. Furthermore,
the industrial product is ground, as detailed in Section 3.3.2, and specifically optimized for
use in cement. In contrast, the different states of the treated and untreated filter dusts were
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processed without further grinding, which can affect the reactivity dramatically, especially
during the first seven days.

The reactivity of the samples associated with the D-CIC is below the reference fly ash
and they must, in most cases, be considered as inert filler materials. Interestingly, the CIC
sample does not have the highest reactivity of the Argentinian samples, because of the
segregation effect, which was already described in Section 3.1. Due to the higher quartz and
lower combined clay mineral content in CIC compared to the D-CIC, there is less thermal
activation potential.

3.5. Implication Regarding the Use of Filter Dusts as SCM

There are a number of quality requirements linked to the potential use of filter dust
from the production of calcined clays as SCM. The first requirement is an adequate chemical
and mineralogical composition. Following the results in Section 3.1, the chemical composi-
tion complies with the ASTM C618-23 limits for Class F Natural Pozzolans for three out of
four discussed samples (D-CCC, CCC, D-CIC and CIC), with only the D-CIC belonging to
the less strict Class N Natural Pozzolans [30].

Both filter dust groups contain high amounts of uncalcined clay minerals and some
amorphous content. High amounts of swellable clay minerals such as smectites were
measured in the D-CIC, which can be harmful in concrete, especially concerning freeze–
thaw resistance. Since there is no standard for uncalcined clays in cement, alternative
standards are consulted to sketch a picture of the current limitations in general. DIN EN
12620 regulates the parameters of swellable clay minerals in the fine fractions of aggregates,
often in the form of clay minerals [57]. If a fine aggregate with a diameter smaller than
8 mm contains more than 3 wt.% fines, these fines need to be tested for quality either
by determining a sand equivalent or a methylene blue value [57]. The fine aggregate
content in a normal concrete mix usually is about 400–500 dm3/m3, which means an
allowed maximum of untested fines of 15 dm3/m3. Assuming a typical binder content of
110 dm3/m3 and a moderate replacement of 20 wt.%, the share of filter dust would already
amount to 22 dm3/m3. Therefore, a quality check would be inevitable.

The DTG measurements provide information about the temperatures required to
optimize the potential of both filter dusts. The different calcination stages were observed
via FTIR and the degree of calcination as well as the risk of the presence of the swellable
clay minerals could be analyzed. The results confirm the complete calcination and dehy-
droxylation of all potentially harmful uncalcined particles only for the cD-CCC-750 and the
cD-CIC-850. These two calcined filter dusts would not need further assessment according
to DIN EN 12620 [57].

While the PSD of the raw and calcined dusts differ from that of the industrial end
products, they are still close to that of current SCM and binder components as shown in
Tables 5 and 6. Further tasks will be a weighing up of benefits regarding the efficiency
as a filler and reactivity properties on the one hand, with added costs, energy demands
and therefore additional emissions being calculated in the life cycle assessment (LCA) on
the other hand. In addition to the considerations regarding the filler effect and reactivity
linked to the PSD, a tendency was identified considering the BET surface area and water
demand. While the lower water demand of the filter dusts compared to their corresponding
industrial products might be beneficial for their use in a binder, the much higher SSA could
present other difficulties. Recent findings [58] show a correlation for LC3 systems between
a higher BET of calcined clays in these binder systems and an increased demand for
superplasticizers. This, plus the proportion of uncalcined phyllosilicates in some of the
samples discussed here, might pose a challenge to adjusting the flow of binder systems
with filter dusts as these phyllosilicates are known to absorb conventional PCEs [59].

4. Conclusions

This paper presents two filter dusts from production facilities for calcined clays that
were collected to assess their potential use as SCM and further means of optimizing their
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potential. A general realization of this project is that despite belonging to the same material
group, oven dusts vary widely regarding their mineralogical and physical properties. Due
to different raw materials and production conditions, solutions for their use need to be
tailored to the individual material. Thus, a wider investigation of different kiln dusts from
different plants and regions is indispensable. It is necessary to investigate whether the
main insights of this publication apply to other filter dusts.

The investigation of the two aforementioned filter dusts led to the following findings:

• The results show a clear segregation effect for both of the filter dusts in comparison to
industrially calcined clays. This is less pronounced for the D-CCC compared to the
D-CIC, especially with regard to the enrichment of phyllosilicates and the decrease
in the quartz and feldspar content. It is assumed that the airflow in the rotary kiln
and the deagglomeration due to the rotation and impact of the aggregates cause the
segregation and thus smaller and lighter clay particles are more easily entrained into
the airflow.

• The samples can be classified into two groups according to their reactivity. Those
associated with the D-CCC can be classified as reactive supplementary cementitious
material, while the ones associated with the D-CIC could pose as filler materials with
slight pozzolanic properties.

• The cD-CCC-750 presents lower reactivity than CCC.
• The cD-CIC-850 has higher reactivity than CIC, which might be attributed to the

enrichment of clay minerals in the D-CIC due to a pronounced segregation effect.
• Both filter dust groups exhibit a significantly lower water demand than their corre-

sponding industrial products, while the further calcination of both filter dusts increases
the water demand with an increasing calcination temperature.

• Both filter dust groups have a significantly higher BET compared to their correspond-
ing industrial products, while the further calcination of both filter dusts reduces the
BET surface area with an increasing calcination temperature.

• The coarsening of particles and formation of clusters due to the calcination of filter
dusts might increase the void volume within the dust particles, which could explain
the inversely proportional effect observed regarding the decreasing BET surface area
and increasing water demand.

Because of its reactive properties, direct use in cement is possible for the D-CCC,
while the D-CIC qualifies as filler material with slight pozzolanic potential. However,
several problems that need to be solved arise: first, the assessment of potentially harmful
uncalcined swellable phyllosilicates that might impact the freeze–thaw resistance; second,
the significantly increased BET surface area that, although the water demand drops, might
impact the consumption of PCEs. These questions and a general evaluation concerning
the LCA and mechanical properties of mortars will be addressed in the next phase of
the project.

Author Contributions: Conceptualization, J.B., A.M. and G.C.; methodology, A.T., S.S. and C.M.;
validation, J.B., G.C. and S.S.; writing—original draft preparation, J.B.; writing—review and editing,
S.S., N.B., K.-C.T. and A.M.; supervision, A.T., E.F.I., N.B. and K.-C.T.; funding acquisition, K.-C.T.,
N.B. and A.T. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the “Bundesministerium für Bildung und Forschung” (BMBF),
“Deutscher Akademischer Austauschdienst” (DAAD) and “Consejo Nacional de Investigaciones
Científicas y Técnicas” (CONICET). The title of the project is “Ressourceneffiziente Nutzung cal-
cinierter Tone—Evaluierung der Staubproduktion während des Calcinierungsprozesses sowie An-
sätze zur Rückgewinnung und Rezyklierung von Filterstäuben”, grant number 57652249, in Germany,
and “Uso eficiente de arcillas calcinadas: evaluación de la producción de polvo durante el pro-
ceso de calcinación y enfoques para la recuperación y reciclaje de polvos de filtro”, grant number
24820220100164CO, in Argentina.

Institutional Review Board Statement: Not applicable.



Materials 2024, 17, 5676 17 of 19

Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in the study are included in the
article, further inquiries can be directed to the corresponding author.

Acknowledgments: The authors thank Liapor GmbH & Co. KG for providing the German material.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. OECD. Global Material Resources Outlook to 2060: Economic Drivers and Environmental Consequences; OECD Publishing Paris: Paris,

France, 2019; p. 214.
2. Ellen MacArthur Foundation. Annual Impact Report and Consolidated Accounts; Ellen MacArthur Foundation: London, UK, 2023;

p. 61.
3. Tercero Espinoza, L.; Rostek, L.; Loibl, A.; Stijepic, D. The Promise and Limits of Urban Mining—Potentials, Trade-Offs and Supporting

Factors for the Recovery of Raw Materials from the Anthroposphere; Fraunhofer ISI: Karlsruhe, Germany, 2020; p. 40.
4. Müller, F.; Lehmann, C.; Kosmol, J.; Keßler, H.; Bolland, T. Urban Mining—Ressourcenschonung im Anthopozän (Urban

Mining—Conserving resources in the Anthopocene); Umweltbundesamt: Dessau-Roßlau, Germany, 2017; p. 72.
5. United Nations. The Paris Agreement; UNFCCC: Paris, France, 2015; p. 27.
6. Scrivener, K.; Gartner, E.M.; Vanderley, M.J. Eco-efficient cements: Potential economically viable solutions for a low-CO2

cement-based materials industry. Cem. Concr. Res. 2018, 114, 2–26. [CrossRef]
7. Cordoba, G.; Zito, S.V.; Sposito, R.; Rahhal, V.F.; Tironi, A.; Thienel, K.-C.; Irassar, E.F. Concretes with calcined clay and calcined

shale: Workability, mechanical and transport properties. J. Mater. Civ. Eng. 2020, 32, 04020224. [CrossRef]
8. Thienel, K.-C.; Beuntner, N. Effects of calcined clay as low carbon cementing materials on the properties of concrete. In Proceedings

of the Concrete in the Low Carbon Era, Dundee, UK, 9–11 July 2012; pp. 504–518.
9. Snellings, R.; Suraneni, P.; Skibsted, J. Future and emerging supplementary cementitious materials. Cem. Concr. Res. 2023, 171,

107199. [CrossRef]
10. Alujas Diaz, A.; Almenares Reyes, R.S.; Hanein, T.; Irassar, E.F.; Juenger, M.; Kanavaris, F.; Maier, M.; Marsh, A.T.M.; Sui, T.;

Thienel, K.-C.; et al. Properties and occurrence of clay resources for use as supplementary cementitious materials: A paper of
RILEM TC 282-CCL. Mater. Struct. 2022, 55, 139. [CrossRef]

11. Parashar, A.; Avet, F.; Canut, M.; Almenares Reyes, R.; Riding, K.A.; Viera, S.; Irassar, E.F.; Velásquez, L.; Kanavaris, F.; Thienel,
K.-C.; et al. Industrialisation of calcined clay cements: Past, presend and future: A paper of RILEM TC 282-CCL. Mater. Struct.
2024, 57, 211. [CrossRef]

12. Bundesregierung. Gesetz zur Förderung der Kreislaufwirtschaft und Sicherung der Umweltverträglichen Bewirtschaftung von Abfällen
(Kreislaufwirtschaftsgesetz—KrWG (Act to Promote the Circular Economy and Ensure the Environmentally Sound Management of Waste);
Justiz, B.F., Ed.; Bundesgesetzblatt: Bonn, Germany, 2023; p. 55.

13. Bundesregierung. Verordnung über Anforderungen an den Einbau von Mineralischen Ersatzbaustoffen in Technische Bauwerke
(Ersatzbaustoffverordnung—ErsatzbaustoffV) (Ordinance on Requirements for the Installation of Mineral Substitute Building Materials in
Technical Structures); Justiz, B.F., Ed.; Bundesregierung: Bonn, Germany, 2023; p. 122.

14. Thienel, K.-C.; Scherb, S.; Beuntner, N.; Maier, M.; Sposito, R. 1:1 or 2:1-Does it matter for calcined clay as supplementary
cementitious material? ce/papers 2023, 6, 363–372. [CrossRef]

15. DIN EN ISO 11885; Wasserbeschaffenheit–Bestimmung von Ausgewählten Elementen Durch Induktiv Gekoppelte Plasma-Atom-
Emissionsspektrometrie (ICP-OES) (Water Quality-Determination of Selected Elements by Inductively Coupled Plasma Optical
Emission Spectrometry (ICP-OES)). Beuth-Verlag: Berlin, Germany, 2009; p. 37.

16. Scherb, S.; Köberl, M.; Beuntner, N.; Thienel, K.-C.; Neubauer, J. Reactivity of Metakaolin in Alkaline Environment: Correlation of
Results from Dissolution Experiments with XRD Quantifications. Materials 2020, 13, 2214. [CrossRef]

17. Westphal, T.; Füllmann, T.; Pöllmann, H. Rietveld quantification of amorphous portions with an internal standard—Mathematical
consequences of the experimental approach. Powder. Diffr. 2012, 24, 239–243. [CrossRef]

18. Doebelin, N.; Kleeberg, R. Profex: A graphical user interface for the Rietveld refinement program BGMN. J. Appl. Crystallogr.
2015, 48, 1573–1580. [CrossRef]

19. Moore, D.M.; Reynolds, R.C.J. X-Ray Diffraction and the Identification and Analysis of Clay Minerals, 2nd ed.; Cambridge University
Press: Oxford, NY, USA, 1997; p. 322.

20. ISO 13320:2020; Particle Size Analysis-Laser Diffraction Methods. ISO: Geneva, Switzerland, 2020; p. 59.
21. DIN ISO 9277; Determination of the Specific Surface Area of Solids by Gas Adsorption-BET Method. Beuth-Verlag: Berlin,

Germany, 2003; p. 19.
22. Puntke, W. Wasseranspruch von feinen Kornhaufwerken. Beton 2002, 52, 242–248.
23. DIN EN ISO 1183-3; Bestimmung der Dichte von nicht verschäumten Kunststoffen; Teil 3: Gas-Pyknometer-Verfahren. In Teil 3:

Gas-Pyknometer-Verfahren. Beuth Verlag: Berlin, Germany, 2000.
24. DIN 66145; Darstellung von Korn-(Teilchen-)Größenverteilungen RRSB-Netz/Graphical Representation of Particle Size Distribu-

tion; RRSB-Grid. Beuth Verlag: Berlin, Germany, 1976; p. 3.

https://doi.org/10.1016/j.cemconres.2018.03.015
https://doi.org/10.1061/(ASCE)MT.1943-5533.0003296
https://doi.org/10.1016/j.cemconres.2023.107199
https://doi.org/10.1617/s11527-022-01972-2
https://doi.org/10.1617/s11527-024-02488-7
https://doi.org/10.1002/cepa.2775
https://doi.org/10.3390/ma13102214
https://doi.org/10.1154/1.3187828
https://doi.org/10.1107/S1600576715014685


Materials 2024, 17, 5676 18 of 19

25. ASTM C1897-20; Standard Test Methods for Measuring the Reactivity of Supplementary Cementitious Materials by Isothermal
Calorimetry and Bound Water Measurements. ASTM International: West Conshohocken, PA, USA, 2020; p. 10. [CrossRef]

26. DIN EN 196-5; Prüfverfahren für Zement-Teil 5: Prüfung der Puzzolanität von Puzzolanzementen (Methods of Testing Cement–
Part 5: Pozzolanicity Test for Pozzolanic Cement). Beuth-Verlag: Berlin, Germany, 2011; p. 14.

27. Buchwald, A.; Kriegel, R.; Kaps, C.; Zellmann, H.-D. Untersuchung zur Reaktivität von Metakaolinen für die Verwendung
in Bindemittelsystemen. In Gesellschaft Deutscher Chemiker e.V.-Jahrestagung; Gesellschaft Deutscher Chemiker e.V.: Frankfurt,
Germany, 2003; Volume 27, pp. 91–97.

28. Donatello, S.; Tyrer, M.; Cheeseman, C.R. Comparison of test methods to assess pozzolanic activity. Cem. Concr. Compos. 2010, 32,
121–127. [CrossRef]

29. Scherb, S.; Maier, M.; Beuntner, N.; Thienel, K.-C.; Neubauer, J. Reaction kinetics during early hydration of calcined phyllosilicates
in clinker-free model systems. Cem. Concr. Res. 2021, 143, 106382. [CrossRef]

30. ASTM C 618-23; Standard Specification for Coal Ash and Raw or Calcined Natural Pozzolan for Use in Concrete. ASTM
International: West Conshohocken, PA, USA, 2023; p. 4. [CrossRef]

31. Kalina, R.D.; Al-Shmaisani, S.; Ferron, R.D.; Juenger, M.C. False Positives in ASTM C618 Specifications for Natural Pozzolans.
ACI Mater. J. 2019, 116, 165–172. [CrossRef]

32. Maier, M.; Beuntner, N.; Thienel, K.-C. An approach for the evaluation of local raw material potential for calcined clay as
SCM, based on geological and mineralogical data: Examples from German clay deposits. In Calcined Clays for Sustainable
Concrete—Proceedings of the 3rd International Conference on Calcined Clays for Sustainable Concrete; Bishnoi, S., Ed.; Volume RILEM
Bookseries; Springer: Singapore, 2020; Volume 25, pp. 37–47.

33. Beuntner, N.; Thienel, K.-C. Properties of Calcined Lias Delta Clay-Technological Effects, Physical Characteristics and Reactivity
in Cement. In Calcined Clays for Sustainable Concrete—Proceedings of the 1st International Conference on Calcined Clays for Sustainable
Concrete; Scrivener, K., Favier, A., Eds.; Volume RILEM Bookseries Volume 10; Springer: Dordrecht, The Netherlands, 2015;
pp. 43–50.

34. Zalba, P.E.; Morosi, M.E.; Conconi, M.S. Gondwana Industrial Clays Tandilia System, Argentina: Geology and Applications; Springer:
Berlin/Heidelberg, Germany, 2016. [CrossRef]

35. Irassar, E.F.; Bonavetti, V.L.; Castellano, C.C.; Trezza, M.A.; Rahhal, V.F.; Cordoba, G.; Lemma, R. Calcined illite-chlorite shale as
supplementary cementing material: Thermal treatment, grinding, color and pozzolanic activity. Appl. Clay Sci. 2019, 179, 105143.
[CrossRef]

36. Maier, M.; Beuntner, N.; Thienel, K.-C. Mineralogical characterization and reactivity test of common clays suitable as supplemen-
tary cementitious material. Appl. Clay Sci. 2021, 202, 105990. [CrossRef]

37. Snellings, R.; Almenares Reyes, R.; Hanein, T.; Irassar, E.F.; Kanavaris, F.; Maier, M.; Marsh, A.T.; Valentini, L.; Zunino, F.;
Alujas Diaz, A. Paper of RILEM TC 282-CCL: Mineralogical characterization methods for clay resources intended for use as
supplementary cementitious material. Mater. Struct. 2022, 55, 149. [CrossRef]

38. Derkowski, A.; Kuligiewicz, A. Thermal Analysis and Thermal Reactions of Smectites: A review of Methology, Mechanisms and
Kinetics. Clays Clay Miner. 2023, 70, 946–972. [CrossRef]

39. Koga, N.; Takemoto, S.; Okada, S.; Tanaka, H. A kinetic study of the thermal decomposition of iron(III) hydroxide oxides-Part
1.~-FeO(OH) in banded iron formations. Thermochim Acta 1994, 254, 193–207. [CrossRef]

40. Gasparini, E.; Tarantino, S.C.; Ghigna, P.; Riccardi, P.M.; Cedillo-González, E.I. Thermal dehydroxylation of kaolinite under
isothermal conditions. Appl. Clay Sci. 2012, 80, 417–425. [CrossRef]

41. Madejová, J.; Gates, W.P.; Petit, S. IR Spectra of Clay Minerals. Dev. Clay Sci. 2017, 8, 107–149. [CrossRef]
42. Król, M.; Minkiewicz, J.; Mozgawa, W. IR spectroscopy studies of zeolites in geopolymeric materials derived from kaolinite.

J. Mol. Struct. 2016, 1126, 200–206. [CrossRef]
43. Madejová, J. FTIR techniques in clay mineral studies. Vib. Spectrosc. 2003, 31, 1–10. [CrossRef]
44. Alujas, A.; Almenares, R.S.; Betancourt, S.; Leyva, C. Pozzolanic Reactivity of Low Grade Kaolinitic Clays: Influence of

Mineralogical Composition. In Calcined Clays for Sustainable Concrete; Scrivener, K., Favier, A., Eds.; Springer: Dordrecht, The
Netherlands, 2015; Volume 10, pp. 339–345.

45. Locher, F.W. Zement: Grundlagen der Herstellung und Verwendung; Verlag Bau und Technik: Düsseldorf, Germany, 2000; p. 522.
46. Bentz, D.P.; Ferraris, C.F.; Galler, M.A.; Hansen, A.S.; Guynn, J.M. Influence of particle size distributions on yield stress and

viscosity of cement–fly ash pastes. Cement. Concr. Res. 2012, 42, 404–409. [CrossRef]
47. BauMineral, K. Microsit-Feinstflugasche für Hochleistungsbeton; BauMineral Kraftwerkstoffe: Herten, Germany, 2014; p. 2.
48. Teklay, A.; Yin, C.; Rosendahl, L. Flash calcination of kaolinite rich clay and impact of process conditions on the quality of the

calcines: A way to reduce CO2 footprint from cement industry. Appl. Energy 2015, 162, 1218–1224. [CrossRef]
49. Hanpongpun, W.; Kazemi-Kamyab, H.; Snellings, R.; Scrivener, K. Study on activation energy of calcined clays from different

calcination process. In Proceedings of the 15 International Congress on the Chemistry of Cement, Prague, Czech Republic, 16–20
September 2019; p. 9.

50. Fernandez Lopez, R. Calcined Clayey Soils as a Potential Replacement for Cement in Developing Countries. Ph.D. Thesis, École
Polytechnique Fédérale de Lausanne, Lausanne, Switzerland, 2009.

51. He, C.; Makovicky, E.; Osbæck, B. Thermal stability and pozzolanic activity of raw and calcined mixed-layer mica/smectite. Appl.
Clay Sci. 2000, 17, 141–161. [CrossRef]

https://doi.org/10.1520/C1897-20
https://doi.org/10.1016/j.cemconcomp.2009.10.008
https://doi.org/10.1016/j.cemconres.2021.106382
https://doi.org/10.1520/C0618-23
https://doi.org/10.14359/51712243
https://doi.org/10.1007/978-3-319-39457-2
https://doi.org/10.1016/j.clay.2019.105143
https://doi.org/10.1016/j.clay.2021.105990
https://doi.org/10.1617/s11527-022-01973-1
https://doi.org/10.1007/s42860-023-00222-y
https://doi.org/10.1016/0040-6031(94)02050-X
https://doi.org/10.1016/j.clay.2013.07.017
https://doi.org/10.1016/B978-0-08-100355-8.00005-9
https://doi.org/10.1016/j.molstruc.2016.02.027
https://doi.org/10.1016/S0924-2031(02)00065-6
https://doi.org/10.1016/j.cemconres.2011.11.006
https://doi.org/10.1016/j.apenergy.2015.04.127
https://doi.org/10.1016/S0169-1317(00)00011-9


Materials 2024, 17, 5676 19 of 19

52. Neißer-Deiters, A.; Scherb, S.; Beuntner, N.; Thienel, K.-C. Influence of the calcination temperature on the properties of a mica
mineral as a suitability study for the use as SCM. Appl. Clay Sci. 2019, 179, 105168. [CrossRef]

53. He, C.; Osbæck, B.; Makovicky, E. Pozzolanic reactions of six principal clay minerals: Activation, reactivity assessments and
technological effects. Cem. Concr. Res. 1995, 25, 1691–1702. [CrossRef]

54. Brunauer, S.; Emmett, P.H.; Teller, E. Adsorption of Gases in Multimolecular Layers. J. Am. Chem. Soc. 1938, 60, 309–319.
[CrossRef]

55. Avet, F.; Li, X.; Ben Haha, M.; Bernal, S.A.; Bishnoi, S.; Cizer, Ö.; Cyr, M.; Dolenec, S.; Durdzinski, P.; Haufe, J.; et al. Report of
RILEM TC 267-TRM phase 2: Optimization and testing of the robustness of the R3 reactivity tests for supplementary cementitious
materials. Mater. Struct. 2022, 55, 92. [CrossRef]

56. Li, X.; Snellings, R.; Antoni, M.; Alderete, N.M.; Ben Haha, M.; Bishnoi, S.; Cizer, Ö.; Cyr, M.; De Weerdt, K.; Dhandapani, Y.; et al.
Reactivity tests for supplementary cementitious materials: RILEM TC 267-TRM phase 1. Mater. Struct. 2018, 51, 151. [CrossRef]

57. DIN EN 12620; Gesteinskörnungen für Beton (Aggregates for Concrete). Beuth-Verlag: Berlin, Germany, 2008; p. 61.
58. Dhers, S.; Müller, A.; Guggenberger, R.; Freimut, D.; Weldert, K.S.; Sachsenhauser, B.; Yermakou, V.; Mikanovic, N.; Schwesig, P.

On the relationship between superplasticizer demand and specific surface area of calcined clays in LC3 systems. Constr. Build.
Mater. 2024, 441, 1. [CrossRef]

59. Lei, L.; Plank, J. A concept for a polycarboxylate superplasticizer possessing enhanced clay tolerance. Cem. Concr. Res. 2012, 42,
1299–1306. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.clay.2019.105168
https://doi.org/10.1016/0008-8846(95)00165-4
https://doi.org/10.1021/ja01269a023
https://doi.org/10.1617/s11527-022-01928-6
https://doi.org/10.1617/s11527-018-1269-x
https://doi.org/10.1016/j.conbuildmat.2023.134467
https://doi.org/10.1016/j.cemconres.2012.07.001

	Introduction 
	Materials and Methods 
	Materials 
	Methods 
	Chemical and Mineralogical Characterization 
	Thermal Characterization 
	Dust Calcination 
	Determination of the Calcination State 
	Assessment of Particle Properties 
	Reactivity Tests 


	Results and Discussion 
	Chemical Characterization of Materials 
	Mineralogical Characterization of Materials 
	Impact of Temperature on Properties of Filter Dust 
	Degree of Dehydroxylation 
	Physical Properties 

	Reactivity of Untreated and Calcined Filter Dust 
	Implication Regarding the Use of Filter Dusts as SCM 

	Conclusions 
	References

