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Useof residual materialsfor synthesisof lightweight granulates by thermal

treatment process

N. Kanari, F. Diot, C. Gauthier and J. Yvon

Université de Lorraine, UMR 7359 CNRS, CREGU, GeoRessources Laboratory, 2 rue du Doyen
Roubault, TSA 70605, VandoawviésNancy Cedex, 4518, France.

Abstract

The general scope of this paper is to explore the formulation and the production, by
thermochemical transformations, of expanded lightweight granulates incorporating residual
materials askaolinitic waste, sewge sludge, schist fines and wasted glass. The possible
application fields are light concretes, road engineering, water treatment and hydroponic
agriculture.The benefits can be multiple: ctean of newresources from wastes; preservation of
primary resotces; humid zones on the river banks and the natural course of rivers; manage

of hazardous residual materials.

Tests on the thermal treatment and the thermochemical expansion were conducted in horizontal
experimental setip including a static electricdurnace. Raw material mixtures and treatment
products were examined by visible microscopy, scanning electranscopy-energy dispesive
spectroscopySEM-EDS), X-ray diffradion (XRD) and infrared spectroscopy (IR) in order to
understand the thermaltmiors of the chosen sampl&sata analysis of the experimental results

showed the possbility of obtainingthe expanded granulaies at temperatures lower than or equal

to 1100°Cfor afiring time of a few minutesThe optimal temperature for their synthess is a

function of fluxes contentand decreasedignificantlywith increaseof the wastedglassamourt.

Obtained granulates have a density lower than unity and they have good mechanical strength

fulfilling the condtions fortheir useas buildingmatrials.

Sewage sludge, wasted glassas well asincinerator ashes can be usedas alternative maerials,
among other industrial solid wastes, in the formulation of lightweight clay and schist based
granulaies. Results of this work try to meet the principles of sustainable mining and decreased
pressure on the environment

Keywords: Residual material&aolinitic waste KW {sewage sludge, lightweight granulates.
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1. Introduction

Using natural lightweight materials for the construction purpose is known since Rionesn

Pumice and scoria, the oldest of these materials, are of volcanic origin and can be used after
simple mechanical operationSHandra and Berntsson, 200But, their occurrence is related to

the eruption actions of volcanos, therefore their abureldéwas a heterogeneous geographical
distribution. Nowadays, there is a great interest for the use of the natural materials and/or
aggregates that undergo thermal expansion under controlled conditions. The perlite and some
lamellar minerals i.e. vermiculitelay, schist, shale, slate are the most identified raw materials
used for the thermal synthesis of the lightweight aggregatesxéessive exploitation of these
nonrrenewable natural resources will lead to their depletion in the future. In addition, the
reserves in granulates of developed countries become lower and lower and their exploitation is
severely regulated due to environmental constraint concerning the water flow management and
the protection of humid zones. In this context, attempts were madplaxe, at some extents,

the natural materials by residual substances. However, these solid wastespandubts have

to accomplish the principles dhe expansion process based upon two phenomena: (i) the
formation of a continuous plastic phase, aiidtfie presence of volatile matter under certain
pressure trapped inside this phase creating bubbles that generate the expansion. This plastic
phase is formed when the materials are heated and transformed into a softened and/or partially
liquid state. Depnding on the physical properties of materials, the softening temperatures varied
widely reaching, in some cases, more than 1500°C. Most of the common chemical substances
able to generate gases undergo this phenomenon at temperatures lower than 10@0&S. Not
examples: the combustion and/or pyrolysis of organic matter; the release of bonded/chemical
water; the decomposition of sulphates, hydrated phosphates, carbonates; the oxidation of

sulphides, etc. Hence, a large difference between the softening &umpeand the gasification
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temperature mostly leads to sintering rather than expansion. This is due to gas leakage after that

the continuous fluid phase is formed.

As could be expected, the elemental composition of materials undergoing thermal expansion a
composed of the most abundant elements of the earth crust, i.e. O, Si, Al, Fe, Ca, Na, K, Mg
representing the roeflorming elements with SiPas the main constituent. Therefore, they are
generated during mining, mineral processing and othetr@agmenmn process of raw materials,
metallurgical extraction of valuable metals, chemical purification and metals refining as well as
at the enebf-life products. Sterile residuebarbor sedimentdailings, slags, sludges, ashes,
dustswastedglassare the mostommon and generic names of them. Addition and incorporation

of two or more residual substances in the formulation of materials to be thermally expanded is
often recommended allowing mixtures satisfying the necessary and sufficient conditions for the
expaision as mentioned above. One may underline that it is important to decrease the soften
temperature of the materials to be expanded. One possibility to achieve that in a given system is
WR DGG PDWHULDOV FRQWDLQLQJ VR FD&tatlive me@lkifgyvV- 7k
during slag formation as well as in the glass industry. A typical example is illustrated in Fig. 1
representing the phase equilibrium diagram forS¥® system I(evin et al., 1964)It contains

three binary compounds: the orthosilie (2NaO'SiO,), the metasilicate (N®'SIO,), and the
disilicate (NaO2Si0;). The two last compounds melt congruently at about 1090°C and 875°C,
respectively. However, the most important part of this diagram is to contain more than 70% SiO
correspondig to the composition of the most common glasses. An eutectf©O®I®,-SiO,)

occurs at about 74% Sj@nd 793°C (Fig. 1) resulting in an important decrease of melting point

of the mixture. For this raison, it is suggested to add wasted glass in thedfomuf the
lightweight materials. Phase diagrams of three,(Nal,Os-SiO,) and other oxides are also
available in the literature describing equilibrium phase composition and their evolution with

temperature.
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As overviewed recentlyZhang, 2013;Monteiro and Vieira, 2014)extensive works were

devoted to the incorporation of wastes in fired clay ceramics.

Many investigations were devoted to the use of various coproducts, residues and wastes for
incorporating in the lightweight materials. In a recent w@kina et al.2014), the air pollution

control residues from municipal solid waste incineration is used at low extent (< 10%) to
substitute clay for the preparation of lightweight aggreg#testudy of Gonzaleorrochano et

al. (2014)reports the syntlsis of lightweight aggregates at 1150°C using mining and industrial
waste as raw materials. The manufacture of the lightweight aggregates by incorporating fly ashes
and reaction ashes with reservoir sediments at -1280°C is investigated bZhen et al.
(2010).Recycling of harbour sedimenia lightweight materials is considered as an appropriate
route thanks to its proper chemical composition and particle size distribWieine¢ al., 2008).

The authors concluded that leaching levels of trace metdigling Pb, Hg, As, Cd, Cu, and Cr

from all lightweight aggregate samples are less than regulatory limits. Stabilization of heavy

metals in the lightweight materials is also demonstratedibgt al. (2013).

In this optic, the objective of this study is tovestigate the synthesis of the lightweight
granulates starting from only wastes andpbgducts such akaolinitic waste, sewage sludge,
schist fines, and wasted glass. As the first step of the investigation, much attention was paid to
the thermal behawur of these materials and to their mineralogical evolution as a function of the
temperature between 150°C and 1200°C. Thereafter, the binary and ternary prepared mixtures

were subjected to the thermal expansion by firing between 1000°C and 1200°C.

2. Materials and methods

Multiple samples coming from the industrial exploitation kafolinitic and schist deposits,
wastewater treatment plants as well as fremaof-life glass materials were collected for this
investigation. They were used in powder form foe individual thermal treatmenGeneral

4
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morphological aspects of the initial samples examined by SEM as well as their composition,
HI[SUHVVHG DV VLPSOH R[LGHV IRU PDLQ HOHPHQWY DUH J
sample (Fig. 2a) has a brbparticle size with agd equal to 183 um and it is used in bulk state
without furthergrinding or sizing process. The sample has high contents of silica and alumina as
well as the potassium oxide which will promote the decrease of the softening antting me

point of the system7KH VHZDJH V O X GFHg. i pdcs¥ddd? & Corhplex composition
which is linked to their process generatidesidessilica and alumina, this sample contains
appreciable amounts of calcium, phosphorus, iron and magneumpounds.Five major
elementsconstituting the schist finequ1 6)$ample (Fig. 2c)are dicon, aluminium, iron
potassium and magnesiumLQDOO\ WKH FRPSRVLWLRQ RI WKH ZDVWH
reflects its origin being a sodine-silica glassoriginating from the recycling of the glass

containers.

The binary and ternary formulations at various proportions ofatbm/e mentionednaterials
were prepared and the composition of some typical mixtures (M1 through M4) is given in Table
1. To preparehe mixtures definite proportions oKW, SS SF and WG (Table 1) were
thoroughly mixed and homogenized. Thereafter, the obtained producteadedwith water to

form a pastymaterial which is rolled by hand as granulates of centimetric size.

Raw materits and the prepared granulates were dried in an oven at 60°C for evaporating the free
water before thermal treatment and different analysis tests. Thermal experimental trials were
conducted in horizontal sefps includinga system of static tubular furnaceble to reach
1600°C For the thermal treatment tests, the sample is introduced directlythatturnace

already preheated at desired temperature and when the dwell time is reached, the sample is
removed from the furnace and cooled down to room temperatir was used as flow gas and it

also assured the combustion of the organic matter contained in the mixtures. The outlet gases
were cooled at room temperature leading to the condensation of the vapor phase and the recovery
of a solid condensate mixedttwvthe soot. Initial raw materials and solid products obtained from

5



134 raw material mixtures and thermally expanded granulates were examined by visible microscopy,
135 scanning electron microsconergy dispersive spectroscopy (SHDS), Xray diffraction
136 (XRD), and infrared (DRIFTS) spectroscopy (IR). Solid condensates were subjected to SEM

137 EDS analysis.

138 SEM examinations were performed by using a HITACHI8BO0 device equipped with an EDS
139 elemental analysis microprobe. SEM imaging and chemical microanalyse rnealized at

140 accelerating voltage of 15 kWhe samples were carbon coeéiprior to analysis.

141 XRD was performed on powdered samples using a Bruker D8 Advance de#ide, (.
142 UDGLDWLRQ c XQGHU N9 DQG P$ RSHUDWLQ
143 GLIIUDFWLRQ SDWWHUQV ZDV SHUIRUPHG EHWZHHQ f DQG
144  per step. The XREpatterns were analysed thanks to the DIFFRAC.Baftware and PDR

145 release 2011 database.

146 Diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) was performed using a
147  Bruker IFS 55 spectrometer. The infrared spectra were collected between 600 and 4000 cm
148 wavenumber rangavith a 2 cm' resolution. Most infrared spectra weriterpretedusing

149 previously reported daf@&armer, 1979

150
151 Table 1. Composition of several prepared mixtures (wt.%).
Mixtures .DROLQLWLF 6HZDJH VOX 6FKLVW IL :DVWHG JOI
M1 25 75
M2 20 60 20
M3 40 20 40
M4 50 20 30
152
153
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3. Results and discussion

3.1 Isothermal treatment of initial samples

The thermal treatment of the individual samples was carried out under isothermal conditions
from 150°C to 1200°C for 30 minutes and the obtdidata are plotted in Fig. The evolution

of the mass loss (ML%) versus temperature during the treatmentladheitic waste sample is
drawn inFig. 3a The curve shape suggests that at least two phenomena can be distinguished at
temperature lower ahhigher than 700°C. By assuming that there is still kaolinite inkihe
sample and after reviewing works related to the thermal behavior of the kaolinite clayapne
emphasis that the ML% up to 700°C can be attributed to the dehydroxylation of kaolinite
Moreover, as the relative mass of water in pure kaolinitg5ifDs(OH),, i.e. ALO32Si0O,2H,0]

is 13.96%, one may suggest that the kaolinite content in the KW sample is around 10%.
Volatilization of the micas structural water contained in KW can bporesble for the ML
observed at higher temperatuMeverthelessthe ML% curveis an apparenteflection of the
samplethermal behaviordue tothe broadsize fractions of the KW samplesed for the

experimental tests and to timrinsic transformation kietics.

Data compilation for the sewage sludge treatment between 150°C and 1150°C is drawn in
Fig. 3b. As could be expected, such materials are very complex in composition including organic
matter, clays, carbonates, phosphates, sulphates, quartz, gierB8sample is constituted of
intrinsic fine particles (several um) leading to an increased activity compared with KW sample.
However, the ML curve shape for the SS treatment reflects two significant steps of ML%. One
may speculate that dehydration, ndoustion/decomposition of organic matter and clays
dehydroxylation are produced at temperatures lower than 550°C. Whilst the metal carbonate
decomposition (most probably Cag)ccurs at temperatures higher than 700°C. Note that the

final ML% of the samplat 1100°C is more than 9 times higher than that of KW sample.



178 The shape of the thermal treatment curve ofsttast finessample plotted in Fig. 3c indicated a

179 continuous mass loss up to about 800°C with a value close to 4.5% ML. As expected, the ML of
180 the wasted glass sample (Fig. 3c) is low withaaeragevalue of about 0.4% in the whole

181 temperature range studied. These preliminary assumptions for the thermal behaviors of these
182 samples are developed and discussed during interpretation of>@d@MelR and SEMEDS

183 results which are exposed below.
184

185 3.2 Characterization of the thermal treatment products

186 3.2.1 Kaolinitic waste

187 The results of the XRIneasurementsf the initial kaolinitic samplend the obtained residues at
188 different treatment temperaturdsofm 300°C to 1200°C) are displayed in FigWhilst, the IR

189 (DRIFTS) results are summarized in Fig. XRD analysis shows the presence of micas
190  {Al JAlSiz010(OH,FyK]-muscovite; Ab-(Mg,Fe)SizAl)(K,H30)x(O10[(OH),,(H20)]-illite} as

191 well as kaolinite Al ,Si,Os(OH),] as major crystallized phases in the KW raw sample @y).

192 Other major phases revealed by XRD consisted of uaiBiO,), alkali feldspar (KAIS{Os)

193 and schorl [NaF2é3AI6(BOg)3Si6018(OH)4], note that this mineral contains borate ions and acts
194 as a flux.SEM-EDS analysis of the neineated kaolinitic waste confirms the occurrence of the
195 above mentioned phases iElexted sample particles. Titanium, tin, tantalum, niobium and iron
196 oxides were also revealed by SHADS analysis. It should be noted that their phase content is
197 low to be detected by usual XRD analydibe thermal treatment dhe KW resultedinto the

198 decrease of thepeaks intensityof kaolinite with an increase of theemperaturejn addition,

199 typical peaks of kaolinite disappeared for themperature higher tha®00°C. Higher

200 temperatures (approaching 1000°C) are required for breal@ge of muscovitelllite (micas)

201 structure (Fig4b). The characteristic peaks of the schorl phase are no more detected beyond
202 900°C. Note that schorl appeared aminor phase even in the initial KW sample. Products

203 obtained at temperatures exceeding 900°C are mostly cad@d feldspar and quartz.


http://fr.wikipedia.org/wiki/Potassium
http://fr.wikipedia.org/wiki/Hydronium
http://fr.wikipedia.org/wiki/Oxyg%C3%A8ne
http://fr.wikipedia.org/wiki/Hydroxyde
http://fr.wikipedia.org/wiki/Eau

204

205

206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

222

223

224

225

226

227

228

As shown by Fig5, the IR spectrum of KW raw sample exhibits the bands near the three
characteristic bands at 3696, 3652 and 3880 that can be attributed to [AD-H] stretching of
disordered kaolinite. More precisely, tlest band is characteristic of inner hydroxyls, while the
two first ones are assigned to vibrations of external hydroxyls. The bands close to 3620 cm
could also be assigned to the hydroxyl vibrations in the muscovite and illite and they overlap due

to thesimilarities of AFOH bond of these two minerals.

As presented in Fid, the IR spectra of the KW treated at various temperatures can be classified
in three groups depending on the temperature: (i) from 300°C to 600°C; (ii) between 700°C and
900°C and (i) 1000°C-1200°C. By combining the results of ML versus temperature @&g.
with XRD (Fig. 4) and IR and results,one may concludethat quasifull dehydroxylation of
kaolinite contained in the KWs achieved aabout600°Cfor 30 minutesSimilar findings were

reported earlyGasparini et al., 2013).

3.2.2 Sewage sludge

Results of the above mentioned analysis uponirthiel sewage sludge sample confirms the
multiphase nature of this material. Figs. 6 and 7 represent, respectivelfjREhandIR andysis
results of the products generated during heating of the sewage slihegenineral composition
of the initial SS sample represersgsmixture of micas,kaolinite, feldspar,anhydrite (CaSQ),
quartz and calciteBesides the characteristic bands asatilbo kaolinite, muscovite/illite,
carbonate and quartz prewallin the raw sample, the IReasurementonfirms the presence of

theorganic matter (Figza).

Gathering thedata displayed in Figsb3 6 and 7allowed the explication of theSS thermal
behavors. The thermal treatment under 300°C led to destabilization/destruction of organic
matter as indicated by the absence of the absorbance bands #98826nt attributed to

diverse GH stretching (Fig.7). The dehydroxylation of the siliealuminates ishifted towards
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low temperatures compared whkholinitic waste. This is probably due to the fine particle size of
sewage sludge as well as the exothermic nature of the reaction of organic matter with oxygen.
The plateau of the mass loss observed duriggtment of the sample at around 550°C (Fim. 3
confirms an almost full reaction of hydrocarbons with oxygen and a complete removal of the

structural kaolinite water at temperatures lower than or equal to 500°C.

Decomposition of carbonates (Cagarcordirg to XRD, Fig. 6 generating carbon dioxide is
the major occurred transformation. The doublet band at-2349 cni (Fig. 7b) is assigned to
gaseous C® One may speculate that the evolved,@Otrapped in the soften glass creating
closed micropores. T hypothesis is confirmed by the fact that the product obtained at 1150°C
is free of CQ as it is fully melted leading to the carbon dioxide esci&pether,the remove of

the CQ, involved andtrapped in thgporousSS produciat medium temperaturenay govoke

the ML% observedt temperatures higher than 960

These deduced observations show that the decomposition of carbonates guarantees one of the
necessary conditions for the thermal expansion of the materials. While, the presence of
phosphorous and passium compounds (confirmed IBEM-EDS results)resulting in the
apparition of the liquid phase at relatively low temperatures whiely be converted into
amorphous glass during cooling. The XRD patterns at high temperatureSFghowed neo

formed plases difficult to be identifiede(g. d = 5.18 A) and some other ones belonging
probably to pyroxene group. However, the quartz, anhydrite and feldspar remain the major

crystallized phases of tlsewage sludge sample treated at temperatures higher tHia&h 800

3.2.3 Schist fines

A schist fines sample wasalso subjectedto thermal treatment under air atmosphere up to
1200°C. As in the previous cases, the elemental and mineralogical evolution as a function of the

temperature was followed bovementioned aalysis methodsMany of the obtained results

10



254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

270

271

272

273

274

275

276

277

278

are summarized in Figs. 8 andAtcording to theXRD patterndraced in Fig8a the crystalline
phases of theaw SF sampleare chlorite, muscovitdillite (micas), kaolinite as well ageldspar
and quartzAs indicated in Fig. 9a, the exhibited bands around 3559 and 3417cam be
attributed to (AlIFe)@OH and (MgAI)OOH stretching, respectively, of fired kaolinite and
chlorite with a general formula [Mg.y) Alx F&, Siax AlxO19(OH)g]. Further,the absorfion
spectra of th€©H region presented the overlappisfgan absorption band at around 3622'dwy

muscovite and illite.

Heating theSF sample leads to the dehydroxylation of kaolinite at T < 650°C.sTitueture of

the hydroxide sheet of the present atile seems to be stable up to 7758@ere the total
volatilisation of its structural iachieved Peak intensity of the muscovite/illite phase decreased
with temperature and the peak signal of these compounds is absendliifrédttogramobtained

at T >950°C. Further heating (especially at 1200°C) provokes the formatipartél liquid
phaseconverted into glass during sample guenching in air. Besides quartz, the characteristic
peaks of the spindike structure of the netormedhercynite (FeAIO,) were revealed by XRD

in the schist product heated at 1200°C.

3.2.4 Wasted glass

As already shown in Fig. 3c, the powderedsted glasssample is heated at different
temperature$or 30 minutes. Reminder that the sample was brought directly in the heated zo
of the furnace and after reaching the fixaalelling time, the sample is cooled in air to room

temperature.

It was quite interesting to follow the mineralogical and morphological evolution of the WG
thermal treatment products at various temperattres XRD patternsare grouped in FiglO.
7KH LQLWLDO :* GLIITUDFWRJUDP H[KLELWYV D EURDG GLIIUL

XRD amorphous nature of the waste glass samipie well-defined reflection at 3.24A
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probably corresponds to a crystadid organic material since it disappeatri®w temperatureAs

shown by Fig. 10, the crystallization of WG started from temperatures higher than 600°C. This
phenomenon, known as glass devitrification, occurs beyond the glass transition temperature
which cscillates between 520°C and 600°C for the classical-bo#ssilica glasses. The first

phase to be crystallized seems to be the quartz which remains predominant phase up to 900°C.
Typical peaks of plagioclase (series of solid solution between -¥bi#dSi;Os and anorthite
CaAlLSibOg endmembers) and wollastonite (Cag)@ppeared in the diffractograms of samples
heated at temperature higher than 800°C. These components bdwmeain crystallized

phases at 1000°C which is evaluated to be lesser thdiquitus temperature of the used soda
lime-silica glass, while the main phase of the WG treated at 1050°C is quartz. Further heating, at

1100°C, led to a product slightly crystallised with low intensity peaks of quartz.

Several WG thermal treatment sangpleere subjected to SEM/EDS examination. The cross
sections of the fired samples at 850°C and 950°C are given in Fig. drigha starlike shaped
phase into the glassy matrix appeared in the SEM micrograph of the sample obtained at 850°C
(Fig. 11a). Thanorphology of the neformed crystalline phase is affected by the temperature
and as shown in Fig. 11b, the neelilte crystals are abundant for the WG treate850°C.The

higher magnification of the SEM images gathered with the EDS results fotheathmples are
displayed in Fig. 12. The oxides contents of two kinds of crystals seem to roughly confirm the
chemical composition of wollastonite. Other results acquired by-EBI8 analysis indicate the
presence of neformed and weldeveloped particles kiang the typical composition of
plagioclase (K. 13a) and quartz (Fig. 13b).

Similar findings have been described in the literature during glass devitrification and glass
ceramic synthesis. Teixeira et al. (2014) reported the wollastonite formation dheng
production of the glasseramic material at temperatures lower than 900°C. Another

investigation (Yoon et al., 2013) revealed that the most appropriate temperature to produce

12



304

305

306

307

308

309

310

311

312

313

314

315

316

317

318

319

320

321

322

323

324

325

326

327

328

wollastonite glas€eramics containing acicular type crystalline phase gtbd mechanical

property was between 1000°C and 1050°C.

One may note that the nature, the amount and the shape of the crystalline phases are related
especially to theomposition ofstarting materials, crystallization temperature and time, heating

and coding rates as well as the presence of nucleation agents.

3.3 Thermal expansion of granulates

The above mentioned results gave general information about the elemental and mineralogical
transformation occurring during the thermal treatment of the selectste véamples. They
permit to establish an experimental procedure for the production of lightweight granulates
starting by these waste materials. Various mixtures based on the binary and ternary formulations
were tested for thermal expansion purpose. Samknpnary results of the work performed are
described previously (Kanari et al., 2010). A comparig@w of green granulates and those
thermally treated under different conditions for the previously formulated mixtures (Talsle
shown in Fig. 14The bloating temperatures ranged from 105G&nd 1100°Cfor the firing

times at 10 and 15 minuteA. substantial difference between green and expanded granulates is
obvious whichever mixture is used for the thermal expansion. Further, thesemiss of the
expanded granulates shows mostly two distinct zones i.e. the shell and the core of granulates.
Their macremorphology roughly demonstrates the principle dhe thermal expansion
mechanismlinked to the formation of a sealed coat (thenseoutside layer) rapping gases

leading to thepore formation (ga$lled porous inner zone) during firing.

A typical microstructuref the obtainedightweight granulatess given in Fig. 15aVarious size
pores(black zonespf rounded shapare obvious from the imag&hey are mostlhenveloped by
a vitreous matrixxomposed of Si, Ca, Al, K, Na oxiddsowever, he EDS spectra revealed the

presencef someheavymetal bearing compounds the expanded granulatdor instance, the

13



329 bright spotof Fig. 15aaretypically conposed ofcopper and iron sulfidg$-ig. 15b)originating

330 from the sewage sludge Other heavy metals (Cr, Zn) are stabilized in the spinel phase of the
331 expanded granulatéKanari et al., 2010)Neverthelessthe SEMEDS analysis of the obtained
332 condensateshowed the presence of Zn and Pb compounds indicating their partial volatilization

333 during bloating process.

334 The aforementionedexpandedmixtures were examined by XRD analysis and the obtained
335 diffractogams displayed in Fig. & are of particular interestBesides quartzfeldspar and

336 anhydrite,they show the presence of the wollastonite phase in all expanded mixtures containing
337 wasted glass (M2, M3, M4) although the expansion temperature is between 1050°C and 1100°C.
338 Reminder that during the thermal treant of wasted glass alone (section 3.2.the

339 wollastonite was not detected aijgeratures higher than 1000°Gne may speculate that in the

340 case of thgranulateexpansionthe woll astonite nucleationis promotedby the presencef inert

341 phass, such asTiO,, known as nucleating agentluring glassceramic synthesid\ote that the

342 titanium oxide is premt in the starting materialsKkiW, SS and SF)Examinationof the

343 lightweight granulates(M3 expanded at 108C) by SEMEDS indicated the growth of

344  whiskes-like shape(Fig. 17a) with a rough chemical compositi@fig. 17b)correspondingo

345 wollastoniteembedded in a glassy matrix (Fig. 174tshould be noted that the presence of such

346 compounds will improve the flexural strength of the expanded granulates.

347 The decrease of thexpansiontemperature isa function of thewasted glasamountin the
348 granulate formulation. Theodalime-silica glass acts as a flux for the granulates by lowering
349 their softening temperature (see Fig. Asx shown beforegxperimenal tests usingmixture
350 designed a$M13 (40% KW + 20% SS + 40% WG) showed a good thermal expansion of the
351 formulated granulates at 105Q°@hich is 50°C lower than th&mployedfor the expansion of
352 M4 (50% KW + 20% SS +30% WG).Preliminaryexamination of everal physical properties of
353 theaobtained lightweight granulatetiowed thaéxpanded3 product had an apparent density of
354 0.69 g/cmi and it is characterized by the water absorption coefficient of 14T8% granulates
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obtained duringhermal expansionfaM1 at 1100°C have a real density close to unity and a
compressive strength of 4.9 MPa which is comparable with those obtained for natural granulates
based on schistallowing their use as building materialSlore detailed datarelated to the

obtained lidntweight granulatewill be developedn the forthcoming studies.

4. Conclusions

Thermal treatments of individual wasted materials as well as the thermal expansion of theirs

mixtures allow the following conclusions:

1. The main phases of thieaolinitic waste are: micas, feldspar, kaolinite, schorl and
guartz. Thermal treatment of the samples showed the dehydration/decomposition of the
kaolin at temperatures lower than 650°C, whilst, the muscovite and other sheet silicates
are broken down at around 1000°€sulting in quartz and refractory feldspar as well

crystallized phases at 1200°C.

2. At least two steps are observed during thermal treatment of the sewage sludge in air.
The decomposition and/or combustion of the organic matter as well as the clay
dehydrxylation occurred at temperatures lower than 650°C. The calcite decomposition

into CaO proceeds at higher temperatures involving carbon dioxide.

3. Complete dehydroxylation of the chlorite contained in the schist sample is achieved at
temperatures lowehan or equal to 775°C. The thermal behaviors of other schist phases
(kaolinite, muscovite, illite, feldspar) are similar to those observed fokabénitic

waste.

4. The thermal treatment of the wasted glass led to the partial glass devitrification at
temperatures higher than 700°C. Quartz, plagioclase and wollastonite are identified as

the main nedormed crystalline phases. The wollastonite nedéldée structure is
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considered as a suitable candidate for improvingttengthof the fired product.

5. Results of the thermal expansion showed the possibility to manufacture the lightweight
granulates at temperatures between 1050°C and 1100°C by using only residual
materials. It may be stated that the optimal expansion temperature depends on the glass

and sewge sludge contents of the prepared mixtures.

6. The resulting granulates are lightweight and they have a good mechanical strength
meeting the conditions for their use as building materials. Other application fields are

road engineering, water treatmentehydroponic agriculture.

This study investigates the possibility of using a wide spectrum of secondary raw materials for
synthesizing lightweight granulates by thermochemical transformation. Results so far indicate
the potential to achieve sustainablenmg and processing as well as resource efficiency

principles of maximizing yields.
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Phase diagram for N@-SiO, system, adapted frotrevin etal. (1954).

Fig. 2. Morphological aspects of the initial samples and their oxide contenfa)fkaolinitic
waste;(b) sewage sludg€g) schist fines(d) wasted glass

. Evolution of sample mass loss as a function of temperature(@pikaolinitic waste; (b)

sewage sludgefc) schist fines and wasted glass during their isothermal treatment at 30
minutes.

: XRD diagrams of the solid products issued from the thermal treatment kéahgitic waste

sample up to 600°(x) and from 700°Cd 1200°C(b).

. IR spectra (DRIFTS) of the solid products issued from the thermal treatmentlatdiatic

waste sample at different temperatures.

. XRD diagrams of the solid products issued from the thermal treatment of the sewage sludge

sample up to 650°@) and from 750°C to 1150°(M).

. IR spectra (DRIFTS) of the solid products issued from the thermal treatment of the sewage

sludge sample up to 5507&) and from 650°C to 1150°(M).

. XRD diffractograms of the solid pdacts issued from the thermal treatment of the schist

sample between 200°C and 650} and from 750°C to 1200°®M).

: IR spectra (DRIFTS) of the solid products issued from the thermal treatment of the schist

sample up to 650°C) and from 750°Go 1200°C(b).

XRD diffractograms of the solid products issued from the thermal treatment of the wasted
glass sample between 400°C and 1100°C.

Cross section of theasted glassample heated at 850{&) and 950°Qb).

SEM-EDS results of the wollastonite like crystals obtained during thermal treatment of the
wasted glassample at 850°Ca) and 950°Qb).

SEM-EDSresults of plagioclas@) and quartZb) particles obtained during thermal treatment
of thewasted glassample at 850°C.

Photographs of green and expanded granulates fdaMi2 (b), M3 (c) and M4(d).
SEM image of the expanded M3 at 105FFand elemental composition of bright spfiis
XRD diffractograms of the thermalgxpanded granulates

SEM-EDS results of theVi3 expanded at 1050°C displayin) morphologic aspectgp)
elemental composition difie 1 Z K L V KcHelém&intal composition difie matrix.
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Evolution of sample mass lossas a
function of temperature fora) kaolinitic
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Fig. 4. XRD dagrams of the solid products issued from the thermal treatment kédhiaitic

waste sample up to 6007€) and from 700°C to 1200°(D).
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558 Fig. 5. IR spectra (DRIFTS) of the solid products issued from the thermal treatment of the
559 kaolinitic waste sample at different temperatures.
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581 Fig. 6. XRD diagrams of the solid products issued from the thermal treatment of the sewage
582 sludge sample up to 6507@) and from 750°C to 1150°().
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604 Fig. 7. IR spectrgd DRIFTS) of the solid products issued from the thermal treatment of the
605 sewage sludge sample to550°C (a) andfrom 650°Cto 115C°C (b).
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628  Fig. 8. XRD diffractograms of the solid products issued fronttieemal treatment of the schist
629 sample between 200°C and 65Q&}and from 750°C to 1200°(®).
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650 Fig. 9. IR spectrgDRIFTS) of the solid products issued from the thermal treatment of the schist
651 sampleup to650°C (a) andfrom 750°C to 1200°C (b).
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668 Fig. 10. XRD diffractograms of the solid products issued from the thermal treatment of the
669 wasted glass sample between 400°C and 1100°C.
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Fig. 11. Cross section of th@asted glassample heated at 880 (a) and 950°Qb).

(a) (b)

Fig. 12. SEM-EDSresultsof the wollastonite like crystalsbtainedduring thermal treatment of
thewasted glassampleat 850°C(a) and 950°Qb).

(a) (b)
Fig. 13. SEM-EDSresultsof plagioclasga) and quartZb) particles obtained during thermal
treatment of thevasted glassample at 850°C.

30



690

691
692

693
694
695
696

697
698

699
700

701
702
703
704
705
706

1100°C, 15 min 1080°C, 15 m

(a) (b)
1050°C, 10 min 1100°C, 10 min

(©) (d)
Fig. 14. Photograph®f greenand expandedranulats for M1 (a), M2 (b), M3 (c) andM4 (d).
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Fig. 15. SEM imageof the expanded M3 at 1050(&) and elemental composition of bright
spots(b).
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Fig. 16. XRD diffractograms of the thermally expanded granulates.
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Fig. 17.

SEM-EDS resultsof the M3 expandedat
1050°C displaying: (a) morphologic aspect:
(b) elemental composition othep ZKL VI
(c) elementatomposition othe matrix.
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