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ABSTRACT 12 

The combustion of biomass and waste paper sludge in a fluidized bed is ecologically profitable. 13 

However, a large amount of by-product with high hydraulic reactivity is produced and is considered as 14 

wastes.  Most of the time the waste paper fly ash (WPFA) goes to landfills, therefore new utilization 15 

methods are necessary. In some countries, the high content of metallic and metalloids trace elements 16 

(MMTE) in WPFA, more specifically Barium (Ba) and Lead (Pb) makes its valorization difficult.  In 17 

this paper, the Lightweight Aggregates (LWA) was produced from WPFA by granulating with water 18 

in high-intensity granulator. Since WPFA is rich in CaO, the addition of water promotes rapid setting 19 

and hydration compared to other types of ash.  In this study, different granulation parameters were 20 

investigated, such as the rotation modes between the steel pan and the impeller, the rotation speed of 21 

the steel pan, the granulation time, in order to improve the mass percentage of the targeted LWA (2-16 22 

mm). In order to evolve the immobilization potential of Ba and Pb, a carbonation process was 23 

performed, exposing the manufactured LWA to pure carbon dioxide (CO2) gas at laboratory scale. The 24 

physical, morphological, thermal and mechanical characterizations were performed on LWA for use in 25 

mortars, concretes or civil engineering constructions. 26 
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Results have demonstrated the influence of the rotation mode between the steel pan and the on the 27 

distribution of WPFA inside the steel pan and the change in the growth rate of the granules can be 28 

observed. Increased density and improved compressive strength with low porosity and water 29 

absorption were also found in LWA after carbonation. This was due to the occurrence of both a 30 

carbonation reaction and a hydration reaction. Furthermore, the results of thermogravimetry and SEM-31 

EDS confirmed the formation of hydrated phases (ettringite, carboaluminates), also the formation of 32 

calcite in the pores and the external surface of the LWA. Regarding environmental aspects, the results 33 

have revealed that Ba and Pb were well immobilized in the solid matrix after carbonation.  34 

Keywords: Waste paper fly ash, accelerated carbonation, lightweight aggregates, Stabilization, 35 

Metallic and metalloids trace elements.  36 

Abbreviations 37 

Waste paper fly ash (WPFA) 38 

Lightweight aggregates (LWA) 39 

Metallic and metalloids trace elements (MMTE) 40 

Biomass fly ash (BFA) 41 

Loss on Ignition (LOI) 42 

Scanning Electron Microscopy with Energy Dispersive Spectroscopy (SEM-EDS)  43 

 44 

1.Introduction 45 

In France, the annual production of fly ash (FA) from paper sludge and waste biomass combustion has 46 

been estimated to be about 120 000 tons. Two of the twelve paper mills equipped with biomass boilers 47 

use paper mill sludge as a substitute for biomass up to 60% [1]. The physical-chemical properties of 48 

this ash depend mainly on the combustibles used by the boilers of the paper production and/or 49 

recycling plants. However, new wastes (pulp processing sludge and de-inking sludge) are produced 50 

during recycling operations, creating new challenges. For example, paper manufacturers have found 51 

combustible material for their boilers in these sludges (with high calorific value), which constitutes an 52 
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important recovery channel limiting the need for disposal [1]. When these residues are co-incinerated 53 

with biomass, new waste is generated: Waste Paper Fly Ash (WPFA). 54 

The amount of WPFA generated worldwide will likely continue to increase in the near future. The 55 

increasing demand for energy and the polluting nature of current fossil fuel sources demonstrate the 56 

need for new energy technologies, which offer greater efficiency with minimal environmental 57 

damages [2]. The process of energy production from biomass, which is already widely available, is 58 

considered to have a near-zero carbon dioxide (CO2) impact [3], because the emissions produced 59 

during its use neutralize the CO2 fixed in the biomass during its growth. The use of biomass for energy 60 

is based on the idea that it is a carbon-neutral fuel and will help reduce greenhouse gas emissions. The 61 

combustion of biomass for heat and power produces ash composed mainly of inorganic elements 62 

naturally present in the biomass. This FA is often disposed of in landfills, which is currently becoming 63 

unattractive due to costs and may not be possible in the future due to EU (European Union) policy 64 

instruments for a circular economy [4]. 65 

WPFA is different from coal FA because it is derived from different fuels [5]. WPFA is an industrial 66 

by-product of the energy industries and has significant potential for use as a pozzolanic mineral 67 

admixture and as an activator or binder for cement composite materials. Currently, WPFA is not yet 68 

widely used commercially, unlike coal FA. Most WPFA produced by power plants is either landfilled 69 

or recycled on fields or forests, and often this happens without any form of control [6]. The WPFA 70 

differs from coal FA primarily in its chemistry and mineralogy [7]. Compared to coal, WPFA contains 71 

a high content of calcium oxide (CaO), silica (SiO2) and alumina (Al2O3) and low content of iron 72 

oxide (Fe2O3) [8]. The presence of unreacted lime gives the WPFA a high alkalinity, and the WPFA 73 

has a high chloride (Cl) content (typically 10-20%) which has a high complexing capacity for several 74 

metallic and metalloids trace elements (MMTE). Both of these factors have resulted in an increased 75 

potential for leaching of amphoteric trace elements, which is important when it comes to landfills. The 76 

WPFA are produced from wastes paper sludge and waste biomass, it contains high levels of hazardous 77 

elements such as Barium (Ba), Plomb (Pb) and Chlorides. The high levels of trace elements in the 78 

WPFA limit its reuse. This forces energy producers to transport the WPFA to landfills, leading to 79 
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greater costs and environmental risks. A workaround would be recovering of MMTE from WPFA [9]–80 

[12]. However, this is not economically or technologically feasible. For all these reasons, sustainable 81 

management must be established. The amount of FA is increasing and so is the cost of disposal. The 82 

development of innovative methodologies to convert WPFA into useful materials is essential to 83 

support the increasing use of biomass for energy production [7]. Therefore, granulation/carbonation is 84 

the next better option. 85 

Raw materials used to produce artificial aggregates are becoming depleted and society is increasingly 86 

concerned about preserving natural resources by producing alternative materials. Therefore, there is a 87 

growing interest in using other natural sources such as sediments and FA for the production of 88 

artificial aggregates. Several studies have shown that in the field of civil engineering, FA can be used 89 

as a substitute for traditional aggregates, such as the use of coal FA or biomass in the manufacture of 90 

lightweight aggregates (LWA). Chen et al [13], developed new aggregates based on FA and showed 91 

that they can replace 15% natural aggregates in concrete. In another study, Andrade et al [14], produce 92 

aggregates by heat treatment of bottom ash, the results show that the higher the percentage of bottom 93 

ash aggregate in concrete, the worse the performance regarding moisture transport, However, the 94 

mechanical properties remain similar. However, the results of Liu et al [15], showed that natural sand 95 

aggregates can be replaced by plastic granules. The increase in the percentage of plastic granules in 96 

concrete results in a higher energy absorption capacity compared to ordinary concrete. Thus, the 97 

impact resistance of recycled plastic concrete materials was higher than that of ordinary concrete. 98 

Some studies [16], [17] use thermally modified FA as aggregates in particulate form, the result show 99 

that the strength and specific gravity of all aggregates decreased with increasing the FA content at the 100 

highest temperature. The dense structure of the aggregates can be the factor responsible for increasing 101 

the mechanical strength and specific gravity as well as decreasing the water absorption. Alqahtani et al 102 

[18], use a thermoplastic matrix (linear low-density polyethylene) containing fillers: sand, quarry, red 103 

sand/dunes, FA to produce LWA. The aggregate produced was lightweight, with a density ranging 104 

from 510 to 750 kg/m3 and absorption of from 2.7 to 9.81%. Other properties such as strength and 105 

thermal conductivity were comparable to aggregates of similar density. Finally, Franus et al [19], have 106 
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manufactured lightweight aggregates from fly ash, using a new method that replaces burner furnaces 107 

with microwave furnaces, The results concluded that compressive strength of lightweight aggregates 108 

increases with longer microwave heating time.   109 

Agglomeration, or granulation, is defined as a process of increasing the average size of the particle 110 

distribution and in which these particles will be combined to form larger agglomerates, in which the 111 

original initial particle can still be identified [20], [21] Agglomeration techniques can be broadly 112 

classified into two categories depending on whether the process is performed dry (by pressing 113 

technology, extrusion, etc.) or wet, in the presence of a granulation binder [22]. Since wet granulation 114 

is the method used in this paper, only wet granulation is discussed in detail, this is achieved by wetting 115 

with a binder and mixing the solid particles in a moving vessel, or a fluidized air bed, or a high shear 116 

mixer or other similar equipment. Regardless of the technology used, the granulation binder will be 117 

dispersed by contact and transfer in a mechanically created shear field [23]. The binder will thus 118 

contribute to the association of the particles with each other through a combination of capillary and 119 

viscous forces until a permanent bond is formed during the drying of the product by cementation or 120 

gelatinization, or by a chemical reaction with the solid substrate [24], [25]. 121 

Wet granulation can be considered as a combination of three rate processes as defined by Iveson et al  122 

[24], : wetting and nucleation when the binder is distributed throughout the powder mass forming 123 

initial nuclei, consolidation and growth when collisions between granules as well as between granules 124 

and initial powder particles result in increased compaction and granule size, and attrition and breakage 125 

when granules deform or break under the action of shear and impact forces. Several processing 126 

conditions of high-intensity granulators play critical roles on the characteristics of fabricated 127 

granulates [23], [26]–[34] , such as operation speeds of the impeller and/or container, granulation time, 128 

chopper speed, etc.,  129 

Carbonation is considered the most common chemical reaction that influences the performance of 130 

materials in the environment. The void spaces within the hydrated material fill up with water first. 131 

When the material dries in the open air, it becomes depleted of water and air partially fills the pores. 132 

Carbon dioxide present in the atmosphere can then diffuse through the gas phase into the pores of the 133 
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material and dissolve into the pore solution. As the reactions (1), (2): the dissolved CO2 passes from 134 

the form H2CO3 (carbonic acid) to HCO3
- (bicarbonate ion) then to CO3

2- (carbonate ion) which is the 135 

most abundant form when the pH is between 10 and 14. Indeed, when a solution is exposed to 136 

atmospheric CO2, the gas dissolves and absorbs water in the form of carbonic acid (H2CO3) [35], [36]: 137 

                                   CO2(g) + H2O(aq)                  H2CO3(aq)                       (1)          138 

                                   H2CO3(aq)                                          2H2+
(aq) + CO3

2-
(aq)                (2)      139 

Fresh WPFA contains reactive alkaline constituents (mainly CaO/Ca(OH)2) and exhibits a high 140 

leachability of MMTE (e.g. Ba, Pb) [37]. The carbonation reduces the mobility of the aforementioned 141 

MMTE in WPFA according to the reaction (3): 142 

                                  M2+
(aq) + CO3

2-
(
 
aq)                          MCO3(s)                                       (3) 143 

Carbonation has many advantages such as the agglomeration of particles to form solid aggregates (the 144 

hardening of the matrix allows to obtain resistant finished materials) and the physical (pollutants) and 145 

chemical (formation of insoluble metal carbonates and pH decrease) stabilization. For all these 146 

reasons, the valorization of WPFA (rich in CaO) is particularly adapted to the carbonation process.  147 

In order to develop the field of valorization of building materials based on WPFA within the sector of 148 

the Building and Public Works, it is necessary to carry out a methodology of characterization of the 149 

intrinsic properties of these by-products (the carbonated aggregates). For these purposes, the study of 150 

morphological, physical, chemical, mechanical and thermal characteristics of these aggregates is 151 

presented. In this perspective, the LWA manufacturing process and the influence of the granulation 152 

parameters on the granule properties will be mainly presented, then, in a second part, the process of 153 

accelerated carbonation of the manufactured aggregates. Finally, the aspects to evaluate fabricated 154 

granulates before and after carbonation include the particle size distribution, granule class, apparent 155 

density, actual density, organic matter content, leaching characteristics, % chloride (Cl), sulfates 156 

soluble in acid, % total sulfur, compressive strength, crushed particles, porosity, water adsorption and 157 

thermal conductivity were realized according to the standard EN 13055-1[38]. 158 
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2. Materials and methods 159 

2.1. Waste Paper Fly Ash used in lightweight aggregate production 160 

The WPFA used in this study was collected from the cyclone of a mass-burning incinerator located in 161 

the North-East of France. The ash type used in this paper were biomass and waste paper sludge ash. 162 

The chemical composition was determined by X-Ray Fluorescence (XRF) and leaching of metallic 163 

and metalloids trace elements (MMTE) from the WPFA was confirmed by Inductively Coupled 164 

Plasma-Optical Emission Spectrometry (ICP-AES), the results are shown in Table 1. The chemical 165 

composition of WPFA is as follows: CaO 64.02 %; SiO2 14.59 % and Al2O3 8.1 %. The results 166 

revealed that the concentration of Pb 7.35±0.6 mg/kg, Ba 178±6 mg/kg and Cl 1422±72 mg/kg were 167 

the most abundant trace elements in the WPFA. The leaching of Ba, Pb and Cl from the WPFA 168 

exceeded the limit values for landfill (Inert: 0.5 mg/kg, 20 mg/kg and 800 mg/kg for Ba, Pb and Cl 169 

respectively) [39] and should be considered. The concentrations of copper (Cu), molybdenum (Mo) 170 

and zinc (Zn) in the WPFA are relatively low.  171 

Table 1. Chemical composition in major and MMTE of the WPFA.  172 

The physical and chemical properties of WPFA were determined through various characterization 173 

tests. Brunauer Emmett–Teller (BET) method was used to determine the specific surface area of the 174 

WPFA from nitrogen sorption experiments using an AGITENT Analyzer apparatus from 175 

Micromeritics in accordance with standard NF EN ISO-18757 [40], Physical adsorption results from 176 

relatively low forces (Van der Waals forces) between the gas molecules (adsorbate) and the sample 177 

surface (adsorbent). 1.5 g of dry sample was weighed and placed in the cell. The entire measuring cell 178 

was immersed in a nitrogen bath to maintain a constant temperature. Successive quantities of nitrogen 179 

were then introduced into the cell containing the sample, which had been degassed for 8 hours at 180 

80°C. The adsorption/desorption isotherms were measured on the previously desorbed samples at 181 

80°C, 5 mbar. The residual pressure is used to calculate the specific surface area, which is directly 182 

related to the quantity of nitrogen adsorbed. The BET method used on WPFA allows reliable surface 183 

measurements (<10% error).”.  184 
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The specific density was measured using a Micromeritics ACCUPYC 1330 Helium Pycnometer in 185 

accordance with standard NF EN 1097-7 [41]. Three samples were prepared in order to promote 186 

consistency of results. The samples were dried at 105 °C to constant mass. Finally, a mass of 187 

approximately 1.5 g of sample was weighed and placed in a cell with a total volume of 3.5 cm3. The 188 

pycnometer performed several measurements on the same sample and the average of the 189 

measurements was recorded.  190 

Particle size distribution was determined with laser diffraction Coulter LS12330 in accordance with 191 

standard NF EN ISO 13320-1[42]. This instrument is used to determine the size of particles between 192 

0.04 µm and 2000 µm. Following the granulation process, particle size analysis is performed to 193 

determine the particle size distribution of the manufactured aggregates. The test was carried out in 194 

accordance with the European standard NF EN 933-1 [43]. The particle size analysis was carried out 195 

by the dry method, using the sieves recommended by the European standard NF EN 933-2 [44]. The 196 

test represents the reference test for measuring the granulometry of aggregates. The sieves used are: 2, 197 

4, 8, and 16 mm. Each sieve is weighed empty and then full in order to verify that the mass of each 198 

reject is less than the saturation mass of the sieve. The test is carried out 3 times for each lot of 199 

aggregate. 200 

The conductivity and pH were determined use batch leaching tests made according to the standard NF 201 

EN 12457-2 [45]. Table 2 illustrates the results of the physical-chemical characterization of WPFA. 202 

Table 2. Physical and chemical characterizations of WPFA 203 

The WPFA used in this study conforms to the requirements of Class C as specified by ASTM C 618 204 

(Class-C) [46] which is shown in Table 3. 205 

                     Table 3. Chemical properties of WPFA and specification requirements. 206 

Particle size distributions of the WPFA used in LWA production are illustrated in Fig.1. It can be seen 207 

that the WPFA has a fine particle size distribution (< 250µm) and 50% of particles smaller than 10μm.   208 

Fig. 1. Granular distributions of WPFA. 209 
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2.2 Granulation process 210 

The WPFA granules are fabricated in a 5L Eirich high-intensity granulator (Eirich R-02) manufactured 211 

in Hardheim, Germany. Impeller, chopper and steel pan (container) are important components of this 212 

machine, as shown in Fig. 2. The chopper is a static tool which prevents deposit build-up on the vessel 213 

wall. The steel pan and the impeller can be operated in the counter-current and co-current flow modes. 214 

The impeller inside can rotate both at clockwise and anti-clockwise directions, while the steel pan 215 

(positioned horizontally) can only rotate in a clockwise direction. Thus, two different rotation modes 216 

can be generated when we combine the rotation directions of impeller and the steel pan in different 217 

ways: cross current rotation mode, where the pan rotate clockwise but the impeller rotate anti 218 

clockwise; counter current rotation mode, where both the pan and the impeller rotate clockwise.  219 

Fig.2. Eirich high-intensity granulator 220 

The rotation speed of impeller has been kept constant: 3000 rpm for the period of nucleation formation 221 

and for the period of granulate growth, in order to study the effect of steel pan rotation speeds (85 rpm 222 

and 170 rpm). The granulation procedure employed in this study is as follows: 223 

� Dry WPFA was weighed (1000g), homogenized and added to the steel pan. 224 

� After switching on the steel pan and the impeller, 300 g of tap water was sprayed via wash 225 

bottle on the WPFA. The time to add tap water is 90 second. Within this period of time, 226 

secondary units of nuclei come into birth, and we thus name it as the nucleation time. 227 

Sprayed water was used as an agglomeration binder and coagulation so that the wet mixture (WPFA 228 

rich in CaO + water) was hydrated and transformed into LWA by the rolling motion and the effects of 229 

capillary attraction by an inclined turntable. During the granulation process, granulate starts to grow, 230 

and a period of 3 min was set as the granulating time. it is necessary to specify, surplus water caused 231 

bigger and irregular particles and insufficient water led to difficulty in granulation, as also confirmed 232 

by Chiou et al, [47]. To investigate the effect of granulation time and flow patterns within the steel pan 233 

on the properties of generated granulation, we varied the impeller rotates differently: counter current 234 

flow, cross current flow, then, the granulation time from 3 min to 9 min. After the granulation process, 235 
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the granulates within the range between 2 and 16 mm were selected by the sieving process, then, each 236 

batch of LWA was sealed in air-tight plastic bags and stored at room temperature before were 237 

carbonated. The different granulation parameters are outlined in Table 4. 238 

Table 4. The different granulation parameters of the WPFA. 239 

2.3 Lightweight aggregate carbonation process 240 

Carbonation has many advantages such as hardening of the matrix to obtain resistant finished LWA, 241 

physical stabilization (of pollutants) and chemical stabilization (formation of insoluble metal 242 

carbonates BaCO3/PbCO3 and decrease of pH). To this observation, an accelerated carbonation 243 

process was developed allowing the reaction of Ca(OH)2 portlandite/calcium oxide (CaO) as well as 244 

Ba and Pb from LWA with CO2. 245 

The CO2 is transformed into carbonic acid which can then initiate reactions with calcium hydroxide 246 

compounds (portlandite or lime) to form calcium carbonates. The precipitation of carbonates (Calcite) 247 

causes the permanent fixation of CO2.This process aims to carbonate LWA in an atmosphere enriched 248 

in carbon dioxide in order to generate inert aggregates. The manufactured LWA were treated with 249 

carbon dioxide (CO2) in a pressure reaction vessel (see Fig. 3). 250 

Fig.3 LWA carbonation apparatus 251 

The LWA were mixed with sufficient tap water (ratio of liquid to solid of 0.3 l/kg) and then 252 

carbonated in a 100% carbon dioxide atmosphere held at 0.5 bar pressure for 72 h. Saturated sodium 253 

chloride solution maintained the relative humidity at 65% inside the reaction vessel. Maintaining 254 

humidity around this level is for efficient carbonation [48]. 255 

Analysis of LWA shape and morphology before and after carbonation was performed at high 256 

magnification using electron microscope (SEM- Hitachi S-4300SE/N), energy dispersive spectroscopy 257 

(EDS) observations and the Zeiss digital microscope. 258 

2.4 Lightweight aggregate characterization 259 
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The characteristics of the manufactured LWA have a very important role on the properties and 260 

performances of concrete or mortar (injection mortar). In fact, the properties of concrete are largely 261 

influenced by the characteristics of its constituents. For this reason, in order to develop the field of the 262 

valorization of the LWA based on WPFA, we proceeded out tests of characterization of these LWA 263 

before and after carbonation, according to the standard EN 13055-1[38]. Then we compared these 264 

characteristics with commercialized LWA from ARGEX. 265 

The bulk densities ρapp of the LWA were measured according to NF EN 1097-3 [49] with a 1-liter 266 

container. The helium pycnometer method, in accordance with NF EN 1097-6, was used to obtain the 267 

absolute densities of the LWA. We determine the densities in order to verify the mineralogical 268 

regularity of the materials. 269 

The porosity measurement of LWA was performed according to the NF P94-410-3 [50] standard, with 270 

a MicroActive AutoPore V 9600 2.00 mercury porosimeter. 271 

The measurement of water absorption of LWA was made on three samples of 500g immersed in water 272 

for 24 hours in order to measure the capacity of a LWA to absorb water according to the standard NF 273 

EN 1097-6 [51]. This test is performed in order to consider the absorption of aggregates in the 274 

calculation of the water/cement ratio in concrete and to have an estimate of the ability of the LWA to 275 

influence the rheology of the concrete. 276 

In order to evaluate the mechanical strength of LWA, bulk crushing tests were performed according to 277 

EN 13055-1 [38]. A sample of LWA compacted by vibration is compressed, with the help of a piston, 278 

in a cylinder of 100 mm height and 175 to 200 cm² of section. The speed of the plunger is 1 mm per 279 

minute and the test is completed when the plunger has reached 20 mm. The conventional strength of 280 

the LWA is defined as the quotient of the applied force required to achieve 20 mm of piston 281 

depression per cylinder cross-section. 282 

The percentage of chloride, sulphate soluble in acid, total sulfur and the loss on ignition were 283 

determined according to standard NF EN 1744-1 [52]. The three methods of measuring the solubility 284 
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of chloride, sulphate soluble in acid, total sulfur is determined gravimetrically, the sulphate content is 285 

expressed as a percentage of Sulphur trioxide per mass of LWA (% SO3). 286 

To measure the thermal conductivity of LWA, we used the steady-state hot plate method on 25x25x6 287 

cm samples. The material sample to be studied is placed between two plates, hot and cold, and 288 

surrounded by insulation to avoid lateral losses of heat flow. Thermocouples are installed on the faces 289 

of the sample to measure the temperature differences. The upper plate hot is lowered until it is in 290 

contact with the material and the acquisition is launched. 291 

3. Results and discussion 292 

3.1 Effect of rotation speed of the steel pan  293 

According to Iveson's theory of the granule formation process [27], granules form in two continuous 294 

stages, wetting/nucleus formation and the growth period. Apparently, a faster rotation speed of the 295 

plate creates more chances for solid powders to contact the sprayed liquid droplets; thus, a larger 296 

quantity of small nuclei can be formed. In the case of a low rotation speed, the liquid droplets can 297 

remain on the surface of the solid powders for a relatively longer period of time, which reduces the 298 

chances of the solid powders meeting the liquid droplets. During the next period of granule growth, 299 

these previously formed nuclei will have different ways of "growing" themselves: by attaching to 300 

other pre-formed nuclei (nuclei agglomeration) or by attracting free powder to their surface (powder 301 

attachment) [53]. In the case of a high rotation speed, more nuclei have been generated, and thus, these 302 

preformed nuclei are more likely to encounter each other (nuclei to nuclei attachment), and their 303 

growth tends to follow a nuclei agglomeration path; in the other case, the number of nuclei is limited, 304 

and thus, they are more likely to encounter fine powders [53]. 305 

Fig 4 show size distribution for LWA fabricated under counter current rotation mode. Maintaining a 306 

constant rotation speed of impeller (3000 rpm) and rotation mode between the impeller and the steel 307 

pan (counter current rotation mode), we have produced LWA under two different rotation speeds of 308 

the steel pan (85 rpm and 170 rpm). The variation of rotation speeds of the steel pan has brought a 309 

difference to the growth rate, which has been proved by the investigation of the LWA size distribution 310 
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(Fig. 4). Clearly, faster rotational speed shifts the size of the granules to larger values, indicating that 311 

the rate of increase in granule size is faster when they develop from agglomeration of the nuclei than 312 

from the attachment of the fine powder to the nuclei. In addition, it can be seen that a higher rotational 313 

speed (170 rpm) generates a higher yield of larger granules, while a lower rotational speed (85rpm) 314 

favors the creation of a greater amount of smaller granules [53]. This will apparently vary the final 315 

granulates yield within a certain size range, which is interesting information for people who want to 316 

improve the granulates yield with certain sizes.    317 

Fig.4 Size distribution for LWA fabricated under counter current rotation mode 318 

3.2.  Effect of rotation modes 319 

Two different rotation modes are available in the Eirich high-intensity granulator, they differentiate 320 

each other from the rotation directions of the impeller: cross current rotation and counter current 321 

rotation. When the machine operates in cross current rotation mode, powders are taking up the whole 322 

space and distribute homogeneously within the steel pan. While in the case of counter current rotation 323 

mode (both the impeller and the steel pan rotate in clockwise directions), due to gravity reason, 324 

powders tend to ‘concentrate’ more in the lower part of the steel pan [53]. 325 

Fig 5 shows the size distribution of LWA fabricated under these two different rotation modes. Fig 5 326 

shows that despite the pan rotation speed differences (85 rpm and 170 rpm), granulates are larger from 327 

cross current rotation mode than from counter current rotation mode. This information also indicates 328 

that there are fewer powders in the upper part of the pan (where the liquid was added) for the counter-329 

current rotation mode than for the cross-rotation mode; thus, fewer nuclei will be formed for the 330 

counter-current rotation mode, and the granules will grow in a way of powder attachment. Conversely, 331 

more nuclei will be formed in the cross-rotation mode, and the granulate will grow in a way of nuclei 332 

agglomeration mode. In other words, the generated granules are larger when the initial powders are 333 

homogeneously dispersed in the steel pan rather than relatively "concentrated" in the lower part of the 334 

steel pan. Since powder dispersion directly affects the chances of powders coming into contact with 335 

other powders, we can say that the better dispersion created by the cross-flow rotation mode creates 336 
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more chances for cores to encounter other cores or loose powders (rapid incorporation), which is 337 

beneficial for a faster growth rate of the granules, and vice versa [53].  338 

Fig.5 Size distribution of LWA fabricated under different rotation modes 339 

3.3.  Effect of granulation time 340 

The rotation modes between impeller and steel pan and both the steel pan rotation speed affect the 341 

growing behavior of LWA, with the steel pan rotation speed controlled at 170 rpm and the rotation 342 

mode in cross current throughout (95% of LWA have a grain size between 2 and 16 mm), the size 343 

distribution of the LWA made under these conditions under different granulation time (3, 6 and 9 min) 344 

is shown in Fig. 6. 345 

Increasing the granulation time from 3, 6 to 9 min improved the yield of the LWA with the size range 346 

<4 mm (from 22.2 wt% to 95.5 wt%). However, increasing the granulation time to 9min resulted in a 347 

decrease of targeted LWA yield to 80 wt% by forming more larger LWA within the size range of 4mm 348 

to <1 mm. 349 

The amount of LWA less than 1 mm is increasing from 1.9% to 6%, while the ratios of larger LWA 350 

(8-16mm) are decreasing continuously. However, the size changes between 3 to 6 min are relatively 351 

smaller, whose relative mass ratio differences are between 1.1 and 1.8. The changes from 6 to 9 min 352 

are much larger, whose mass ratios rise to more than 10 times the difference in the case of LWA < 353 

4mm. Inversely to the trend observed in the study of the steel pan speed, the increase of granulation 354 

time resulted in the formation of smaller LWA, which was clearly shown in the diameters of the 355 

manufactured LWA in fig.6.  356 

Fig. 6. Effect of the granulation time on the size distribution of LWA produced. 357 

This is attributed to the hydraulic properties of the lime present in the WPFA which hardens rapidly by 358 

mixing with water during the first 3 minutes of granulation.  Apparently, with the increase of the 359 

granulation time (6 to 9 min), the LWA of diameters higher than 4mm, undergo physical interactions 360 

on the one side with the turbine and on the other side with the other LWA, which results in the 361 

reduction of their sizes.  362 
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This information does not agree with the results reported in the research work done by Mangwandi et 363 

al., [30] in which the authors indicated that a longer granulation time could help consolidate the 364 

microstructure of the LWA formed. In contrast, Walker et al. showed that as the granulation time of 365 

lactose increased, an increase in mean particle size had been found [54]. 366 

3.3.  Effect of carbonation 367 

To investigate the effects of carbonation on the leachability, mechanical strength and the porous 368 

properties of the fabricated LWA, we have performed accelerated carbonation on the fabricated LWA 369 

under the following conditions: Cross-current/ 175 rpm / 3 min (95% of the manufactured LWA have 370 

average size distributions vary from 16 mm to 2mm). 371 

3.1.1 Thermogravimetric analysis (TGA): 372 

Fig 7 shows the thermal characteristics of the WPFA and the LWA before and after carbonation. The 373 

WPFA and the LWA before and after carbonation present a mass loss between 90 °C and 300 °C 374 

corresponds to the deshydroxylation of hydrates including ettringites and carboaluminates [55]. The 375 

mass losses corresponding to carboaluminates appeared in the case of carbonated LWA and non-376 

carbonated LWA, and ettringite in the case of carbonated LWA, which confirms the hydraulic 377 

properties of our WPFA, since both portlandite participates in the hydration reaction and the 378 

carbonation reaction during the 3 days of the accelerated carbonation. 379 

However, the mass loss observed between 400 °C and 500 °C corresponds to the deshydroxylation of 380 

Portlandite [56], the intensity and peak broadening in the case of carbonated LWA decreased 381 

compared to the WPFA. It is important to note that mass loss between 550 °C and 950 °C corresponds 382 

to the decarbonation of the calcites. This peak is more important in the carbonated LWA which is 383 

normal considering the carbonation process (100% CO2). Confirming that lime and portlandite which 384 

represent major phases in the WPFA were transformed through carbonation to calcite.  385 

In the study done by Dijkstra [55], the carbonation of both ashes was studied. During the carbonation, 386 

the quantity of reactive aluminates (mayenite) decreased by transformation into ettringite and 387 
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carboaluminate [55], which reduces the risks of expansion since the expansive phases (ettringite, 388 

carboaluminate) are formed before the incorporation of LWA into concrete. 389 

Fig 7. The thermal characteristics of the WPFA and LWA before and after carbonation 390 

 391 

3.3.2 Microstructure evolution before and after carbonation 392 

The surfaces of the LWA were used to determine the microstructure by using the Zeiss digital 393 

microscope (Fig.8 a, b, c, d) and scanning electron microscope (SEM-EDS) (Fig.8 e, f). 394 

Morphological analysis revealed structural differences between carbonate and non-carbonate LWA. 395 

The non-carbonated LWA have an explicit porous structure in the middle of a granule while their 396 

surface layers are denser (Fig.8 a, c). The black dots in the image are pores, which were most probably 397 

produced by the enclosure of air bubbles in the granulation procedure.  The structure is very dense in 398 

general.  Fig (9a) shows another SEM image with higher magnification than Fig (8c). In this image 399 

also, it can be seen that the structure is very dense, A crack is also clearly visible in the figure, 400 

probably resulting from the splitting of the granule, thus, a significant porosity. 401 

After carbonation (Fig 8 b, d), as can be seen, the LWA have a clearly denser structure than the non-402 

carbonated LWA structure. In addition, the surface is more irregular, indicating that precipitation may 403 

have formed during the carbonation process. The change in color and disappearance of pores after 404 

carbonation of the LWA may also be the result of the reaction between Ca(OH)2 and carbon dioxide, 405 

eventually forming calcite between the particles and filling the pores. 406 

Fig.8. Optical images of the LWA made by from WPFA before (a,c) and after (b,d) carbonation 407 

(Zeiss digital microscope)      408 

Fig 9 (a and b) shows a SEM image of the carbonated LWA before and after carbonation. At this 409 

level, it is possible to see a new layer that has precipitated on the surface that is probably calcite, as 410 

well as solid bridges between the precipitates, which bonds them together. The precipitation of calcite 411 

is the most probable binding mechanism due to the reaction between CaO and water as was mentioned 412 

in the literature review.      413 
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Only a few scientific studies can be found concerning the study of the inner and outer porosity/density 414 

of the LWA; similar results in relation to our date are mentioned, but not completely investigated by 415 

other scientists [57], [58]. The authors observed that the porosity/density of the particles tended to 416 

decrease, which probably occurred due to the fact that the densification, consolidation and compaction 417 

of the particles increased with increasing granulation time. The others concluded that the densification 418 

process reduced the porosity of the granules and induced the migration of the binder to the surface of 419 

the granules. Thus, saturation was achieved due to the reduction of pore space by consolidation rather 420 

than due to pore filling promoted by the addition of binder.”  421 

SEM observations of the carbonated LWA show that the majority of the grains on the LWA have 422 

irregular shapes (Fig 9 c and d) with the presence of a few spheres (Fig 9 c).  On the other side, the 423 

carbonated LWA have a less porous structure compared to the non-carbonated LWA. Importantly, 424 

ettringite is present in the form of needles about 10 microns long (Fig 9 d). EDS observations of the 425 

carbonated LWA similarly confirm the presence of calcite (Fig 9 e), and ettringite (Fig 9 f). Consistent 426 

with the TGA results confirming the formation of hydrates including ettringite/ carboaluminate (90-427 

300 °C) and calcite (550-950 °C) in the carbonated LWA. Several authors have suggested the 428 

formation of ettringite (Ca6Al2(SO4)3(OH)12. 26H2O) when WPFA is hydrated due to the presence of 429 

mayenite (Ca12Al14O33), anhydrite (CaSO₄) and free lime (CaO) [55], [59]. 430 

Fig.9. SEM-EDS picture of the LWA before (a) and after (b), (c), (d), (e), (f) carbonation 431 

3.3.3 Influence of carbonation on leaching 432 

Many studies have demonstrated that when LWA undergo carbonation, the immobilization of MMTE 433 

(such as Ba, Pb, Zn) is generally enhanced, minimizing the leachability of these elements [60], [61]. 434 

Table 5 lists the concentrations of MMTE leached from WPFA, carbonated LWA and the legal limits 435 

(IWSI) for the use of LWA based on WPFA in civil engineering in France. 436 

Since the chemical composition results (Table 5) showed that the WPFA had high amounts of Ba and 437 

Pb, an analysis of the concentration of these trace metal elements as well as other elements was 438 
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performed on the eluates extracted from the leaching test performed on the carbonated LWA sample 439 

after crushing, according to standard 12457-2. 440 

The results displayed in Table 5 on the concentration of the MMTE eluate concentration in the WPFA 441 

corroborate that there is a predominance of Ba (178±6 mg/kg) and Pb (7.35±0.6 mg/kg) compared to 442 

the rest of the elements measured (Cu=0.09±0.02 mg/kg, Mo=0.08±0.02 mg/kg, Zn=1.1±0.2 mg/kg 443 

while As, Cr, Sb, and Se were not detected). When these results are compared to the leaching of 444 

carbonated LWA, it can be observed that carbonation seems to have favored a decrease in the 445 

leachability of certain elements, in particularly Zn <0.01 mg/ kg, Pb<0.03 mg/kg and especially 446 

Ba=0.3± 0.05 mg/kg. The leachability of Ba and Pb is 99% lower in the carbonated LWA than in the 447 

original WPFA, demonstrating that carbonation has played an important role in the immobilization of 448 

this element. It was also found that the leaching of calcium followed the same trend as Ba and Pb, the 449 

leaching is reduced after carbonation (from 10 839±521 mg/kg to 451±7 mg/kg) which confirms that 450 

the majority of calcium was carbonated. The calcium leaching is presented in Supplementary data 451 

(Table 1). The formation of BaCO3, PbCO3 and ZnCO3, an insoluble barium, lead and zinc carbonate 452 

compounds, has been considered as the immobilization mechanism of Ba, Zn and Pb [62]. In addition, 453 

a few studies have reported the immobilization of Ba and Zn in type F FA with carbonation [58], [59]. 454 

In a previous study [63], accelerated carbonation (100% CO2) decreased the leaching of Pb and Zn by 455 

forming insoluble compounds such as PbCO3 and ZnCO3 which is consistent with what we assumed 456 

[62]. 457 

The leachability of sulfate and fluoride were below the legal leaching limit (IWSI) before and after 458 

carbonation. The chloride concentration exceeded the IWSI threshold even after carbonation, which 459 

indicates that the carbonation process has no influence on the immobilization of salts. 460 

In general, cationic species immobilize well after accelerated carbonation. This behavior has been 461 

explained by the precipitation of elements as carbonates, since in a high pH environment, elements 462 

such as Ba and Pb would be hydroxic, they would not be able to precipitate as hydroxides.  In this 463 

study, the original pH of the WPFA was 13.5, whereas that of the carbonated LWA showed a lower 464 

pH = 10.39 after only 3 days of carbonation, as a result of the rapid consumption of calcium hydroxide 465 
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(Ca(OH)2) during the carbonation process and the formation of calcite (CaCO3). This result clearly 466 

demonstrates that the decrease in pH explains the behavior of Ba and Pb after carbonation. It also 467 

justifies the theory that pH decrease by carbonation is the dominant mode of stabilization [62]. 468 

In order to determine if the concentrations of these MMTE could be harmful to the environment, the 469 

results have been compared to the IWSI limits. As can be seen (Table 5), Ba and Pb are well below 470 

the maximum permitted values. This means that the eluates of these LWA do not represent a real 471 

threat to the environment, but on the contrary, they can be used safely from an environmental point of 472 

view. 473 

Table 5. Concentration (mg/kg) of MMTE in WPA and Carbonated LWA 474 

4. Lightweight aggregates characterization 475 

4.1 Absolute density, bulk density and apparent density 476 

The absolute density, bulk density and apparent density are important factors when LWA properties 477 

are considered [64]–[66], the bulk density of common artificial LWA is generally between 300 kg/m3 478 

and 1300 kg/m3, which is two to three times less than that of common aggregates. The results of the 479 

LWA are shown in Table 6. The various characterization methods have shown that the aggregates 480 

manufactured from the ash can be classified as LWA, as all fall within the set limits of loose bulk 481 

density (≤1.20 kg/m3) and particle density ≤2.00 Mg/m3 (BS EN 13055-1). 482 

The Absolute density results of carbonated and non-carbonated LWA were found to be in the range of 483 

2105-2370 kg/m3 respectively. The carbonated LWA was found to be denser than the non-carbonated 484 

LWA and their density values are higher than the aggregates commercialized by Argex (550 kg/m3), 485 

Similar trends in results were found for bulk density and apparent density. The enhancement in the 486 

density was due to Ca(OH)2 from the WPFA reacting with CO2 to produce a solid volume of Calcite 487 

(CaCO3 ), leading to a reduction in porosity throughout the carbonation. In addition, CaCO3 also 488 

improved the density of LWA due to its high density (2.71kg/m3) as compared to Ca(OH)2 (2.24 489 

kg/m3). 490 

Table 6. Characterization of LWA according to the standard (NF EN 13055-1) 491 
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4.2 Porosity and water Absorption 492 

Carbonated LWA have a lower porosity (21%) than non-carbonated LWA (29%). As the porosity 493 

decreases with carbonation time, the water absorption coefficient at 24 h decreases. Based on 494 

experimental results, a relationship between water adsorption and porosity was found, the higher the 495 

porosity, the more water is adsorbed. 496 

As shown in Table 6, an absorption of 27.9% was measured for non-carbonated LWA. After 3 days of 497 

carbonation, the LWA reached about 21% water absorption. Overall, the manufactured LWA either 498 

before or after carbonation was comparable to the Argex aggregate in terms of porosity and density, 499 

although it had lower water absorption. Carbonation of the aggregates for 3 days resulted in a decrease 500 

in porosity, this confirmed what we obtained in the SEM images, a layer of calcite was formed and 501 

thus filling the pores. 502 

The high porosity of LWA presents a problem when mixing them to produce concrete or mortar. 503 

Therefore, when using these eco-aggregates to formulate concrete or mortar, it is necessary to consider 504 

the water absorption by the aggregates. Lower porosity leads to lower water absorption. These results 505 

for water absorption agree with the results for density in which water absorption decreases with 506 

increasing density. 507 

4.3 Compressive strength  508 

The compressive strength of LWA is an important factor in concrete, as LWA are the weakest 509 

component of concrete [67].  Non-carbonated LWA have a lower bulk crushing strength (3.15MPa) 510 

than ARGEX aggregates (4.7MPa), as expected from the composition as well as the bulk and absolute 511 

density. The carbonated LWA tend to show higher mechanical performances superior (7.6 MPa) to the 512 

Non-carbonated LWA and the Argex aggregates. These results reflect the interest of carbonated 513 

aggregates in the field of civil engineering. 514 

The effect of carbonation is very significant in type C of FA, this is due to the large amount of reactive 515 

CaO in WPFA, which reacts with water to form (Ca(OH)2), the fact that the slaked lime containing 516 

aggregates were found to be resistant, and that exposure to 100% CO2 promoted the development of 517 



21 
 

resistance, indicates that the carbonation step is well optimized further to form CaCO3 bridges. The 518 

strength increases significantly after carbonation, this confirms what we observed in SEM and TGA 519 

imaging, Ca(OH)2 reacts with CO2 forming solid calcite bridges in the particles which improves the 520 

compressive strength of the granules. 521 

In a study by Bui et al [68], the compressive strength of alkali-activated aggregates prepared from rice 522 

husk FA, blast furnace slag, and class F FA varied from 5.5 to 14.5 MPa. Gonzal et al [65], [66], [69], 523 

[70] have used several different precursors, such as FA, washing aggregate sludge, used motor oil, 524 

mining and industrial waste, then the aggregates are prepared by sintering in a rotary kiln. The bulk 525 

compressive strength of the aggregates is between 2 and 14 MPa. 526 

Several studies have shown that the manufacture of artificial aggregates by granulating various wastes 527 

as raw materials with cement, leads to strengths between 1 and 7 MPa. Surprisingly, despite the 528 

different precursors and preparation methods used, the strength values are so similar to those 529 

previously studied. Ferrone et al., [71] has previously reported that commercial lightweight expanded 530 

clay aggregates (Leca) have compressive strengths varying from 0.7 to 4.5 MPa, depending on the 531 

size. This confirmed that LWA made from WPFA before and after carbonation have equivalent 532 

mechanical performance compared to aggregates made in other studies, also for commercial 533 

aggregates widely used (Argex) and can therefore replace them in civil engineering applications. 534 

4.3 Thermal conductivity 535 

The results presented in Table 6 show excellent thermal performances for the LWA before and after 536 

carbonation with a thermal conductivity of 0.19W/m.°C and 0.32W/m.°C respectively, similar to that 537 

of the Argex aggregate (0.14 W/m.°C). 538 

The absolute density of LWA before carbonation was 2105 kg/m3, thus the porosity was higher (29%) 539 

which explains the high thermal performance of non-carbonated LWA. After carbonation, the porosity 540 

decreases (19.8%), because of the CaCO3 formed at the surface and the absolute density value 541 

increases (2370 kg/m3), this increase in density and the decrease in porosity led to a significant 542 

decrease in the insulating capacity of the aggregates. If the thermal conductivity of the aggregates 543 
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depended only on their total porosity or on the density of the aggregates, the conductivity/density 544 

ratios of the different aggregates would be similar regardless of the nature of the aggregate. 545 

This was also illustrated by Nguyen [72] in his studies on the characterization of insulating LWA; an 546 

order of magnitude conductivity of 0.4 W/m.°C was achieved. The author also presents the hypothesis 547 

that the denser external surface of the expanded shale aggregates can constitute a "thermal bridge" 548 

favoring the transfer of heat and thus lead to a slightly higher thermal conductivity of the aggregate, 549 

which is consistent with the results of this paper. According to Valore [73], the thermal conductivity of 550 

LWA depends mainly on its absolute density; thus, its honeycomb structure confers an interesting 551 

thermal conductivity and thermal expansion. As an example, the classic aggregate has a thermal 552 

conductivity of 1.75 W/m.°C while that of the LWA of expanded clay or expanded shale is between 553 

0.10 and 0.80 W/m.°C [74]. This gives the LWA a higher thermal insulation.  In addition, LWA has a 554 

high degree of fire resistance due to its low thermal conductivity and low coefficient of thermal 555 

expansion [75]. Fire resistance is not discussed in this study. 556 

4.4 Loss on Ignition  557 

According to Table 6, the loss on ignition value of LWA before and after carbonation is 27.2% and 558 

31.3% at 900°C, respectively. At the same time, the loss on ignition at 900°C was measured to explore 559 

the thermal instability of LWA before and after carbonation. It should be mentioned that the total mass 560 

loss observed in the loss on ignition only reflects the contribution of the residual organic matter.  The 561 

mass loss from 0 to 550°C due to the loss of bound water, organic matter and clays, between 350 and 562 

550°C corresponds to the deshydroxylation of portlandite, and when the temperature is higher than 563 

550°C up to 900°C the mass loss corresponds well to the decarbonation of the different modes of 564 

calcium carbonates (aragonite, vaterite, calcite). 565 

Based on the loss on ignition and TGA results, the percentage of organic matter in LWA before and 566 

after carbonation can be estimated using the following relationship: 567 

% Organic matter = Total mass loss – (% CSH deshydroxylation mass + % Ca(OH)2 568 

deshydroxylation mass + % CaCO3 decarbonation mass) 569 



23 
 

The difference in mass loss at 900°C of LWA due to hydrate formation, lime hydration and carbonate 570 

formation as we observed in the TGA. The percentage of organic matter seems to be similar before 571 

and after carbonation (5.76% before carbonation and 5.08% after carbonation), which shows that 572 

carbonation has no influence on organic matter. 573 

4.5 Solubility tests: acid-soluble sulphates and acid-soluble sulphates 574 

The determination of the chemical and mineralogical composition in the LWA should be concentrated 575 

on the determination of % total sulfur, % chloride and % acid soluble sulfates. The percentages 576 

determined for chloride, total sulphur and acid soluble sulphates of the LWA before and after 577 

carbonation were similar (Table 6). 578 

The content of acid soluble sulfates and chloride ions defines a designation of aggregates without a 579 

threshold being imposed. However, a maximum value of 0.01% and 0.8% respectively for the content 580 

of chloride ions and acid soluble sulfate are recommended [66]. 581 

In fact, a too high sulfate content leads to a risk of secondary ettringite formation or Candlot salt. The 582 

presence of chloride in LWA can cause premature corrosion in concrete or mortar after migration of 583 

ions. A high presence of chloride can also cause the formation of lime chloroaluminate or Friedel salt, 584 

which is expansive. It is determined according to the EN 1744-1 standard (Afnor, Norme NF EN 585 

1744-1). Degradations can occur in concrete formulated with aggregates with a high sulfide content, 586 

sulfides can be transformed into sulfates by oxidation.  The sulfates in turn can influence the setting 587 

and cause swelling (secondary ettringite) and thus lead to an increase in the porosity of concrete. This 588 

porosity can then have an important role in case of attack of the concrete by external agents such as 589 

sulphate or chloride solutions. Their presence is related to the operating environment of the structure, 590 

and a higher porosity facilitates the penetration of these aggressive elements towards the core of the 591 

materials and by increasing the reaction surfaces [66]. For this reason, carbonation was necessary to 592 

decrease the percentage of porosity. In fact, the contents of LWA are not very high and are clearly 593 

lower than those recommended by the standard. 594 

 595 
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5. Conclusion 596 

This study shows the feasibility and optimization of granulation parameters, in order to fabricate LWA 597 

from WPFA (rich in CaO), by granulation with water in an Eirich high intensity granulator (Eirich R-598 

02). An accelerated carbonation step was performed, exposing the manufactured LWA to pure carbon 599 

dioxide in order to evolve the immobilization potential of Ba and Pb, and to investigate the influence 600 

of carbonation on the physical, morphological, thermal and mechanical characterization of LWA. 601 

� To adjusting the granulation parameters of the Eirich high intensity granulator to a constant 602 

impeller speed (3000rpm), the rotation speed of the steel pan (170 rpm), the rotation mode 603 

between the impeller and the steel pan in cross current and a granulation time of 3 minutes, 604 

95% of the LWA were produced with the target size (2mm to 16mm). 605 

 606 

� WPFA exhibited high reactivity to carbon dioxide. Accelerated carbonation of the LWA 607 

reduced the leaching of Ba and Pb with removal percentages exceeding 98% for both elements. 608 

TGA and SEM-EDS results confirm the formation of calcite after accelerated carbonation, as 609 

well as the formation of hydrates (ettringite and carboaluminates) due to the hydraulic 610 

properties of WPFA.    611 

 612 

� The characteristics of LWA before and after carbonation are evaluated according to the NF EN 613 

13055-1 standard in order to confirm the possibility of valorizing these eco-materials in the 614 

manufacture of concrete.  These aggregates present a relatively low density, classifying them in 615 

the category of LWA. This weight reduction is due to the high porosity of these aggregates, 616 

suggesting a significant capacity of water imprisonment for the hydration of cement. Moreover, 617 

after carbonation the percentage of porosity and water absorption decreased, thus, the 618 

mechanical strength was improved (7.6 MPa). Finally, the measurement of the thermal 619 

conductivity of LWA is interesting and would lead to an improvement of the thermal 620 

performance of concrete 621 

 622 
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� However, in order to improve the valorization of these waste types, it is essential to improve 623 

the performance of the manufactured LWA. Many research perspectives are also envisaged to 624 

extend this study. These prospects may concern: (i) Testing other binders, allowing the 625 

improvement of the physic-chemical properties; (ii) Realizing sorption tests at different 626 

temperatures to evaluate the temperature influence on the hygric behavior of LWA; (iii) 627 

Substituting partially or totally ordinary aggregates by LWA in concrete; (iv) Studying the 628 

coupling between carbonated and non-carbonated LWA in concrete. 629 
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Fig. 1. Granular distributions of WPFA. 
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Fig.2. Eirich high-intensity granulator 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

Fig.3 LWA carbonation apparatus 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

Fig.4 Size distribution for LWA fabricated under counter current rotation mode 
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Fig.5 Size distribution of LWA fabricated under different rotation modes 
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Fig. 6. Effect of the granulation time on the size distribution of LWA produced. 
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Fig 7. The thermal characteristics of the WPFA and LWA before and after carbonation 
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Fig.8. Optical images of the LWA made by from WPFA before (a,c) and after (b,d) carbonation 

(Zeiss digital microscope) 
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Fig.9. SEM-EDS picture of the LWA before (a) and after (b), (c), (d), (e), (f) carbonation 
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Chemical composition 

by XRF 

wt.% Metallic and metalloids trace elements 

(MMTE)  

 

Concentration (mg.kg−1) 

SiO2 14.59 As <0.11 

Al2O3 8.4 Ba 178±6 

MgO 1.74 Cd <0.009 

Fe2O3 0.8 Co <0.009 

CaO 64.02 Cr <0.011 

Na2O 0.45 Cu 0.09±0.02 

SO3 1.57 Mo 0.08±0.02 

TiO2 0.7 Ni <0.047 

ZnO 0.22 Pb 7.35±0.6 

Cl 0.8 Sb <0.057 

BaO 0.11 Se <0.08 

P2O5 0.35 Zn 1.1±0.2 

K2O 0.7 Cl 1422±72 

 

Table 1. Chemical composition in major and MMTE of the WPFA.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Physical parameters Standard WPFA 

Specific density (kg/m3) NF EN 1097-7 2980 

Median diameter d50 (µm) NF ISO 13320-1 10 

Specific surface BET (m2/kg) NF EN ISO-18757 2261 

pH NF EN 14429 13.5 

Conductivity (mS/cm) EN 12457-2 11.3 

Loss On Ignition (LOI) (%) EN 12457-2 5.7 

 

Table 2. Physical and chemical characterizations of WPFA 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Properties % ASTM C 618 (Class-C) % WPFA used 

SiO2 + Al2O3 + Fe2O3                       > 50 87.01 

SO3                       < 5 1.57 

Na2O + 0.658K2O < 1.5 0.91 

Moisture content                       < 3 0 

Loss on ignition                       < 6 5.7 

 

Table 3. Chemical properties of WPFA and specification requirements. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Experimental Rotation modes Time (min) Steel pan rotation speeds (rpm) 

1 Cross current rotation 3 85 

2 Cross current rotation 3 170 

3 Counter current rotation 3 85 

4 Counter current rotation 3 170 

5 Cross current rotation 6 170 

6 Cross current rotation 9 170 

 

Table 4. The different granulation parameters of the WPFA. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Table 5. Concentration (mg/kg) of MMTE in WPFA and Carbonated LWA 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Concentration (mg/kg) IWSI WPFA Carbonated LWA 

As 0.5 <0.11 <0.11 

Ba 20 178±6 0.3±0.05 

Cd 0.04 <0.009 <0.009 

Cr 0.5 <0.011 <0.011 

Cu 2 0.09±0.02 0.09±0.02 

Mo 0.5 0.08±0.02 0.09±0.03 

Ni 0.4 <0.047 <0.047 

Pb 0.5 7.35±0.6 <0.03 

Sb 0.06 <0.057 <0.057 

Se 0.1 <0.08 <0.08 

Zn 4 1.1±0.2 <0.01 

Chlorides 800 1422±72 1328±48 

Fluorides 10 1.1±0.5 - 

Sulfates 1000 208±25 206±27 

Soluble fraction 4000 3920±121 3980±130 

Conductivity (mS.cm-1) *** 11.3±0.2 11.8±0.2 

pH *** 13.5±0.3 10.4±0.3 



 

 

Technical specifications 

 

Units 

 

Standard 

 

Non-

carbonated 

LWA 

 

Carbonated 

LWA 

 

LWA(Argex) 

Aggregate form - - Round Round Round 

Granular class mm EN 933-1 2-16 2-16 2-16 

Absolute density (kg/m3) (±15%)  2105 2370 --- 

Bulk density (kg/m3) (±15%) EN 1097-3 897 902 550 

Apparent density (kg/m3) (±15%) EN 1097-3 1024 1039 --- 

Compressive strength MPa (±10%) EN 13055-1 3.15 7.6 4.7 

Crushed particles % Weight (±15%) EN 933-5 16.9 14.4 7 

Chlorides % Cl- EN 1744-1 0.52 0.49 <0.004 

Sulfates soluble in acid % SO3 EN 1744-1 0.41 0.38 <0.05 

Total Sulfur %S EN 1744-1 0.58 0.54 <0.04 

Porosity % NF P94-410-3 29 21 --- 

Water absorption (24h) % (±10%) EN 1097-6 27.9 19.8 27.3 

Thermal conductivity (W/m°C) EN 12667 0.19 0.32 0.14 

Loss On Ignition (LOI) (900°C) % EN 1744-1 27.2 31.3 --- 

 

Table 6. Characterization of LWA according to the standard (NF EN 13055-1) 
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