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SUMMARY: Within previous investigation alkali activation of waste casting cores at room temperature did not give
promising results, i.e. when the precursor was gently ground and sieved below 600 um the alkali activated material fell
apart at demolding, and when the precursor was ground below 90 um, the alkali activated material did not solidify in more
than 2 years. , Therefore different drying/curing methods were applied to enhance the reaction. Waste casting cores were
prepared in two granulations (sieved below 600 um and below 90 um), activated with Na-water glass and 10 M NaOH,
cured at different temperatures (70 °C and room temperature), and subsequently cured/dried at three different conditions:
room temperature, 110 °C, and irradiated with microwaves. The highest compressive strength, 25 MPa, was gained with
subsequent curing/drying at 110 °C. The lowest density, 0.5 kg/l, with compressive strength above 3 MPa, was achieved
with subsequent curing/drying with microwaves.
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1 INTRODUCTION

Alkali activated materials (AAM) can be produced from different waste materials containing enough Si and Al in the
amorphous phase, which react with alkalis and form an aluminosilicate network (ASN) of SiO4 and AlO4 tetrahedrons that
are joined by oxygen bridges. In the network, the negative charge localized on Al is compensated with positive ions from
alkali liquid [1]. Most researched precursors for alkali activation are metakaolin [2], fly-ash [3], slag [2] and their mixtures
[2]. The technology was proved also in praxis:

« airport runway in Brisbane, Australia [4], where for precursors blast furnace slag and fly-ash were used,

+ 4-floor public house (University of Queensland’s Global Change Institute) in Queensland, Australia [5], where floors
are made from 33 precast panels that are made from slag and fly ash-based geopolymer concrete.

Alkali activated foams (AAF) represent added value to the alkali activated materials, as being porous, lightweight with
the potential to be used as fire-resistant thermal and/or acoustic insulators [6]. Porosity can be achieved with several
methods:

* mechanical process using preformed air bubbles [6],

» chemical reaction of foaming agents (Na-perborate, Na-lauryl sulphate, Al powder, H,O,, metal silica impurities
contained in silica fumes etc.) with alkali activated slurry of precursor and source of alkali, where gases are formed and
trapped in the liquid network [7],

« chemical reactions of ingredients present in the precursor(s) with alkali and/or alkali glass, i.e. self-foaming [8],

* removal of hydrated water from alkali activated material with temperature [9],

* replica method with removal (combustion, decomposition) of “sacrificed” material like organic compounds, plastic,
carbon, sulphate [10],

* bloating of the precursor at high temperatures [11],

* etc.

Casting cores which are also the subject of the present paper, are commonly produced with three different methods:
coldbox (binder hardens sand with chemical reaction without addition of thermal energy [12]), hotbox (binder hardens
sand with heat [12]) and warmbox/shellbox (binder in the outer layer of sand core hardens with heat [13]). Binders can be
inorganic like alkali glass, cement, clay, bentonite, which are gas emission-free, or organic like furan, phenolic urethane,
phenol-formaldehyde resin, which lead to emission of health-hazardous gasses during exposure to casting metal [14].

Drying is an important part of the core preparation process. Common drying method with implementing heat in a
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furnace is just surface drying [15], drying with the use of gasses in casting core production is semi-volumetric (depending
on if the gas is only around the core or blown through tubes into the core, depending on the viscosity of the fluid [16]),
while drying with microwaves is volumetric [15]. When drying with the surface method, samples are dried to a certain
depth of the bulk sample, which depends on the temperature applied and time on the temperature, while volumetric drying
is drying throughout the whole bulk’s volume at the same time in short(er) time [15] where high(er) temperatures can take
place [17] that can also change the mineralogical composition, size of grains, which makes procedure useful also for
(pre)sintering of ceramics [18]. The volumetric drying is a consequence of dielectric polarization of molecules with
electromagnetic irradiation [19] with wavelengths from 1 mm to 1 m, frequency 300 GHz to 300 MHz respectively [20].

A newer emission-free warm-box method is where microwaves are used for heating to harden the binder consisting of
alkali glass and alkali on the surface of quartz sand (which is not alkali activated synthesis, just binding of quartz sand into
a mould). Results of all research available so far are showing that using microwave technology gives better strength and
uses less energy than alternatives [12], therefore the use of microwave irradiation in connection to the alkali activated
synthesis using waste casting cores might contribute to increase of mechanical properties too.

In the present study shell-box casting cores were prepared in 2 different granulation, 3 different alkali activating
mixtures and with 3 different drying procedures to assess the influence of drying/curing methods on properties of final
AAM, and to thus determine optimal preparation method.

2 MATERIALS AND METHODS

2.1 Analysis of precursor

Waste casting cores (WCC) from company Termit d.d. (Drtija, Slovenia), labelled 10 09 06 (according to the
Classification list of waste from Official Gazette of the Republic of Slovenia, no. 20/01 Annex 1), used in the study are
shell-box cores that could not be further used due to the damage in the factory.

X-ray fluorescence on melted discs (XRF; Thermo Scientific ARL Perform’X Sequential XRF) and X-ray powder
diffraction (XRD; Empyrean PANalytical X-ray Diffractometer, Cu X-Ray source) analysis were performed with material
dried at 70 °C for 24 h (WTB Binder), ground with the vibrating disk mill (Siebtechnik) and sieved below 90 um. XRF
analysis was done with software UniQuant 5, XRD analysis with X'Pert Highscore plus 4.1. Rietveld refinement using
external standard (a pure crystal of Al,O3;) was implemented on XRD pattern to estimate the amount of amorphous phase
and minerals present in waste casting cores.

Fourier-transform infrared spectroscopy (FTIR; PerkinElmer Spectrum Two) was performed on a sample that was
ground with the vibrating disk mill and sieved below 90 um.

Scanning electron microscopy (SEM; Jeol JSM-IT500) investigation was performed under high vacuum conditions on
dried samples.

2.2 Preparation of alkali activated samples

Waste casting cores were dried at 70 °C for 24 h, ground with a pestle and mortar and sieved below 600 pm, or
ground in a vibrating disk mill and sieved below 90 pm.

Alkali activation was performed by addition of 10 M NaOH (Donau Chemie Atznatron Schuppen, EINECS 215-785-5)
to Na-water glass (Geosil, 344/7, Woelner) in equal mass amounts. Liquids were stirred until the mixture became clear,
and then poured into the sample in mass ratio “waste material : alkali : alkali glass” 2.5:1:1 (if not stated otherwise) under
constant mixing for 1 min. The slurry was poured into plastic moulds of dimensions 25x12x12 mm3, cured at 70 °C for 24
h, demoulded, subsequently cured (because curing at 70 °C for 24 h was not enough) at room temperature, with kitchen
microwave (Gorenje Microwave oven MO 17DV, 2.45 GHz, 700 W) for different times or until the sample was completely
dry, or in drying chamber at 110 °C for 24 h (WTB Binder).

2.3 Analysis of AAM

Measurement of compressive strength of alkali activated casting cores was performed with compressive and bending
strength testing machine (ToniTechnik ToniNORM) 1 month after solidification.

Density was determined by weighting the sample and dividing its mass with geometrically determined volume.

Fourier-transform infrared spectroscopy (FTIR; PerkinElmer Spectrum Two) was performed on alkali activated sample
which was dried with different methods.

The surface and microstructure of selected samples were investigated with the scanning electron microscope (SEM;
Jeol JSM-IT500) under high vacuum conditions.
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3 RESULTS AND DISCUSSION

3.1 Analysis of precursor

SEM micrographs of WCC ground in a mortar with pestle and waste casting cores ground in vibrating disk mill are
presented in Figure 1 (a) and (b) respectively. Precursor sieved below 600 um (a) consists of particles with smooth
edges, smooth surface and sizes generally above 100 um, while precursor sieved below 90 ym (b) is powder-like
consisting of particles with sharp edges and smooth surface. The damaged surface is seen already on particles of
precursor gently ground and sieved below 600 um (red circle in Figure 1 (a)), which is a consequence of destroying
linking bridges connected with the sand base [21].
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Figure 1: SEM micrographs of WCC. (a) Gently ground in a mortar with pestle and sieved below 600 pym (red circle: damaged surface);
(b) ground in vibrating disk mill and sieved below 90 pm, (c) XRD pattern of WCC and on the inset its Rietveld refinement.

Chemical analysis was performed by means of XRF. It showed that there is a small mass percentage of K (0.09%), Ca
(0.10%) and Al (1.33%), while Si is in aboundance (44.60%). With Rietveld refinement performed on XRD pattern (see
Figure 1 (c)) the mass percentage of crystalline and amorphous phase was estimated. Only quartz (96%) was found to be
in crystalline phase, meaning that there is only a small amount of Al, K and Mg in precursor useful for alkali activation.

Determination of the presence of an organic compound in WCC was performed utilizing FTIR, which is presented in
Figure 2. Frequency 2980 cm™ corresponds to C-H values of alkyl groups (orange vertical line in Figure 2) [22],
frequencies around 1450 cm’” correspond to C-H, and C-Hj; bendings from aromatic ring (phenol from the phenol-
formaldehyde resin used in casting core production, purple vertical lines in Figure 2) [23], frequencies 3340 cm™ and
1635 cm™ correspond to O-H in water (blue vertical lines in Figure 2) [24], while Si-O bonds are from 950 to 1110 cm™,
Si-O from quartz around 800 cm’” [25].
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Figure 2: FTIR of all ingredients used in alkali activation. Dashed blue lines O-H bonds, dashed orange lines C-H bonds, dashed purple

lines aromatic C-Hz and C-H3 bonds, dashed grey lines Si-O bonds.
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3.2 Analysis of bulk AAM

Compressive strength and density are presented in Table 1 and vary according to the preparation of the precursor
(degree of milling), ratio precursor : 10 M NaOH : Na-water glass, and drying method. From the results given in Table 1, it
can be concluded that:

« to achieve higher mechanical properties, it is better that precursor is ground and sieved below 90 um (smaller particles, more surface), otherwise,
the experiment is not successful,

« in case of bigger particles of the precursor amount of liquid phase is crucial, i.e. if there is not enough liquid phase, successful demolding is not
possible,

« in case of smaller particles of the precursor amount of liquid phase has to be low enough to gain higher final compressive strength, at least when
using surface drying method,

« the highest influence on final properties has used the method of subsequent curing/drying:

« if samples were subsequently cured/dried on mild conditions (room conditions, RC), AAM did not even solidify in more than 2 years,

« if samples were subsequently cured/dried with surface drying at 110 °C, density was comparable or lower to samples dried at RC, but samples did
solidify and had compressive strength up to 25 MPa when particles of the precursor were smaller,

« if samples were subsequently cured/dried with volumetric drying method (microwaves), AAM solidified in the shortest time, density lowered, as
well as compressive strength if particles of precursor were smaller, i.e. there was no difference in compressive strength when volumetric or surface
drying at 110 °C were performed on AMM synthesized from precursor consisting of bigger particles,

« density and compressive strength showed time dependence on irradiation with microwaves presented also in Figure 3.

Table 1: Compressive strength and density of prepared AAM. RC = room conditions, MW = microwave.

Preparation FHSCUISOR - . Curing Supsequent Density Compressive

of precursor R conditions drying [ka/l] strength [MPa]
Na-water glass method

< 600 pm 3.75:1:1 70°C24h RC .

< 600 pm 33:1:1 70°C24h RC

< 600 pm 25:1:1 70°C24h RC 1.60 Does not solidify

< 600 pm 25:1:1 70°C24h 110°C24h 1.55 17.61

< 600 pm 25:1:1 70°C24h MW 0.66 min 1.49 17.55

<90 ym 33:1:1 70°C24h RC 1.62 Does not solidify

<90 uym 33:1:1 70°C24h 110°C24h 1.60 24 .98

<90 uym 33:1:1 70°C24h MW 0.66 min 1.20 5.55

<90 uym 25:1:1 70°C24h RC 1.64 Does not solidify

<90 ym 25:1:1 70°C24h 110°C24h 1.03 11.42

<90 uym 25:1:1 70°C24h MW 0.08 min 1.46 0.25

<90 uym 25:1:1 70°C24h MV 0.17 min 1.46 0.34

<90 uym 25:1:1 70°C24h MV 0.33 min 1.24 0.77

<90 ym 25:1:1 70°C24h MV 0.5 min 0.94 0.78

<90 uym 25:1:1 70°C24h MW 0.66 min | 0.90 5.71

<90 ym 25:1:1 70°C24h MW 0.83 min | 0.71 2.90

<90 uym 25:1:1 70°C24h MW 1 min 0.73 2.70

<90 uym 25:1:1 70°C24h MW 1.17 min | 0.78 2.86

<90 uym 25:1:1 70°C24h MW 1.5 min 0.59 2.10

<90 uym 25:1:1 70°C24h MW 2 min 0.70 2.26

<90 uym 25:1:1 70°C24h MW 3 min 0.64 1.95

<90 uym 25:1:1 70°C24h MW 4 min 0.72 1.90

<90 uym 25:1:1 70°C24h MW 5 min 0.72 1.07

* = not solidified

Dependence of time irradiation with microwaves on density and compressive strength of sample prepared from
precursor ground in vibrating disk mill and sieved below 90 um, mixed with 10 M NaOH and Na-water glass in ratio
2.5:1:1 respectively, are presented in Figure 3. Density lowers with an early time of irradiation and reaches an
approximately constant value. Compressive strength starts increasing with irradiation, reaches peak soon (sample is
completely dried) and starts slower decline (melting).
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Figure 3: Compressive strength and density of samples prepared from precursor ground in vibrating disk mill and sieved below 90 pm,
mixed with 10 M NaOH and Na-water glass in ratio 2.5:1:1 respectively, in the dependence of irradiation with microwaves for a different
amount of time.

Beside weak solidification at milder curing conditions (70 °C) and difficulties at demolding (shape of the prism was
easily damaged after primary curing, AAM reacted with glass surface when subsequently curried/dried at 110 °C), there
was no shrinkage noticed. However, when the precursor used was from smaller particles (sieved below 90 ym), foaming
was noticed as can be seen on SEM micrographs in Figure 4 to Figure 6, which were performed on last four AAM
presented in Table 2, where the difference in the preparation of AAM is only the method of drying. AAM dried at room
conditions had the spherical shape of pores (Figure 4 (a)) that measured in average 265.5 ym in diameter (standard
deviation is 94.3 pym, maximal diameter found under SEM was 471.4 um). Pores of AAM dried at 110 °C lost the spherical
shape (Figure 5 (a)) and became bigger due to coalescence of pores, i.e. average SEM diameter was 281.8 ym
(standard deviation is 172.7 um, maximal diameter found under SEM was 858.2 um). Pores of AAM dried with
microwaves for 0.66 min also lost the spherical shape (Figure 6 (a)) and got even bigger, i.e. average SEM diameter was
485.2 ym (standard deviation is 261.3 ym, maximal diameter found under SEM was 1109 pm).

EDXS mappings in Figures 4 to Figure 6 (15t EDXS row) are performed on 1000-times magnified micrographs (Figure
5 to Figure 6 (b)). On all EDXS mappings, it is clear, that Al, Si and Na, important in alkali activation, are not uniformly
distributed. The intensity of C compared to the intensity of other elements on EDXS is stronger on sample dried at room
temperatures, compared to intensity when the sample was dried at 110 °C, and with microwaves. The intensity of O is
comparable to Na when the sample was dried at room conditions. With drying at 110 °C the intensity of O increases also
to the part where Si is detected but is still less intensive compared to sample dried with microwaves, where the intensity
of O is the same where Na and Si are detected. The conclusion from these results is that organic compound blocks
reaction of alkali and non-organic part of precursor, which is presented on EDXS in Figure 6 performed on the part
marked with a red square, where Na and Si are separated (Na represent the envelope of Si), O is present in both areas

(where Si and Al were detected).
. (b-C) (b-Na) (b-Al)
(b) -

(b-O) (b-5i)

Figure 4: SEM micrographs of AAM, which was prepared from precursor sieved below 90 um and alkali activated in ratio precursor : 10
M NaOH : Na-water glass = 2.5 :1 :1, dried at room conditions. Magpnification (a) 30, (b) 1000. (b-chemical element) EDXS mapping on
(b) of the detected chemical element.

In Figure 4 (b), Figure 5 (b) and Figure 6 (b) “matrix” of alkali activated material is presented, which is smooth when
dried at room conditions (Figure 4 (b)), and becomes rough with harsher drying conditions (Figure 5 (b) and Figure 6 (b)),
where unreacted non-organic part of precursor starts to appear.
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Figure 5: SEM micrographs of AAM, which was prepared from precursor sieved below 90 um and alkali activated in ratio precursor : 10
M NaOH : Na-water glass = 2.5 :1 :1, dried at 110 °C. Magpnification (a) 30, (b) 1000. (b-chemical element) EDXS mapping on (b) of the
detected chemical element.

(b-Si)

(b-Na)

(@) (®)

Figure 6: SEM micrographs of AAM, which was prepared from precursor sieved below 90 um and alkali activated in ratio precursor : 10
M NaOH : Na-water glass = 2.5 :1 :1, dried with microwaves for 0.66 min. Magnification (a) 30, (b) 1000. (b-chemical element) EDXS
mapping per chemical element of the area (b).

The foaming process starts with the addition of alkali to precursor and is a consequence of degradation of organic
compound present in the precursor: C-H bonds are present only in the precursor as can be seen in Figure 7. FTIR on
sample dried at room temperature could be “hiding” the C-H peak of alkyl groups in the wide O-H peak arising from water,
which disappears in solidified samples dried at 110 °C and with microwaves.
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Figure 7: FTIR of precursor and AAM dried with different methods. Blue lines O-H bonds, orange lines C-H bonds, dashed purple lines
aromatic C-Hz and C-H3 bond, grey lines Si-O bonds.
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Figure 8: FTIR time dependence of AAM dried at room temperature. Blue lines O-H bonds, orange lines C-H bonds, dashed purple
lines aromatic C-H; and C-Hz bonds, grey lines Si-O bonds.

Time dependence of C-H peak from alkyl groups was followed with FTIR from the early time of alkali activation. Peak
started to disappear in “O-H peak” with time after the addition of alkali, as is seen in Figure 8. Peak disappearing was
accompanied by a foaming process that was not present in a sample without a clear C-H peak.

Time dependence of drying/curing of alkali activated WCC (pre-cured at 70 °C for 24 h) with microwave radiation is
presented in Figure 9 and compared to the sample cured for 1 h at room temperature (early stages of curing of alkali
activated material) and to the sample cured at 70 °C for 24 h. C-H peak (orange line) and O-H peak “merge” and
decrease with time of microwave irradiation, i.e. samples radiated for at least 50 s lose the intense smell (merged peak)
and water (the peak at 1635 cm” disappears). However, the highest compressive strength has the sample irradiated for
40 s (green line in Figure 9) according to Figure 3.
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Figure 9: FTIR of AAM dried for 1 h at room temperature and at 70 °C for 24 h without and with additional irradiation with microwaves
for different times. Dashed blue lines represent O-H bonds, dashed orange lines C-H bonds, dashed purple lines aromatic C-H; and
C-Hs bonds, dashed grey lines Si-O bonds.

4 CONCLUSIONS

Chemical and mineralogical analyses of waste casting cores were performed, AAM was synthesized, their density and
compressive strength were determined, and chemical bonds were followed to determine the influence of different drying
methods.

It was shown that waste casting cores can be used as a precursor in alkali activation if drying methods are performed
under harsher conditions:
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* AAM prepared from waste casting cores sieved below 600 um did not bind good enough to withhold its own mass at demolding, if mass ratio
“waste material : alkali : alkali glass” was higher from 2.5:1:1, and if not dried at 110 °C for 24 h or in the microwave. Drying did not have a high impact
on density and both methods resulted in a similar value of compressive strength;

» AAM prepared from waste casting cores sieved below 90 ym foamed, was rubber-like and wet for already more than 2 years, unless dried at 110
°C for 24 h or with microwaves. Compressive strength and density showed dependence on the drying procedure, i.e. lower density and lower strength
were reached with drying with microwaves. Dependence on mass ratio “waste material : alkali : alkali glass™ was also observed, i.e. more liquid phase
resulted in lower density and lower compressive strength;

» Compressive strength and density of AAM showed dependence on time of irradiation with microwaves, i.e. highest peak being when water and
organic compound are almost removed, which was in our case 40 seconds.

According to FTIR self-foaming was a consequence of the degradation of the organic compound, present in the
precursor, in alkali media. The pore size in self-foamed samples showed dependence on drying procedure, i.e. with
harsher conditions of drying pores were bigger and less uniform in shape due to coalescence of pores.

Self-foaming was not noticed when precursors used was from bigger particles, probably because of larger empty
space between bigger particles that do not react with alkali, so escape of gas from the slurry was easier (into the empty
space).

Material solidified and dried only under harsher drying conditions and was accompanied by a change of the matrix’
surface from smooth to rough with clearly visible quartz particles from a ground precursor in it. Change of the matrix is
according to FTIR and EDXS consequence of the removal of an organic compound.

According to EDXS analysis, common ASN did not form since areas of Al and Si were dislocated, and Na was present
mostly on the surface of quartz (Si) particles.
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