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Highlights:

e Bauxite residue was transformed into a reactive precursor at 1200 - 1300 °C

e Inorganic polymer mortars containing vitrified BR as binder

e Compressive strength up to 130 MPa incorporating 81 wt% bauxite residue

e Ca0 in the amorphous phase is key to increase strength and reduce shrinkage

e Release of heavy metals and radionuclides below legislative limits

Abstract (max 150 words)

This study investigates the transformation of bauxite residue into a reactive precursor after heat
treatment at 1200 — 1300 °C and the synthesis of high performance inorganic polymer mortars
thereof. Minor amounts of C, CaO and SiO, were added to bauxite residue, and the melt was water-
quenched resulting in amorphous phase (25 up to 62 wt%), the rest being mainly iron-rich phases.
After milling the vitrified bauxite residue, alkali-activated mortars were produced with a maximum
compressive strength of 130 MPa after 28 days. Calcium was identified as key element in increasing

the compressive strength, reduction in shrinkage and permeability. The release of heavy metals and


mailto:michiel.giels@kuleuven.be

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

radionuclide concentration were below legislative limits. This work identified an ideal chemistry for
producing high-performance binders from precursors containing more than 81 wt% of bauxite residue,
opening the possibility of upscaling and, eventually, the real-life transformation of bauxite residue into

a product.

1 Introduction

Aluminum is an important metal in today’s society due to its light weight, corrosion resistance, thermal
behavior and recyclability. The established production process is the Hall-Héroult electrolysis where
Al,0s, produced typically from bauxite ore via the Bayer process, is smelted. In this process, the ore is
dissolved in NaOH under hydrothermal conditions, producing a sodium aluminate solution, which is
cooled down to precipitate AI(OH); [1]. The remaining fraction, called bauxite residue! (BR), or red
mud, is thickened, washed and in some plants filter-pressed, to recover most of the remaining alkalis.
It is reported that the range of BR generated per 1 ton of Al,Os; produced typically varies from 1to 1.5
tons [2]. This ratio depends on the grade of the ore and the efficiency of the process. With an annual
(and increasing) production of 150 Mt of BR, disposal now exceeds 3 billion ton of landfilled BR

worldwide [2,3].

For many decades, researchers have been trying to valorize BR using different routes. Many processes
have been found to be technically feasible; however, only 2-3 % of the BR is currently used, mainly in
the construction industry as Fe and Al source for ordinary Portland cement (OPC)? [2]. The latter is
also linked to the high volumes of raw materials required by this industrial sector, which often results

to a notable valorization of BR.

In construction, concrete and mortars are comprised of a binder, which glues the aggregates together
and gives the strength to the material. Here, the use of OPC prevails, which requires only the addition

of water for the formation of the binder. However, the production of OPC accounts for 8% of the

1 BR: Bauxite residue
2 OPC: Ordinary Portland cement
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anthropogenic CO, emissions [4]. In addition, increasing awareness of the finite natural resources
available and the impact of their use has resulted in a growing interest in alternative binders. An
interesting group of alternative binders are the group of inorganic polymers? (IP), which uses aside
water additional alkalis and dissolved silica (e.g., sodium silicate) [5]. One main concern regarding
these binders is that often raw materials are used, such as fly ash, blast furnace slag and metakaolin,
which are already extensively used in OPC-based systems. Previous studies have indicated the
potential of iron-rich calcium-aluminosilicates (i.e., slags from non-ferrous metallurgy) for the
synthesis of IP, as these materials are not yet valorised in OPC-based binders [6—10]. Alkali activation
allows to produce a F-C-(A)-S-H binder with bivalent iron in trioctahedral phyllosilicates, as well as
trivalent Fe in tetrahedral configuration, similar to Al in geopolymers [11,12]. In fact, BR has
comparable Fe, Si and Ca content to a non-ferrous metallurgy slags and it would therefore be a good

candidate for inorganic polymers.

Due to the high fineness, BR has been used in multiple studies as raw material for alkali-activated
materials, for instance, in combination with metakaolin, ground granulated blast furnace slag (GGBFS)
or fly ash to produce IPs [13]. Increase in viscosity of the mixture, low compressive strengths and
sometimes poor durability were reported due to the chemically inert nature of the BR in alkaline
media; however, it was also reported that a thermal treatment can increase its reactivity [13—16]. In
considering the thermal treatment route, some works focused on transforming Fe depleted BR into a
reactive precursor by using an alkali-thermal treatment with temperatures up to 1000 °C [17]. In this
process, additional Na,O was used in order to increase the degree of dissolution of Si and Al. The new
precursor, containing peralkaline minerals, C3A and C,S, was activated with water, however, poor
compressive strength was obtained [17]. This could only be improved by blending other reactive

materials to the treated BR [18]. The compressive strength could be increased by the addition of 25

3IP: Inorganic Polymer(s)
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wt% silica fume to reach a compressive strength of 31.5 MPa for the binder [18]. These findings may

have limited impacts due to the high cost of silica fume.

Because treated BR shows low reactivity at temperatures below 1000 °C, it could be transformed to
a (partial) amorphous material at higher temperatures (> 1000 °C). This was investigated in the work
of [16]. The authors demonstrated that additions of 1.6 wt% carbon (C) and 10 wt% SiO, to BR,
followed by a heat treatment at 1100 °C, led to partial melt formation, which was transformed into a
glass upon quenching [16]. Carbon was an important addition in increasing the amount of glass in the
vitrified BR due to the carbothermic reduction of Fe** to Fe?*. Additional SiO; led to an increase in the
amount of glass, and a maximum compressive strength of 43 MPa of IP mortars was reached using
only the modified BR with a potassium silicate solution. A further study also showed that the reactive

precursor could be used to produce porous IP, adsorbing methylene blue [19].

In a later study, the same research group produced three vitrified BRs from bauxite residue, which had
different contents of amorphous phase and associated chemistries [20]. It was demonstrated that
with a more depolymerized glass structure (amorphous phase structure), a higher reactivity of the
precursors was achieved. However, the performance in terms of strength of these binders should be
improved in order to compete with currently available conventional binders. The lower processing
temperature and lower requirement for natural resources could significantly lower the cost and
environmental impact to conventional OPC production. However, a later detailed LCA should assess

the process as a whole.

The current work aims to test a bigger range of chemical compositions with additions of C, CaO and
SiO, in different temperature regions to find the optimal vitrification conditions. Thermodynamic
calculations were employed to define an operational window that maximizes the amount of glass,
while limiting the vitrification temperature. The effect of crystalline components on the glass is
investigated in detail using XRD, (Nano)-SEM and dissolution tests. Furthermore, mechanical

performance, shrinkage and permeability of the binders is investigated and linked to each particular
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glass chemistry. Finally, the environmental aspects were investigated using end of life leaching tests

and naturally occurring radioactive materials due to the presence of radionuclides.

2 Materials and methods

2.1 Characterisation of bauxite residue

BR was delivered in a slurry state by Alum Tulcea (Romania) and was first filtered and dried at 105 £ 5
°C for 48 h. Calcination of the dried BR followed at 950 °C for 8 h, merely for practical reasons so as to
be able to fit a larger quantity of the material into the crucible. Thermal analysis was performed on
the filtered BR using a TA SDT Q600, measuring the loss of ignition at 1000 °C. Fusion beads for
chemical analysis were prepared by fusing a mix of 1.4 g of calcined BR with 12.6 g of lithium borate
and lithium bromide at 1050 °C. Chemical analysis of the beads was performed using a Bruker S8 Tiger

Wavelength Dispersive X-ray fluorescence spectrometer.

2.2 Processing of the residue

The acquired chemical data and the loss on ignition were used as input for thermodynamic simulations
(FactSage 7.0 using FactPS, FToxid and FSstel databases) [21]. The aim of the calculations was to
determine the influence of varying additions of CaO and SiO, to BR and the effect of temperature
(1100 - 1300 °C) on the amount of melt formed. The addition of carbon was considered in all
calculations as it has been demonstrated to contribute to an increase in melt formation after
carbothermically reducing Fe** to Fe?*[16]. The calculations aimed to define an operational window
in which (i) the amount of melt formed is >50 wt%, so as to achieve a reactive-enough semi-vitrified
precursor for IPs after quenching, while (ii) the melting temperature is lower than 1450 °C, so that it

is not approaching the conventional cement production.

The different blends were prepared by mixing calcined BR, carbon and varying amounts of SiO, and
Ca0. To obtain a homogenized powder, ethanol and alumina grinding balls (10 mm diameter) were

added to the mix and placed in a laboratory shaker (WAB Turbula 2F) for 12 h. After removing the
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grinding balls, the ethanol was evaporated using a rotary evaporator and additional drying at 80 °C

using a laboratory oven.

High temperature melting of six BR blends was performed in an induction furnace (Indutherm TF
4000). Blends were placed into alumina crucibles, including a lid on top, which were inserted into SiC
susceptor crucibles. During heating, N, gas was blown on top of the samples at a rate of 60 I/h until
1100 °C. At a temperature of 1100-1200 °C, the gas mixture was switched to CO/CO, at a rate of 40/20
I/h was blown on top to prevent (re)oxidation of the partial melt. After a 2 h period at the target
temperature, the melt was quenched in water. Water quenching was shown to be the most suitable
method which freezes FeO-SiO,-rich melts into a glass/amorphous phase [22]. The vitrified bauxite
residue (VBR)* was subsequently dried at 105 °C, and homogenized and milled in an attritor ball mill

1S to a specific surface area of 4400 + 200 cm?/g, measured according to EN 196-6.

2.3  Characterisation of products

The mineralogy of the VBR and of the IP pastes was determined on powder samples by X-ray
diffraction (XRD) using a Bruker D2 Phaser X-ray diffractometer. These samples were measured using
a CuKa radiation of 30 kV and 10 mA in the range of 5-70° 2 Theta, with a step size of 0.02° and step
time of 1 s. For quantification of the mineral phases, powder samples were mixed before the
measurements with 10 wt% of ZnO as internal standard and 5 ml of ethanol, and were milled

subsequently in a micronizing mill [24].

For the investigation of the microstructure of the VBR and IP pastes, samples were embedded in resin,
polished and coated with a 1 nm Pt layer and analysed by scanning electron microscopy (SEM)* (XL30
FEG), operating at 10 kV. Micro-chemical analysis of the VBR was performed using a FEI Nova

NanoSEM 450. The chemical composition of the glass and crystalline phases was measured using an

4 VBR: Vitrified bauxite residue
5 SEM: Scanning electron microscopy
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electron beam at 18.5 kV with a spot size of 5 um so as to obtain a sufficiently high intensity for the

measurement.

2.4  Reactivity

The release of Al, Si and Ca in alkaline solutions was tested as a means to assess the reactivity of the
samples. A dissolution test was performed by mixing VBR with a 6M NaOH solution (Milli-Q water
based) for 24 h using a solution to VBR mass ratio of 500. The high ratio allows the investigation of the
release in far-from-equilibrium conditions to prevent precipitation. The solutions were subsequently
diluted 80 times, and the concentration of Si, Al and Ca was measured using ICP-OES (Varian 720ES).
Fe was not measured as precipitation was observed in preliminary tests. Other work is now focusing

on the complexation of the Fe species, in order to measure the degree of dissolution.

2.5 Binder production

To prepare the IP pastes and mortars, an activating solution was prepared by dissolving sodium
hydroxide pellets (99% NaOH, from Sigma-Aldrich) in a sodium silicate solution (Silmaco, 65% H-O,
SiO; 25.5-28.5 wt%, Na,0O 7.5— 8.5 wt%). The solution was stored for 24 h at 50 °C to dissolve all the
pellets and then cooled to room temperature. IP paste samples were prepared for mineralogical,
microstructural and thermal analysis by mixing the activating solution with VBR using a liquid/solid
(L/S) ratio of 0.4, which maintained the flow ability of the mixture. 7 day old samples were prepared
for thermal analysis by mixing 3 times crushed paste with isopropanol (for 5 min) in order to remove
the free water. Samples were vacuum-filtered at each step, then finally mixed with diethyl ether to
remove the remaining isopropanol. Samples were degassed afterwards in an oven for 8 min at 40 °C
and cooled down in a desiccator. Thermal gravimetric analysis (TA SDT Q600) on these powders was

performed using a heating rate of 10 °C/min under a nitrogen atmosphere.

2.6 Mortar production
IP mortars (3 bars) were produced by mixing the sodium silicate activating solution (SiO,/Na,0=2.0,

65% H,0) (220 g) with VBR (550 g) and CEN sand (1350 g). This procedure only deviates from relevant
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standards [25] in terms of the amount of binder, which is adjusted because of the higher density, and
L/S ratio, as previous tests have shown a lower amount of liquid is required for this material. After
casting, the samples were cured at 20 + 2 °C. After 24 h, the samples were demoulded and the prisms

wrapped in plastic foil and stored at 20 + 2 °C.

Samples for drying shrinkage were demoulded after 24 h and cured without a cover in ambient
conditions (20 + 2 °C and 40 £ 10 % humidity), while measuring the length change at different time
intervals using a dial gauge. The degree of efflorescence (surface carbonation) of the samples without
a cover was evaluated visually. Compressive and flexural strength of the wrapped mortar samples
were tested using an Instron 5985 testing machine with a load rate of 2 mm/min and 1 mm/min,
respectively. An IP based mortar using Koranel® (Metallo), a fully amorphous, non-ferrous slag, was

prepared in the same way as the VBR samples and added as reference for comparison.

2.7 Permeability of mortars

The gas permeability of the samples was determined with a nitrogen permeameter. Plugs of 28 d old
samples were first put in isopropanol for 7 d. Afterwards, the plugs were dried further at 80 °C for 24
h and mounted in a Hassler type core holder at a confining pressure of 200 psig and a steady state gas
flow was established through the sample. The flow rate, pressure differential, gas temperature and
ambient pressure were recorded. These parameters were used in conjunction with the callipered
length and diameter of the plugs to compute the permeability from Darcy's equation. The

permeabilities were corrected for gas-slippage using an empirical Klinkerberg correction.

2.8 Environmental leaching assessment

The potential mobility of heavy metals was investigated for the different mortars by means of a batch
leaching test. The material size was reduced to a particle size <4 mm and leached with deionised water
in accordance with EN 12457-4 (2002). This norm is used to assess the environmental safety of the
waste in terms of release for a wide spectrum of heavy metals. The leachate was analysed for As, Ba,

Cd, Cr, Cu, Mo, Ni, Pb, Se and Zn by an ICP-OES (Varian-720 ES). The acquired data were classified using
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the directive EC 2003/33/EC [27]. The chosen leaching test simulates the end of life and represents
the landfilling leaching limits. It has to be noted that this represents a worst case scenario; recycling

of the materials synthesized herein is preferable in view of achieving a circular economy.

Another environmental aspect to consider is the presence of naturally occurring radionuclides in
building materials, which is regulated by the European Union Basic Safety Standards, wherein the
calculation of the activity concentration index (ACI)® is prescribed as a screening tool for radionuclide
exposure. To ensure compliance with these regulations, one selected mortar sample was evaluated
as a case study. The activity concentrations (in Bg/kg) of the naturally occurring radionuclides (NOR)
from the decay chains of 222U and 232Th, and “°K were measured using gamma spectroscopy, after
storing the crushed mortar sample in a radon-tight polystyrene cylindrical container of 250 cm? with
metal screwcap for 30 d to obtain secular equilibrium between #2°Ra and 22Th and their progenies. A
detailed description of the detector, experimental set-up and methodology can be found in the work
of [28]. Using the obtained activity concentrations of the NOR, the ACI was calculated using Eq. 1, with

226R3 activity concentration expressed as Aga-226 [29].

ARq- ATh- Ay
A — _“Ra-226 Th-232 K—40 (Eq. 1)
300 Bq/kg 200 Bq/kg 3000 Bq/kg

3 Results and discussion

3.1 Characterization of bauxite residue
TGA of BR up till 1000 °C showed a loss of ignition of 11.7 wt%. The chemistry of the dried BR is
characterized by a high concentration of Fe, followed by Al and Si (expressed as oxides in Table 1).

Minor quantities of Na, Ca and Ti were also present. Hematite, goethite, gibbsite, cancrinite, calcite

6 ACI: Activity concentration index
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and quartz were identified in BR as received and hematite, nepheline and perovskite were the

crystalline phases detected after calcination at 950 °C (Fig Al).

Table 1: XRF results of the calcined BR measured on Li-Borate fused beds.

wt% Fe,03 Al,O; SiO, Na,O CaO TiO, Other
BR_RO 46 23 13 9 5 3 1

3.2 Thermodynamic calculations and experimental design

For the thermodynamic calculation, the chemistry measured by XRF was used as input (Table 1).
Through the addition of C, the Fe®* of BR was transformed into Fe?*, which has been shown to lead to
increased melt formation. For the experimental work, the C/Fe,0s;was fixed at 0.05; initial calculations
showed that by increasing this ratio the formation of metallic iron, and thus a reduction in melt
guantity, was predicted. Because the material in the crucible is not completely protected from
interaction with surrounding air, in the final calculation a pO, of 10° atm is assumed in the
thermodynamic calculations, as shown in the work of [20]. SiO, was added to increase the amount of
melt and CaO was used for depolymerisation of the melt and final amorphous, increasing the reactivity
in alkaline conditions [30,31]. Both fluxes are relatively abundant and easily accessible in the form of
sand and limestone. Calculations were performed at 1100, 1200 and 1300 °C, whit a maximum of 20
wt.% additions for SiO, and CaO (Figure 1). Results show that an operational window for experiments
is defined between 1200 °C and 1300 °C, because more than 50 wt% melt is produced. The amount is
already sufficient as it has been shown to already gave adequate performance in IP [16]. In this
operational window, a series of experiments was designed with the main focus on the processing
temperature of 1200 °C (Table 2). The name number after the element, the amount of the oxide in g,

that was added to 100 g of dried BR.
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Figure 1: Calculated amount of melt at different temperatures using FactSage with a pO, of 10°.

Table 2: The designed mixes for the high temperature experiments.

Sample Temperature (°C)  BR(g) C(g) SiO, (g) Cao (g)
Si0Ca0-1200 1200 100 2.3 0 0
Si0Cal10-1200 1200 100 2.3 0 10
Si10Ca0-1200 1200 100 2.3 10 0
Si5Ca5-1200 1200 100 2.3 5 5
Si10Cal10-1200 1200 100 2.3 10 10
Si10Cal10-1300 1300 100 2.3 10 10

3.3 Characterization of vitrified bauxite residue

Table 3 show the chemistry of the various mixes after melting and quenching. The Na,O content
remains quite high, which indicates that there was limited volatilization of Na;O to Na at high
temperature. Table 4 shows the quantified mineralogical composition of the different quenched
samples (VBR). The diffraction patterns can be found in Figure A2A. Table 4 shows that the amorphous
content varies between 28 and 67 wt%. It is also apparent that iron is mainly present in iron-rich
phases as (titano)magnetite-hercynite (Fe(Fe, Al, Ti),04), wistite (FeO) and metallic iron (Fe). Closer
inspection also reveals that Si0OCa0, Si0Cal0 and Si10Ca0-1200 contain in addition to these iron-rich
phases, some aluminosilicate minerals, such as gehlenite (Ca,Al>SiO7) and sodium aluminosilicates
phases (e.g. nepheline (NaAlSiO4)). There is a slight difference between calculated (FactSage) and
experimental amounts of amorphous phase (Table 4). The reasons for this difference were discussed

in [16,20]. The spinel group is quantified using the stoichiometric end-members of the solid solution.



251  This is justified by the SEM-EDX data in Table 6, showing that a solid solution exists between these

252 end-members.

253 Table 3: Chemical composition by XRF on Lithium-borate fused beads in wt%.
FeO Al,O; SiO; Na,O Cao TiO, Other

Si0Ca0-1200 43.1 23.3 14.1 9.2 5.2 3.6 1.5
Si0Cal0-1200 38.9 21.0 12.7 8.6 14.1 3.3 1.5
Si10Ca0-1200 39.5 21.1 22.0 8.3 4.8 34 1.0
Si5Ca5-1200 394 21.0 17.6 8.3 9.3 34 1.1
Si10Cal0-1200 35.6 19.7 20.1 7.7 12.9 3.0 1.0
Si10Cal0-1300 35.2 20.1 19.8 7.8 12.8 3.0 13

254

255 Table 4: Quantitative mineralogical composition of the VBR using the Rietveld algorithm in wt% with standard deviation.

Si0CaO- Si0CalO- Sil0CaO- Si5Ca5- Sil0Cal0- Sil0CaloO-

1200 1200 1200 1200 1200 1300
Amorphous 255 515 45+ 5 476 62+1 6214
Wiistite 14+1 282 9+1 132 15+2 273
Magnetite 9+1 00 110 9+2 4+1 310
Hercynite 26+2 8+1 26+3 2712 18+1 8+1
Gehlenite 0z0 612 0z0 00 00 00
Nepehline 0+0 0+0 8+1 0+0 0+0 0+0
Sodium alumino silicate 18+1 410 00 31 00 00
Iron 1+0 00 1+0 1+0 1+0 00
Titanomagnetite 414 00 00 0t0 0t0 0t0
Ulvéspinel 210 3+1 00 00 00 00

256

257 Figure 2 shows the microstructure of the synthesized VBR under the SEM. The images show that the
258  crystalline phases are embedded in an amorphous matrix. The crystalline phases magnetite-hercynite
259  and iron had an average size of 10 um in cross-section, whereas the wiistite crystals are micro- to
260 nanometer sized. The wistite showed a dendritic morphology and grew on the magnetite-hercynite
261 crystals. The (titano)magnetite-hercynite crystals grew on the iron particles, which suggests initial
262  formation of iron followed by spinel and, later, wistite crystallization. The latter phase(s) could be

263  formed during cooling.
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Figure 2: Backscattered electron images of Si0Ca10-1200 (A) and Si10Cal0-1200 (B). Both pictures show the grey glassy
matrix containing the iron rich crystalline phases.

Table 5 shows the chemistry of the amorphous phase, which determines the reactivity of VBR.
Elements aside the one’s mentioned were not detected. The analysis shows that the FeO content is
much higher than expected (up to 15 %) when Table 3Table 1, Table 4 and Table 5 are compared. The
appearance of Fe-rich phases would lead to a more Fe-depleted amorphous phase. However the
higher FeO content is an artifact and probably related to the interaction volume and contribution of
identified nano-crystalline phases (Figure A3), which make the amorphous phase difficult to measure.
This effect also explains the high standard deviation for FeO. Local heterogeneity in the samples is also
likely to influence the measured compositions. Furthermore, the data shows that Si, Ca and Na are
increased in glass compared to the bulk composition by a factor of up to 2, which is mainly dependent
on the amount of amorphous phase and presence of calcium/sodium alumino silicate phases. The

elements Al and Ti are present both in spinel and glass phases.

Table 5: EDX analysis of the amorphous phase in wt% with standard deviation. Due to the interaction of nano-crystaline
iron phases a higher amount of FeO is measured than available in the amorphous phase.

Na,O Al;03 SiO, CaO TiO2 FeO
Si0Ca0-1200 149+18 214+0.7 258+16 11.4+15 3706 228*3.2
Si0Cal0-1200 106+13 23.7+27 139+18 18.1+29 3.7+05 299*8.7
Si10Ca0-1200 12+0.9 179+18 328+48 7.5+22 3.7+7.2 26.1+7.0
Si5Ca5-1200 139+13 20.1%15 27.7%25 17+2.2 3.2+0.8 18.0+5.8

Si10Cal0-1200 106+£13 182+1.2 254+30 186+3.1 3.1+08 241%7.2
Si10Ca10-1300 87+0.7 21.6+28 224+25 169+25 35+05 26.8+7.3
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Compositional data of the main spinel phase are shown in Table 6. It should be noted that only the
larger spinel phases could be measured due to the limitations in the interaction volume of the electron
beam. The data show a high standard deviation in the amount of Al,03 and FeO due to the existence
of a solid solution between (titano)magnetite and hercynite. The uptake of Mg, Cr and V is more
interesting: Cr is most likely present as Cr®* due to the reducing processing conditions. Due to chemical

stability of the spinels in the alkaline solution, the Cr is immobilized in its crystalline lattice [20,32].
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Table 6: EDX analysis of the spinel-phases in wt% with standard deviation.

Al,O3 TiO, FeO MgO Cry03 V205
Si0Ca0-1200 38.7 3.1 58.1 - - -
Si0Ca10-1200 53.5+8 1.7+15 34.7+7.8 1.6+04 22+18 -
Si10Ca0-1200 45.8+8 41+1 48.7+7.3 - 0.5+04 0.2+0
Si5Ca5-1200 49.0+9 34+08 45.7+10.1 - 0.4+0.6 -

Si10Cal0-1200 50.5+12 3.2+0.7 413+142 0.1%0.3 161 -
Sil0Cal10-1300 52.6+119 19+09 40.6+10.5 09*0.4 44+1.4 -

The EDX analysis of sodium and calcium aluminosilicate phases which are present in a minor quantity
in sample Si0Ca0, Si10Ca0, Si0Cal0 can be found in the appendix (Table A2 & Table Al). These sodium
aluminosilicate phases in the samples show a consistent chemistry between the different analyzed
particles for each sample; however, there is some variation between the different samples both in of
chemistry and crystal structure. Whereas in Sil0Ca0 these phases correspond to a nepheline
composition with hexagonal crystal structure, the other phases in Si0Ca0, Si0Ca10 and Si5Ca5 have an

orthorhombic crystal structure, according to XRD.

For further analysis, the glass chemistry can be converted using the EDX and quantitative XRD data to
calculate the amount of reactive mol of a component x for 1 kg of VBR (Eq. 2 and 3). This calculation
identifies whether certain elements in the glass phase influence the macroscopic properties, while
taking into account the amount and chemical composition of the amorphous phase. Table 7 shows
the calculated reactive mol/kg VBR respectively for the different oxides. Fe, Al and Ti are not included
due to the higher uncertainty caused by the participation in complex solid solutions. However,
because of the significant interaction with the iron-rich nano-crystals, the result of Eq. 3 is most likely
more reliable, whereas Eq. 2 will result in an underestimation (Table 7). The results of Eq. 3 are

therefore used as predictive variable in this work.

X _10% [Amorphous]xra*[X]Epx
kg TBR Molar mass X

Reactive mol (Eq. 2)
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Table 7: Calculated reactive mol of SiO,, Na,O and CaO/kg VBR using Eq. 2 and 3. Standard deviation based on 3

kg TBR

[Xxr s _Zi ([X phase]qxrd)

Molar mass X

quantitative XRD samples.

(Eqa. 3)

Reactive mol Reactive mol Reactive mol
Na,O/kg VBR CaO/kg VBR SiO,/kg VBR
Eq. 2 Eq.3 Eq. 2 Eq.3 Eq. 2 Eq.3

Si0Ca0-1200 06+01 1.2+04 05+01 070 1.1+02 21105
Si0Cal10-1200 0.8+0.1 12+0 16%+01 18+0.2 11+0.1 1.8%0.1
Sil0Ca0-1200 0.9+0.1 1.1+0 06+0.1 08+0 24+03 3.1+0.1
Si5Ca5-1200 1.0+0.1 12+0 1402 16+0 21+03 27z%0.1
Si10Cal0-1200 1.10 1.2+0 210 230 26+0.1 330
Si10Cal0-1300 0.9+0.1 13+0 19+01 23+0 23+0.2 33%0

3.4 Reactivity

The different VBR were tested in terms of reactivity by mixing the samples with 6M NaOH (Figure 3).
Si and Al are released in high concentrations; however, Ca shows a release below <0.2 wt%. The low
release of Ca can be related to precipitation on the surface of the particles [33]. Interestingly, the
release of Al was found to be higher than Si, although Al is incorporated in both glass and spinel. This
is related to the weaker Al-O-Si bonds compared to Si-O-Si bonds [34]. The released Si was also found
to plateau at 30-36 % of the original concentration, which could be related to slower glass dissolution
by H,Si0O4% adsorption, increased activity of OH" leading to a decrease of water to fully hydrolyse ionic
species and/or precipitation of a hydrated phase on the surface of the particles [33][35]. The release
of Al is also significantly higher for Si10Cal10-1300 compared to Si10Cal0-1200, which is most likely

related to the higher Al content of the glass. The decrease of the spinel end member Hercynite

(FeAl,04) Si10Ca10-1300 increases the Al content of the amorphous phase.
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Figure 3: Release of Al and Si in 6M NaOH for 24h.

3.5 Characterization of the binder

The XRD diffractograms, which can be found in the appendix (Figure A2B), showed no new detectable
phases after alkali activation in the binder at 28 d; only the crystalline phases of the precursors were
detected. The calcium/sodium alumina silicate phase does not show any noticeable dissolution either.
The impact is most likely low, because the latter phases are only present in minor amounts.
Microstructural investigation of the paste samples in Figure 4 shows that the amorphous phase (glass)
dissolved and precipitated a dark grey binding matrix, leaving the mineral phases unaffected. The
binder therefore represents the chemistry of the glass with additional Si, Na and H,O from the
activating solution. Thus, the binder can be classified as a N-(F,C)-A-S-H gel. Figure 4 shows the binder
that consists of crystals and undissolved particles. These remaining crystals can act as nucleation
seeds, affect particle packing and increase space for reaction products due to the so called “filler

effect’, which improves the structural properties of the binder [36].
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Figure 4: Backscattered electron images of sample IP-Si10Ca0 (A) and IP-Si10Ca10 (B). A) shows the undissolved particles in
a binding matrix; B) illustrates the inert nature of the crystalline phases and selective dissolution of the glass.

3.6 Properties of the mortar

The compressive strength of the IPs ranges from 32 to 110 MPa after 7 days and 62 to 131 MPa after
28 d (Table 8). What stands out is the significantly higher 7 and 28 d flexural and compressive strength
for samples with CaO additions compared to both the IPs from BR without Ca and the fully amorphous
(FeO-AI;05-Si03) non-ferrous slag Koranel® with the same mix design. A maximum compressive
strength of 110 MPa at 7 d was obtained for samples IP-Si10Cal10-1200 and IP-Si10Ca10-1300.
Although IP-Si0Ca10-1200 achieved a compressive strength at 7 d of 98 MPa, it is probably not suitable
in an IP system as the setting time was around 10 min. A 28 d compressive strength of 130 MPa was
eventually reached for IPSi10Cal10-1300. The late compressive strength increased with respect to IP-
Si10Cal10-1200, due to a higher processing temperature, although the amount of amorphous phase
and bulk chemistry were similar (Table 5). However, the glass chemistry reveals an increase in Al,05in
the glass at 1300 °C, due to a lower amount of spinel. In addition, reactivity data also shows an
increased Al-release for IP-Sil0Cal0-1300. This data suggests that Al,Os could be important in
increasing the 28 d compressive strength, increasing the amount of binder and the alumina in the gel.
A positive impact of Al is also observed in C-A-S-H gels, where Al enhances the chain length of the

dreierketten structure, which in turn increases the resistance to compression [37].
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Table 8: Compressive and flexural strength of mortars produced from VBR. Standard deviation of the compressive strength
testing is based on the testing of 2 samples. One bar was used for determination of the flexural strength.

7 days 28 days
Compressive Flexural Compressive Flexural
strength (MPa) strength (MPa) strength (MPa) strength (MPa)

IP-Si0Ca0-1200 41.9+0.8 4.0 62.3+0.5 7.3
IP-Si0Ca10-1200 98.6+2.0 11.7 109.2 £0.3 13.0
IP-Si10Ca0-1200 32.6+2.4 4.7 81.8+1.7 11.1
IP-Si5Ca5-1200 90.2+2.7 10.5 104416 11.6
IP-Si10Ca10-1200 110.8+1.0 114 119.6 £ 0.9 14.0
IP-Si10Ca10-1300 110.8+£0.3 13.3 131.1+3.6 13.2
IP-Koranel® 59.9+3.4 5.6 72.1+0.5 -

If the reactive amount of each element (Eq 3.) is plotted to compressive strength, only a strong linear
correlation between CaO and compressive strength is observed in Figure 5. A similar trend was
observed for fly ash based IP [38]. This could be due to 1) Increased dissolution rate and 2) a stronger
binder. It is known that the dissolution of glasses in high pH solutions increases with the increasing
number of non-bridging oxygen (NBO)’ to oxygen atoms in tetragonal coordination (T) [39,40].
Calcium atoms increase the amount of NBO, resulting in a higher dissolution rate of the glasses, which
translates into higher performance [31]. Aside dissolution speed, increasing the amount of CaO in the
IP mix design also leads to higher compressive strength [41]. Research on C-A-S-H gels showed that
the increase in Ca and interlayer water make the gels more resistant to compression [37]. However,

as discussed above an increased reactive amount of Al,Os also contributes the 28d compressive

strength.

7 NBO: Non-bridging oxygens
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Figure 5: Linear correlation of amount of reactive mol CaO/kg VBR with 7d (triangles) and 28d compressive strength (cubes).

Figure 6 shows that the mortar bars shrink when they are in a dry environment due to water loss. The
samples shrunk mainly within the first 7 days, which coincided with the biggest water loss. However,
a significant weight increase is observed for IP-Si0Ca0 and IP-Si10Ca0 after 28 d. This is linked to the
onset of visual efflorescence, incorporating CO; from the surrounding environment. This indicates that
for these samples, alkalis are not sufficiently bound, which could be due to the lower reaction degree
of the VBR in these samples [42]. However, the efflorescence did not affect the dimensional changes
of the samples and occurred after the samples stopped shrinking due to water loss. Furthermore, the
results show that samples with additional CaO shrunk to a lesser degree than the samples without
additional CaO, with deformation as low as -1.5 mm/m after 180 d. This low dry shrinkage is close to

the minimal deformation of -0.7 mm/m after heat curing at 100 °C for iron-rich IP [43].



386

387

388

389

390

391

392

393

394

395

396

397

398
399
400

—‘—IIF’-SiOCaOl1 200 —v; |P-Si106a10-1200
—— |P-Si0Ca10-1200 —— IP-Si10Ca10-1300
—e— |P-Si10Ca0-1200 — — IP-Koranel
—_ —=— |P-Si5Ca5-1200 B
E
é a-g® -—._,_,_7_7_7_7._ - .
c
K=l b
©
£
S o —
2 D
(=} i
4 ‘\I“""""k' ———— - .
Aaaad a4 A A
50 100 150 200
Time (Days)

Weight loss (%)

100
~a IP-5i0Ca0-1200 v IP-Si10Ca10-1200
e IP-Si0Ca10-1200 —s— IP-Si10Ca10-1300
W IP-Si10Ca0-1200 —=— IP-Koranel
= IP-Si5Ca5-1200 |
99 e
—
-y v — %
o
B A/ —
R
98
A i
L“‘-A‘A" a e .
A" .
‘:.ﬂ.’. = -
97 : : ;
50 100 150 200
Time (Days)

Figure 6: Dimensional change (A) and weight loss (B) of the mortar bars measured over a period of 180 days.

TGA was performed on solvent-exchanged 7 d-old pastes (Figure 7A). In this work the solvent

exchange allowed the pore water to be removed. The bound water is, therefore, considered up to 600

°C, before calcite decomposition, which reflects mainly the interstitial and hydroxyl water [44,45].

Figure 7B shows an increased amount of bound water for samples when CaO is added. Moreover, the

DTG curve shows that no portlandite is formed, which should start to decompose approximately at a

temperature of 460 °C [45]. At temperatures above 650 °C some minor carbonating phases

decompose. Figure 7B suggests that the amount of CaO in the glass determines the final bound water

content in the IPs and in turn limits deformation during drying. These binders are Ca rich, resulting in

a more voluminous binder due to water uptake, which is either stronger and/or has a refined pore

structure.
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Figure 7: A) Thermal gravimetric analysis (TGA) and differential thermogravimetric analysis (DTG) of the paste samples after
solvent exchange. Only 1 DTG is shown representatively due to the high similarity of the curves. B) Plot of bound water versus

the amount of reactive mol CaO/kg of VBR.



401 3.7 Permeability

402  Table 9 shows that air permeability decreases with increasing the amount of both SiO, and CaO.
403 Permeability is for IP-Si10Ca10-1200 and IP-Si10Ca10-1300 half as much as the mortar samples using
404  non-ferrous slag (Koranel). This indicates that the developed mortars with BR treated with a high
405 amount of CaO and some additional SiO; result in a denser binder. Permeability of the material is of
406  great importance as this will determine the rate by which species can enter the sample. The lower
407  permeability will most likely for IP-Si10Cal10-1200 & 1300 will result in a significantly increased

408  durability in different (aggressive) environments.

409 Table 9: Air permeability without and with an empirical Klinkenberg correction for gas slippage.

IPSiOCa0- IPSi0Cal0- IPSi10Ca0- IPSi5Ca5- IPSi10Cal0- IPSi10Cal0- IP

1200 1200 1200 1200 1200 1300 Koranel®
Gas permebality (mD) 2.23 - 0.34 0.28 0.21 0.19 0.44
Emp. Klink Perm (mD) 1.61 - 0.22 0.18 0.14 0.12 0.29

410

411 3.8 Environmental assessment

412 Figure 8 shows the leaching data from the ground mortars that were cured for 90 d. All mortar types
413 are classified as inert/non-hazardous waste according to EC 2003/33/EC. The data verifies the safe
414 encapsulation of Crin the spinel phases, however, Se release is elevated and exceeds the limit for non-
415  hazardous waste, for all mortars. IP-Si10Ca10-1200 and IP-Si10Ca10-1300 show heavy metal leaching
416 under the limit, except for Se. This increase can be linked to its anionic nature, which resides in the
417  pore solution due to its pH dependence. If the binder carbonates, the release of oxyanions will likely
418  be decreased [46]. Leaching could also be influenced to dilution through the addition of additives.
419 However, this effect seems to be only of minor importance as difference in release varies between up
420  to 80%. Most likely a combined effect of mineralogy and microstructure is influencing the release.
421 Overall, the best performing mortars IP-Si10Ca10-1200 and IP-Si10Ca10-1300 are considered to be

422 non-hazardous.

423 For IP-Si10Ca10-1200 the activity of different radionuclides was measured. The earth’s crust contains

424  on average activity concentrations of 40 Bqg/kg for ?2°Ra and®?Th and 400 Bq/kg for *°K [47]. The
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obtained activity concentrations for the respective NOR in the IP mortar sample are significantly lower
(Figure 8B). This is presumably due to the diluting effect caused by the standard sand and the additions
of 19 wt% fluxes, which likely contains negligible natural occurring radioactivity concentrations.
However, it has been reported that most of the BR contains low concentrations of natural occurring
radioactivity [48,49][50][51]. The calculated ACI gives a value of 0.0690  0.0057, which is well below
the screening value of 1. This means that the IP mortar can be used for indoor applications without

legislative constraints from a radiological protection point of view [29][28].
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Figure 8: A) Leached concentrations of heavy metals in mg/kg dry matter with standard deviation. The limit for inert waste is
visualised with a green bar and for non-hazardous waste with a red bar. B) Activity concentrations for sample IP-Si10Ca10-
1200 in Bq/kg.

4 Conclusion

This study explored and confirmed the technical feasibility of producing high performance binders
from VBR. Processing bauxite residue with a minor amount of additives at temperatures of 1200-1300
°C, followed by quenching, allowed the production of a reactive precursor that consisted of a mixture
of amorphous (25 - 62 wt%) and inert, iron-rich crystalline phases. By adjusting the additions of CaO
and SiO,, the performance of alkali-activated mortars from these vitrified BRs can be optimised to
reach compressive strengths of 110 MPa at 7 days and 130 MPa at 28 days with a low shrinkage of 1.5

mm/m within 180 days.
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It was found that the amount of CaO added, determined to a great extent the 7 and 28 d compressive
strength. An increasing amount of CaO in the amorphous phase led to an increase in the bound water
content of the final binder, which is either stronger/denser with a less permeable pore structure. This
also had a positive effect on the dimensional changes during drying. Furthermore, this work also
suggests the importance of Al,Os in increasing the 28 d compressive strength for these IPs. The
environmental performance of the material was evaluated with batch leaching tests and radionuclide
measurements. In both categories, the mortar performed well and, in terms of radioactivity, it can be

safely used in indoor applications.

This work identified an optimum chemistry and processing conditions concerning the mechanical and
environmental performance. In addition, the results show that the quality of the amorphous/glass
phase is more important than the quantity. In principle, all BRs produced from the Bayer process can
be transformed into a vitrified BR with the optimum bulk chemistry. The adjustments required for
different BRs and its real time implementation in an alumina plant is at the moment under

investigation.
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469
470 Figure A1:A) XRD of the raw BR dried at 105 °C: C: cancrinite, Go: goethite, Gi: gibbsite, Q: quartz, Ca: calcite, H: hematite.
471 B) XRD of the used calcined BR at 950 °C. H: hematite; N: nepheline, P: perovskite and S: sodalite.
472
473 Table A1: Average composition of the identified sodium alumina silicate phases using EDX in wt% with standard deviation.
NazO A|203 SiOz CaO Ti02 FeO
Si0Ca0-1200 26.8+1.1 389+1.8 29.2+14 1+0.6 01+0.2 41+1.2
Si0Cal0-1200 30.2 47.5 19.3 0.9 - 2.1
Sil0Ca0-1200 20.8+0.1 345+1 386+2.1 23%0.1 - 3.7+3.0
Si5Ca5-1200 22.8+0.2 37.2+0 348+05 09+0.2 - 43+0.6
Si10Cal0-1200 - - - - -
Si10Cal0-1300 - - - - - -
474
475 Table A2: Average composition of the calcium alumina silicate phase (Gehlenite) in wt% with standard deviation.
NazO A|203 SiOz CaO TiOZ FeO

Si0Cal0-1200 0701 35304 20+09 41.4+0.3 00 2.6+0.7

476
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478

479 Figure A2: A) XRD of the VBR samples. H: hercynite, M: magnetite, W: wiistite, I: iron, T: titanomagnetite, Ne: sodium alumina
480 silicate phase reflecting the chemistry and crystal structure of nepheline, N: sodium aluminosilicate phase with orthorhombic
481 crystal structure, Ge: calcium alumina silicate phase identified as gehlenite. B) XRD of the IP paste samples after 28 days.

482

483 Figure A3: Appearance of crystals (cloudy) in the matrix with the amorphous phase in between.
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