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Abstract 12 

 13 
This investigation presents an important contribution to the understanding of the “zero discharge in the 14 

aluminium cycle” goal. The salt slag recycled by-product was reused as alternative aerating agent in the 15 

manufacture of cellular concretes: fluid catalytic cracking catalyst (FCC) – based geopolymer (GCC) and 16 

blast furnace (BFS) – based alkali-activated (AACC). The hydrogen emission test was used to evaluate the 17 

gas releasing properties because of the presence of metallic aluminium in the salt slag. Density (kg/cm3), 18 

compressive strength (MPa) and thermal conductivity (W/mK) for GCC were 75, 6.9 and 0.31 and for 19 

AACC were 602, 7.5 and 0.16.  20 

 21 
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GRAPHYCAL ABSTRACT 
 37 

1. Introduction 38 
Traditional concrete is the most popular construction material because of its excellent structural and 39 

durability properties and consistent availability [1,2]. Many concrete applications require a high-density 40 

material (above 1800 kg/m3); however, in special cases, lower-density materials yield more benefits. In this 41 

respect, the cellular concrete is a low-density material that represents an interesting cost-effective alternative 42 

material to traditional concrete because of the total material volume savings. This is because the air content 43 

is between 10% and 70% [3]. 44 

 45 

Traditional cellular concrete (TCC) is a cement - based material (with sometimes lime additions) with a 46 

structured void-system matrix that results from the addition of a physical or chemical expansion agent. This 47 

material is normally manufactured with no aggregates or sand, and a partial replacement of binder can be 48 

found by pozzolanic materials to improve its properties[4]. The chemical reagent most commonly used is 49 

aluminium powder, which, in contact with the alkaline medium (calcium hydroxide) from the cement, 50 

liberates hydrogen gas, as shown in Equation 1[5]. When this chemical reagent is added, a curing treatment 51 

in an autoclave (high-pressure steam curing) is usually applied. This curing method reduces the setting time 52 

and improves the early-age strength, increases the durability and reduces the drying shrinkage and moisture 53 

movement [6].  This material is commonly known by authors as autoclaved aerated concrete (AAC) [5–8], 54 

where: 55 

 56 

2Al + 3Ca(OH)2 + 6H2O     3CaO · Al2O3 · 6H2O + 3 H2  

(1) 

Aluminium powder + hydrated lime + water     tricalcium aluminate hydrate + hydrogen  

Because of the internal void system configuration that characterizes TCC, this material has low-density, 57 

moderate mechanical behaviour and good thermal and acoustic performance. It has a self -flowing 58 

behaviour in the fresh state and it is easily pumped without compaction requirement to place it [6].  The 59 

material is commonly employed to make masonry units, such as bricks, flooring, trench filling and several 60 

insulation applications. B. Dolton et al. [4] introduced the TCC as more durable than traditional insulating 61 

materials because of its high resistance of chemical and fire exposure. Despite its great advantages, TCC 62 

manufacturing involves critical drawbacks when the environment, energy and economic issues are 63 

considered. 64 

 65 

Traditional cellular concrete is mainly composed by ordinary Portland cement (OPC) [9] which main 66 

component is clinker. The manufacturing of clinker involves a substantial energy, the consumption of non-67 

renewable raw materials (e.g. limestone, clay and marl,) and around 8% of the anthropogenic CO2 emissions 68 

in the world [10]. In order to address the phenomenon of global warming and the corresponding 69 
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environmental impact, the application of new alkali-activated cements, or geopolymers, in the cellular 70 

concrete technology is currently investigated. 71 

 72 

The new alkali-activated cements, or geopolymers, are inorganic polymeric materials whose manufacture 73 

involves a chemical reaction between amorphous alumino-silicate raw materials with highly concentrated 74 

aqueous solution alkali compounds (i.g silicates and hydroxides). The process yields stable three-75 

dimensional polymeric structures. The production of “green concrete” has the following advantages: (i) 76 

notice high strength,  (ii) lower energy requirement and beneficial environment impact from low CO2 77 

emissions [11] and (iii) beneficial impact of by-products and wastes by recycling. Diverse types of by-78 

products and wastes are generally reported as suitable precursors for preparing cellular concretes by using 79 

geopolymeric binders (fly ash, metakaolin or spent FCC catalyst with low Ca content) as well as alkali - 80 

activated materials (blast furnace slag with high Ca content) [12–15]. 81 

 82 

The autoclave treatment required for TCC involves high temperature and pressure conditions, which raises 83 

important energy consumption and economic issues. The new GCC and AACC can be cured at ambient 84 

temperatures as well as at temperatures in the range 70ºC – 90ºC and achieve a stable matrix and suitable 85 

physical and mechanical behaviour. Recently, Font et al. [14] reported FCC-based GCC cured at room 86 

temperature (23ºC/100% RH) with a density of 690 kg/m3, compressive strength of 3.5 MPa and thermal 87 

conductivity of 0.581 W/mK. Aguilar et al. [16] presented cellular concretes with metakaolin and fly ash 88 

that yielded 600   kg/m3, 1.7 MPa and 0.470 W/mK when the GCC was cured at 20ºC. The AACC cured at 89 

a high temperature (87ºC) was investigated by H. Esmaily [13], who used blast furnace slag and with the 90 

product had a density of 681 kg/m3 and 1 MPa compressive strength.  91 

 92 

The production of 1 kg of primary aluminium from aluminium oxide (alumina, Al2O3) requires 15.7 kWh of 93 

electricity per the commonly used Hall-Héroult process [17]. To obtain alumina from bauxite, the Bayer 94 

process is generally employed. This process consists of grinding, digesting, dissolving, filtering, cooling, 95 

precipitating and drying sub-processes that require 13 kWh of electricity and result in 1-2 tons of residues 96 

for the production of 1 ton of alumina [18]. Furthermore, the obtained primary aluminium needs to be 97 

ground to a powder through stamp milling, ball milling under dry conditions, wet ball milling, attrition 98 

milling or vibration milling [19]. The high-energy consumption and residues that are generated from the 99 

production of primary aluminium powder have a harmfully environmental impact. Because of the high 100 

recyclability of the wasted aluminium products, the secondary aluminium production allows an energy 101 

savings of 95%. Currently, the European production of aluminium is near 87% for the secondary production 102 

process [20]. In Europe, 4 million tons of recycled aluminium are annually processed from the packaging, 103 

construction and transport sectors [21].  104 

 105 

The search for an aerating reagent alternative for aluminium powder in the manufacturing of traditional 106 

cellular concretes has been carried out by several authors. The replacement of aluminium powders in the 107 

cellular concrete manufacturing process by recycled scrap [22], residues from an energy pilot plant 108 

(gasification) [8], ashes from municipal solid waste [23] and aluminium foil [14] have been described in 109 

recent investigation reports.  110 

 111 

Salt slags are the residues generated from the metal fusion in secondary aluminium production, where 1 ton 112 

of aluminium leaves 0.5 ton of salt slags, which may have different particle sizes as well as variable 113 

contents of aluminium, melting salts and aluminium oxide. The treatment and valorisation is carried out in 114 

specialized plants from which it is possible to recover the 5% of metallic aluminium, 45% of melting slags 115 

and 50% of the new by-product currently known as Paval [21] (Figure 1). In 2017 the 80000 – 90000 tons 116 

annual production of Paval in Befesa Aluminio S.L plant (Valladolid, Spain) has been reported.  This means 117 

that all of this waste is fully converted into raw materials that can be used by the industry. The Paval by-118 

product that is obtained in the recycling plants is ground and classified in three size fractions: i) 0 – 250 μm, 119 

referred to as Paval, Serox or BFA; ii) < 45 μm, referred to as Fine Paval (PF); and iii) 0.7 – 1.5 mm, 120 

referred to as granulated paval (PG). Since the first two size fractions are composed of 70% alumina, these 121 

provide an appealing alternative to conventional bauxite. These have been successfully used as an 122 

alternative aluminium corrector in the manufacture of OPC clinker in a number of countries, including 123 

Spain, Germany, the UK and France. However, the thicker fraction, PG, includes some fine fractions of 124 

metallic aluminium particles. Thus, their reuse is not feasible because of the reactivity of the metallic 125 

aluminium.  126 

 127 
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Figure 1 Recycling process diagram of salt slag from secondary aluminium 

production [21]. 

 128 

This research aims to study the granulated paval (PG), a by-product obtained from the processing of salt 129 

slag, as an aerating reagent in new geopolymer cellular concretes (GCC) with fluid catalytic cracking 130 

catalyst residue (FCC) and alkali-activated cellular concretes (AACC) with blast furnace slag (BFS) 131 

manufacturing. The PG was first mechanically treated and fully characterized and then it was tested as an 132 

aeration agent in the GCC matrix. The incorporation of PG in the GCC and AACC pastes was studied and 133 

compared with the use of the traditional commercial powered aluminium (A).  134 

 135 

2. Materials and methods 136 

 137 

2.1 Materials 138 

 139 

Two solid precursors were selected to design the GCC and AACC aerated by the PG addition: i) FCC that 140 

was supplied by BP Oil Company (Grao de Castellon, Spain) and ii) blast furnace slag (BFS) that was 141 

supplied by Cementval S.A (Puerto de Sagunto, Spain). The chemical compositions of the FCC and BFS 142 

were analysed by X-Ray fluorescence (XRF) equipment (Magic Pro Spectrometer-Philips) and are shown in 143 

Table 1 [14,24]. The X-ray diffractogram patterns of both precursors, FCC and BFS, are shown in Figure 2. 144 

For the FCC the main peaks correspond to faujasite (Na2Al2Si4O128H2O, PDFcard: 391380) and minor 145 

peaks of mullite (Al6Si2O13, PDFcard: 150776), albite (NaSi3O8, PDFcard: 711152) and quartz (SiO2, 146 

PDFcard: 331161) can also observed. In the case of BFS an amorphous pattern can be observe with some 147 

characteristic peaks of quartz (SiO2, PDFcard: 331161) and calcite (CaCO3, PDFcard: 050586). 148 

 149 
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Figure 2 X-ray diffraction pattern of FCC and BFS (Key: F, faujasite; M, mullite; A, 

albite; Q, quartz; C, calcite). 
 150 

In order to obtain a finer material and improve their alkali reactivity, 450 g of these solid precursors, 151 

previously dry (24 hours at 100 ºC), were milled with 98 alumina balls. The FCC was milled for 20 minutes 152 

and had a mean particle diameter (Dmean), d10, d50 and d90 equal to 18.91 µm, 0.21 µm, 11.72 µm and 49.05 153 

µm, respectively. The BFS was milled for 30 minutes and had a Dmean, d10, d50 and d90 equal to 28.80 µm, 154 

2.81 µm, 19.71 µm and 68.89 µm, respectively. The particle size of FCC and BFS was measured by means 155 

of a Malvern Instruments Mastersizer 2000 (in water suspension) and the distribution of both materials is 156 

shown in Figure 3  157 

 158 

 159 

 
Figure 3 Particle size distribution curves for BFS and FCC. 
 160 

 161 

To prepare the alkaline solutions, water glass (8% Na2O, 28% SiO2 and 64% H2O) and sodium hydroxide 162 

pellets (98% purity) were used. Both were acquired from Merck. 163 

 164 

Granulated paval (PG) from Befesa Aluminio S.L (Valladolid, Spain) is the alternative reagent used for the 165 

GCC aeration in this investigation. The PG is produced by salt slag recycling, which is a waste produced by 166 

the secondary aluminium industry. Its chemical composition is also shown in Table. The chemical 167 
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composition of PG was extracted from 2016 annual report supplied by Befesa Aluminio S.L. The PG is 168 

mostly composed of Al2O3 (80.57%). Commercial aluminium powder (A) was used for the control GCC 169 

sample aeration. It was supplied by Schlenk Metallic Pigments GmbH and had a 30 µm mean particle 170 

diameter.  171 

 172 

Table 1 Chemical compositions of FCC, BFS and PG (wt%). 

 SiO2 Al2O3 Fe2O3 CaO MgO SO3 K2O Na2O P2O5 TiO2 Others LOI* 

FCC 47.76 49.26 0.60 0.11 0.17 0.02 0.02 0.31 0.01 1.22 - 0.53 

BFS 30.53 10.55 1.29 40.15 7.43 1.93 0.57 0.87 0.26 0.89 - 5.53 

PG 10.37 80.57 1.04 2.00 0.67 0.44 0.65 1.50 0.13 0.16 1.5 0.97 

*Loss on ignition 

 173 

 174 

2.2 Methods 175 

 176 

The experimental procedure in the present work is divided in the two sequential steps shown in Figure 4 177 

where the employed methods in each one are indicated. 178 

 179 

 
Figure 4 Overview of experimental procedure  
 180 

 181 

2.2.2 Granulated paval characterization 182 

 183 

The aerated cellular concrete structure (matrix void system distribution) and its physical properties are 184 

directly related with type and size of reagent added [7]. The original PG was milled in a Gabrielli Mill-2 185 

ball mill by two methods. One method was done without precursor for 10, 15, 20, 25 and 30 minutes and 186 

whose resultant samples were referred to as PGX, where X represents the milling time in minutes (PG10, 187 

PG15, PG20, PG25 or PG30). The milling process was carried out with 250 g of dry material (24 hours at 188 

100 ºC) and 98 alumina balls. The other method included 2% by mass of precursor in the milling procedure. 189 

The milling parameters described above (“2.1 Materials” section: 450g of dry material with 98 alumina 190 

balls, during: i) 20 minutes when the FCC is the precursor; and ii) 30 minutes when BFS is the precursor) 191 

were also used and the resultant samples were referred to as YPGm, where Y represents the corresponding 192 

raw material (FCCPGm or BFSPGm).  193 

All of these resultant materials were characterized in terms of particle size distribution by mechanical 194 

sieving in dry state. Considering that the PG reaction comes from its aluminium (metal) content, H2 195 

measurements were carried out by aluminium reactivity determination test used by Font et al. [14]. This 196 
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method considers the aluminium oxidation when it comes in contact with high alkali solution (NaOH, 197 

7.5M) and measures the displacement of a water column by the released H2 (Equation (2)). Five 198 

measurements for 0.01, 0.05, 0.08, 0.1, 0.5, 1 and 1.5 g of each tested material were carried out and the 199 

equivalent arithmetic mean was calculated. The results that differed by more than 10% were rejected. 200 

Al (s) + 3H2O + OH
- 

(ac)     Al(OH)4
- 

(ac) + 3/2 H2 (g) 
 

(2) 

Aluminium powder + water + hydroxide     aluminate  + hydrogen  
 

The original PG, the PG milled for 30 minutes (PG30) and the resultant material from the precursor and PG 201 

milled together (FCCPGm and BFSPGm) were characterized by X-ray diffraction (XRD) and field emission 202 

scanning electron microscopy (FESEM) with energy dispersive X-ray spectroscopy (EDS). Both of tests 203 

were carried out to powder samples. The XRD patterns were obtained using a Bruker AXS D8 Advance in 204 

the 2θ range of 5º – 70º. The FESEM micrographs were taken by an ULTRA 55-ZEISS with a powder 205 

sample covered by carbon, and the EDS test was carried out with a 6-8mm working distance and extra high 206 

voltage of 20kV. 207 

  208 

2.2.3 Application in alternative cellular concretes manufacture 209 

 210 

In Table 2 the experimental procedure to geopolymer cellular concrete preparation and characterization is 211 

summarized.  212 

 213 

Table 2 Experimental data to geopolymer cellular concrete preparation and characterization. 

Sample 

(XyZ) 

Precursor 

(X) 

Aerating agent Water /binder Alkali solution Tests* 

% 

(y) 

Type 

(Z) 
64 cm3 1000 cm3 SiO2/Na2O Na+ 64 cm3 1000 cm3 

FCC2PGm 

FCC 

(500g) 

2 PGm 

0.5 0.6 

1.7 7.5 

D 

Rc 

VSD 

 

(7 and 28 

days) 

D 

Rc 

TC 

 

 

(28 days) 

FCC1PG30 1 

PG30 FCC1.5PG30 1.5 

FCC2PG30 2 

FCC5PG 5 
PG 

FCC10PG 10 

FCC0.2A 0.2 A 

BFS2PGm 

BFS 

(500g) 

2 PGm 

0.3 0.35 

BFS1PG30 1 

PG30 BFS1.5PG30 1.5 

BFS2PG30 2 

BFS5PG 5 
PG 

BFS10PG 10 

BFS0.2A 0.2 A 

* D: Density; Rc: Compressive strength; VSD: Void system distribution; and TC: Thermal conductivity. 

 214 

The three different states of granulated paval with different percentages of addition were assessed for the 215 

GCC samples, with either FCC or BFS, as follows: i) without milling pre-treatment, in the original state 216 

(PG), in 5% and 10% proportions by mass with respect to the precursor; ii) with previous 30 minutes 217 

milling pre-treatment (PG30), in 1%, 1.5% and 2% proportions by mass with respect to the precursor; and 218 

iii) by precursor and PG co-milling (FCCPGm and BFSPGm) in 2% by mass with respect to the precursor. 219 

This difference in addition percentages between PG and PG30 was determined from the hydrogen emission 220 

tests results, as described in detail in the in Results and Discussion section below. 221 

 222 

Depending on the test carried out, two casting moulds were used for each sample: i) nine 4x4x4 cm cubes to 223 

measure the density, compressive strength (after 7 and 28 curing days) and void system distribution; and ii) 224 

eight 10x10x10 cm cubes to measure density, compressive strength and thermal conductivity after 28 days. 225 

For the 64 cm3 sample production, a normalize mixer machine [25] with 5 litres of capacity was employed. 226 

An AEG SBE705RE power drill connected with a paint mixer was used to produce the 1000 cm3 samples. 227 

The differences in the mixed volume and the mixing method had an influence in the material rheology and, 228 

consequently, the liquid phase stoichiometry had to be readjusted. For the alkali solution preparation, the 229 

SiO2/Na2O molar ratio was 1.7 with Na+ molality of 7.5 and the water/binder (w/b) ratio varied depending 230 

on the casting mould used as follows [15]:   231 
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 232 

i. FCC samples: for 64 cm3 w/b = 0.5 and for 1000cm3 w/b = 0.6 233 

ii. BFS samples: for 64cm3 w/b = 0.3 and for 1000 cm3 w/b = 0.35. 234 

 235 

The samples were cured at room temperature (23ºC and 100% R.H) for 24 hours. At this time, the free 236 

surfaces of the cubes were cut with a saw blade and the specimens were de-moulded. Finally, the samples 237 

were kept in wet chamber until testing.  238 

 239 

The sample designation in this paper is XyZ, where X the raw material (FCC or BFS), y is the percentage of 240 

PG incorporated (y= 5, 10, 1, 1.5 or 2) and Z is the method of PG addition into the samples (original state = 241 

PG, milled during 30 minutes = PG30 or milled with the precursor = PGm). For the control samples, the 242 

designation is FCC0.2A and BFS0.2A, which had 0.2% commercial aluminium powder (A) by mass of the 243 

precursor. 244 

The natural densities of the alternative cellular concretes were determined immediately after demolding by 245 

the specimen weight per unit of volume and the compressive strength was measured in an INSTRON 3282 246 

universal testing machine [26]. The void system was characterized with FESEM micrographs and optical 247 

microscopy (OM) photographs. A Leica S8 APO optical microscope was used and the pictures were taken 248 

by a Leica DFC 420 digital camera. The images were processed using the Leica LAS image analysis 249 

software. The void measurements in the FESEM micrographs and OM images considered an 250 

spherical/spheroidal shape for the voids. The thermal conductivity measurements were carried out with a 251 

KD2-Pro handheld device (Decagon Devices Inc.) with a complementary thick (6 cm long, 3.9 mm 252 

diameter) single RK-1 sensor based on the dual needle probe system (transient line source method) 253 

according to ASTM D5334-14 and IEE 442-1981 [27,28]. Before the measurements, a standard (RH-1-254 

01116, 0.387±10% W/mK) was used to verify the good performance of the sensor. 255 

 256 

3. Results and discussion  257 

 258 

3.1 Granulated paval characterization 259 

 260 

Table 3 shows the granulometric parameters that were obtained by sieving the PG samples. The original PG 261 

(without milling) had very large particles, with more than 96% greater than 250 µm. The percentage of 250 262 

µm particles was drastically reduced by grinding. In PG10 (10 minutes grinding), it was 38.2% and in PG30 263 

(30 minutes grinding), it was only 18.5% by mass.  264 

 265 

Table 3 Particle size distribution (sieved in the dry state) for PG and ground PG samples (from 

10 to 30 minutes grinding), FCC and BFS, and for PG milling jointly with catalyst residue 

(FCCPGm) or blast furnace slag (BFSPGm). 

 

Particle size distribution 

 

>250 µm 250-125 µm 125-63 µm 63-45 µm <45 µm 

PG 96.7 1.0 1.5 0.7 0.0 

PG10 38.2 35.2 9.6 12.8 4.1 

PG15 32.8 20.5 21.4 14.1 11.1 

PG20 29.6 6.8 22.0 26.2 15.4 

PG25 23.7 4.6 31.4 7.1 33.2 

PG30 18.5 5.4 25.8 16.8 33.5 

FCC 0 0.3 1.5 29.6 68.6 

FCCPGm 0 0.3 1.1 24.5 74.1 

BFS 0 0.3 2.3 44.1 53.3 

BFSPGm 0 0.2 2.2 49.7 47.9 

 266 

The aerating reaction in the alkaline medium increased with the particle fineness. The metal powders 267 

commonly added into cellular concretes have an average grain size of 20 - 45 μm [29]. The PG30 contained 268 
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over 50% of particles with a grain size less than 63 µm, which was the most similar to the commercial 269 

powder among the PG samples. The remaining shorter milling times yielded larger particle sizes. 270 

Furthermore, PG30 was significantly coarser than the precursors. Most of particles for FCC and BSF were 271 

smaller than 63 µm.  272 

 273 

For the samples of PG and precursor that were co-milled (FCCPGm and BFSPGm), it was found (Table 3) 274 

that also most of the particles had a size lower than 63 µm. This means that, by this procedure and in view 275 

of the results for the PG singly milling treatment (in all of milling experimented times), the PG particles 276 

were comminute to a similar particle size as the precursor. One of the most influential parameters on the 277 

effectiveness of the matrix aeration in the cellular concretes is the aluminium particle oxidation. The volume 278 

of liberated hydrogen into the alkaline medium (NaOH or KOH aqueous solution) is directly related to the 279 

aluminium content, initial alkali concentration, temperature and aluminium particle surface area [30]. A 280 

larger surface area allows better impregnation of the aluminium particles when they come in contact with 281 

the alkali solution. The reaction of the aluminium with the alkali solution starts with the hydration of the Al 282 

atoms and the chemisorption of the hydroxide ions [31]. A first-order topochemical redox reaction takes 283 

place. The inclusion of the alternative recycled aluminium foil in the milling treatment of the FCC as of the 284 

BFS was studied by Font et al. [14,15] with great results. The foil pre-treatment reduced its particle size. 285 

The co-milling of the precursor and aluminium did not significantly modify the granulometric distribution 286 

of the obtained powder compared to the ground precursor without aluminium foil. 287 

 288 

The considered reference dosage of A to the cellular concretes was 0.2% (with respect the weight of 289 

precursor), and the entire A was reactive in the alkaline medium. The dependence between the resultant 290 

percentages of the equivalent reactive aluminium for each tested material (original PG and samples milled 291 

during different times) and the percentages of each material to incorporate 0.2% of aluminium in GCC 292 

manufacture are shown in Figure 5. 293 

 
Figure 5 Results of H2 emission tests. 
1reactive metallic aluminium content in each tested material; 2 percentage of each PG 

type to add in the manufacture of GCC and AACC with 0.2% of reactive metallic 

aluminium. 
 294 

The PG (0.1g) in its original size liberated 50 mg of H2, which indicates that the reactive metallic 295 

aluminium content was 1.8% by weight (see Y-Axis in 43). Consequently, to incorporate 0.2% (by weight) 296 

of reactive aluminium in a GCC or AACC sample, a PG addition between 12% and 13% is necessary (see 297 

X-axis in Figure 5). In the other extreme modality proposed, when PG is milled for 30 minutes (PG30 298 
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sample), the liberated H2 from 0.1g increases to 100 mg, which means there was 12.2% of reactive 299 

aluminium metallic content. Consequently, the amount of PG30 necessary to incorporate 0.2% (by weight) 300 

of reactive aluminium in GCC or AACC sample decreased to 1%-2%. It can be noted that when the milling 301 

time increases, the amount of treated PG to yield 0.2% of reactive metallic aluminium addition equivalent in 302 

the GCC or AACC samples decreases. 303 

 304 

A controlled aerated reaction is essential to develop a good void system structure. This influences the 305 

physical behaviour of the cellular concretes. The reaction in a basic medium of the metallic aluminium 306 

contained in PG is the basis to carry out the study of its application in GCC as well as AACC mixes. The 307 

particle size difference between PG and PG30 involves a high yield of H2 gas emissions. Consequently, a 308 

lower quantity of material must be added to incorporate the equivalence of 0.2% of metallic reactive 309 

aluminium into the mixes. The influence of the particle size in the aeration effect has been recently verified 310 

by authors that presented commercial aluminium powder alternatives for cellular concrete aeration 311 

[14,22,23]. 312 

 313 

Based on these results, PG and PG30 and the innovative co-milling with the corresponding precursor 314 

(FCCPGm and BFSPGm) processes were selected for addition to the designed geopolymer cellular 315 

concretes. The percentages (with respect the precursor weight) assessed in the samples were: 10% and 5% 316 

in the case of PG addition; 1%, 1.5% and 2% for PG30 addition; and 2% for FCCPGm and BFSPGm. 317 

 318 

 
Figure 6 X-ray diffractograms for PG30, FCCPGm and BFSPGm. (Key: Q – quartz; 

C – corundum; B – beta-aluminium oxide; A – aluminium (marked with vertical red 

lines; R – calcium aluminates; F – faujasite; L – calcite).    

 
 319 

In Figure 6, the XRD patterns obtained for PG30, FCCPGm and BFSPGm can be observed.  The X-ray 320 

diffractogram corresponding to the ground PG sample (PG30) shows peaks from metallic aluminium (A, 321 

JCPDF card #040787) and aluminium oxide in the crystallized phases of corundum (Al2O3, JCPDF card 322 

#100173) as well as of beta–aluminium oxide (β-Al2O3, JCPDF card #100414). Traces of quartz (SiO2, 323 

JCPDF card #331161) and calcium aluminate (Ca3AlO6, JCPDF card #320150) were also found.  324 

 325 

The patterns for the materials obtained by the co-milling treatment of the precursors with PG presented the 326 

following features: 327 
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i. The FCCPGm diffractogram showed the peaks in agreement with a zeolite named faujasite 328 

(Na2Al2Si4O12
.8(H2O), JCPDF card #391380), which correspond with the intense peaks in the FCC 329 

diffractogram [14]. Furthermore, the peaks of aluminium (A, JCPDF card #040787), corundum 330 

(Al2O3, JCPDFcard #100173) and traces of calcium aluminate (Ca3AlO6, JCPDF card #320150) 331 

and quartz (SiO2, JCPDF card #331161) indicate the presence of PG addition. A baseline deviation 332 

in the 15º-30º range was observed, which was related to the presence of an amorphous fraction 333 

(rich in silica and alumina) in the FCC. 334 

ii. In the XRD pattern for BFSPGm, an important baseline deviation between 25º and 35º can be 335 

observed because of the typical amorphous phases (Ca-Si-Al oxides) in the BFS mineralogical 336 

composition [24]. Overlapping of peaks attributable to the presence of crystalline products due to 337 

the presence of PG can be seen: calcite (CaCO3, JCPDF card #050586), BFS and aluminium (A, 338 

JCPDF card #040787), corundum (Al2O3, JCPDF card #100173) and traces of calcium aluminate 339 

(Ca3AlO6, JCPDF card #320150) and quartz (SiO2, JCPDF card #331161). 340 

 341 

The peaks above 2 =35º corresponding to aluminium are highlighted in red (Figure 6) for 2 values of 342 

38.45º, 44.71º and 65.09º (corresponding to the [111], [200] and [220] Miller planes). It is evident the 343 

presence of metallic aluminium in PG30, FCCPGm and BFSPGm samples due to the co-milling treatment 344 

of the precursors with PG. These results suggested that the aeration reaction of FCCPGm and BFSPGm 345 

might be possible due to the metallic aluminium dispersed in the co-milled precursor.  346 

 347 

The FESEM micrographs and EDX analysis of selected analysis spots from the PG, PG30, FCCPGm and 348 

BFSPGm particles are shown in Figure 7. 349 

 350 

  

  
Figure 7 FESEM micrographs: a) PG, b) PG30, c) FCCPGm and d) BFSPGm. Some 

spots are marked in the micrographs where EDS analysis was done. 
 351 
The PG was found to have large spherical and spheroidal particles, which had a high porosity (Figure 7(a)). 352 

In the case of PG30 (Figure 7(b)), the particle fineness increased because the original spherical and 353 

spheroidal particles were completely broken. The presence of aluminium (element) was indicated by the 354 

analysis and high aluminium contents were found in PG and PG30 powders (spot 1 in Figure 7(a) with 355 

82.9% and spot 1 in Figure 7(b) with 70%). Considering the oxygen content from these EDS data, part of 356 

this aluminium element is chemically combined to Al2O3 formation. The resultant metallic aluminium in the 357 

EDS analysis was between 22%-64% for the PG sample (spots 1–3 in Figure 7(a)), and 23%–70% for the 358 

PG30 sample (spots 1-5 in Figure 7(b)). 359 

 360 
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In case of the FCCPGm and BFSPGm particles, no evidence of the PG co-milled presence was found in the 361 

FESEM micrographs or in the spectra obtained by the EDS analysis. Figures 7(c) and 7(d) show the typical 362 

texture for the ground FCC and BFS samples, respectively. The FCCPGm (Figure 7(c)) is characterized by 363 

the presence of particles about 20 µm in diameter with particles adhering to their surfaces that are less than 364 

2 µm in diameter. The chemical analysis showed their composition to consist of large amounts of silicon 365 

and aluminium, where Si = 21.78 %, Al =28.97 and O = 49.33 %. In the case of BFSPGm (Figure 7(d)), the 366 

larger particles were observed to be about 30 µm in diameter with a surface covered in smaller particles 367 

(with a lower content than the FCCPGm sample). From the EDX analyses, a high content of calcium and 368 

some amount of silicon, magnesium and aluminium were detected (Ca = 31.13 %, Si = 13.7 %, Al = 7.26 369 

%, Mg = 4.78 % and O = 43.12 %). 370 

 371 
3.2 Application in alternative cellular concretes manufacture 372 

 373 

The density and compressive strength obtained for the GCCs and AACCs (prepared with several PG 374 

addition modalities) are shown in Figure 8. The following dosages were selected: a) for PG, an addition of 375 

5% and 10% by weight of the precursor; b) for PG30, 1%, 1.5% and 2%; and c) for the co-milling of PG it 376 

was 2% by weight and precursor (BFS or FCC). They were compared to GCCs and AACCs with 0.2% 377 

commercial powdered aluminium (A) (see Table 2). 378 

 379 

In general, the BFS samples yield higher densities and better mechanical behaviour respect FCC samples 380 

independent of the PG addition modality. These results are in contrast with those reported by Font et al. 381 

[15]. In that study, when recycled aluminium foil was used as the aerating agent, the FCC-based GCCs 382 

yielded higher densities and better mechanical behaviour with respect those obtained for BFS-based 383 

AACCs. This can be attributed to the differences in the mixed sample volumes and in the w/b ratio. Yang et 384 

al. [32] established that the dry density of alkali activated slag cellular concretes depends on the unit binder 385 

content, regardless of the type of precursor used. 386 

 387 

There were changes in the density evolution when different PG addition modality was carried out that is 388 

rather similar for the use of both precursors, FCC and BFS. When PG was used as the aerating agent, higher 389 

densities were obtained for 10% PG with respect to the 5% samples. Specifically, the difference was 15% 390 

higher for FCC10PG vs. FCC5PG (Figure 8(a)) and 9% higher for BFS10PG vs. BFS5PG (Figure 8(b)). 391 

These results are in contrast with the those observed from the H2 emission test results. In FCC10PG and 392 

BFS10PG, a vigorous chemical reaction was observed due to the large amount of H2 released. The paste 393 

consistency was fluid and it did not have enough resistance (viscosity) to maintain the gas bubbles into the 394 

matrix before hardening. Despite the fact that there was a large amount of bubbles, the H2 was released from 395 

the material and the aeration was not effective. For this reason, it was not possible to test a higher 396 

percentage of PG addition. When the percentage of PG was decreased by half (FCC5PG and BFS5PG), a 397 

more progressive reaction was noted and there was not a large amount of gas released from the matrix. The 398 

FCC5PG samples yielded densities that were 24% higher than the control samples (FCC0.2A). The 399 

BFS5PG density was 40% higher than the corresponding control material (BFS0.2A). This can be explained 400 

by considering the above discussion about the H2 emission tests. The corresponding amount of PG addition 401 

modality to release the corresponding gas that is released by 0.2 % of A addition was 12%-13 % (by wt% 402 

precursor). However, the strong chemical reaction in the alkaline medium of the mixes made this percentage 403 

addition impossible. Furthermore, it can be considered that the PG particle size was too high and 404 

consequently, the gas generation was not homogeneously dispersed into the matrix. Thus, large bubbles 405 

were formed and they had a substantial pressure and escaped from the mixture.  406 

 407 

With the use of PG30 as the aerating agent, the densities were higher than, or similar to, those obtained with 408 

the PG. Compared with FCC5PG, the density of the FCC1PG30 increased 30% and for FCC1.5PG30, it was 409 

close to FCC5PG and decreased 4% (Figure 8(a)). In the BFS samples (Figure 8(b)), compared with 410 

BFS5PG, the densities increased 44% and 16% for BFS1PG30 and BFS1.5PG30 samples, respectively. The 411 

chemical reaction from the 1% and 1.5% addition percentages of PG30 was apparently slow and controlled. 412 

However, not enough H2 was released with the addition of 1% of PG30. The FCC1PG30 density was close 413 

to 1000 kg/m3 and the BFS1PG30 density was higher than 1000 kg/m3. When 2% of the PG30 was added, a 414 

natural density reduction was observed for the FCC samples (5% respect FCC5PG). Nevertheless, there is a 415 

slight increase in BFS2PG30 density compared to the BFS5PG (6%). As demonstrated from the H2 416 

emission test results, a lower quantity of milled material (PG30) with respect the original PG is required to 417 

produce the aeration level equivalent to 0.2 % of the metallic aluminium powder in the GCCs and AACCs. 418 

 419 
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The milling treatment of PG led to an evident improvement in this reaction. These results can be explained 420 

by the increase in the specific surface area of the metallic aluminium, which involves a higher contact and 421 

reactivity in alkaline medium. 422 

 423 

The lowest densities were obtained when the addition was carried out by the co-milling treatment 424 

(FCCPGm and BFSPGm samples). It is highlighted that the PG percentage addition was 2%, the same as 425 

for the FCC2PG30 and BFS2PG30 samples. The density values for the FCC2PGm and BFS2PGm samples 426 

were close to the control samples and yielded 4% and 7% higher densities, respectively. It is remarkable 427 

that the PG co-milling with the precursor was an excellent treatment compared to the individual grinding in 428 

terms of the obtained cellular concrete density. In the co-milling process, the effectiveness of the particle 429 

size was higher and the dispersion of the ground PG particles was better than that obtained by mixing the 430 

ground precursor and the ground PG. 431 

 432 

From the mechanical point of view, two aspects can be discussed: i) there was an evolution with the curing 433 

time in all of the tests, which was attributed to the progress of the reaction with curing time at room 434 

temperature; and ii) the improvement of density (lower values) corresponded to a compressive strength 435 

reduction (lower values) independent of the PG addition modality. This link between the density and 436 

compressive strength is typical for cellular concretes (traditional systems as well as geopolymeric or alkali-437 

activated systems), and it has been reported by several authors [3,5,7,32,33]. There is an exception in this 438 

behaviour in the case of FCC2PGm, which had a low natural density (612 kg/m3) with a high compressive 439 

strength (6.2 MPa) compared to the other PG modalities (Figure 8(a)). 440 

 441 

In general, the PG co-milling process with the precursors (FCC and BFS) became a practical and effective 442 

method for alternative cellular concrete production. The FCC2PGm had a compressive strength of 6.2 MPa 443 

after 28 days with a density of 612 kg/m3. These parameters being similar to those presented for the control 444 

sample (FCC0.2A) that had a compressive strength of 5.4 MPa and density of 590 kg/m3. In a parallel way, 445 

for BFS, the sample containing the co-milled PG (BFS2PGm) had a compressive strength of 6.4 MPa and 446 

density of 695 kg/m3. The control (BFS0.2A) had a compressive strength of 7.8 MPa and density of 651 447 

kg/m3. The 2% addition of this by-product produced GCCs and AACCs with the physical and mechanical 448 

characteristics similar than those obtained when 0.2 % of the commercial aluminium powder is added. This 449 

discussion is in accordance with that affirmed by Font et al. [14,15], where the most effective method was 450 

to incorporate the recycled aluminium foil into the mixes by co-milling with the precursor. 451 

 452 
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Figure 8 Natural densities and compressive strengths after 7 and 28 curing days for 

alternative cellular concretes that compares the aeration effect of PG modality: a) 

using FCC as precursor (GCC) and b) using BFS as precursor (AACC). 
1 commercial aluminium; 2 PG; 3 PG 30 minutes milled; 4 PG co-milled with the 

precursor.  

 453 

A stable void system with a homogeneous pore size and distribution is the key to providing a stable cellular 454 

concrete matrix that has good mechanical behaviour and low thermal conductivity [32,34]. Narayanan and 455 

Ramamurthy [35] reported that in cellular concretes, the zone between the cement paste and the voids 456 

represent a transition zone equivalent to the interface of cement paste with aggregates from traditional 457 

concretes. The density and the mechanical behaviour are related to the thickness and the compactness of this 458 

transition zone. The development of the regular void system (shape and size distribution) directly influences 459 

in the density and compressive strength of the cellular concrete [34,36]. 460 

 461 

The void system configuration was analysed and compared for the PG, PG30 and PGm samples (10% wt% 462 

for PG and in 2% for PG30 and PGm). Figures 9 and 10 show the FESEM micrographs, OM photographs 463 

and the void measurements tables for the FCC and the BFS studied samples, respectively. Upon comparing 464 

the influence of the PG modality incorporation in the samples, the size of the pores is generally smaller 465 

when the PG particle size is lower. When PG10 is added to the matrix, the aeration was faster and 466 

aggressive and involved the development of large pores with irregular shapes, which are interconnected 467 

(Figures 9(a1), 9(b1), 10(a1) and 10(b1)). The fresh paste is not consistent enough to entrap the generated 468 

hydrogen and the bubbles coalesce and escape. This situation is attenuated by the milling treatment of PG 469 

(when PG30 is used), as can be observed by the FESEM data (Figures 9(a2) and 10(a2)). These samples 470 

presented a homogeneous distribution of voids with more regular shapes. The number of voids increased 471 

with the use of the finer PG powder, and was sometime located in the intermediate zone among the bigger 472 

pores. The best results were produced by FCCPGm (Figure 9(a3) and 9(b3)) and BFSPGm (Figures 10(a3) 473 

and 10(b3)), in which the reaction developed more slowly and the matrix retained the gas. In these samples, 474 

the void system appeared to be in a stable configuration and had a homogeneous range of sizes. 475 

 476 

In general, two different imperfections in the void system configuration can be seen: Despite findings by 477 

Narayanan and Ramamurthy [35] about the stronger transition zone in cellular concretes than in traditional 478 

concretes, some voids have an irregular shape due to the fracture of its transition zone.; Also, there are some 479 

unions between voids that are caused by the fracture of the wall among them. These two irregularities are a 480 

consequence of the strong gas pressure from the aerating reaction in the fresh matrix. During hardening, the 481 

paste does not have enough resistance to entrap the gas without breaking. 482 

 483 

J. Alexanderson [36] established a void system classification with differences between macropores (from 484 

the mass expansion caused by aeration) and micropores (distributed in the paste among the macropores). 485 

The small voids with a mean diameter lower than 100 μm were referred to as micropores and the bigger 486 

voids that have mean diameter equal or higher than 100 μm were referred to as macropores. The micropore 487 

and macropore size range intervals were assessed as a difference between the smallest and the biggest one. 488 
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Analysing this distribution with the obtained results of density and compressive strength tests, the following 489 

observations can be made: 490 

 491 

 For the FCC samples, the highest density and lowest compressive strength occurred for sample 492 

FCC10PG. This material yielded a micropore size range lower than for FCC2PG30 and a 493 

macropore size range larger than FCC2PG30 (Figures 9(a1) and 9(b1) compared to Figures 9(a2) 494 

and 9(b2)). These ranges mean that for FCC10PG, the micropores had a more regular and constant 495 

size distribution and the macropores had more irregular sizes compared to FCC2PG30. 496 

Considering the large number of large pores and their irregular shape, when PG was added without 497 

a milling treatment (FCC10PG sample), the paste was less consistent because of the 498 

interconnection between the voids.  By comparing FCC2PG30 with FCC2PGm (Figures 9(a2) and 499 

9(b2) compared to Figures 9(a3) and 9(b3)), both the micropore range and the macropore range 500 

were lower when PG was co-milled with the precursor. The FCC2PGm samples had a good pore 501 

distribution with homogeneous mean void diameters with respect to the FCC2PG30 pore 502 

distribution. Subsequently, the void system structure was more homogeneous without pore 503 

interconnections and had a stable paste matrix (Figures 9(a3) and 9(b3)). These observations could 504 

explain the discussion above about the lowest density and highest compressive strength for the 505 

FCC2PGm. 506 

 507 

 In the case of the BFS mixes, BFS10PG had the highest density and mechanical strength. For this 508 

sample, the macropore range was similar and the range between micropores was lower when 509 

compared to BFS2PG30 (Figures 10(a1) and 10(b1) compared to Figures 10(a2) and 10(b2)).  The 510 

BFS10PG sample did not present a large amount of micropores and the macropores yielded a more 511 

stable and compact paste matrix compared to the other samples. This fact explains its highest 512 

density value. For this sample, the aerating reaction was not enough to develop the required 513 

cellular structure. Sample BFS2PGm achieved the lowest values of density and compressive 514 

strength. In this case, the ranges of both the macropores and micropores were lower than those for 515 

the other systems (BFS10PG and BFS2PG30). The BFS2PGm system showed a stable and 516 

compact matrix with a homogeneous void shape and without interconnections, which enabled a 517 

cellular structure with a low density and sufficient mechanical behaviour (Figures 10(a3) and 518 

10(b3)).  519 
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A B C D E F G 

66.8 74.1 55.3 52.7 38.0 40.1 30.9 

H I J K L M  

488.3 116.1 475.7 446.7 283.2 215.3  
 

 
A B C D E F G 

106.1 89.3 65.3 57.8 39.7 26.3 105.4 
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192.5 105.1 202.0 752.1 253.3 92.7 45.6 
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47.6 89.3 719.6 241.2 25.4 832.6  
 

 
A B C D E F G 

52.3 53.6 142.9 169.7 35.1 47.9 39.5 
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48.7 65.4 72.3 70.5 61.0 54.3 130.0 

O P Q R S T U 

669.9 305.2 253.0 265.5 168.3 384.1 339.4 
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3001 668 1900 551 432 702 
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1093 578 665 893 556 592 
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546 1020 672 724 1520 705  
 

 
A B C D E F G 

944 562 1065 599 765 732 345 

H I J K L M N 

396 1872 654 709 204 433 198 
 

Figure 9 Void system characterization of GCC based on FCC. Void diameters (with values in μm) measured in: a) FESEM micrographs and b) OM images. 

For (1) FCC10PG, (2) FCC2PG30 and (3) FCC2PGm samples. 
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Figure 10 Void system characterization of AACC based on BFS: a) FESEM micrographs and b) OM images. For (1) BFS10PG, (2) BFS2PG30 and (3) 

BFS2PGm samples. 
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The results for the density, compressive strength (after 7 and 28 curing days) and thermal conductivity 523 

for the FCC2PGm, BFS2PGm and their respective control systems that used 0.2 wt% commercial 524 

aluminium powder in are summarized in Table 4 for the 1000 cm3 samples. There are noticeable 525 

differences when the properties that were measured on the 1000 cm3 samples are compared with the 526 

same properties obtained for the 64 cm3 samples (Figure 8). When a bigger volume of material was 527 

manufactured, the density of BFS samples was lower than for the FCC samples. By comparing the 528 

1000 cm3 vs. 64 cm3 samples, the densities increased 23% for FCC0.2A and FCC2PGm, and these 529 

decreased 10% for BFS0.2A and 13% for BFS2PGm. The differences among the cellular samples were 530 

attributed to the w/b ratio and to the mixing methodology. 531 

 532 

With these results, is possible to confirm the influence of w/b ratio on the physical characteristics of the 533 

GCC and AACC. The metallic aluminium reacts with the alkali and liberates bubbles of hydrogen, 534 

which expand the matrix before setting. The paste must have a consistency that prevents the gas from 535 

escaping and allows a stable and homogeneous void system to form during the hardening process This 536 

in agreement with H. Esmaily et al. [13], who concluded than the density and compressive strength can 537 

be more intensely affected by the pore structure than for other manufacturing factors. 538 

 539 

Table 4 Density, compressive strength (after 7 and 28 days) and thermal conductivity (28 days) 

measured for 1000 cm3 samples. 

Sample Density (kg/m3) 
Compressive strength (MPa) Thermal conductivity 

(W/mK) 7d 28d 

FCC0.2A 726 ± 3 3.9 ± 0.4 6.2 ± 0.2 0.26 ± 0.01  

FCC2PGm 753 ± 2  4.1 ± 0.1 6.8 ± 0.3 0.31 ± 0.01 

BFS0.2A 583 ± 4 3.8 ± 0.6 7.0 ± 0.2 0.13 ± 0.02 

BFS2PGm 602 ± 7 4.2 ± 0.1 7.5 ± 0.1 0.16 ± 0.01 

 540 
The results from the 1000 cm3 samples showed a good physical performance in the FCC and BFS 541 

samples. The co-milling method of the PG by-product addition obtained densities lower than 800 542 

kg/m3, which were close to the control values for both utilized precursors. The FCC2PGm had a 543 

density only 3.7% higher than FCC0.2A and the BFS2PGm had a density 3.3% higher than BFS0.2A. 544 

The compressive strength values increased according to the densities. In comparison to the control 545 

samples, the strength for FCC2PGm increased 0.2 and 0.4 MPa after 7 and 28 days respectively. This 546 

represents about a 40% compressive strength gain with the curing in this period. In the case of the BFS 547 

samples, the compressive strength for BFS2PGm compared to BFS0.2A was 0.4 and 0.5 MPa higher 548 

after 7 and 28 days, respectively. This represents about a 45% compressive strength gain with the 549 

curing time at room temperature. 550 

 551 

With respect to the thermal conductivity, the achieved values were higher with the increased density. 552 

For FCC2PGm, the thermal conductivity was 16% higher than the control samples. The same 553 

behaviour occurred for the BFS samples. Those yielded a thermal conductivity 18% higher when the 554 

PG was used as the aerating agent with respect to the samples that used commercial aluminium powder 555 

(BFS0.2A). In any case, the thermal insulating properties for the new alternative environmentally 556 

friendly cellular concretes that contained PG were very appropriate. 557 

 558 

4. Conclusions 559 

 560 

In this work, the effective application of a salt slag recycled by-product (granulated paval, PG) as 561 

aerating reagent in alternative environmentally friendly cellular concretes was demonstrated. The 562 

following conclusions were drawn from the discussion of the experimental data: 563 

 564 

 Chemical analysis indicated that the metallic aluminium content in the PG is the essential 565 

requirement for the GCC as well as AACC aeration process. The XRD patterns indicated the 566 

metallic aluminium presence in the resultant material when the precursor was milled with PG 567 

(FCCPGm and BFSPGm). 568 

 569 
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 Incorporation of PG into the milling treatment, together the precursor (FCC or BFS), is an 570 

excellent method to re-use this by-product in GCC and AACC production. This methodology 571 

might improve the productivity and reduce the costs (energy and economic). The fineness of 572 

the PG particles and their homogeneous distribution within the particles of the precursor 573 

determined the degree of aeration that yielded the most continuous and stable void system 574 

distribution in the matrix. The 2% addition of this by-product produced GCC and AACC with 575 

the physical and mechanical characteristics close to those obtained when the 0.2 wt% of 576 

commercial aluminium was added. 577 

 578 

 There were noticeable differences in the physical and mechanical properties for the 1000 cm3 579 

samples with respect to those obtained for the 64 cm3 samples. The influence of the void 580 

system configuration on the GCC and AACC properties was demonstrated. It was 581 

demonstrated that the selection of a suitable w/b ratio could be the key to obtaining a material 582 

with the consistency to prevent the gas escaping during the hardening.  583 

 584 

 With the commercial aluminium powder replacement by PG in the new alternative 585 

environmentally friendly cellular concrete, it is possible to obtain an effective thermal 586 

insulating material. 587 

 588 
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