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ARTICLE INFO ABSTRACT

Keywords: Dredged river sediments are currently a waste material which is mainly landfilled or reintegrated
Clay rich river sediments into rivers. They can also be used as a renewable resource for the construction sector. Pre-
Calcination treatments at high temperatures allow their use for more advanced applications such as supple-
Flame synthesis mentary cementitious materials (SCMs) or as a precursor for alkali activated materials (AAMs).
Reactivity

The work presented here shows that flame synthesis can be used to almost completely vitrify such
sediments and increase their leachability for Al and Si beyond the levels achieved by conventional
calcination at 750-950 °C for 1h.

The reactivity of the prepared samples was analyzed via the Si and Al solubility in 10 M NaOH
and was generally increased by the applied treatments but maximized by flame synthesis. Their
microstructure was analyzed using scanning electron microscopy and their phase composition
was monitored using X-ray diffraction. The results show an almost complete amorphization of the
sediments by flame synthesis, however their reactivity does not increase at the same rate.

Supplementary cementitious materials (SCM)

1. Introduction

Low carbon-footprint inorganic materials are constantly being sought after in the building sector, preferably if they can be pro-
duced using waste materials from local industries. Alkali activated materials (AAMs) [1-4] are discussed as one of the most promising
material classes to meet this demand as 44-64 % reductions in greenhouse gas emission versus the reference material Ordinary
Portland Cement (OPC) have been reported [5]. Other reports only conclude a 9 % emission reduction vs. OPC when a wide range of
factors is taken into account [6], outlining why emissions must be minimized along the entire production chain. A more extensive
comparison of CO5 emissions for such materials in a recent review [4] shows a dramatic range of values: the stated values for OPC
range from just above 100 to over 1200 kg CO5/ton. The values for various AAMs are generally lower, but to very variable degrees, and
in one case even surpass the OPC value. More importantly, it is emphasized that estimating the environmental performance should not
be limited to CO, emissions but include a range of aspects [4]. The principal manufacture of AAMs is based on activating mainly
amorphous aluminosilicates using alkaline activators such as NaOH or KOH, usually at temperatures below 100 °C [7].

The amorphous aluminosilicates used as precursors in AAMs are often also supplementary cementitious materials (SCMs) such as
ground granulated blast furnace slag, fly ash, calcined clays, silica fume or natural pozzolans. However, the availability of SCMs is
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limited as they are frequently used to partially replace clinker or cement [8-10] for economic reasons so that a high proportion of
suitable SCMs is already used in blended cements [10,11]. This limited supply and significant variations of the SCM properties in
comparison to the property homogeneity of OPC [12] makes exploring alternative SCMs a constant focus of ongoing research [9].

While some raw materials can be directly used as SCMs, others require a pre-treatment such as calcination. Calcination has been
reported to increase the amorphous content from less than 10 to more than 90 wt% [13-15], but of course this highly depends on the
components of the raw material as some contain crystalline phases with high melting points such as quartz. Calcination, or heat
treatments in general, should not be viewed as an automatic option for improvement as e.g. heating fly ash to 500 and 800 °C has been
shown to decrease the amorphous content and the mechanical properties of AAMs based on it [16]. Calcined clays have already been
used to produce AAMs [13,17-20]. Calcining clay causes three major phenomena in the usual temperature range from 100 to above
900 °C: dehydration, dehydroxylation, which is related to amorphization, and recrystallization [10,17]. Calcining clays for SCMs must
be performed at an optimal temperature to maximize their reactivity because the latter is decreased by the recrystallization of ther-
modynamically stable phases at higher temperatures [10,14,17,20]. A review of clay materials used for AAMs up to 2019 was recently
presented [10].

Given that a high amorphous content has been proven to play a vital role in alkali activation [21] and is considered to severely
increase the reactivity of SCMs [10,14,20,22], a method known as “flame synthesis” could be relevant to the field of SCMs as it is used
to produce completely amorphous microspheres from powders [23]. Flame synthesis is an innovative method developed for producing
special glasses impossible to produce by classic procedures due to their high crystallization tendency [23-32]. During this process, e.g.
illustrated by Dasan et al. [32], a precursor powder is shot into a gas flame where it melts to form droplets which are subsequently
quenched with an extreme cooling rated due to their small size. The thus processed powder is highly amorphous but may contain some
crystallized particles which either failed to fully melt in the flame or crystallized during cooling [27] as the flight path of the powder is
impossible to control completely. The flame temperature and particle residence time in the flame are critical factors to the method
because larger particles require a longer time to melt and assume the spherical shape. Amorphous microspheres of the &kermanite
composition produced using flame synthesis have e.g. been used to stabilize bioactive scaffolds produced via additive manufacturing
[33].

One group of raw materials suitable for flame synthesis are clay rich sediments from hydropower plant dams as they can show a
favorable chemical composition and grain size distribution of below 200 pm in diameter [34]. As their sedimentation, excavation and
deposition is a major problem worldwide, new solutions for using these sediments in different sectors from agriculture to the building
industry are constantly sought. While such sediments have been successfully applied as raw materials in brick making [34] and show
potential as soil stabilization materials [35], their performance in AAMs for building components has been insufficient so far unless
reactive additives such as slag or fly ash are added [35]. One approach to turn these sediments into SCMs is to increase the solubility of
Si** because it enters into the pozzolanic reaction with the portlandite (Ca(OH),) from cements to produce a CaO-SiO>-H,0 (C-S-H)
gel which, however, differs significantly from the C-S-H gel formed in OPC [36]. Increasing their amorphous content could increase
this solubility and hence upgrade the sediments to SCMs suitable for the alkali activation process, opening new possibilities for
application in higher added value products.

The aim of the work presented here is to use calcination and flame synthesis to maximize the amorphous content of the previously
analyzed sediments and to assess the reactivity of the thus obtained powders for further potential use in SCM production. In contrast to
calcination, the high temperatures achieved by flame synthesis can melt thermodynamically stable phases such as cristoballite or
mullite, and lead to a full amorphization of possibly suitable sediments.

2. Materials & methods

A fresh and an aged sediment from the Drava river (Slovenia) [35] were used as raw materials. Their loss on ignition (LOI) was
determined by respectively heating ca. 3-4 g of each sediment to 950 °C where they were held for 2 h after drying them to a constant
mass in an IR moisture analyser (Mettler Toledo, HE73) at 105 °C. The resulting materials were mixed with Fluxana (Li-tetraborate and
Li-metaborat mixed in a mass ratio of 1:1) at a ratio of 1:10 and melted into discs. LiBrqy (50 mL H20 and 7.5 g of LiBr() from Sigma
Aldrich) was added to the mixture to prevent the melt from sticking to the Pt crucible. The chemical compositions were then deter-
mined using an ARL PERFORM’X sequential X-ray fluorescence (XRF) spectrometer (Thermo Fisher Scientific Inc., Ecublens,
Switzerland) using the UniQuant 5 software (Thermo Fisher Scientific Inc., Walthem, MA, USA).

The fresh and aged sediments were dried in a Kambic SP-440 laboratory oven at 60 °C before batches of approximately 20 g were
calcined in alumina crucibles in a Nabertherm N 11/HR furnace by heating them to 750, 850 or 950 °C with a heating rate of 5 K/min
where they dwelled for 1 h before they were removed from the furnace and cooled in air.

The raw materials for flame synthesis were crushed in an agate mortar and sieved into batches with particle sizes of either <63 pm
or <100 pm. The sieved powders were flame synthesized using a laboratory device based at the FunGlass Centre in Trencin, Slovakia
approved as a utility model [31]. Here a vacuum powder feeder provides the powders to a flame of ~2100 °C running with a CH4/O2
gas mixture at a rate of 3.0 g min~'. The powders pass through the flame along its long axis, melt, and form droplets immediately
quenched in a spray of deionized water. The obtained microspheres were collected in a water-filled tank and extracted by filtration
using a ceramic microfilter with a porosity of less than 0.3 pm. The collected batches were heated to 650 °C for 4 h to remove any
organic residue or carbon (soot) which can result from slight imperfections in the burner gas mixture.

The phase composition of the prepared powders was analyzed using X-ray diffraction (XRD) in the Bragg-Brentano configuration
using PANalytical Empyrean X-ray powder diffractometers operating with Cu anodes (Cu K, (8047.8162(4) eV) and Cu K
(8027.9435(2) eV) and an accelerating voltage of 45 kV. Spectra were acquired from 10°<20 < 60° at a step size of 0.026°.
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Table 1
Chemical composition of fresh and aged sediments measured using XRF. Note that the LOI content is considered to be additional as it was measured before the XRF
analyses were performed.

content [wt.%)] fresh sediment aged sediment
SiO, 55.6 54.8
AlLO3 17.9 18.4
Fe,03 6.3 6.7
CaO 7.8 7.5
MgO 5.9 6.0
NayO 1.6 1.5
K0 2.6 2.8
other 2.3 2.3
LOI (950 °C) 14.3 14.5
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Fig. 1. XRD patterns acquired from fresh and aged sediments as well as before and after flame synthesis and calcination at the respectively stated temperatures for 1h.
The theoretical patterns of quartz (ICSD 27831), calcite (ICSD 18166) and dolomite (ICSD 66333) are presented for comparison.

Scanning electron microscopy (SEM) was performed using a JSM-IT500 (Jeol, Tokyo, Japan) in low vacuum mode. Energy
dispersive X-ray spectroscopy (EDXS) was performed using an Ultim Max 65 detector (Oxford Instruments, Abingdon, UK) and the
software Aztec 5.0 (Oxford Instruments, Abingdon, UK). SEM figures and EDXS maps were acquired using an acceleration voltage of
20 kV. Optical micrographs were acquired using an optical microscope Nikon Eclipse ME 600 (Nikon, Tokyo, Japan).

The specific surface area of samples sieved to a grain size below 63 pm and dried in a laboratory oven at 105 °C for 20 h was
measured using nitrogen adsorption. 1.5 g of each sample were analyzed via the Brunauer-Emmet-Teller (BET) method in an ASAP-
2020 (Micromeritics, Norcross, GA, USA).

The dissolution of Si and Al from selected powders was determined using a Varian 715-ES ICP Optical Emission Spectrometer
(Agilent HP). The samples were sieved to a grain size below 63 pm and 1.0 (+0.0001) g were mixed with 40 mL of 10 M NaOH for 24 h
under continuous stirring [37]. The pH values of the solutions were reduced to values below 2.0 by adding concentrated (65 wt%)
HNOs;.

The strength activity index (SAI) was determined using two experiments including CEM I cement. The calcined sediments and a
fresh FS-treated sediment were tested after 28 and 90 days according to SIST EN 450-1 [38]. The sample/cement ratio was 25 : 75 wt%.
The mortar was prepared following SIST EN 196-1 (Methods of testing cement) using 225 g of sediment, 125 g of water and 675 g of
sand. The remaining SAI tests of FS-treated sediments and a silica reference were performed according to EN 13263-1 [39] where the
sample/cement ratio was 10 : 90 wt%.
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Fig. 2. Optical micrographs of the a) aged or b) fresh sediments after flame synthesis as well as c) aged or d) fresh sediments after calcination at 950 °C for 1h and
sieved to grain sizes below 125 pm.

Fig. 3. SEM micrographs featuring a) an overview of the aged sediment after flame synthesis and b) the same batch in greater detail. Selected EDXS element maps are
presented below.

3. Results

The sediments were analyzed using XRF and their chemical compositions are summarized in Table 1 along with the measured LOL.
The values of the fresh and aged sediments are in acceptable agreement with previous measurements [35].

These sediments were statically calcined for 1 h as well as processed by flame synthesis. Fig. 1 presents XRD-patterns acquired from
the fresh and aged sediments after calcination at the respectively stated temperatures or after flame synthesizing the respectively stated
grain size fractions. XRD-patterns of the fresh and aged sediments are presented below for comparison. The untreated sediments were
previously shown to mainly contain the minerals quartz (~25 wt%), illite (~15 wt%, a group of interlayer-deficient micas with non-
expandable layers [17]), feldspar (~12 wt%) and dolomite (~14 wt%) [35]. After calcination, the peaks at e.g. 20 = 32° are no longer
observed, indicating the decomposition of dolomite. The peak at 20 =~ 26° discernible after flame synthesizing the <100 pm grain size
of the fresh sediment corresponds to the 100%-peak of the theoretical quartz pattern presented below. The peak at 20 ~ 29°
discernible in all presented patterns acquired after FS matches the 100 % peak of calcite which is barely discernible in the untreated
river sediments and not discernible in the calcined river sediments. As calcite (CaCOs, melting point 1339 °C) is unlikely to remain
crystalline during a process where significant amounts of quartz (SiO2, melting point above 1600 °C) are melted, any calcite detected
after flame synthesis should result from a reaction after passing through the flame. CaO can result from the sediment decomposition
and react with water to form Ca(OH),, which in turn can react with CO5 from the air, burned gas or dissolved in water to yield CaCOs3.
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Table 2

Dissolution of Al and Si and the specific surface measured using the BET method for the respective raw materials.
10 mol NaOH dissolution [mg/L] BET
24h at RT grain size Al Si m2/g
* = fresh sediment <63 pm 46 115 5.6
# = aged sediment <63 pm 54 134 6.1
* calcined 750 °C <63 pm 157 572 4.5
# calcined 750 °C <63 pm 169 581 4.9
* calcined 850 °C <63 pm 155 546 3.4
# calcined 850 °C <63 pm 159 568 3.4
* calcined 950 °C <63 pm 121 441 2.2
# calcined 950 °C <63 pm 121 438 2.0
* flame synthesized <63 pm 283 707 2.9
# flame synthesized <63 pm 337 897 8.5
* flame synthesized as produced 282 670 31
# flame synthesized as produced 356 907 9.2

Another weak peak at 20 ~ 28° probably attributable to feldspar is still observed after calcination but not after flame synthesis. Hence
the sediments were almost completely vitrified to an XRD amorphous level by flame synthesis, i.e. the crystalline content should be
below 1 vol%.

The color and transparency of the FS treated river sediments is visualized in Fig. 2. The flame synthesized powders are composed of
transparent spheres ranging from a few pm to almost 50 pm in diameter and colors from yellow/brown to colorless as shown in Fig. 2.
The inset in Fig. 2 a) highlights a sphere containing what appear to be numerous bubbles which could result from gasses released
during melting but then trapped in the rapidly cooled melt. The smaller spheres form agglomerates. Micrographs of the sediments after
calcination at 950 °C and sieved to grain sized below 125 pm are presented below for comparison. They also form agglomerates and
seem to contain a comparably large fraction of very small particles whereas particles appearing to be larger than 20 pm in diameter
seem to be rather rare.

The overview of particle shapes in Fig. 3 a) shows that some spheres reach sizes beyond 50 pm in diameter. The more detailed
micrograph in Fig. 3 b) shows that there are also many small particles less than 5 pm in diameter. The EDXS element maps of Si, Al and
Ca acquired from this area show that some spheres show heterogeneous chemical compositions, e.g. local enrichments of Si. At this
point it should be noted that neither EDXS measurements nor SEM micrographs are suited to actually prove crystallinity as implied in
Ref. [21], meaning such analyses heavily depend on the defined segmentation criteria. While this can be correct to with some
probability, proving crystallinity using electron microscopy depends on diffraction based methods such as EBSD [27]. As minerals such
as illite and feldspar can show a wide range of chemical compositions, attributing the flame synthesized spheres to previous minerals is
impossible. However, the chemical heterogeneities within the measured spheres indicated that melt droplets formed from different
minerals combined to form larger droplets during flame synthesis to minimize their surface.

Previous analyses of the SCM reactivity based on the dissolution of Si and Al in NaOH or KOH showed that the maximum dissolution
was generally achieved using the most alkaline concentration of NaOH (10 mol) for the maximum time of 24 h [37]. Applying this
procedure to the untreated, calcined or flame synthesized raw materials led to the results presented in Table 2. They show that
calcination significantly enhances the dissolution of both elements reaching a maximum when calcined at 850 °C which is in
agreement with the literature [17]. Applying FS and testing the dissolution of a comparable grain size fraction more or less doubled the
dissolution of Al in both aged and fresh sediments and significantly enhanced the dissolution of Si, especially when applied to the aged
sediment which shows a higher relative content of SiO in the form of quartz [34]. The dissolution of unsieved FS-treated sediments (as
produced) led to very similar results, confirming these results but also indicating that the larger particles removed by sieving do not
have a large effect on the leachability of Al and Si. The specific surface of the respective powders decreased with increasing calcination
temperatures. The value for fresh FS sediment, sieved or not, is close to that after calcination at 850 °C while that for the aged FS
sediment is significantly larger. Additionally, the as produced flame synthesized sediments show slightly larger specific surface values
then when this material is crushed and sieved.

The most important result here is that the fresh FS-treated sediment crushed and sieved to grain sizes below 63 pm shows a much
higher dissolution of Al and Si than the sample calcined at 850 °C despite having a smaller specific surface. This is in agreement with
the concept that a higher amorphous content increases the leachability of these elements. The much higher specific surface of the aged
sediments after FS also sufficiently explains the elevated leaching results measured for these samples in comparison to the fresh
sediment.

However the BET results of the FS treated sediments show two counterintuitive aspects: i) the crushed and smaller particles should
have a higher specific surface than compact spheres resulting from the FS process and ii) the more than doubled specific surface of the
aged sediment after FS cannot easily be explained by the elevated quartz content in the aged sediment [34]. While some of the spheres
resulting from FS clearly contain bubbles, see inset in Fig. 2 a), such a large increase would rather match the presence of a foaming
agent in the aged sediment. Crushing such bubbles could lead to a larger amount of very fine powder which could agglomerate,
affectively decreasing the specific surface of the material. Both of these observations likely require a more detailed understanding of
the aging process for sediments than is currently available.

The pozzolanic properties of three calcined sediments and one batch of fresh FS treated sediment were respectively analyzed by
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Table 3
SAl results of obtained from river sediments after the respectively stated treatment as well as values from a silica reference measured for comparison. # according to SIST
EN 450-1 or * according to EN 13263-1.

treatement SAI (28 days) SAI (90 days)
calcined at 700 °C for 1h # 721 % 77.3 %
calcined at 850 °C for 1h # 72.7 % 64.8 %
calcined at 900 °C for 1h # 65.4 % 66.7 %

FS fresh sediment (as produced)# 63.3 % 57.8 %

FS fresh sediment (as produced)* 76.0 % not required
FS aged sediment (as produced)* 79.0 % not required
silica reference* 134 % not required

determining their strength activity index (SAI) according to SIST EN 450-1 [38,40]: it must reach at least 75 % after 28 days and at least
85 % after 90 days for a material to be classified as a pozzolanic additive. The remaining SAI measurements for FS treated sediments
and a silica reference were performed according to EN 13263-1 [39] because it requires a smaller amount of raw materials. Here the
SAImust reach at least 100 % after 28 days. The results stated in Table 3 show that both the performed calcination procedure and flame
synthesis failed to sufficiently enhance the sediments for this application: the value of commercial silica fume, classified as a pozzolanic
additive, is presented as a reference. Hence both treatments also fail to upgrade these sediments as SCMs where a minimum of 100 % is
required [39]. The BET values in Table 3 show that both treatments also fail to achieve the required values of 15-35 m?/g for an SCM
[39] whereas a commercial silica reference measured for comparison reached 23.8 g/m?2.

In summary, the FS treatment successfully maximized the amorphous content of the sediments. Although this treatment pushed the
leachability of Al and Si from the analyzed river sediments beyond the values achieved by calcination, it failed to reach the levels
required to upgrade these raw materials to SCMs.

While using flame synthesis based on CH4/0- at a scale suitable to process thousands of tons per year would probably negate any
environmental benefits provided by upgrading comparable raw materials to suitable SCMs at this time, using an environmentally
friendly source of fuel such as “green” Hy can make this process and a viable CO; free alternative in the future. Hence suitable sed-
iments extracted at e.g. hydropower plants should be deposited and cataloged as future raw materials. Furthermore, sediment aging
actually appears to improve the results of the presented process. Hence an more detailed understanding of the aging process can
become relevant if this observation turns out to be systematic.

4. Conclusions

Clay rich sediments were calcined and treated by flame synthesis to increase their amorphous content. While calcination only
increased the amorphous content slightly, flame synthesis allowed an almost complete vitrification. The most comparable FS-treated
sample showed a higher leachability than its calcined counterpart despite having a smaller specific surface, supporting the significance
of the amorphous content to the leachability. Aging a sediment is indicated to benefit the presented process.

Flame synthesis is a suitable method to maximize the amorphous content in raw materials possibly suited as precursors in SCMs or
AAMs. However, it also changes the particle morphology to spheres, so its utility should be tested case by case. Preparing small
amounts of material using FS enables to quickly test the maximum solubility in ~100 % amorphous materials.
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