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Geopolimer-EPS kompozit

szigetelo anyagok eredo hovezeteési
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Experimental- and theoretical investigation of the resultant thermal conductivity of
geopolimer-EPS composite insulating materials

Today it is very important to minimize the use of energy, which is especially true for the thermal
insulation of buildings. If heat-insulating materials for the construction industry can be produced
from wastes or industrial byproducts (plastics, ashes), this innovative technology also contributes
to the sustainability of modern living. Therefore, the main objective of the present paper is the
theoretical and experimental investigation of the resultant thermal conductivity of lab scale and
pilot scale geopolymer-polystyrene (EPS) composite insulating materials. The thermal conductivity
measurements have been carried out by a new self-developed apparatus. The theories of the so-
called serial and the parallel heat flow cases in two phase disperse systems are well known in the
literature. The parallel and the serial heat flow models have been linked together in a theoretical
universal equation. The dispersion constant (D) parameter has been introduced for the universal
equation. The dispersion constant parameter is suitable for the characterization of the dispersion
state of two phase disperse systems. Comparing the results of the experimental and theoretical
resultant thermal conductivities it was concluded that the dispersion state of the measured
geopolimer-EPS composite insulating materials is approximately 0.8. It was also observed that as
the quantity of the ground fly ash increases the resultant thermal conductivity increases as well.
Keywords: geopolimer, EPS, thermal insulating material, thermal conductivity, serial and parallel
heat flow model.
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hoévezetési modell.

1. Bevezetés

Az épiiletek gazdasagos tizemeltetésének egyik dltalanosan
alkalmazott moddszere a kiils6 falazatokra felvitt hészigetel$
anyagok alkalmazasa. Ennek ellenére az épiiletek fhtésére
és hitésére felhasznalt energia igen jelentds, ezért a
hészigetelés megfeleld kialakitasa, illetve miikodtetése jelentds
energiamegtakaritast eredményezhet. Az USA Energiaiigyi
Minisztériumdnak jelentése [1] szerint a fiitési-, illetve hiitési
koltségek a teljes éptilet energetikai koltségeit tekintve 50-
70%-ot is jelenthetnek egy atlagos otthon esetében. Az emlitett
arany magasabb is lehet kedvezétlen éghajlati viszonyok
mellett, illetve alacsonyabb energiahatékonysaggal rendelkezd
épiileteknél. Az épiiletek megfeleléen megvalasztott, illetve
kivitelezett hdszigetelése nagymértékben hozzajarul az
energiahatékonysdg noveléséhez, amely a koltségeket is
jelentdsen csokkentheti. A fiitésre és hitésre felhasznalt energia
mennyisége attdl fiigg, hogy az épiilet mennyire ,,jol” hoszigetelt.
A hoszigetelést tekintve megkiilonboztethetiink kiilso, illetve
bels6 hdszigeteléseket. A kiilsé hoszigetelés mellett a belsé
hészigetelés is jelents hatdssal van az energiafogyasztasra,
kiillonosen a tobb hémérsékleti zénaval rendelkezd épiiletek
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esetében, melynek tipikus példai a tobbemeletes lakodtombok
(panelépiiletek) [2]. Az épiiletek esetében alkalmazott
hészigeteld anyagok egyik legfontosabb miiszaki paramétere
a hovezetési tényezé (jele: A, mértékegysége: W/mK),
amely értéke minél kisebb, annal jobban ellendll az anyag,
a két ellentétes oldalan kialakulé homérsékletkiilonbség
kovetkeztében 1étrejove és rajta athaladd hédrammal szemben,
tehat annal jobb hészigetel6 anyagrol beszélhetiink.

Masrészt, a modern életvitel jelentés kornyezetterheléssel
jar, ezért a magas életszinvonal fenntarthatésaga érdekében
alapveté cél, hogy a hulladékka valt anyagokat vagy
melléktermékeket vissza tudjuk forgatni a gazdasigba (EU
korkoros gazdasag elve). Igen nagy tomegben keletkeznek salak
és pernye anyagok a szén és lignittiizelésti erémiivekben, amely
anyagok mar deponalt mennyisége is jelentds. Vilagméretdi
probléma a hulladékka valé mianyagok 6riasi mennyisége is,
amelynek egy kis szelete a polisztirol. Amennyiben pernye és
polisztirol melléktermék és hulladék anyagokbdl j6 mindségii
épiileti szigetel anyagokat tudndnk gyartani, az mind az
energiahatékonysag, mind a korkoros gazdasag szempontjabdl

el6nyos lenne.
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2. Hovezetés tobbfazisu diszperz rendszerekben

A tobbfazisa diszperz rendszerekben a hé vezetésének
jelensége igen Osszetett folyamat. A termodinamika alapjait
figyelembe véve egy adott rendszer (anyaghalmaz) belsé
energidjanak a megvaltozasa a kovetkezé négy tipusu
energiacsere kovetkezményeként johet 1étre:

= hoédtadas, amelyet a hémérséklet és az entropia;

= mechanikai energia, vagy mas néven a térfogatvaltozasi
munka, amelyet a nyomas és a térfogat;

= kémiai energia, amelyet a vegyérték és a reakcioba 1ép6
anyagok molaris mennyisége; illetve,

= afeliileti energia, amelyet a feliileti fesziiltség és a
fazisok kozotti feliilet jellemeznek.

Egyensalyi allapotban a killonféle energiatipusokat
jellemz8 paraméter parok egyike alapvetéen meghatarozza
az egyensulyi allapotot. Roth szerint [3], létezik egy olyan
termodinamikai potencial, amelynek a jellemz&i a rendszer
méretével egyenesen aranyosak, illetve amelynek széls6 értéke
(minimuma) van egyensulyi allapotban. Egy tobbfazist
diszperz rendszer eredé hévezetési tényezdjének vizsgalata
soran az uralkodd energiacsere tipusokat kell figyelembe
venni. Egy folytonos egyfazisi anyag belsé energidja megfelel
az anyag mikroszkopikus épité elemeinek molekuldris szintd
kinetikus energidinak 6sszegével. A magasabb hémérséklettel
rendelkez6 atomok, molekulak nagyobb kinetikus energiaval
rendelkeznek - tehat gyorsabban és nagyobb amplitidéval
rezegnek -, amelyet a szomszédos molekuldk felé képesek
atadni. Gyakorlatilag ez az a mechanizmus, amelynek
segitségével terjed a hé az anyagban a magasabb hémérsékletd
részek fel6l az alacsonyabb hémérséklett részek felé. Tobbfazisu
rendszer esetén a héterjedés a fazishatdrokon 1évé molekuldk
kozott hasonléan - oszcillalé energiacsere segitségével -
megy végbe, mint az elézéleg emlitett esetben. A kiilonbozd
anyagok hétani viselkedése nagyban fiigg a fazisvaltastol, azaz
a halmazallapot megvaltozasatol. Az ered6 hétani paraméterek
a diszperz anyagban lejatszodé mikro folyamatokat - igy a
fazisvaltast, a rejtett h6t a g6z fazisban és az érzékelhetd hét a
folyadék fazisban - is magukban foglaljak.

A kapcsolodo szakirodalmat attekintve megallapithatd, hogy
Maxwell [4] volt az els, aki nagyon kis koncentracidban jelen
1év6 monodiszperz szemcséket tartalmazo kétfazisu keverékek
eredd hovezetési tényezdjét vizsgalta. A vizsgdlatai soran
feltételezte, hogy a szemcsék kozott nincs érintkezés, igy azok
kozott nem jonnek létre héhidak. Késébb Rayleigh [5], illetve
Zehner és Schundler [6] fejlesztették tovabb a Maxwell [4] 4ltal
megalkotott modellt. Zehner és Schundler [6] az egyszertsitett
modell alapjan feltételezte, hogy a diszperz rész azonos méreti
gomb alaka szemcsékbdl dll. Az emlitett modellek alapjan a
kétfazisa durva diszperz rendszer eredd hévezetési tényezdje
a koncentracié fiiggvényében az 1. dbrdn lathatd, amikor is
a szildrd diszperz rész hovezetési tényezdje szazszorosa (A,/
A,=100) a diszperzids kozeg hovezetési tényezdjének.

100 L — -
Zechner és Schiunder (1970)
----- Maximum P
80 H *=+= Minimum PR P ey
= =Maxwell (1865)

Diszperz rendszer eredd/diszperzids kozeg

hévezetési tényezdjének ardnya. A=/l1 [-]

Térfogati koncentracié. C [-]

1. dbra  Monodiszperz gomb alakii szemcséket tartalmazo durva diszperz rendszerek
eredd hévezetési tényezdje a koncentrdcid fiiggvényében [7]

Fig. 1. The resultant thermal conductivities of two-phase disperse systems containing
only spherical monodisperse particles as funtion of the concentration [7]

A soros és parhuzamos hévezetési modellek ismertetéséhez
vizsgéljunk meg egy kétfazisu szilard-gaz diszperz rendszert.
A szilard fazis legyen a diszpergdlt fazis, a gaz fazis pedig
a diszperzidés kozeg. A térfogathanyadok (koncentriciok)
Osszege legyen egységnyi (1), azaz:

- 1
g te, =1 (1)

A bemutatott rendszer leegyszertsitve modellezhet6 olyan
moédon, hogy az Osszes szemcsét egy Osszefiiggd szilard
testnek képzeljiik el, amely mellett a gaz fazis &sszefiiggéen
kitolti a fennmarado térrészt. A valédi diszperz rendszerhez
képest ez a modell nagymértékli egyszertisitést jelent,
azonban a gyakorlatban taldlkozhatunk ilyen, nem diszperz
anyagokkal. Amennyiben a valés diszperz allapotot ilyen
moédon leegyszertsitettilk, illetve modelleztiik, a héaramlas
iranyat és a fazisok elhelyezkedését tekintve kétféle szélsGséges
elrendezésrdl (allapotrdl) beszélhetiink. Amennyiben a hé
aramldsa sorosan megy végbe a diszperz rendszert alkot6
fazisokon keresztil (2. dbra), abban az esetben az eredd
hévezetés értéke alacsony lesz, ugyanis a gaz fazis hévezetési
tényezdje nagysagrendekkel alacsonyabb - ez jelenti tehat az
also korlatot (1. dbra) —, mint a szilard fazis esetében.

L: L.

2. dbra  Soros hdvezetési modell kétfazisii diszperz rendszerekre (elméleti minimum)
Fig. 2. Serial heat flow model for two-phase disperse systems (theoretical minimum)

Az egységnyi feliileten athaladé hédram kétfazisu soros
elrendezés esetén a (2) képlettel szamithato:
Q=——A-AT
L
Lo e )
A, A

s g

Vol. 69, No. 3 = 2017/3 = . 75



épitdoanyag - Journal of Silicate Based and Composite Materials

A soros elrendezéshez tartozd eredd hévezetési tényezdt a
(3) képlet segitségével kaphatjuk meg:

A= My (3)

g, A, g, A

Az  egységnyi feliileten dathaladé héaram kétfazisu
parhuzamos elrendezés esetén (3. dbra) megegyezik a két
parhuzamosan elhelyezkedé fazison athaladé rész héaramok
Osszegével (4), amely gyakorlatilag az elméleti maximum
értéket jelenti (1. dbra).

A-e:

3. dbra Pdrhuzamos hévezetési modell kétfazisii diszperz rendszerekre
(elméleti maximum)
Fig. 3. Parallel heat flow model for two-phase disperse systems
(theoretical maximum)

L. A
Q:QS+Qg:%-A-SS-AT+f~A-sg-AT (4)

A héaramlas iranyat tekintve az alkoto fazisok parhuzamos
elrendezése esetében az ered6 hévezetési tényezd az (5)
egyenlet segitségével adhat6 meg:

A=hgg th, g, ()

Egy valds kétfazisu (szilard-gaz) diszperz rendszerben az
eredé hévezetési tényezd az alsd (soros hévezetési modell)
és felsé (parhuzamos hoévezetési modell) korlat kozé kell,
hogy essen, amelyre szdmos paraméter hatassal van. Ezek a
paraméterek foként a szemcseméret-, a szemcsealak-, és a
szemcsesliriiség-eloszlds, illetve alapvetéen a koncentracio.

3. Anyagok és mddszerek

A hétani vizsgalataink kozéppontjaban olyan pernye alapu
geopolimer kompozit anyagok dallnak, amelyek kiilonbozé
térfogatszazalékban tartalmaznak hozzdadott expandalt po-
lisztirolt. Az egyébként is jo hdszigeteld képességgel rendel-
kezd geopolimerek hévezetési tényezdje, illetve testsiirtisége
jelentésen csokkenthetd expandalt polisztirol gyongyok (EPS)
hozzdadasaval. A masodnyersanyagokbdl létrehozott kompo-
zit anyag alkalmas lehet az épitSipari szigetelé anyagok jovo-
beni kivaltasara. Alkalmazasdnak masik fontos elénye, hogy a
depondlandé hulladék mennyisége is csokken.

3.1. Felhasznalt anyagok
3.1.1. Geopolimer

A geopolimerek amorf alumino-szilikatok, melyek la-
gos kozegben (KOH, NaOH) szilicium-dioxid és alumino-
szilikat-oxidok kozott lejatszodo reakcid soran allithatok eld
szobahémérsékleten vagy magasabb hémérsékleten (30-100 °C)
egyarant. Eza reakcid egy amorffélig-kristdlyos haromdimenzios
polimer strukturat eredményez, mely Si-O-Al kotésekbdl all [8,
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9]. Minden olyan elsédleges vagy masodlagos nyersanyag alkal-
mas geopolimer gyartasara, amely reaktiv szilicium-dioxid és
aluminium-oxid fazisokat tartalmaz, mint példaul a természe-
tes kozetek vagy ipari melléktermékek (pl. erdmti pernye, salak
és vorosiszap) [8, 9, 10, 11]. A geopolimerek jo fizikai-kémiai
és mechanikai tulajdonsagokkal rendelkeznek, tobbek kozott
alacsony stirliség, mikro- vagy nanoporozitas, csekély zsugoro-
das, magas szilardsag, héstabilitas, nagy feliileti keménység, tiiz-
és kémiai ellenallésag jellemzi azokat [12, 13, 14]. A geopolimer
szilardsaga a pernye Orlésével szabalyozhato [15, 16].

3.1.2. Expandalt polisztirol (EPS)

Az expandalt polisztirolhab (EPS) alapanyaga hére lagyuld
polimerizalt sztirol, ami habosité anyagot és égéskésleltetd
adalékot tartalmaz. A tulnyomorészt levegébdl allo anyag
kivalo hészigeteld képességgel rendelkezik, jol alakithato,
egészségre, illetve kornyezetre nem veszélyes. Az expandalt
polisztirolhab legfontosabb jellemz&éje az igen alacsony
hévezetési tényez6, amely a zart celldkban nyugvoé leveg6nek
koszonhet6 [17]. Kivalé hoészigetelé képessége mellett,
alkalmazasdnak széleskorti elterjedésében fontos szerep jutott
az igen kis teststirtiségnek (30 kg/m?), valamint annak, hogy
jelenleg az egyik legolcsobb homlokzati hdszigetel$ anyag [18].

3.2. Geopolimer-EPS kompozit probatestek gyartasa

A probatestek gyartasa, illetve vizsgalata laboratériumi- és
féliizemi (I. és II. széria) méretben tortént. A laboratériumi
szérias mintak el6allitasa soran 6rolt depondlt tiszadjvarosi
pernyét hasznéaltunk, mint geopolimer szilard fazis, amelyhez
NaOH és natrium-szilikat lugos aktivaloszert kevertiink 45
m/m% aranyban egy fiigg6leges habarcskeverében. Ezutan
a geopolimer pasztdhoz adagoltuk az eléapritott polisztirol
szemcséket (0,5-10 mm), amely keveréket a homogenizalast
kovetden 400x400 mm-es alapteriiletdi sablonokba 6ntottiik,
majd vibraciésan tomoritettiik. Az elkészitett probatestek
magassaga valtozd volt, amelyeket a h6vezetési tényezé mérése
soran figyelembe vettiink.

100 —

Jelmagyarazat
90 — —+——1 Vistontai pernye (nyers)
& — 4 Tiszatjvarosi pernye (8rolt)

40 —|

30 —

Szemcsemér et-eloszlas, F(x) [% ]

20 —

10 o

Y XA N S S S A
T IHIH‘T“’Y" !VIMH‘T T \‘\HHI‘

0.01 0.1 1 10 100 1000
Szemcseméret, x [um]

4. dbra A prébatestek elkészitésénél alkalmazott tiszaiijvdrosi (6rolt) és a visontai
(nyers) pernye szemcseméret-eloszldsa
Fig. 4. Particle size distributions of the applied fly ashes from Tiszaiijvdros (ground)
and Visonta (raw)
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A féliizemi mérések két széridja ehhez képest annyival tért el,
hogy a geopolimer komponens pernye Osszetételét a kotésidd
szabdlyozdsa érdekében megvaltoztattuk: az I. széridban 90
m/m% nyers visontai pernye és 10 m/m% 06rolt tiszadjvarosi
pernye, a IL. széridban pedig 80 m/m% nyers visontai pernye
és 20 m/m% Orolt tiszatjvarosi pernye volt az Osszetétel. A
probetestek eléallitasahoz alkalmazott pernyék szemcseméret-
eloszlasait a 4. dbra, a nevezetes szemcseméreteket, illetve a
fajlagos feliilet nagysagat a I. tdbldzat szemlélteti.

Pernye megnevezése X, X,

Fajlagos feliilet
(cm?/cm?3)

50 80

(um)  (um)

Visontai pernye

2018,0
(nyers)

Trl,s?aujvarom pernye 4977 .4
(6rolt)
1. tdbldzat A probatestek elkészitésénél alkalmazott tiszatijvdrosi (6rolt)- és a visontai
(nyers) pernye nevezetes szemcseméretei, illetve a fajlagos feliilet nagysdga
The characteristic particle sizes and the specific surface areas of the applied fly
ashes from Tiszatjvdros (ground) and Visonta (raw)

Table 1.

Tovabbi eltérés a laboratériumi kisérletekhez képest, hogy
a félizemi széridk esetében a 10 V/V% geopolimer-tartalmu
mintaknal a pernyéhez 47 m/m%-ban adagoltuk az aktivalo
oldatot, annak érdekében, hogy a polisztirolt egyenletesebben
vonja be a geopolimer paszta. A tobbi esetben 45 m/m%-
ban tartalmazott ligos aktivaloszert a geopolimer paszta.
A féliizemi kisérletek soran a keverést egy 150 | térfogatt
kényszerkever6vel valdsitottuk meg, a sablonok mérete pedig
500x1000x100 mm, illetve 100x500x200 mm volt, amelyekbdl
a hévezetési tényez6 meghatdrozasahoz, a méréberendezésbe
illeszked6 400x400 mm-es alapteriilet@i mintakat vagtunk ki.
Az elkésziilt probatestek (5. dbra) Osszetevéinek aranyait a 2.
tdblazatban adjuk meg.

5. dbra Az elkésziilt geopolimer-EPS kompozit prébatest [18]
Fig. 5. A geopolimer-EPS composite specimen

Osszetevok,
[VIV %]

Probatestek tipusa

Féliizemi Féliizemi
(I. széria) (Il. széria)

100 98 97 90 60 100 98 97 60 100 98 97 60
3 10 40 0 2 3 40 0 2 3 40

Laboratoériumi

EPS
Geopolimer 0 2

2. tabldzat Az elkésziilt geopolimer-EPS kompozit prébatestek Gsszetételi ardnyai
Table 2. Composition ratios of the geopolimer-EPS specimens

3.3. A diszperz anyagok hétani tulajdonsagainak mérésére
kifejlesztett berendezés és a kiértékelési modszer

A berendezés megtervezésekor elsésorban a hévezetési té-
nyez6 mérése volt a cél, a tobbi paraméter mérése parhuzamo-
san, vagy kiegészité méréssel valosithaté meg. A hdvezetési té-
nyez6 mérésére alapvetéen harom kiilénféle alapelv szerint van
lehetdség. Az elsé a tokéletest megkozelitd teljes hdszigetelés,
amikor hészigetelés ttjan tudjuk a h6arammérd szenzoron ke-
resztlil halad6 héfluxust behatarolni, ugy hogy a héaram fluxus
vektorok egymassal parhuzamosak, a szenzorra pedig mer6-
legesek legyenek. A mdsodik alapelv szerint az oldaliranyu
héveszteséget kell potolni egy szabalyozott segéd fiitérendszer
altal. A harmadik mddszer szerint olyan geometriaju mérd-
berendezést kell épiteni, amiben a teljes héaramnak csak egy
bels6, jol meghatarozott keresztmetszetét mérjiik. A belsé mért
keresztmetszet lényegesen kisebb, mint a teljes keresztmetszet,
igy a mért keresztmetszetben a héaram vonalak parhuzamo-
sak, az oldaliranyu veszteségek pedig nem befolyasoljak a mé-
rést. A Miskolci Egyetem, NyersanyagelGkészitési és Kornye-
zeti Eljarastechnikai Intézetében megépitett méroberendezés
a harmadik elven alapul, az igy kialakitott konstrukcié pedig
alkalmas épit6ipari hészigetelé anyagok hétani jellemzéinek,
illetve a tobbfazisu diszperz rendszerek eredd hétani paramé-
tereinek a mérésére is.

A Kkifejlesztett berendezés két fontos része a fiitéssel
ellatott fedél és az alsé nyitott doboz (6. dbra), amelyeket
vorosrézbdl alakitottunk ki, a jobb hévezetés biztositdsa
érdekében. A fedélbe khantal ellenallashuzalbdl és keramia
szigetelgylrikbdl kialakitott flitéegység keriilt beépitésre. A
beépitett flitdszalak egyenletesen lefedik a fedél teljes 400x400
mm-es feliiletét, a berendezéssel vizsgalhaté minta maximalis
magassaga 60 mm.

Minta Fedél

il — / H Fiitészalak _

III [ III

] BYR 3
DD 5
3
& _m}% g
=

6. dbra A diszperz anyagok hétani tulajdonsdgainak mérésére kifejlesztett berendezés
sematikus rajza
Fig. 6. Schematic of the developed thermal properties measuring device for disperse
systems

Homérséklet-mérd szenzomkV A an
Hoaramsiiriség-mérd szenzorok

A fttbszalak elektromos tapléldsat nem kozvetlenil a 230
V effektiv fesziiltségli halozatbol, hanem 0..80 V kozotti
valtoztathato fesziiltségli laboratériumi tapegységbdl nyerjiik,
igy a berendezés rugalmasan igazithaté az eltéré tulajdonsagu
vizsgalati anyagokhoz. Mivel a fiit6szalak arama és fesziiltsége
a stabil tap kovetkeztében dllando, igy a fitételjesitmény (P) is
kozel allandénak tekinthetd egy-egy mérés soran. A héaram
mérésére 2 db AHLBORN FQA018C, 100x100 mm feltletd, 2
mmyvastaghéarammérélapkeriiltalkalmazasra. Ahddramméré
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lap nagyszamu sorba kapcsolt héelemet tartalmaz, a kimend
mV nagysagrendii fesziiltség jel kozvetleniil a feliiletegységen
athaladé hoémennyiséggel aranyos. A hédrammérd lapok
gyarilag kalibraltak (9,4 W/m? / 1 mV). Egy héaramméré
lap a fedél kozepére (Q, ) és egy masik lap a doboz aljanak
a kozepére (Q,,) keriilt beépitésre. A hémérséklet mérésére
2 db National Semiconductor gyartmanyu LM35CN tipust
integralt hémérsékletérzékeld keriilt beépitésre a fedélbe (T, )
ésadobozaljaba (T ), kozvetleniil a h6drammérd lapok mellé.
Az 5-30 V tap tartomanyban miikédéképes TO92 (plastic)
tokozast szenzor 10 mV/°C kimend jelet ad 0,1 ohm kimend
impedancia mellett (I, < 1 mA), ezért a kapcsolodé jelvezeték
ellendlldsa nem befolyasolja a mérést. A szenzor -55 °C és
+150 °C tartomany atfogésara alkalmas. Kimenete linearis, a
mérési hiba kisebb, mint 0,5 °C.

Mivel a megépitett berendezés egy teljesen 4j konstruktcio,
ezértkiértékelési modszert is kellett hozza fejleszteni. A kisérleti
berendezéssel 2015 janudrjaban - tobbek kozt — elvégeztiink
egy kalibracidos mérést a tiszta EPS-re vonatkozdan (7. dbra).
A vizsgalt EPS lemez hovezetési tényezdje 0,039 W/mK, amely
a gyartd altal biztositott érték. Méréseink alapjan ez az érték
0,036 W/mK-re adddott, amely kevesebb, mint 8 %-os eltérést
jelent a gyari értékhez viszonyitva.

Egy mérés jellemzGen hdrom napig tartott, mivel a hétani
paraméterek meghatérozasahoz kozel egyensulyi allapot elérése
szitkséges. A tanulmdnyban elvégzett mérések laboratdriumi
koriilmények kozott torténtek, éppen ezért a kiils6, kornyezeti
hémérséklet kozel allandénak tekinthet. Természetesen

a berendezés kornyezeti hOmérséklete is rogzitésre kerdilt.
A berendezéssel a szabadban is lehet méréseket végezni,
amikor néhdny nap alatt kvazi stacionér allapot alakul ki,
azaz a paraméterek kovetik a napi héingadozast. A 7. dbrdn
lathatéak a mért hémérsékletek és héaramstriiségek az id6
fiiggvényében. A fedélben 1év6 hédramstirtiség méré szenzor
mért eredményei pozitiv eldjellel rendelkeznek, amelyet ugy
kell értelmezni, hogy a hé a fiités hatasara a berendezésben 1évé
minta felé aramlik. A mér6é berendezés also, doboz részében
talalhaté héaramstirtiség méré szenzor mért értékei negativ
elGjeliek, amely azt jelenti, hogy a hé a mintabdl a berendezés
aljan keresztil a kornyezet felé tavozik. Az alkalmazott
hédramstirtiség méré szenzorok szamos - sorba kapcsolt -
héelembdl dllnak, amelyek kimené fesziiltségének a polaritasa
jelzi a h6aramlds iranyat. A fedélben 1év6 héaramstiriség mérd
szenzor altal mért értékek csak a flité rendszer bekapcsolasa
utan kezdtek el névekedni. Amint a hé a fedélben 1évé
héaramstirtiség méré szenzoron keresztiil megérkezik a mérd
berendezés aljaban 1évé hédramstirliség méré szenzorhoz,
a mért alsé héaramstirtség értékek elkezdenek csokkenni.
Ahogyan mar korabban emlitettiik a teljes egyensulyi allapot
elérése nem tortént meg, de egy kvazi egyensulyi allapotban
a hédramstriségek (Q) és a homérséklet-kiilonbség (AT) -
amikor a bemend- és a kimend héaramstiriség megegyezik
a 100x100 mm-es feliileten mért virtualis ,csatornan”
keresztill — meghatarozhat6 (7. dbra). A hé éltal megtett ut
(L) ismert, mivel az a h6aramstrliség mér6 szenzorok kozotti
mért tavolsag, amely gyakorlatilag megegyezik a probatest
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7. dbra A tiszta EPS-re vonatkoz6 kalibrdcios mérés eredménye
Fig. 7. Results of the calibration measurement with pure EPS
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magassagaval. A fent leirtak alapjan a hévezetési tényezd a (6)
egyenlet segitségével a mért adatokbdl egyszertien szamithato:

QL (6)
AT

A flités bekapcsolasa utan a fedélben elhelyezett hémérd
szenzor mért értékei is emelkedni kezdenek. 40 V-os konstans
tapfesziiltség esetében a fels6 héméré szenzor altal mért
értékek a 40-50 °C-os mérési tartomanyban élltak be, mig
60 V-os tapfesziiltségnél ugyanez a tartomany mar 70-80 °C
kozé esett. A kisérleti berendezés alsé részében elhelyezett
hémér6é szenzor mért értékei természetesen alacsonyabbak,
mint a felsé szenzor altal mért értékek, amelynek oka, hogy a
berendezés 100 mm-es ldbakon all, tehat az alja vissza tud hiilni
a kornyezethez relative kozeli hémérsékleti értékre. A fedélben
1év6 héméré szenzor altal mért értékekre illesztett gorbének a
meredeksége a felf(itési szakaszra vonatkozdan (AT/At) ardnyos
a mért minta fajhdjével. A kifejlesztett kisérleti berendezés
nem alkalmazhaté kézvetleniil a fajlagos hdkapacitds (C))
mérésére, mert a betdplalt hének csak egy része aramlik a
mintaba és melegiti fel azt, a h6 tobbi része gyakorlatilag magat
a berendezést, illetve a kornyezetet fliti. A mérések alapjan
azonban meghatarozhaté volt, hogy a rendszerbe betaplalt
hének csak a kb. 1/3,75-6d része forditddik a bet6ltott minta
felmelegitésére, amely érték a berendezésre jellemzé egyiitthato
(I). A berendezésre vonatkozé egyiitthat6-, a minta tomegének
(m, )-, illetve halmazsiirtiségének (p,) ismeretében a fajhé és a
hédiftuzivitas (k) a kovetkezéképpen irhato fel (7):

P-1 A
Cp=—— b5 K=" ™)
m £ pB : Cm
m At
4. Eredmények

4.1. A hdvezetés univerzalis egyenlete katfazisu diszperz
rendszerekre

A kordbbiakban belattuk, hogy a diszperz allapota
anyagokban vezetéssel megvaldsulo eredd héatadds, roviden a
hévezetés, azért nagyon bonyolult jelenség mert ez szamtalan
belsé hévezetési és a diszperz rész és diszpergald kozeg kozotti
hatarfeliileteken héatadasi részjelenségekre bonthatd. Valddi
diszperz anyagokban a szemcsék, cseppek és buborékok szama
igen nagy, a jellemz6ik pedig igen valtozatosak lehetnek, ezért
nem az volt a célunk, hogy a komponensek fizikai jellemz6i
alapjan adjunk becslést az ered hdvezetésre. Ezzel szemben
egy konkrét mérhet6 anyag, azaz adott ered6 diszpergaltsagi
allapotban  szeretnénk az dllapotot egy mérészammal
jellemezni és az eredd hoévezetési tényezdt méréssel és
szamitassal meghatarozni. A 3. tdbldzatban osszefoglaltuk
azt a gondolatmenetet, amellyel a kétfazisu esetre vonatkozo
univerzalis eredé hévezetési tényezd egyenletet (8) vezettiink
le.

A 2. fejezetben mar sszefoglaltuk — példaként szildard-gaz
diszperz rendszerre - a kétfazisu hévezetés lehetséges két
sz€ls6 esetét, a soros- és parhuzamos elrendezésli h6vezetési
eseteket. A levezetés érdekében jeloljik K-val a két fazis
hévezetési tényezd értékeinek a hanyadosat. A cél az, hogy

a soros- és parhuzamos hévezetési egyenleteket egy olyan
kombindlt egyenletbe foglaljuk 6ssze, amely tartalmazza, az
un. D-diszperzitdsallandot és D=1 esetén a soros, mig D=0
esetén a parhuzamos egyenletre egyszer(isodik vissza. Ennek
érdekében mindkét esetre A/ un. célfiiggvény hatdrozhato
meg, amely segitségével a (8) egyenlet felirhato.

Kétfazisu rendszer (szilard-gaz) Kétfazisu rendszer (szilard-gaz)
ered6 hévezetési tényezdje
parhuzamos elrendezés esetén

ered6 hévezetési tényezdje
soros elrendezés esetén

l:&+8_g )”:}”s'gs+}‘g'ag
AoA A,
g, =l-g, & 7\,g=K~7\,S

(ahol K az aranyossagi tényezd, amely megmutatja, hogy A értéke
hany szorosa, illetve hanyad része /g értékének)

1_ &  1-s A= e, +(1-g,) KA,
}\’ 7\‘8 K)\IS )L=7LS'[85+(1—85)'K]
1 1 1—g,
—=—]&,+
v ()
1_1 Keg+(-g)
A A, K
K
A=\ -
K-g +(1-¢)
Célfuggveény: Célftggvény:
__k e, +(1-¢g,)-K
K-e +(1-¢,)

Kétfazisu rendszer (szilard-gaz) ered6 hdvezetési tényezdjének

univerzalis egyenlete
(soros- és parhuzamos hévezetési modell 6sszekapcsolasa):

=\ - K D. e +(1—=¢)-
h=2 {[K-ss+(l—ss)]-[ss+(1—ss)-K]} les+ (=) K](s)

ahol D a diszperzitas allapot, D=1 esetén a soros-,
D=0 esetén a parhuzamos elrendezéshez tartozé
eredd hovezetési tényezd képletét kapjuk vissza.

3. tdbldzat A hévezetés univerzilis egyenlete kétfdzisi diszperz rendszerekre
Table 3. Theoretical universal equation of heat flow in two-phase disperse systems

4.2. A mérési eredmények és az (j modell 6sszevetése

A hévezetési tényezé méréseket kéfazisi geopolimer-EPS
rendszerekben végeztiik el, ami szilard-szilard durva diszperz
rendszer. A geopolimer a diszperziés kozeg, amiben az
EPS szemcsék diszpergalva vannak. Annak ellenére, hogy a
geopolimer komponenst tébbféle pernye is alkotja, a geopolimer
komponenst tekintsitk az egyik folytonos és homogén szilard
fazisnak. A masik szilard komponens ebben az esetben az EPS.
A laboratériumi-, illetve a féliizemi I. és II. szérids mintakon
elvégzett hévezetési tényez6 meghatarozasanak mérési
eredményeit a 4. tdbldzatban foglaltuk 6ssze.

A 8. dbra szemlélteti a kifejlesztett méréberendezéssel
meghatarozott h6vezetési tényezé értékeit (fekete haromszog)
a geoplimer- és az EPS komponens térfogataranyainak
tiiggvényében a laboratériumi szérias mintak esetében. A mért
hévezetés tényezék mellett feltiintettiik az egyes diszperzitas
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Probatestek tipusa

Félizemi
(Il. széria)

Félizemi
(. széria)

Osszetevik,
[VV %] ,
Laboratoriumi
EPS 100 98 97 90
Geopolimer 0 2 3 10

Mért hdvezetési tényezo, A [W/mK]

60 100 98 97 60 100 98 97 60
40 0 2 3 40 0 2 3 40
0,036 0,043 0,045 0,055 0,078 0,086 0,043 0,045 0,100 0,036 0,043 0,045 0,086

4. tabldzat A laboratériumi, a féliizemi I. és I1. szérids geopolimer-EPS kompozit mintdk mért hivezetési tényezdi a prébatestek Gsszetételi ardnyainak feltiintetésével
Table 4. Results of the thermal conductivity measurements on lab and pilot scale geopolimer-EPS specimens

allapotokhoz tartozdan az elméleti, eredé hévezetési tényez6k
gorbéit is (piros: D=0-0,4, sziirke: D=0,5, illetve kék: D=0,6-1
szinekkel jelolve), amelyeket a kétfazisu diszperz rendszerekre
felirt univerzalis hévezetés egyenletének (8) segitségével
szamitottunk ki. Ahogyan a 2. és 4.1. fejezetekben részleteztiik,
a 8. dbran piros folytonos vonallal jel6lt parhuzamos modell
adja meg az eredd hdvezetési tényezd elméleti maximum
értékeit, amely esetben az univerzilis egyenletben bevezetett
D-diszperzitas allapot értéke 0. Az elméleti minimum értékét
a soros modell jelenti (kék folytonos vonal), a modellhez
tartozod D-diszperzitas dllapot értéke ebben az esetben pedig
1. Az elméleti minimum és maximum értékek kozott a vizsgalt
kétfazist diszperz rendszerre vonatkozoan az egyes diszperzitas
allapotoknak (D=0,1...0,9) megfeleléen meghatarozott eredé
hévezetési tényezék gorbéit lathatjuk szaggatott vonalakkal
jelolve. A 8. dbra tehat a mért és az Uj egyenlet (8) szerinti
elméleti dton meghatarozott eredd hdévezetési tényezSk
osszehasonlitdsara alkalmas. Az elméleti szamitasok esetében
fontos megjegyezniink, hogy az adott kompozitra jellemzé
diszperzitas allapot (D) értéke és a tiszta, geopolimer
komponens hévezetési tényezdje numerikus iteralassal keriilt
meghatarozasra. A tiszta EPS hévezetési tényezdje a mérések
alapjan mdr ismert volt, azonban a geopolimer komponens
hévezetési tényezGjének meghatdrozasa sokkal nehezebb
feladatot jelentett, ugyanis a tiszta geopolimer hévezetési
tényezdje leginkabb az alkalmazott pernye szemcseméret-
eloszlasatol - részletesen a 2. fejezetben felsorolt egyéb
paraméterektl -, ezdltal a tiszta, geopolimer komponens
teststirtiségétdl fiigg. Annak érdekében, hogy a laboratériumi-,
a félizemi 1. és II. szérids kompozit mintidkhoz tartozo
tényleges diszperzitas allapotot meg tudjuk allapitani, a mért
és az egyes diszperzitds édllapotokra vonatkozdan elméleti
uton meghatarozott eredé hévezetési tényezok értékei alapjan
kiszamitottuk a korrigalt empirikus szoras értékeit is (sziirke
oszlopokkal szemléltetve). A kompozitra vonatkozé tényleges
diszperzitas allapotot az a jellemzé D érték fogja jellemezni,
amely esetében a korrigalt empirikus szoras értéke minimalis.

A 8. dbra bal oldalat tekintve az iterdlassal meghatarozott
tiszta geopolimer komponens hévezetési tényez8jét olvashatjuk
le, amely a laboratériumi szérids mintak esetében 0,7 W/mK,
ebben az esetben az EPS térfogatardnya természetesen 0 %.
Ugyanezen abrajobb oldaldn a tiszta EPS komponens hévezetési
tényezdjét lathatjuk, amely a mérések alapjan 0,036 W/mK
értékre adddott. Egy koztes koncentracioju keverék esetén az
ered6 hovezetési tényezd értéke elsdsorban attol fiigg, hogy
milyen az EPS szemcsék diszpergéltsagi allapota, mennyisége,
illetve elhelyezkedése a geopolimer komponensben. A 8. dbran
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azis jollathato, hogy a korrigalt empirikus szords értéke a D=0,8
esetében minimalis, tehat a kompozit anyag diszpergaltsagi
allapota a soros hévezetési modellhez, azaz a kék folytonos
vonallal jel6lt elméleti minimum értékéhez esik kozelebb.

Geopolimer térfogataranya a kompozitban, ¢, ... [-]
1 08 0.6 04 02 0

Hévezetési tényezd, » [W/mK]
Druws z011,"s ‘sea0zs smopdue e 3roy

03 0s 07
0 0.2 0.4 0.6 08 1
EPS térfogataranya a kompozitban, ;5 [-]
Diszperzitas jellemzé, D [-]

Jelmagyarazat
A Mért hovezetés tényezt
D=0 (parhuzamos elrendezés: elméleti maxinmm)

—_—— — =D2
— —D-03
— D04
— D03
— D06

D=1 (soros elrendezés: elméleti minimum)

[ Komisikt cnpicus soris

8. dbra A mért és az elméleti iiton szdmitott eredé hdvezetési tényezdk
dsszehasonlitdsa a kompozitot alkoté komponensek térfogatardnydnak
fiiggvényében a laboratériumi mintdk esetében
Fig. 8. Comparison of experimental- and theoretical resultant thermal conductivities
of lab scale geopolimer-EPS composite materials as function of a component
volumetric ratio

A laboratoriumi szérids mintdk esetében a 8. dbrdhoz
hasonldan, elkészitettiik a féliizemi I. és II. szérids mintdkhoz
tartozd abrakat is (9. és 10. dbra).
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Geopolimer térfogatarinya a kompozitban, ¢, [-]
1 08 06 04 02 0

Hovezetési tényezd, 2 [W/mK]

[rwym 011,"s ‘sea0zs smyjrandwe S0y

0 02 ) 04 Y T oos 1
EPS térfogataranya a kompozitban, g, [-]
Diszperzitas allapot, D [-]

Jelmagyarazat

Meért hovezetési tényezd

s elrendezés: elméleti maximum)

D=l (soros elrendezss: elmélell minimum)

I:l Korrigalt empirikus széras

9. dbra A mért- és az elméleti titon szdmitott ered hdvezetési tényezdk
dsszehasonlitdsa a kompozitot alkoté komponensek térfogatardnydnak
fiiggvényében a féliizemi . szérids mintdk esetében
Fig. 9. Comparison of experimental- and theoretical resultent thermal conductivities
of pilot scale geopolimer-EPS composite materials () as function of a
component volumetric ratio

A féliizemi I. szérids mintakra vonatkozdan az iteralassal
meghatarozott geopolimer komponens hévezetési tényezdje
0,8 W/mK-re adédott (9. dbra), amely magasabb, mint a
laboratériumi széridas mintak esetében. Ennél a széridndl a
geopolimer komponenst alkoté pernye mdar 10 m/m%-ban
Orolt pernyét is tartalmazott, amely a teststr(iség novekedését
eredményezte. A 9. dbra alapjan a féliizemi 1. szérids kompozit
mintékra jellemz6 diszperzitas éllapot értéke 0,7-re adédott.

A félizemi II. szérids mintdk eredményeit tekintve az
iterdlassal meghatarozott tiszta, geopolimer fazis hévezetési
tényezdje tovabb nétt, értéke 1 W/mK (10. dbra). A geopolimer
komponensre vonatkozd, tovabb névekvd hévezetési tényezd
magyardzata, hogy az ebben a széridban késziilt probatestek
esetében az alkalmazott pernye mdr 20 m/m%-ban tartalmazott
Orolt pernyét. A diszperzitds éallapot értéke a féliizemi II
szérids mintdk esetében a labaoratériumi szérias mintakhoz
hasonlé6an 0,8.

Geopolimer térfogataranya a kompozitban, €. [-]

Hévezetési tényezd, L [W/mK]
Bru/a -01l,"s ‘seagzs smyjLndwa ypBuaoy]

0 ) 02 04 ) 06 ) 08 ) 1
EPS térfogatarinya a kompozitban, g [-]
Diszperzitas jellemzé, D [-]

Jelmagyarazat
A Mért hévezetési #nyezd
D=0 (parhuzamos ¢lrendezés: elméleti maxinmm)

D=1 (soros elrendezés: elméleti minimum)

] Komigaltempirikus szdras

10. dbra A mért- és az elméleti iiton szdmitott eredé hévezetési tényezdk
dsszehasonlitdsa a kompozitot alkoté komponensek térfogatardnydnak
fiiggvényében a féliizemi 11. szérids mintdk esetében

Fig. 10. Comparison of experimental- and theoretical resultant thermal conductivities
of pilot scale geopolimer-EPS composite materials (I1.) as function of a
component volumetric ratio

5. Megallapitasok

elkészilt
probatesteken a mért- és az elméleti, eredd hdvezetési

Osszegzésképpen  megéllapithatd, hogy az
tényez6 meghatdrozasdra felirt univerzalis egyenlet (soros-
és parhuzamos hévezetési modell Osszekapcsolasa kétfazisu
diszperz rendszerekre) altal kapott értékek jol korreldlnak
egymassal. A kidolgozott mddszer és a bevezetett 4j egyenlet
alapjan a geopolimer komponens ismeretlen hdévezetési
tényezd értéke is kiszamithato volt, mert a mérésekre legjobban
illeszked6 gorbe (meghatarozott D-diszperzitasallandé esetén),
- amelyet a legkisebb korrigalt empirikus szoras jellemez
- kimetszi ezt az értéket a 0 % EPS tartalomhoz tartozdan.
A varakozasoknak megfeleléen, az 6rolt pernye aranyanak
novekedésével az iteralassal meghatarozott, tiszta geopolimer
komponens hdvezetési tényezdjének értéke is né. A diszperzitas
allapot tekintetében megallapithat, hogy mindharom széria
esetében az értéke 0,8 koriili volt, tehat nagyjabol azonos
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kevertségi allapotot sikeriilt elérni a probatestek eléallitasa
soran. A kétfazisu rendszerre felirt eredé hévezetési tényezd
univerzalis egyenletének segitségével — amennyiben ismert a
két alkotd fazis hovezetési tényezdje, illetve a komponensek
aranya a kompozitban -, meghatarozhatd a keverékre
vonatkozé diszperzitas allapot értéke is, amellyel jellemezhetd
az egyik fazis masik fazisban val6 diszpergaltsagi allapota.
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Abstract

Self-compacting concrete (SCC) is characterized by unique workability properties. Stagnation or
segregation of SCC must be avoided to obtain a homogenous and stable mixture. When SCC
is produced, it is essential that the concrete has all the adequate fresh properties at the time
of placement. For a successful and reliable application of SCC, the predication of SCC fresh
state properties is of crucial importance. This predictability is determined by the sensitivity
of the rheological properties towards the affecting parameters in the mixture composition.
Experimental work was conducted to clarify the effects of the volumetric water to powder ratio
and additives on the behavior of SCC from the rheological point of view. Therefore, the aim of this
paper is to analyze the effect of different types of additives and paste contents on the fresh state
response of SCC; powder type. It was found that the additives can greatly influence the concrete
workability. Along that, an extension of the workability window of SCC is updated according to the
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1. Introduction

Self-compacting concrete (SCC) was developed to meet the
durability requirements of concrete structures and tackle the
casting difficulties in challenging geometries [1].

The primary fresh properties of SCC have been the filling
ability, passing ability and segregation resistance. These
properties must be taken into consideration in the design
phase of SCC. The essential rheological properties of SCC
have been based on low yield stress, moderate viscosity and
retention of the kinetic energy of the flowable mixture by
reducing the content of coarse aggregates. These measures
have been required to reach the targeted filling ability, viscosity
and segregation resistance. A low yield stress is achieved
by the use of adequate dosages of superplasticizer. The flow
characteristics are further modified by changing the aggregate
volume fraction, coarse-to-fine aggregate volume, and the
composition of the other ingredients. The viscosity has been
controlled by the contents of the free water, superplasticizer,
and the volume fraction of the solids in the mixture. The
basic strategies for ensuring a moderate viscosity are based on
either inclusion of high amounts of powder materials; i.e. total
content of cementitious materials (referred to as powder type
SCC) or addition of viscosity modifier agents (referred to as
VMA type SCC) [2-5].

The filling ability is a fresh property of SCC that permits
it to flow into the formwork under self-weight, and without
vibration or any other means of consolidation. SCC filling
ability is controlled through its rheological parameters such as
the yield stress and the plastic viscosity. In general, high range
water reducing admixture (HRWRA) improves the filling

ability of SCC by reducing the yield stress and plastic viscosity.
On the other hand, extreme dosages of HRWRA could result
in very high fluidity that may cause concrete segregation. The
use of additives is a great alternative to improve the segregation
resistance. Therefore, the stability of the mixture could be
maintained along with a good filling ability. Additives such as
ground granulated blast-furnace slag, metakaolin (MK), silica
fume (SF), fly ash and others have been used to produce SCC
with a good filling ability [4-7].

Passing ability has been defined as the ability of fresh SCC
to flow through small openings and fill the spaces within the
reinforcements. In case of heavily reinforced structures, an
adequate passing ability of SCC enables it to be placed and
consolidated through dense reinforcing bars without any
aggregate blockage [4]. The filling and passing ability have been
directly connected. Also, the passing ability is affected by the
number and spacing of the reinforcing bars. A good passing
ability can be achieved by increasing the filling ability of fresh
concrete and by limiting the segregation of coarse aggregates.
Table 1 summarizes the slump flow classes according to
EFNARC recommendations and European standards [4, 7].

Slump flow classes Mean slump flow diameter (mm)

SF1 550 - 650
SF2 660 - 750
SF3 760 - 850

Table 1. Slump flow classes [4, 7]
1. tdblazat Roskaddsi teriilési osztdlyok [4, 7]

Vol. 69, No. 3 = 2017/3 = . 83



épitdoanyag - Journal of Silicate Based and Composite Materials

The segregation resistance of SCC has been defined as its
ability to remain uniform during and after placement without
any loss of stability due to bleeding, mortar separation and
coarse aggregate settlement [2, 4]. In particular, the distortion
of aggregates becomes non-uniform if SCC did not have the
necessary segregation resistance. A good segregation resistance
of SCC could be obtained by the proper selection of material
constituents and fractions. SCC with good segregation
resistance quality is characterized by a high amount of powder
material, a limited content of well-graded coarse aggregates, a
small nominal maximum size of aggregate, and a low water to
binder ratio [2,3]. Also, a viscosity modifying agent could assist
in the segregation resistance of SCC. The characterization of
the viscosity of SCC could be determined using the V-funnel
time test. The test procedure has been clearly described in
EFNARC guidelines [4].

Since there has been a large amount of recommendations and
guidelines in the literature. Table 2 and 3 help to summarize the
viscosity classes (VF).

Viscosity class V-funnel time (s)

VF1 <8
VF2 9-25

Table 2. Viscosity classification for V-funnel time test [4, 7]
2. tablazat  Viszkozitdsi osztdlyok tolcséres kifolydsi vizsgdlat alapjdn [4, 7]

References Recommended V-funnel time (s)
BRL 1801 recommendations [8] 9-25
EFNARC guidelines [5] 6-12
Domone [9] 3-15

Table 3. Recommendation for V-funnel time by several authors
3. tabldzat  Tolcséres kifolydsi id6 javaslatok kiilonbozé szakirodalmi forrdsokban

During the development of the mixture composition of SCC,
the optimum workability ranges were established for the fresh
state. Fig. 1 illustrates the workability ranges as suggested by
DAfStb [10]. This could help to limit the targeted values based
on the upper and lower limits of the slump flow and for the
V-funnel flow time.
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Fig. 1. Processing window for SCC as suggested by DAfStb [10]
1. dbra  DAfStb [10] javaslat 6ntomorodo beton optimdlis reoldgiai jellemzdire

2. Experimental work

2.1 Materials, mix design and testing methods

A total of seventy-two SCC mixtures were designed and
placed with common constant and variable parameters to

84 . = 2017/3 = Vol. 69, No. 3
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obtain an objective evaluation between the fresh properties.
Local natural quartz river sand and gravel with a maximum
nominal size of 16 mm were used in the mixtures. Blast furnace
slag cement CEM III/A 32.5 R (C) with a compressive strength
grade of 32.5 MPa and a clinker content in the range of 41-58
wt% was applied for the present study. MK and SF were the
supplementary cementitious materials (SCMs) implemented
separately to enrich the mechanical properties. Waste perlite
powder (WPP) originating from raw perlite rock was used as a
filler material for SCC. Two types of WPP, which mainly differed
in terms of their specific surface areas (WPP-C and WPP-SZ),
were generated from cutting the raw perlite rock and applied
with the following content (75% WPP-C and 25% WPP-SZ).
Limestone powder (LP) was the non-pozzolanic filler applied
in this study. The physical and chemical compositions of the
mentioned fine materials are shown in Table 4, and grading
fractions are provided in Fig. 2. A HRWRA, Sika Viscocrete
5, was used and adjusted to keep an SF3 slump flow class in a
range of 740-850 mm [7].
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Fig. 2. Particle size distribution of the cement (C), metakaolin (MK), silica fume
(SE), limestone powder (LP), waste perlite powder (WPP-C) and waste perlite
powder (WPP-SZ)

2. dbra  Szemeloszldsi gorbék; cement (C), metakaolin (MK), szilikapor (SF),
mészképor (LP), hulladék perlit C (WPP-C), hulladék perlit SZ (WPP-SZ)

Chemical c MK SF LP  WPP-C WPP-SZ
composition

Sio, 2553 5279 9509 563 7380 732
ALO, 63 4207 024 14 1380 166
Fe,0, 229 125 006 09 157 26
Ca0 5559 037 091 5032 117 1.06
Mgo 405 038 032 065 011 02
so, 234 <001 007 008

K,0 078 122 051 029 401 35
Na,0 033 002 02 007 266 15
TiO, 028 02 <001 008 0083 009
P,0, 003 006 007 002

Physical

properties

Specific gravity 3.1 26 235 269 233 233
::’::i(fix/‘{g’)face 3450 15244 20450 3470 8433 4159
Loss on 215 159 249 4055 28 121

ignition (%)

Table 4. Chemical and physical characteristics of binders and filler materials
4. tabldzat  Alkalmazott anyagok kémiai és fizikai jellemzbi
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MK, SF, LP or WPP,, HRWRA, V-funnel time,  Slump flow, Reference

kg/m? kg/m? kg/m? kg/m? s mm
T1 0.56 0.84 2.7 300 2.24 7.5 730
T2 0.50 0.85 2.8 260 2.34 14.6 580
T3 0.45 0.85 2.8 220 2.60 8.5 630 .
sce-1 056 084 27 40 260 2.20 9.5 610 [13]
scc-2 050 084 28 40 220 2.70 7.7 720 [13]
scc-3 045 085 2.8 40 40 180 2.80 9.3 690 [13]
scc-4 0.56 0.83 2.7 40 260 4.00 8.2 710 [13]
SCC-5 0.50 0.84 2.7 40 220 3.60 12.0 725 [13]
SCC-6 045 085 28 180 3.20 9.5 720 [13]
T4 056  0.90 3.0 260 0.96 16.5 530
5 0.50 0.91 3.1 220 1.26 9.5 630
T6 0.45 0.92 3.1 180 3.20 3.7 890 -
scec-7 0.56  0.90 3.0 40 220 2.40 13.2 680 [13]
sce-8 050 091 3.0 40 180 2.63 6.8 820 [13]
SCC-9 0.45  0.92 31 40 140 4.00 7.0 850 [13]
scc-10 056 089 3.0 40 220 2.88 10.8 835 [13]
scc-11 050  0.90 3.0 40 180 313 8.4 835 [13]
scc-12 0.45 0.91 3.0 40 140 3.70 9.9 820 [13]
R1 0.56 0.84 2.7 300 3.04 5.0 800 [11, 14]
R2 0.50 0.85 2.8 260 3.06 6.3 795 [11, 14]
R3 0.45 0.85 2.8 220 3.56 5.9 790 [11, 14]
M1 0.56 0.84 2.7 40 260 3.36 71 775 [11, 14]
M2 0.50 0.84 2.8 40 220 3.96 8.6 800 [11, 14]
M3 045 085 28 40 180 4.40 11.0 755 [11, 14]
S1 0.56 0.83 2.7 40 260 5.44 5.3 765 [11, 14]
S2 0.50 0.84 2.7 40 220 4.86 6.3 780 [11, 14]
s3 0.45 0.85 2.8 40 180 5.20 6.7 770 [11, 14]
R4 0.56 0.90 3.0 260 1.92 5.7 740 [11,12]
R5 0.50 0.91 31 220 2.02 5.4 760 [11, 12]
R6 0.45 0.92 3.1 180 2.72 4.6 780 [11]
M4 0.56 0.90 3.0 40 220 2.72 9.7 775 [11,12]
M5 0.50 0.91 3.0 40 180 2.92 10.3 780 [11,12]
M6 0.45 0.92 3.1 40 140 4.00 8.6 810 [11]
sS4 0.56 0.89 3.0 40 220 2.88 6.3 760 [11]
S5 0.50 0.90 3.0 40 180 3.17 5.0 770 [11]
S6 045 091 3.0 40 140 3.76 5.1 790 [11]
R7 0.56 1.01 3.5 200 1.74 5.2 780 [11]
RS 0.50 1.03 3.6 160 1.55 7.7 750 [11]
R9 0.45 1.04 3.6 120 1.76 5.9 770 [11]
M7 056 1.01 35 40 160 227 75 770 [11]
M8 0.50 1.02 3.6 40 120 2.34 8.7 785 [11]
M9 0.45 1.03 3.6 40 80 2.84 9.7 800 [11]
S7 0.56 1.00 3.5 40 160 231 6.7 765 [11]
S8 0.50 1.01 3.5 40 120 2.34 6.0 780 [11]
S9 0.45 1.02 3.6 40 80 2.72 3.6 850 [11]
NA1 0.56 0.84 2.7 300 3.68 4.9 790 [14]
NA2 050 0.85 28 260 3.42 6.1 760 [14]
NA3 0.45 0.85 2.8 220 3.92 6.1 780 [14]
MA1 056 0.84 27 40 260 4.80 95 790 [14]
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MK, SF, LP or WPP, HRWRA, V-funnel time,  Slump flow, Reference
kg/m? kg/m? kg/m? kg/m? s
MA2 050 0.84 2.7 40 220 5.76 11.2 800 [14]
MA3 0.45 0.85 2.8 40 180 6.20 101 790 [14]
SA1l 0.56 0.83 2.7 40 260 4.64 6.6 750 [14]
SA2 0.50 0.84 2.7 40 220 5.04 5.9 770 [14]
SA3 045 085 28 40 180 4.80 6.4 760 [14]
N1-P1 0.56 0.78 2.6 300 747 8.0 850 [15]
N2-P1 0.50 0.79 2.7 260 9.31 7.6 825 [15]
N3-P1 045 081 2.7 220 757 10.1 780 [15]
M1-P1 056  0.78 2.6 40 260 7.65 10.3 760 [15]
M2-P1 050 0.80 2.7 40 220 8.10 125 725 [15]
M3-P1 0.45 0.81 2.7 40 180 8.40 8.3 840 [15]
S1-P1 056 0.78 26 40 260 7.58 5.0 810 [15]
S2-P1 050 079 27 40 220 7.20 7.8 750 [15]
S3-P1 0.45 0.81 2.7 40 180 10.56 8.7 780 [15]
N1-P2 056 0.84 29 260 6.40 6.1 785 [12, 15]
N2-P2 050 0.85 3.0 220 7.56 5.5 800 [12, 15]
N3-P2 045 087 3.0 180 7.96 11.7 790 [15]
M1-P2 0.56 0.84 2.9 40 220 742 8.6 800 [12, 15]
M2-P2 0.50 0.86 3.0 40 180 8.10 6.4 790 [12, 15]
M3-P2 045 0.88 3.0 40 140 8.40 7.9 765 [15]
S1-P2 056 084 29 40 220 7.04 5.5 785 [15]
S2-P2 0.50 0.86 2.9 40 180 7.95 8.1 770 [15]
S3-P2 045 087 3.0 40 140 8.88 8.0 790 [15]

Table 5. Mixtures parameters
5. tabldzat  Keverék dsszetételek

To better imitate SCC types used in practice, several
factors were considered in the mix design, including the
total fine content (sum of cement, fillers, and SCM), SCMs,
and filler type. The cement content (320, 360, 400 kg/m?),
total fine content (620, 580, 520) kg/m* and SCM (none, 40
kg/m?®) dosages were set as variables. Aggregate particle-size
distribution (three nominal grading fractions) was used as:
sand 0/4 mm (45%), small gravel 4/8 mm (25%), and medium
gravel 8/16 mm (30%). The amount of water (W), 180 kg/m?
was held as constant parameters. The mixture compositions
of all the studied concretes is summarized in Table 5. In this
study, the cement was defined as the main binder, with MK or
SF as the SCMs, and WPP or LP as filler materials.

Because of the scope of the comparison, parameters related
to the rheological properties of SCC mixtures were collected
from previous studies [11-15].

To examine the adequacy of SCC mixtures deformability
and viscosity, slump flow diameter and V-funnel time tests
were carried out according to European Standards [16-17].
Refereeing to EFNARC guidelines for SCC [4], the aim of the
study was to obtain a slump flow criterion which belong to SF3
category. The latter could be achieved by the proper addition of
HRWRA and maximum aggregate size of 16 mm.

X : water to cement ratio by weight; X, : volumetric water to
powder ratio; X : Volumetric aggregates to powder ratio; X:
Mixtures with WPP filler are those from N1-P1 to S3-P2
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3. Range of SCC- “Window solution”

According to the measures from Table 5, a processing window
similar to Fig. I for the studied SCC mixtures was derived.
Note that all studied mixtures were having the same grading
fraction of aggregates with a maximum nominal size of 16 mm.
Based on the positively evaluated SCC mixtures given in Table
5 and the limitation given by EFNARC [4], an update for the
processing window has been created (Fig. 3). This was done in
four directions. First, the V-funnel time was enlarged to 14 s,
to account for the higher friction and viscous SCC mixtures.
Stagnation was noticed by visual inspection when the V-funnel
time was greater than 14 s and the slump flow diameter was
less than 600 mm. These mixtures were lacking the flow ability
characteristic of SCC. Referring to Fig. 4, cases with stagnation
corresponded to mixtures with low volumetric water to powder
ratio (Mixtures T2 and T4; see Table 5), and by that, enhancing
the plastic viscosity of the concrete. However these mixtures
were reproduced with the same mixture composition but with
a higher content of HRWRA (Mixtures R2 and R4), providing
adequate flow ability and viscosity properties. Therefore, the
requirement of V-funnel time greater than 14 s and slump
flow less than 600 mm might be an appropriate limitation for
a highly viscous SCC. Note that this workability window was
applied to the range of temperature around 20 °C.

On the other hand, the slump flow axis is enlarged up to
850 mm, to account for the highly flow able mixtures. When
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it comes to mixtures holding a V-funnel time less than 4 s,
segregation of concrete was visually observed. The V-funnel
time axis is enlarged also in the direction of shorter funnel
times. Here at least, the mark of 4 s should be included as
lower funnel time limit. It has been shown that SCC mixtures
with low V-funnel time values, as low as 4.6 s (Mixture R6),
could be successfully produced while also fulfilling all other
requirements. This is of special relevance in particular for
mixtures with low yield stress, thus with large slump flows.

o Self-compacting + Stagnation O Segregation
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Fig. 3. Suggested processing window for SCC (corresponding data are collected from
Table 5) in terms of V-funnel time and slump flow (in green); The red window
corresponds to EFNARC limitations [4]

3. dbra Javasolt SCC reoldgiai jellemzék (az 5. tdbldzat adatai alapjdn) tolcséres
kifolydsi vizsgdlatra és roskaddsi teriilésre (zold szinnel); a piros vonallal
hatdrolt mez6 EFNARC [4] javaslat
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Fig. 4. Ssuggested processing window for SCC (corresponding data are collected from
Table 5) in terms of V-funnel time and volumetric water to powder ratio (in
green); The red window corresponds to EFNARC limitations [4]
4. dbra  Javasolt SCC reoldgiai jellemz6k (az 5. tdbldzat adatai alapjdn) tolcséres
kifolydsi vizsgdlatra és térfogat szerinti viz-kotéanyag ardnyra vonatkozdan
(z6ld szinnel); a piros vonallal hatdrolt mezé EFNARC [4] javaslat

The workability ranges for all collected SCC mixtures are
shown in Fig. 4 in terms of their volumetric water to powder
ratio and V-funnel time. These mixtures differ in the total
powder content, water to cement ratio, and different types
of fillers and SCMs (see Table 5). It can be noticed that the
workability ranges fluctuate between 750 and 850 mm since
the targeted slump flow classification was SF3 for the following
mixtures (starting with mixture “R1” to S3-P2; see Table 5).
The exact position of the targeted workability highly depended
on the implemented materials and their physical properties.

EFNARC guidelines [3] classified the viscosity of SCC into
two classes (see Table 3), Figs. 3 and 4 compared all mixtures
that were arranged according to their viscosity class (VF1 or
VF2) [3]. It can be noticed that several mixtures shared the
same slump flow value but with a different V-funnel time.
For instance, if SCC mixture containing MK (mixture M2)
or SF (mixture S2) were compared with their corresponding
reference mixture R2, almost a common slump flow diameter
(800 £20 mm) is shown yet with significant difference in the
V-funnel time value. MK enhanced the plastic viscosity of
the mixture by 36% in V-funnel time, while adding SF does
not appear to have any effect on the viscosity. Same response
pattern is noticed for mixtures M5 and S5 as compared with
mixture R5. The high cohesiveness of MK bearing mixtures
seemed to be the reason for the high V-funnel time. On
the other hand, shorter V-funnel times were recorded in SF
incorporated mixtures. This could be explained by the ball
bearing effect and additional lubrication provided by spherical
and smooth-textured of SF particles. This finding is consistent
with the following references [18-20].

To avoid the risk of segregation in SCC from excess amount
of HRWRA, Fig. 5 shows a curve where the minimum amount
of HRWRA is indicated in accordance with the volumetric
water to powder ratio derived from the data’s in Table 5. The
replacement of aggregates by fine powders (lower volumetric
water to powder ratio) increased the HRWRA demand of when
compared to mixtures with higher volumetric water to powder
ratio. The risk of obtaining very viscous, unworkable SCC
mixture could be reduced by increasing the w/p. The causes
of the increase in HRWRA demand upon SCMs were studied
by several researches [19]. They concluded that the very small
size SCMs particles with high specific surface area, tendeed to
agglomerate resulting in a high demand of HRWRA. Thereby;,
excess of HRWRA deflocculated the fine agglomerate particle,
and lubricated the flowing system.
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Fig. 5. Relationship between the high range water reducing admixture content and
the volumetric water to powder ratio
5.dbra Osszefiiggés a folyésitészer adagolds és a térfogat szerinti viz-kétéanyag ardny
kozott

4. Conclusions

Self-compacting concrete (SCC) is sensitive to small changes
in the material properties and proportions used in the mix
design. An experimental approach for assessing the fresh
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properties of SCC has been developed which represents the

workability window of SCC in a diagram (slump flow diameter

as a measure of the flow ability and the V-funnel flow time as a

measure of the viscosity).

Based on the effects of the different mix design parameters
(Volumetric water-to-powder ratio, high range water reducing
admixture content and additives) on the fresh properties of
examined SCC mixtures, the following conclusions could be
drawn:

1. The optimum ranges of workability for self-compacting
concrete SCC and its corresponding limits (stagnation
and segregation) have to be tested and specified for the
adequate fresh behaviour. That’s could be achieved by
varying the volumetric water to powder ratio and high
range water reducing admixture. Thereby, this helped us
to identify the range of workability within the workability
window diagram.

2. V-funnel time of the SCC mixtures incorporating
metakaolin was higher than of the mixtures with SF or
reference mixtures.

The minimum V-funnel time for VF1 classification
should be 4 s; otherwise concrete segregation would
occur.

3. For the same slump flow diameter values, mixtures
containing metakaolin or silica fume showed higher
demand of HRWRA as compared to that of.

4. reference mixtures.
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Ontémorodé beton frissheton-tulajdonsagainak
vizsgalata kiilonb06z6 kiegészit6 anyagok

alkalmazasa esetén

Az Ontdomorédo betonok frissbeton tulajdonsagai eltérnek
a hagyomanyos betonokétdl. Megfeleld beton dsszetétellel
kell elérni, hogy a keverék homogén legyen, megfelelden mo-
zogjon, és ne osztalyozodjon szét. Az 6ntdmorddd beton sike-
res alkalmazasahoz szlikség van a megfeleld frissbeton tu-
lajdonsagokra a bedolgozas soran. Az 6ntdmordédd betonok
elballitasanak egyik legnagyobb kihivasa az adott helyszinen
elérhetd alapanyagok min0sége. Laboratoriumi kisérleteket
végeztlink 6ntdmorddd betonok reoldgiai tulajdonsagainak
vizsgalatara kiilonb6z6 cement kiegészitd anyagokkal. Jelen
cikk azt vizsgalja, hogy a killénb6z6 cement kiegészitd anya-
goknak milyen hatésa van az 6ntémorddd betonok frissbe-
ton tulajdonsagaira. Az eredmények ravilagitottak, hogy a
cement kiegészitd anyagok nagy hatast gyakorolnak a bedol-
gozhatésagra, és Uj elfogadasi feltételek vezethetdk be erre
vonatkozoan.
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Abstract

Asphalt industry finds itself battling ongoing economic difficulties and an urge to achieve a more
sustainable development and growth. It means constant searching is needed for alternative
materials and possibilities to use recycled and processed waste materials in asphalt mixes as

long as an expected level of performance and durability is provided.

Aluminium dross is a recyclable by-product of the casting process of melted aluminium. In this
study an attempt was made to reveal the potentials of using aluminium dross as filler for asphalt

wearing course mixes.

During the research, filler fractions (d<0.063 mm) were prepared by milling and microstructural
tests were conducted both on the alternative and control filler for a better understanding of the
materials and their composition. The effect of replacing limestone filler with aluminium dross
filler on the performance of asphalt mixes was analysed by performance-based and performance
related asphalt mechanical tests according to common standards. In the paper, the properties of
fillers and various mechanical test results are presented and by interpreting the tests and results

final conclusions are presented regarding the use of aluminium dross as filler in asphalt mixes.
Keywords: asphalt, aluminium dross, filler, rheology, stiffness
Kulcsszavak: aszfalt, aluminium salak, téltdanyag, reolégia, merevség

1. Introduction

Handling, storage and wrecking of several waste material
(construction and demolition waste, oil-drill cuttings,
industrial by-products, etc.) is produced year by year which
causes significant problems all over the world. To avoid these
materials to damage the environment, they have to be recycled.
Besides storing them on landfills, another way is the industrial
utilization which may forward the reduction of yielding the
available raw materials. A possible field of application of waste
is building industry.

Utilization of different waste materials in concrete has been
the subject of several research work. Aliabdo et al. [1] have
done a comparative research work on the utilization of crushed
clay brick in concrete. Kim [2] dealt with the application of
waste concrete powder in self-consolidating concrete and its
attribute characteristics. An extensive literature [3, 4, 5, 6, 7] is
dealing with the application of concrete waste as aggregate in
asphalt mixtures.

Utilization of different types of slags (basic oxygen furnace
slag, steel slag) [8, 9, 10, 11,12] produced during various
metallurgical processes as asphalt aggregate also showed
good results. Based on the above mentioned research, it
can be stated that mixtures made with slags have nearly the
same performance as mixtures made with regular aggregates.
Besides, slag - among others - improves resistance to plastic
deformation and fatigue of asphalt pavements and it also
decreases failure taking place due to sensitivity against
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moisture. Friction characteristics between vehicles and
pavements can be improved by application of slag aggregates
in wearing course and failure phenomena (rutting, cracking)
can also be decreased in a great extent. By using slags, an
improvement can be reached in the values of indirect tensile
test, creep modulus and stripping.

Automotive casting was strengthened over the past decade
in Hungary. A large amount of aluminium alloy is used during
the aluminium melting process, significant amount of dross
is formed due to oxidation process, which is a recyclable by-
product. This waste material is produced during melting of
alumina scrap; its general composition is: 15-30% AlO,, 30-
55% NaCl, 15-30% KCl and 5-7% of metallic aluminium and
other impurities (carbides, nitrides, sulphides, phosphides).
Several researches were made in the scope of recycling such
drosses, mainly in the field of concrete technology [13, 14,
15]. These results showed that strength of the concrete made
by substituting cement by 15% aluminium dross approached
strength values of conventional concrete. Besides, alumina slag
can be used for producing paver blocks and refractory blocks
and can also be used where conventional concrete is applied.

2. Experimental

2.1 Sample preparation

Two types of fillers were used in this research. One was the
aluminium dross, the other was limestone which was used as a
reference material. The required particle size of fillers (d<0.063
mm) was obtained by sieving. Samples were then dried to
weight constancy.

During the research the following tests were done on the
fillers to reveal their properties. Mineralogical composition
of samples was determined by X-ray powder diffraction
(XRD) on a Rigaku MiniFlex II diffractometer. Particle size
distribution (PSD) of the sieved material was measured by a
Malvern Mastersizer X laser diffraction particle size analyzer
in dry mode using air as dispersing media. Specific gravity of
fillers was determined by pycnometer method according to
MSZ EN 1097-7 standard. Hydrophilic coeflicient was also
determined by sedimentation method. Rigden Void of fillers
were determined according to MSZ EN 1097-4 standard. For
morphological tests Carl Zeiss EVO MA10 scanning electron
microscope (SEM) was used. Specific surface area (SSA) of the
powders (by BET-method) was determined by Micromeritics
TriStar 3000 instrument.

2.2 Asphalt mix tests

The use of secondary and waste materials, slag and dross
materials, to substitute certain parts of asphalt mixes is not a
novelty in the past decades with a constant pursuit for a better
sustainable environment, and asphalt industry [16, 17, 18].
Research has shown that the use, instead of disposal, of such by-
products may be a promising way, amongst others, having at least
no negative effects on performance while solving part of some
issues related to the accessibility of virgin materials [19, 20].

In order to test performance of asphalt mixes having non-
standard composition everyday methods as indirect tensile
strength, wheel tracking, water sensitivity or fatigue may be
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inadequate, and require high volumes of the experimental
material [21]. Furthermore as bituminous mixes have a rather
complex, time and temperature behaviour, being a challenge to
model and understand, multiple types of tests are required to
assess performance at multiple testing conditions [22, 23, 24].

To obtain an overlook on the expected performance effect of
replacing (part) of the pure limestone filler with dross simple
performance test (SPT) as developed by NCHRP Project
9-19 was made on multiple temperatures, was made using a
frequency sweep between 0.1 Hz - 25 Hz, due to the various
possibilities to assess the data despite the simplicity of the test
and the specimens [22].

To perform the preliminary tests three asphalt mix types
have been made, one reference mix with 100% limestone as
filler (Mix B), one mix made with 100% aluminium dross (Mix
A), and one mix using 50% aluminium dross as filler (Mix C).

2.3. Mix composition

In order to assess the effect of the filler composition itself,
asphalt wearing course mixes with nominal aggregate size of 11
mm (AC11) were made with the same aggregate composition,
and the same binder type and content. Coarse aggregates have
been washed and the dust loss has been compensated with
fillers of the given three compositions. Thus, the total filler
added was the filler by mix design and the mass of dust. Fig. I
shows the gradation of the asphalt mixes.
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Fig. 1. Gradation of the asphalt mixes
1. dbra  Aszfaltkeverékek szemeloszldsa

Mixes were made using B50/70 standard bitumen with
a content of 4.6%. Two gyratory specimens have been made
for each mix, achieving a void of 4.7-4.8%, and the selected
performance test has been conducted on all specimens.

2.4. Performance tests

Simple Performance Tests (SPT) were performed at
temperatures between 0-40°C and frequencies between 0.1-
25 Hz. Followed by proper conditioning intervals and resting
times. Moduli and phase angle have been measured.

3. Results and discussion

3.1. Filler tests

Table 1 shows the results, which were obtained on fillers.
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Fig. 2. Scanning electronmicrographs of fillers
2. dbra A toltéanyagok elektronmikroszkdpos felvételei

Parameter Unit Limestone Dross

Specific

3 2.795 2.904
gravity, p g/em
Ayerage particle um 13.77 24.96
size, d,,
Specific surface 2
1. 1.
area, SSA m/e 5° 03
Rigden Void, RV vol% 47.2 45.7
Hydrophilic : 0.75 0.67
coefficient, n ’ ’
calcite (CaCO,), halite (NaCl)
quartz (Si0,), sylvite (KCl)
lomi '
Mineral : (C:&g(rgge) ) potassium
composition o aluminium oxide
muscovite 2M1 (K, AlLLO, ),
(KAIL(AISI,0, ) corundum (AL,0,)
(F,OH),)

Table 1. Test results of fillers
1. tabldzat  Toltéanyagok vizsgdlati eredményei

According to X-ray diffraction it can be stated that limestone
build up mainly of calcite. Besides, this filler also contains
dolomite, quartz and muscovite in small quantities. The main
phases of dross are corundum and potassium aluminium
oxide in a high quantities. Some salts, which are important
components during the melting process of aluminium, like
halite and sylvite have also identified during XRD tests.

The results of particle size analysis show that average particle
size of limestone is smaller than aluminium dross (d,, , . -
13.77 ym vs. d_ , - 24.96 um), so limestone contains much
more fines than the other filler. Because of the higher quantities
of fines in limestone, its specific surface is also higher. Electron
micrographs (Fig. 2), taken in different magnifications also
demonstrate the particle size distribution and the surficial
features of fillers.

It is well observable that the surface of coarser particles of
limestone is quite smooth and small calcite particles are stucked
on it. Traces of open pores are not identified on the angular
particles. In contrast, the surface of dross is much varied. Due
to the mineral composition, smooth angular particles, plately
parts and whisker-like surfaces can also be observed.

According to hydrophilic coeflicient tests it can be stated
that both fillers are hydrophobic which is favourable in asphalt
technology.

3.2. Performance test results
3.2.1. Master curves

Master curves of viscoelastic materials are used to give
a comprehensive assessment of the material stiffness for
various temperatures and loading frequencies [25, 26]. Master
curves can be constructed using the temperature-frequency
superposition principle. Sigmoid model was used to construct
the master curves of theaspecimens, based on Eq. (1).

loglE™| =8 + 5~ arrea (1)

Where is the stiffness [MPa], a, B, y, 8 constants, f _, reduced
frequency. Required constant parameters have been iterated
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using the least squares method. Sigmoid functions obtained
and the measured values are shown on Fig. 3.

B Measured values, A ®  Measured values, B © Measured values, C

e aster curves, A

e [\]aster curves, B

Master curves, C

25000 -

20000 +

15000 +

10000 -

Stiffness Modulus, log E* [MPa]

5000 -

0,00 0,01 0,10 1,00 10,00 100,00 1000,00

Reduced Frequency, log f,.4 [Hz]

Fig. 3. Master curves of the tested specimens
3. dbra A vizsgdlt probatestek mestergorbéi

Asthemaster curves depict the mixesare stiffened by replacing
limestone filler with aluminium dross. It is interesting to note
that Mix A (100% dross) is significantly stiffer throughout
the frequency range but Mix C (50% dross) is more similar to
mix B (100% limestone) on high temperatures, and more like
between the lesser two at high temperatures.

3.2.2. Black diagrams

Black diagrams give a good overlook on the viscoelastic
properties of viscous materials such as bitumen and asphalt
mixes [27, 28]. Plotting the measured complex moduli E*
against the phase angle ¢ for each measurement in the case
of all three mixes results in the Black diagram shown on Fig.
4. The tool developed to assess the rheological properties of
binders may be, with limitations used for asphalt mixes as well,
as viscoelastic materials.

25000
® Mix A (100% aluminium dross) R?=0,9696

@ Mix B (100% limestone) R?=0,942

Y Mix C (50% dross, 50% limestone)

2
20000 R*=0,9512

15000

10000

Complex modulus, E* [MPa]

5000

0,0 5,0 10,0 15,0 20,0 25,0 30,0 35,0 40,0
Phase Angle, @ [°]

Fig. 4. Black diagrams of the tested specimens
4. dbra A vizsgdlt probatestek Black diagramjai

The diagram enables the preliminary assessment of stiffness
and non-linear behaviour. As the diagram shows, Mix A has
higher stiffness values at given phase angles than the other two
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mixes, being similar at high phase angles, indicating that Mix
A would perform more stiff at high temperatures and/or high
frequencies. Notice that the ‘return’ of the curve is missing
in all cases, which is normal taken into account the fact that
asphalt mixes have been measured.

3.2.3. Cole-Cole diagrams

By using the known function of the complex modulus E* as
shown on Eq. (2), storage modulus and loss modulus E, and E,
respectively, can be calculated according to Eq. (3) and Eq. (4).

* [9ol
|| = 12l = BT+ E

)
E, =E" - cosp (3)
E, = E*-sing (4)

Where E* is the complex modulus, o, is the maximum stress,
g, is the maximum strain, ¢ is the phase angle [°], E, is the
storage modulus [MPa], and E, the loss modulus [MPa].

Storage modulus represents the part of the deforming stress
that is stored in the deformed material and at the end of the
deformation is used to cease the deformation. Loss modulus is
the part of the stress that is usually lost during a deformation
in heat form. Plotting the loss modulus against the storage
modulus results the Cole-Cole diagram, as shown on Fig. 5.
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Fig. 5. Cole-Cole diagrams of the tested specimens
5. dbra A vizsgdlt probatestek Cole-Cole diagramjai

The left part of the diagram indicates the mix behaviour at
high temperatures, whereas the right hand side indicates the
behaviour at low temperatures. Angle of given vectors pointing
from zero to an arbitrary point on the graphs is called the loss
angle.

The farther the intersections on the right side are, stiffer
the materials are at low temperatures. As seen, the more the
ratio of dross in the filler is, the stiffer the mix becomes in
all temperature ranges compared to the limestone only filler.
Furthermore, the stiffening effect is relatively higher on high
temperatures than on low temperatures.

4. Conclusions

Simple Performance Test results have been conducted to
preliminarily assess the effect of replacing limestone filler with
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dross on the potential performance of the resulting asphalt mix.
An interesting effect which requires further research is that the
stiffening effect of the limestone is higher on low temperatures
(low frequencies), and lower on low temperatures.

As seen, replacing the limestone filler with dross not only
stiffens the asphalt mix, but increases the phase angle as well.
However, replacing only 50%, i.e. only a part of the filler with
dross may be a good direction for further research.

Acknowledgement

Present research is a part of GINOP -2.2.1-15-201600018
project.

The research results were presented in ic-rmm3 Conference,
in Miskolc-Lillafiired, October, 2017.

References

[1] Aliabdo, A. A. - Abd-Elmoaty, M. A. - Hassan, H. H. (2014): Utilization

of crushed clay brick in concrete industry. Alexandria Engineering Journal.

Vol. 53, pp. 151-168, https://doi.org/10.1016/j.a€j.2013.12.003

Kim, Y-J. (2017): Quality properties of self-consolidating concrete mixed

with waste concrete powder. Construction and Building Materials, Vol.

135, pp. 177-185, https://doi.org/10.1016/j.conbuildmat.2016.12.174

[3] Bhusal, S. - Li, X. - Wen, H. (2011): Evaluation of effects of Recycled

Concrete Aggregate on volumetrics of Hot-Mix Asphalt. Transportation

Research Record: Journal of the Transportation Research Board, Vol. 2205,

pp. 36-39, https://doi.org/10.3141/2205-05

Pasandin, A. R. - Pérez, 1. (2014): Adhesion of Recycled Concrete

Aggregates, demolition debris, and asphalt. Petroleum Science and

Technology, Vol. 32. pp. 2584-91,

http://dx.doi.org/10.1080/10916466.2013.856444

[5] Arabani, M. - Moghadas Nejad, F. - Azarhoosh, A. R. (2013): Laboratory
evaluation of recycled waste concrete into asphalt mixtures. International
Journal of Pavement Engineering, Vol. 14. No. 6. pp. 531-539,
http://dx.doi.org/10.1080/10298436.2012.747685

[6] Paranavithana, S. - Mohajerani, A. (2006): Effects of recycled concrete
aggregates on properties of asphalt concrete. Resources, Conservation and
Recycling, Vol. 48. No.1. pp. 1-12,
https://doi.org/10.1016/j.resconrec.2005.12.009

[7] Wong, Y. D. - Sun, D. D. - Lai, D. (2007): Value-added utilisation of
recycled concrete in hot-mix asphalt. Waste Management, Vol. 27. No. 2.
pp. 294-301, https://doi.org/10.1016/j.wasman.2006.02.001

[8] Yi, H. - Xu, G. - Cheng, H. - Wang, J. - Wan, Y. - Chen, H. (2012): An
overview of utilization of steel slag. Procedia Environmental Sciences, Vol.
16. pp. 791-801, https://doi.org/10.1016/j.proenv.2012.10.108

[9] Chen, J.S. - Wei, S.-H. (2016): Engineering properties and performance
of asphalt mixtures incorporating steel slag. Construction and Building
Materials, Vol. 128. pp. 148-153,
https://doi.org/10.1016/j.conbuildmat.2016.10.027

[10] Haritonovs, V. — Zaumanis, M. - Brencis, G. - Smirnovs, J. (2013):
Asphalt Concrete Performance with Conventional and Waste Aggregates.
International Journal of Pavement Research and Technology, Vol. 6. No. 5.
pp. 505-510, http://dx.doi.org/10.6135/ijprt.org.tw/2013.6(5).505

[11] Asi, I. M. - Qasrawi, H. Y. - Shalabi, E. I. (2007): Use of steel slag aggregate
in asphalt concrete mixes. Canadian Journal of Civil Engineering, Vol. 34.
pp. 902-911

[12] Ezsids, L. (2012): Kohdszati salakok - a zuzottkévek megujult alternativai
az aszfaltgydrtas teriiletén. Az Aszfalt, Vol. 17. No.1 pp. 16-20

[13] Tsakiridis, P. E. (2012): Aluminium salt slag characterization and
utilization — A review. Journal of Hazardous Materials, Vol. 217-218. pp.
1-10, https://doi.org/10.1016/j.jhazmat.2012.03.052

[14] Reddy, M. S. - Neeraja, D. (2016): Mechanical and durability aspects of
concrete incorporating secondary aluminium slag. Resource-Efficient
Technologies, Vol. 2. No. 4. pp. 225-232,
https://doi.org/10.1016/j.reflit.2016.10.012

S

[4

[15] Mailar, G. - Raghavendra, N. S. - Sreedhara, B. M. - Manu, D. S. -
Hiremath, P. - Jayakesh, K. (2016): Investigation of concrete produced
using recycled aluminium dross for hot weather concreting conditions.
Resource-Efficient Technologies, Vol. 2. No. 2. pp. 68-80,
https://doi.org/10.1016/j.reffit.2016.06.006

[16] Aziz, M. M. A. - Hainin, M. R. - Yaacob, H. - Ali, Z. - Chang, E-L. -
Adnan, A. M. (2014): Characterisation and utilisation of steel slag for the
construction of roads and highways. Materials Research Innovations, Vol.
18. sup6, S6-255-S6-259,
http://dx.doi.org/10.1179/14328917147.000000000967

[17] Krayushkina, K. - Prentkovskis, O. - Bieliatynskyi, A. - Junevicius, R.
(2012): Use of steel slags in automobile road construction. Transport, Vol.
27.No. 2. pp. 129-137, http://dx.doi.org/10.3846/16484142.2012.690093

[18] Oluwasola, E. A. — Hainin, M. R. - Aziz, M. M. A. - Yaacob, H. - Warid,
M. N. M. (2014): Potentials of steel slag and copper mine tailings as
construction materials. Materials Research Innovations, Vol. 18. sup6, S6-
250-S6-254, http://dx.doi.org/10.1179/1432891714Z.000000000966

[19] Ziari, H. - Khabiri, M. M. (2007): Preventive maintenance of flexible
pavement and mechanical properties of steel slag asphalt. Journal of
Environmental Engineering and Landscape Management, Vol.15. No.3. pp.
188-192, http://dx.doi.org/10.1080/16486897.2007.9636928

[20] Pasetto, M. — Baldo, N. (2012): Laboratory investigation on foamed
bitumen bound mixtures made with steel slag, foundry sand, bottom ash
and reclaimed asphalt pavement. Road Materials and Pavement Design, Vol.
13. No. 4. pp. 691-712, http://dx.doi.org/10.1080/14680629.2012.742629

[21] Mangiafico, S. - Di Benedetto, H. - Sauzéat, C. - Olard, E. - Pouget, S. -
Planque, L. (2013): Influence of reclaimed asphalt pavement content on
complex modulus of asphalt binder blends and corresponding mixes:
experimental results and modelling. Road Materials and Pavement Design,
Vol. 14:supl, pp. 132-148, http://dx.doi.org/10.1080/14680629.2013.774751

[22] Di Benedetto, H. - Olard, E. - Sauzéat, C. - Delaporte, B. (2004): Linear
viscoelastic behaviour of bituminous materials: From binders to mixes.
Road Materials and Pavement Design, Vol. 5. sup1, pp. 163-202,
http://dx.doi.org/10.1080/14680629.2004.9689992

[23] Olard, E - Di Benedetto, H. (2003): General “2S2P1D ” Model and
Relation Between the Linear Viscoelastic Behaviours of Bituminous
Binders and Mixes. Road Materials and Pavement Design, Vol. 4. No. 2. pp.
185-224, http://dx.doi.org/10.1080/14680629.2003.9689946

[24] Delaporte, B. - Di Benedetto, H. — Chaverot, P. - Gauthier, G. (2009):
Linear Viscoelastic Properties of Bituminous Materials Including New
Products Made with Ultrafine Particles. Road Materials and Pavement
Design, Vol. 10. No. 1, pp. 7-38,
http://dx.doi.org/10.1080/14680629.2009.9690180

[25] Chailleux, E. - Ramond, G. - Such, C. - de LaRoche, C. (2006): A
mathematical-based master-curve construction method applied to
complex modulus of bituminous materials. Road Materials and Pavement
Design, Vol. 7. supl, pp. 75-92,
http://dx.doi.org/10.1080/14680629.2006.9690059

[26] Xu, Q. - Solaimanian, M. (2009): Modelling linear viscoelastic properties
of asphalt concrete by the Huet-Sayegh model. International Journal of
Pavement Engineering, Vol. 10. No. 6, pp. 401-422,
http://dx.doi.org/10.1080/10298430802524784

[27] Biligiri, K. P. - Kaloush, K. - Uzan, J. (2010): Evaluation of asphalt mixtures’
viscoelastic properties using phase angle relationships. International
Journal of Pavement Engineering, Vol. 11. No.2. pp. 143-152,
http://dx.doi.org/10.1080/10298430903033354

[28] Airey, G. D. (2002): Use of Black Diagrams to Identify Inconsistencies in
Rheological Data, Road Materials and Pavement Design, Vol. 3. No. 4. pp.
403-424, http://dx.doi.org/10.1080/14680629.2002.9689933

Ref.:

S00s, Zoltin — Géber, Rébert — Toth, Csaba - Igazvolgyi, Zsuzsanna
- Udvardi, Bella: Utilization of aluminium dross as asphalt filler
Epitanyag - Journal of Silicate Based and Composite Materials,
Vol. 69, No. 3 (2017), 89-93. p.
https://doi.org/10.14382/epitoanyag-jsbcm.2017.15

Vol. 69, No. 3 = 2017/3 = . 93


https://doi.org/10.1016/j.aej.2013.12.003
https://doi.org/10.1016/j.conbuildmat.2016.12.174
https://doi.org/10.3141/2205-05
http://dx.doi.org/10.1080/10916466.2013.856444
http://dx.doi.org/10.1080/10298436.2012.747685
https://doi.org/10.1016/j.resconrec.2005.12.009
https://doi.org/10.1016/j.wasman.2006.02.001
https://doi.org/10.1016/j.proenv.2012.10.108
https://doi.org/10.1016/j.conbuildmat.2016.10.027
http://dx.doi.org/10.6135/ijprt.org.tw/2013.6(5).505
https://doi.org/10.1016/j.jhazmat.2012.03.052
https://doi.org/10.1016/j.reffit.2016.10.012
https://doi.org/10.1016/j.reffit.2016.06.006
http://dx.doi.org/10.1179/1432891714Z.000000000967
http://dx.doi.org/10.3846/16484142.2012.690093
http://dx.doi.org/10.1179/1432891714Z.000000000966
http://dx.doi.org/10.1080/16486897.2007.9636928
http://dx.doi.org/10.1080/14680629.2012.742629
http://dx.doi.org/10.1080/14680629.2013.774751 
http://dx.doi.org/10.1080/14680629.2004.9689992
http://dx.doi.org/10.1080/14680629.2003.9689946
http://dx.doi.org/10.1080/14680629.2009.9690180
http://dx.doi.org/10.1080/14680629.2006.9690059
http://dx.doi.org/10.1080/10298430802524784
http://dx.doi.org/10.1080/10298430903033354
http://dx.doi.org/10.1080/14680629.2002.9689933
http://dx.doi.org/10.14382/epitoanyag-jsbcm.2017.1

épitdanyag - Journal of Silicate Based and Composite Materials

Utilization of aluminium dross
as asphalt filler

ZoLtAN SOOS = Department of Highway and Railway Engineering,
Budapest University of Technology and Economics = soos.zoltan.epito@gmail.com

Ro6BeERT GEBER = Institute of Ceramics and Polymer Engineering, University of Miskolc

CsaBA TOTH = Department of Highway and Railway Engineering,
Budapest University of Technology and Economics

ZsuzsanNA IGAZVOLGYI = Department of Highway and Railway Engineering,
Budapest University of Technology and Economics

BeLLA UDVARDI = institute of Ceramics and Polymer Engineering, University of Miskolc
Erkezett: 2017. 10. 15. = Received: 15. 10. 2017. = https://doi.org/10.14382/epitoanyag-jsbcm.2017.15

Abstract

Asphalt industry finds itself battling ongoing economic difficulties and an urge to achieve a more
sustainable development and growth. It means constant searching is needed for alternative
materials and possibilities to use recycled and processed waste materials in asphalt mixes as

long as an expected level of performance and durability is provided.

Aluminium dross is a recyclable by-product of the casting process of melted aluminium. In this
study an attempt was made to reveal the potentials of using aluminium dross as filler for asphalt

wearing course mixes.

During the research, filler fractions (d<0.063 mm) were prepared by milling and microstructural
tests were conducted both on the alternative and control filler for a better understanding of the
materials and their composition. The effect of replacing limestone filler with aluminium dross
filler on the performance of asphalt mixes was analysed by performance-based and performance
related asphalt mechanical tests according to common standards. In the paper, the properties of
fillers and various mechanical test results are presented and by interpreting the tests and results

final conclusions are presented regarding the use of aluminium dross as filler in asphalt mixes.
Keywords: asphalt, aluminium dross, filler, rheology, stiffness
Kulcsszavak: aszfalt, aluminium salak, téltdanyag, reolégia, merevség

1. Introduction

Handling, storage and wrecking of several waste material
(construction and demolition waste, oil-drill cuttings,
industrial by-products, etc.) is produced year by year which
causes significant problems all over the world. To avoid these
materials to damage the environment, they have to be recycled.
Besides storing them on landfills, another way is the industrial
utilization which may forward the reduction of yielding the
available raw materials. A possible field of application of waste
is building industry.

Utilization of different waste materials in concrete has been
the subject of several research work. Aliabdo et al. [1] have
done a comparative research work on the utilization of crushed
clay brick in concrete. Kim [2] dealt with the application of
waste concrete powder in self-consolidating concrete and its
attribute characteristics. An extensive literature [3, 4, 5, 6, 7] is
dealing with the application of concrete waste as aggregate in
asphalt mixtures.

Utilization of different types of slags (basic oxygen furnace
slag, steel slag) [8, 9, 10, 11,12] produced during various
metallurgical processes as asphalt aggregate also showed
good results. Based on the above mentioned research, it
can be stated that mixtures made with slags have nearly the
same performance as mixtures made with regular aggregates.
Besides, slag - among others - improves resistance to plastic
deformation and fatigue of asphalt pavements and it also
decreases failure taking place due to sensitivity against
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moisture. Friction characteristics between vehicles and
pavements can be improved by application of slag aggregates
in wearing course and failure phenomena (rutting, cracking)
can also be decreased in a great extent. By using slags, an
improvement can be reached in the values of indirect tensile
test, creep modulus and stripping.

Automotive casting was strengthened over the past decade
in Hungary. A large amount of aluminium alloy is used during
the aluminium melting process, significant amount of dross
is formed due to oxidation process, which is a recyclable by-
product. This waste material is produced during melting of
alumina scrap; its general composition is: 15-30% AlO,, 30-
55% NaCl, 15-30% KCl and 5-7% of metallic aluminium and
other impurities (carbides, nitrides, sulphides, phosphides).
Several researches were made in the scope of recycling such
drosses, mainly in the field of concrete technology [13, 14,
15]. These results showed that strength of the concrete made
by substituting cement by 15% aluminium dross approached
strength values of conventional concrete. Besides, alumina slag
can be used for producing paver blocks and refractory blocks
and can also be used where conventional concrete is applied.

2. Experimental

2.1 Sample preparation

Two types of fillers were used in this research. One was the
aluminium dross, the other was limestone which was used as a
reference material. The required particle size of fillers (d<0.063
mm) was obtained by sieving. Samples were then dried to
weight constancy.

During the research the following tests were done on the
fillers to reveal their properties. Mineralogical composition
of samples was determined by X-ray powder diffraction
(XRD) on a Rigaku MiniFlex II diffractometer. Particle size
distribution (PSD) of the sieved material was measured by a
Malvern Mastersizer X laser diffraction particle size analyzer
in dry mode using air as dispersing media. Specific gravity of
fillers was determined by pycnometer method according to
MSZ EN 1097-7 standard. Hydrophilic coeflicient was also
determined by sedimentation method. Rigden Void of fillers
were determined according to MSZ EN 1097-4 standard. For
morphological tests Carl Zeiss EVO MA10 scanning electron
microscope (SEM) was used. Specific surface area (SSA) of the
powders (by BET-method) was determined by Micromeritics
TriStar 3000 instrument.

2.2 Asphalt mix tests

The use of secondary and waste materials, slag and dross
materials, to substitute certain parts of asphalt mixes is not a
novelty in the past decades with a constant pursuit for a better
sustainable environment, and asphalt industry [16, 17, 18].
Research has shown that the use, instead of disposal, of such by-
products may be a promising way, amongst others, having at least
no negative effects on performance while solving part of some
issues related to the accessibility of virgin materials [19, 20].

In order to test performance of asphalt mixes having non-
standard composition everyday methods as indirect tensile
strength, wheel tracking, water sensitivity or fatigue may be
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inadequate, and require high volumes of the experimental
material [21]. Furthermore as bituminous mixes have a rather
complex, time and temperature behaviour, being a challenge to
model and understand, multiple types of tests are required to
assess performance at multiple testing conditions [22, 23, 24].

To obtain an overlook on the expected performance effect of
replacing (part) of the pure limestone filler with dross simple
performance test (SPT) as developed by NCHRP Project
9-19 was made on multiple temperatures, was made using a
frequency sweep between 0.1 Hz - 25 Hz, due to the various
possibilities to assess the data despite the simplicity of the test
and the specimens [22].

To perform the preliminary tests three asphalt mix types
have been made, one reference mix with 100% limestone as
filler (Mix B), one mix made with 100% aluminium dross (Mix
A), and one mix using 50% aluminium dross as filler (Mix C).

2.3. Mix composition

In order to assess the effect of the filler composition itself,
asphalt wearing course mixes with nominal aggregate size of 11
mm (AC11) were made with the same aggregate composition,
and the same binder type and content. Coarse aggregates have
been washed and the dust loss has been compensated with
fillers of the given three compositions. Thus, the total filler
added was the filler by mix design and the mass of dust. Fig. I
shows the gradation of the asphalt mixes.

100 *

90 *
¥ 80
©
g
[ 60
£
2 so *
S 40
o
g 30 L 2
(7
g 20

10 @

*

0

™
‘0@,‘,59 IS K3 ® o

Grain size, [mm]

Fig. 1. Gradation of the asphalt mixes
1. dbra  Aszfaltkeverékek szemeloszldsa

Mixes were made using B50/70 standard bitumen with
a content of 4.6%. Two gyratory specimens have been made
for each mix, achieving a void of 4.7-4.8%, and the selected
performance test has been conducted on all specimens.

2.4. Performance tests

Simple Performance Tests (SPT) were performed at
temperatures between 0-40°C and frequencies between 0.1-
25 Hz. Followed by proper conditioning intervals and resting
times. Moduli and phase angle have been measured.

3. Results and discussion

3.1. Filler tests

Table 1 shows the results, which were obtained on fillers.
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Fig. 2. Scanning electronmicrographs of fillers
2. dbra A toltéanyagok elektronmikroszkdpos felvételei

Parameter Unit Limestone Dross

Specific

3 2.795 2.904
gravity, p g/em
Ayerage particle um 13.77 24.96
size, d,,
Specific surface 2
1. 1.
area, SSA m/e 5° 03
Rigden Void, RV vol% 47.2 45.7
Hydrophilic : 0.75 0.67
coefficient, n ’ ’
calcite (CaCO,), halite (NaCl)
quartz (Si0,), sylvite (KCl)
lomi '
Mineral : (C:&g(rgge) ) potassium
composition o aluminium oxide
muscovite 2M1 (K, AlLLO, ),
(KAIL(AISI,0, ) corundum (AL,0,)
(F,OH),)

Table 1. Test results of fillers
1. tabldzat  Toltéanyagok vizsgdlati eredményei

According to X-ray diffraction it can be stated that limestone
build up mainly of calcite. Besides, this filler also contains
dolomite, quartz and muscovite in small quantities. The main
phases of dross are corundum and potassium aluminium
oxide in a high quantities. Some salts, which are important
components during the melting process of aluminium, like
halite and sylvite have also identified during XRD tests.

The results of particle size analysis show that average particle
size of limestone is smaller than aluminium dross (d,, , . -
13.77 ym vs. d_ , - 24.96 um), so limestone contains much
more fines than the other filler. Because of the higher quantities
of fines in limestone, its specific surface is also higher. Electron
micrographs (Fig. 2), taken in different magnifications also
demonstrate the particle size distribution and the surficial
features of fillers.

It is well observable that the surface of coarser particles of
limestone is quite smooth and small calcite particles are stucked
on it. Traces of open pores are not identified on the angular
particles. In contrast, the surface of dross is much varied. Due
to the mineral composition, smooth angular particles, plately
parts and whisker-like surfaces can also be observed.

According to hydrophilic coeflicient tests it can be stated
that both fillers are hydrophobic which is favourable in asphalt
technology.

3.2. Performance test results
3.2.1. Master curves

Master curves of viscoelastic materials are used to give
a comprehensive assessment of the material stiffness for
various temperatures and loading frequencies [25, 26]. Master
curves can be constructed using the temperature-frequency
superposition principle. Sigmoid model was used to construct
the master curves of theaspecimens, based on Eq. (1).

loglE™| =8 + 5~ arrea (1)

Where is the stiffness [MPa], a, B, y, 8 constants, f _, reduced
frequency. Required constant parameters have been iterated
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using the least squares method. Sigmoid functions obtained
and the measured values are shown on Fig. 3.

B Measured values, A ®  Measured values, B © Measured values, C

e aster curves, A

e [\]aster curves, B

Master curves, C

25000 -

20000 +

15000 +

10000 -

Stiffness Modulus, log E* [MPa]

5000 -

0,00 0,01 0,10 1,00 10,00 100,00 1000,00

Reduced Frequency, log f,.4 [Hz]

Fig. 3. Master curves of the tested specimens
3. dbra A vizsgdlt probatestek mestergorbéi

Asthemaster curves depict the mixesare stiffened by replacing
limestone filler with aluminium dross. It is interesting to note
that Mix A (100% dross) is significantly stiffer throughout
the frequency range but Mix C (50% dross) is more similar to
mix B (100% limestone) on high temperatures, and more like
between the lesser two at high temperatures.

3.2.2. Black diagrams

Black diagrams give a good overlook on the viscoelastic
properties of viscous materials such as bitumen and asphalt
mixes [27, 28]. Plotting the measured complex moduli E*
against the phase angle ¢ for each measurement in the case
of all three mixes results in the Black diagram shown on Fig.
4. The tool developed to assess the rheological properties of
binders may be, with limitations used for asphalt mixes as well,
as viscoelastic materials.

25000
® Mix A (100% aluminium dross) R?=0,9696

@ Mix B (100% limestone) R?=0,942

Y Mix C (50% dross, 50% limestone)

2
20000 R*=0,9512

15000

10000

Complex modulus, E* [MPa]

5000

0,0 5,0 10,0 15,0 20,0 25,0 30,0 35,0 40,0
Phase Angle, @ [°]

Fig. 4. Black diagrams of the tested specimens
4. dbra A vizsgdlt probatestek Black diagramjai

The diagram enables the preliminary assessment of stiffness
and non-linear behaviour. As the diagram shows, Mix A has
higher stiffness values at given phase angles than the other two
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mixes, being similar at high phase angles, indicating that Mix
A would perform more stiff at high temperatures and/or high
frequencies. Notice that the ‘return’ of the curve is missing
in all cases, which is normal taken into account the fact that
asphalt mixes have been measured.

3.2.3. Cole-Cole diagrams

By using the known function of the complex modulus E* as
shown on Eq. (2), storage modulus and loss modulus E, and E,
respectively, can be calculated according to Eq. (3) and Eq. (4).

* [9ol
|| = 12l = BT+ E

)
E, =E" - cosp (3)
E, = E*-sing (4)

Where E* is the complex modulus, o, is the maximum stress,
g, is the maximum strain, ¢ is the phase angle [°], E, is the
storage modulus [MPa], and E, the loss modulus [MPa].

Storage modulus represents the part of the deforming stress
that is stored in the deformed material and at the end of the
deformation is used to cease the deformation. Loss modulus is
the part of the stress that is usually lost during a deformation
in heat form. Plotting the loss modulus against the storage
modulus results the Cole-Cole diagram, as shown on Fig. 5.

6000
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o
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15 000 20 000 25000 30000

Fig. 5. Cole-Cole diagrams of the tested specimens
5. dbra A vizsgdlt probatestek Cole-Cole diagramjai

The left part of the diagram indicates the mix behaviour at
high temperatures, whereas the right hand side indicates the
behaviour at low temperatures. Angle of given vectors pointing
from zero to an arbitrary point on the graphs is called the loss
angle.

The farther the intersections on the right side are, stiffer
the materials are at low temperatures. As seen, the more the
ratio of dross in the filler is, the stiffer the mix becomes in
all temperature ranges compared to the limestone only filler.
Furthermore, the stiffening effect is relatively higher on high
temperatures than on low temperatures.

4. Conclusions

Simple Performance Test results have been conducted to
preliminarily assess the effect of replacing limestone filler with
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dross on the potential performance of the resulting asphalt mix.
An interesting effect which requires further research is that the
stiffening effect of the limestone is higher on low temperatures
(low frequencies), and lower on low temperatures.

As seen, replacing the limestone filler with dross not only
stiffens the asphalt mix, but increases the phase angle as well.
However, replacing only 50%, i.e. only a part of the filler with
dross may be a good direction for further research.
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Abstract

Nowadays different industrial sectors are highly contributing towards the discharge of heavy metal
in various environmental compartments and it is one of the foremost environmental concerns due
to their high toxicity and destructive impacts impact on human health. The effluents discharge
from paint and leather industries usually contain considerable amount of lead and mercury
which ultimately accumulates along the food chain and causes severe damage to the nervous
system. Various conventional methods have been reported in past for removing heavy metal ions
such as chemical precipitation, electrochemical deposition, solvent extraction, and adsorption.
Among these, adsorption is of immense importance because is effective and economical mean
for environmental remediation. In past adsorption studies have focused on the development and
application of different materials such as silica, titanium, vanadium, alumina, aluminosilicates,
chitosan, starch and cyclodextrin. Currently designing of aluminosilicate based materials gain
wide acceptance in multidisciplinary research areas due to their distinctive properties such as
high surface area, pore volume and low operational cost. In addition to these characteristic
features, the application of these materials are limited due to the lack of ion exchange ability
which restricts the mobility of metals during adsorption phenomenon The present study was
design to functionalize aluminosilicates with titanium chloride in order to enhance its ion
exchange properties and ability to reduce harmful state of toxic metals for instance, Hg (ll). The
designed materials were subjected to different spectroscopic and quantitative techniques such
as fourier transform infrared spectrometry, scanning electron microscopy, X-ray diffractometry.
The objective of present research is to prepare aluminosilicate-Ti chloride by adapting simple
sol-gel protocol and its functionalization with titanium chloride with simple mixing method. The
synthesized material was applied adsorbent for entrapping different toxic pollutants such as
mercury and lead. The formation of alumino-silicates-Ti material is confirmed by the presence
of distinctive IR peak at 990 cm-1.Scanning electron microscopy of synthesized product reveals
the microstructures with small void spaces. The X-ray diffractometry (XRD) pattern reflects the
amorphous behaviour of synthesized material due to the modification of aluminosilicate with
titanium chloride.

Keywords: aluminosilicates; lead; mercury; adsorbent; sol gel
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1. Introduction

The rapid expansions of human and industrial activities lead
towards unusual global and ecological changes. Under these
circumstances, the major research target for scientists is to
develop economical and environmental functional material by
adapting simple methods [3]. Alumino-silicates become the
centre of attention after modification with titanium chloride
due to its remarkable physiochemical properties such as high
surface area to volume ratio and ion exchangeable framework.
The replacement of Si with Ti in the alumino-silicate framework
enables the efficient use of these materials as adsorbent for
remediation of heavy metals, volatile hazardous substances
and persistent organic pollutants [9]. Recent reports in
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literature have revealed the possibility of producing alumino-
silicate grafted zinc as nanotip by applying different synthesis
routes including plasma sprayed, chemical vapour deposition
and electrochemical anodization methods [4]. Within
anodization method electrolyte and metal variations during
synthesis process were reported and their effects were studied
on the morphologies of synthesized materials. Additionally,
these materials are preferable in the field of adsorption for the
remediation of various dyes such as congo red and methylene
blue, toxic metals (copper, nickel, lead and mercury) and
organic pollutants (pesticides and PCBs) etc from industrial
waste water samples [17]. Wang et al., 2012 reported about the
modification of silica and alumina with zinc and vanadium
to apply as adsorbent for efficient uptake of congo red from
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textile wastewater samples. These materials exhibit significant
removal of heavy metals due to its high porosity and large
surface area. Similarly after the successive development of
silica and alumina based materials, alumino-silicates were also
synthesized and modified with zinc extracted from rice husk
ashes and its potential application as adsorbent, drug carrier
and catalyst due to its high cation exchange capacity. [13]
The present study based on the synthesis of alumino-silicates
followed by its modification with titanium chloride by using
simple and economical sol-gel method. It is proposed that
sol-gel method is a possible route to achieve particles with
higher homogeneity and uniformity as compared to other
conventional means. Based on the economical viability and
environmental viable nature of the designed product it serve as
nanocage for entrapping various toxic metallic species such as
mercury and lead by batch adsorption experiments [6].

2. Materials and methods

The materials such as sodium silicate, aluminium nitrate,
cetyl trimethylammonium bromide, titanium chloride and
NaOH were the reagents used for synthesis and purchased
commercially from Sigma Aldrich. Apparatus include a Flame
Atomic Absorption spectrophotometer (AA 220, Varian) for
metal analysis.

2.1. Synthesis of aluminosilicate products

Fig. 1 shows the synthesis of aluminosilicate by selecting
sodium silicate and aluminium nitrate as primary precursors
for silica and alumina. For this purpose, alumino-silicate
was prepared by dissolving equal proportion (50:50) of both
precursors (sodium silicate and aluminium nitrate) in 96
ml of double deionised water. The homogeneous solution is
further processed by the addition of 0.7 ml of 2 M NaOH with
continuous heating and vigorous stirring at 80 °C for 30 min
followed by uniform mixing of 0.5 g of surfactants (CTAC).
The resultant product was washed with distilled water, filtered
and then dried in oven to get white powder which was calcined
at 600 °C for Shrs [19]. The prepared product was further
functionalized with titanium chloride by simple mixing
method. For this purpose, alumino-silicate fine powder was
added in titanium chloride solution in (75:25) ratio. The
titanium chloride was dissolved in less ratio because highest
concentration of it will affect the integrity of the synthesized
product [2].The prepared product was coded as AlSi-Ti.

Addition of titanium odium silicate and aluminium nitrate

chloride 3

Fig. 1. Synthesis protocol of aluminosilicate material
1. dbra  Aluminoszilikdt szintézis protokollja

3. Characterization

The synthesized material is subjected to following
characterization techniques such as FTIR (Fourier Transform
Infrared (FTIR-8400 Schimadzu, Japan) spectrophotometer,
XRD (STOE) and SEM (JEOL tsm-6490, Japan).

3.1 FTIR

The appearance of small IR peak at 997 cm™ was assigned
due to the formation of Si-O-Al bond after condensation of
Si-OH and Al-OH groups [15] but modification of alumino-
silicate with titanium chloride was confirmed by the shift in IR
peak from 997 - 990 cm™ and it corresponds to the stretching
vibration of Si-O-Al [6] perturbed by the presence of vibration
band of the -Al-O- Ti-O-Si [11] fragment The reduction in the
intensity of IR peaks of alumino-silicate-Ti sample confirms
the modification (see Fig. 2).

Alumino-silicate-Ti

Fig 2. FTIR spectra of alumino-silicate-Ti based material
2. dbra  Titdn-aluminoszilikdt FTIR spektruma

3.2 SEM

SEM micrograph of AlSi-Ti seen in Fig. 3 showed aggregation
of particles [12] with large number of small void spaces. This
might be due to the effect of high calcinations temperature or
attributed to the addition of cationic surfactant (CTAC) during
synthesis [3].

10pm

UCL CHEM 15.0kV X1,000 WD S.0mm

Fig. 3. SEM of alumino-silicate-Ti based material
3. dbra Titdn-aluminoszilikdt elektronmikroszképos felvétele

3.3 XRD

XRD pattern of synthesized specimen scanned at 10-71of 20
by steps of 0.015 with Cu K o radiation (A = 1.54059) clearly
depicts the amorphous nature of synthesized material. It is
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attributed to the instability of AlSi-Ti material under acidic
conditions which may lead towards the dealumination and
collapse of atomic structures. This study is also supported by
the Lin et al., 2015 which reveals the reduction in the peak
intensities of the crystalline kaolinite after modification with
Ti [18], see Fig. 4.
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Fig. 4. XRD of alumino-silicate-Ti based material
4. dbra  Titdn-aluminoszilikdt rontgendiffraktogramja

3.4 Batch adsorption experiment

A batch method was employed to study the adsorption of
mercury and lead from aqueous solutions onto the alumino-
silicate matrix. For this purposes, adsorbent 10 mg was
suspended in 30, 50 and 70 mg/L of aqueous solution. Known
concentration of adsorbate (0.03 mg/L) is pipetted out in the
flask containing 10 mg of adsorbent (alumino-silicate), after
the contact of every 5 minutes and analysed under flame
atomic absorption spectrometer (FAAS) [7]. Percent removal
was calculated by using following equation:

R%= Ci-Co/Ci

It is proposed on the basis of experimental results that
alumino-silicate modified titanium composites reveal (69%)
uptake of mercury after 15 min minutes as shown in Fig. 5.a.
It is attributed to the availability of large surface area and
number of free binding sites. The slight decrease in adsorption
of mercury ions is associated with the aggregation of available
active sites as a result electrostatic attraction diminishes
between mercury ions and adsorbent surface. This ultimately
decreases the diffusion path length of the adsorbent [5].

(a) (b)

100

% Removal
AN
% Removal
8
']

o 5 0 B ™ % % R )
Time (min) Time (min)

Fig. 5. Removal percentage (a) mercury, (b) lead
5. dbra  Eltdvolitdsi hdnyadok (a) higany, (b) lom

In addition, gradual uptake of Pb** ion (49 %) was recorded
at initial 10 minutes is due to the quick saturation of all empty
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active sites [1] and rapid diffusion of lead ions may accelerate
the affinity of adsorbent to remove lead at initial time but
quick decline after 10 minutes till 20 minutes is attributed to
the surface coverage of alumino-silicate-Ti adsorbent results in
the formation of metal complexes [10] (see Fig. 5.b)

Comparative adsorption studies of alumino-silicates-Ti with
both metals (lead and mercury) suggest Accordingly it can
be found that regular incline is observed for the removal of
mercury as compared to lead. This adsorption trend is allied
with the generation of unsaturated negative charge due to
replacement of Si** ions by AI’* in the alumino-silicate skeleton.
Consequently lowest percentage removal of lead is observed at
20 min is due to the long-distance diffusion of lead ions into
the internal pores of alumino-silicates framework [16].

4. Conclusions

It is concluded that physicochemical properties of alumino-
silicates after modification serve as superior material for
various industrial applications due to its bidimensional oxide
structure in which the metals are bound to the AL,O, matrix
by SiO-Ti bond. Specific advantages to be gained by using
alumino-silicates-Ti nanoparticles include facile adsorption,
desorption, separations and catalysis applications. Efficient
removal of mercury as compared to lead is observed due to the
presence of electrostatic interactions between negative surfaces
of alumino-silicates-Ti with the positive charge of mercury
ion whereas removal of lead was significantly low due to the
neutral charge of lead ion. It is concluded that modification of
alumino-silicates with titanium chloride was favourable due to
its potent economical and environmental benefits.
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Abstract

In this paper, hybrid composite materials based on metal organic framework [Zn, (BTC),] at
aluminosilicates (zeolite) was explored for the first time. The composite was successfully
synthesized by hydrothermal crystallization of zeolite followed by Solvothermal growth of [Zn,
(BTC),] from its synthetic solution in the presence of dispersed zeolite particles. The synthesized
materials were characterized by X-ray diffraction, Fourier transform infrared spectroscopy,
scanning electron microscopy along with Energy dispersive X-ray spectrometric analysis. The
XRD pattern exhibited the peaks characteristics of [Zn, (BTC),] in composite material. It meant
that Zn-BTC represented the major component of the composites, and it also suggested that the
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composites preserved the crystalline characters of parent Zn-BTC. The results of FTIR and SEM/
EDX further confirm the successful synthesis of composite hybrid material aluminosilicates with
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1. Introduction

Metal-organic frameworks (MOFs) are an emerging class of
crystalline porous materials [1]. MOF consists of secondary
building units, metal ions that act as lattice nodes, connected
by organic linkers who impart high porosity and form modular
structure [2]. Therefore by changing the connectivity of the
inorganic moiety and nature of organic linker a wide structural
diversity and highly designable pore sizes and shapes in
MOFs are expected, which endow MOFs with tunable cavity
architectures and properties. MOFs are synthesized both
traditional and rather specific methods like use of microwave,
ultrasonic, mechanochemical and electrochemical processing
[3]. The reproducibility of the results of synthesis and post
synthetic treatment of the produced samples is of critical
importance. MOFs are most often functionalized to make
them appropriate for precise application. In current era, the
possibility to vary the structure porosity, topology and elemental
composition (the ALSi ratio and isomorphous substitution of
transition metal atoms in tetrahedral positions) has rendered
zeolites and their derivatives the most suitable materials for use
in a variety of applications: in gas adsorption and separation,
catalysis, photocatalysis. Zeolites and their derivatives have
been addressed in experimental and theoretical studies.

However, MOFs are superior to zeolites in various respects;
in specific, a characteristic feature of MOFs is the large surface
area. Metal-organic frameworks vary from zeolites in numerous
key aspects. The key change of the MOFs is an extensive
diversity and variability of their structure in combination
with lower topological restrictions on the formation of porous
three-dimensional frameworks. A significant number of new
MOF structures synthesized every year confirms this variability
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and heightened interest in their potential application areas.
Zeolites are built of tetrahedral fragments, and differences
in their topology are based on a finite number of secondary
structure elements, whereas inorganic secondary building
units of MOFs can be both a separate metal atom or a more
or less complicated cluster and one, two or three-dimensional
extended inorganic substructures.

Nevertheless thermal stability of zeolite is higher than MOE
So, Assimilation of MOFs with different functional materials
is a very effective and viable approach to further improve
MOF performance [4] or present innovative functionality for
practical use [5]. Thus far, various MOF composites have been
fruitfully prepared by assembling MOFs and functional species,
including graphene, carbon nanotubes (CNTs), metal oxides,
complexes,and have shown remarkable performancein catalysis
[6], photo-induced H, generation [7], proton conduction [8],
and so on. In these MOF composites, the individual functions
of the MOFs and functional materials synergistically fuse
together not only to deliver multifunctionality as a whole but
also to produce new physical and chemical properties that are
not present in the individual components [9]. The combination
of MOFs and other functional materials has extended their
applications. Moreover, research on high-performance MOF
hybrids with sophisticated architectures, in combination with
enrichment of the MOF database, has led to new design tactics
for MOF composites.

In this study, we report the synthesis of zeolite-MOF
composite materials by Solvothermal growth of MOF on the
surface of zeolite. Zeolite-MOF composite has the potential to
be novel and useful porous system the variety of application,
as the inorganic zeolite component imparts the advantages
of their higher thermal, mechanical and structural stability
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and the organic MOF imparts specific functionality and high
flexibility.

2. Experimental

2.1. Materials

Analytical grade reagents, such as aluminumisopropoixde,
sodium hydroxide (NaOH), tetraethyl ammonium hydroxide
(TEAOH), Tetraethylorthosilicate (TEOS), Ammonium
nitrate (NH,NO,), 1,3,5-benzenetricarboxylicacid or trimesic
acid (TMA), zinc nitrate hexahydrate (Zn(NO,),.6H,0),
methanol(CH,OH) and N-N-dimethylformamide (DMF)
were purchased from commercial source (Sigma-Aldrich) and
used without further purification.

2.2. Synthesis
2.2.1. Synthesis of aluminosilicates (Zeolite)

The method to synthesis of zeolite was modified from
literature [10]. The synthesis mixture was prepared as follows:
NaOH aqueous solution (1 M), TEAOH solution (5 mL) and
aluminumisopropoixde (0.1 g) were mixed and stirred until all
components were dissolved. At last silica source, TEOS (6 ml)
was added in above solution and stirred for an additional 30
min before crystallization to get a homogenous gel. Later on
this gel was transferred to a stainless steel autoclave and placed
in furnace at 150 °C for 24 h at heating rate of 10 °C/min.
After completion of the reaction autoclave was cooled down
to room temperature and product obtained was collected by
centrifugation at 4000 rpm for 15 min. The synthesized material
was washed with deionized water before drying overnight at
50°C and calcined in furnace at 600 °C for 6 h. Calcined zeolite
was protonated by ion-exchange with 1.0 M NH,NO, solution,
stirred at 80 °C for 2 h. The solid was filtered, washed with
distilled water and dried at 50 °C overnight. The solid powder
was then calcined at 550 °C at the rate of 5 °C/min for 4 h in
order to remove NH, for the generation of zeolite in H* form.

2.2.2. Synthesis of [Zn, (BTC),]

[Zn, (BTC),] was synthesized using Solvothermal
method [11] The procedure was as follow: 0.368 g of zinc
nitratehexahydrate (Zn (NO,),.6H,0) was dissolved in 20 mL
of DMF:CH,OH:H,0 (1:1:1 v/v). The quantity of 0.148 g of 1,
3, 5-benzenetricarboxylic acid was dissolved in 20 mL of the
same solvent mixture and both solutions were combined with
stirring. The resulting mixture was transferred to Teflon-lined
stainless steel autoclave and placed in furnace at 150 °C for 24
h. At the end of the reaction, the autoclave was cooled down to
room temperature, and the resulting white powder was washed
with the same solvent mixture and dried overnight at 60 °C.

2.2.3. Synthesis of aluminosilicate [Zn, (BTC),]
nanocomposite

The synthesis of zeolite-[Zn, (BTC),] composite was
performed by the same procedure described above except that
0.1 g zeolite particles of the procedure 2.2.1 were added to
the synthetic solution of [Zn, (BTC),] prior to Solvothermal
crystallization of MOE

2.3. Characterization
2.3.1. Powder X-ray diffraction XRD

X-ray diffraction (XRD) measurements were done with Cu
Ka radiation (A=1.5418A°, 40 kV, 40 mA). The powder samples
were ground and spread on a sample holder. The samples were
scanned in the range from 26= 5°-50° with a step size of 0.0334°.

2.3.2. Fourier Transform Infrared Spectroscopy FTIR

FTIR technique was used for the determination of functional
groups in synthesized materials in transmittance (%) mode
with a 16 cm™ resolution and 50 scans in the mid IR region
(400-4000 cm™).

2.3.3. Scanning electron microscopy/Energy dispersive
X-ray sepectroscopy SEM/EDX

The morphology of the prepared materials was examined on
scanning electron microscope (SEM) along with EDX.

3. Result and Discussion

Zeolite, [Zn, (BTC),] and zeolite-[Zn, (BTC),] were
successfully synthesized using Solvothermal method. Synthesis
of zeolite-[Zn, (BTC),] was carried out by hydrothermal
crystallization of zeolite followed by Solvothermal growth of
[Zn, (BTC),] from its synthetic solution in the presence of
dispersed zeolite particles.

Fig. 1 shows XRD pattern of zeolite, [Zn, (BTC),] and
zeolite-[Zn, (BTC),]. The reflection peaks in XRD pattern of
zeolite are consistent with those reported for the topologies of
zeolite material. The peaks between 10° and 20° are related to
cubic crystalline structure of [Zn, (BTC),], which is in good
agreement with that reported in literature [12,13], suggesting
that [Zn, (BTC),] was successfully synthesized by Solvothermal
method.
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Fig. 1. XRD pattern of Zeolite, Zn (BTC), and Zeolite-Zn (BTC),
1. dbra  Zeolit, Zn (BTC), és Zeolit-Zn (BTC), rontgendiffraktogramjai

In XRD pattern of zeolite-[Zn, (BTC),] the main peak of
[Zn, (BTC),] is at 11.5° is not changed after modification. It
meant that Zn-BTC represented the major component of the
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composites, and it also suggested that the composites preserved
the crystalline characters of parent Zn-BTC. The similar
pattern of XRD for composite material indicates the existence
of well-defined MOF units in the synthesis materials. Thus,
one can assume that zeolite did not prevent the formation of
linkage between the zinc dimer and organic ligand [14].

FTIR spectra further confirm the results of XRD analysis on
the formation of zeolite, [Zn, (BTC),] and composite material.
It can obviously see that all vibration bands of IR spectra of
zeolite and those for [Zn, (BTC),] were in good agreement with
the published data [13]. All the characteristic peaks of zeolite
could be observed in zeolite-[Zn, (BTC),] composite, indicating
that hybrid composites were successfully synthesized, being
mainly composed of zeolite and [Zn, (BTC),].

Fig. 2 represents the FTIR spectra of the synthesized materials.
For zeolite, the characteristic broad features at 958 cm™ were the
asymmetric stretching vibration of T-O-T (T: Si or Al) in the
framework of zeolite. For [Zn, (BTC),], the five typical bands
were almost identical with those for the zeolite-[Zn, (BTC),]
composites, indicating that MOF played major role in the hybrid
composites. Another characteristic peaks are placed at 453 and
552 cm™ for Zn (II) which prove the bonding between metal and
carboxylic oxygen. The vibration bands centered on 1621/1562
cm™and 1433/1364 cm™ correspond to the asymmetric stretching
and the symmetric stretching vibrations of carboxylate groups
respectively [12]. The presence of strong stretching vibration
peakat 1621.17 cm™ confirmed the deprotonation of carboxylate
groups in 1, 3, 5-benzenetricarboxylic acid, upon reaction with
metal ions [15].

Zeolite@Zn3(BTC),

Transmittance (%)

T T
1000 2000 3000 4000

Wavelength (cm'l)

Fig. 2. FTIR spectrum of Zeolite, Zn (BTC), and Zeolite-Zn (BTC),
2.dbra  Zeolit, Zn (BTC), és Zeolit-Zn (BTC), FTIR spektrumai

From Fig. 3, the SEM photographs revealed the morphologies
of the zeolite, Zn,(BTC), and composite material. Compared
with pure Zn,(BTC),, the composite particles (Fig. 3.c) still
remain in its pure shape indicating an intact host matrix after
loading the sample with zeolite.

EDX spectrum was shown in Fig. 4. Spectrum (Fig. 4.a) was
of the zeolite particles. The zeolite construction element Si, Al
and O were shown in the figure with Ka characteristic X-ray
energy of 1.739 KeV, 1.486 KeV and 0.525 KeV, indicating the
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presence of zeolite particles. The EDX spectrum (Fig. 4.c) was
of composite particles and was comprised of Si, Al, O and Zn
peaks, indicating the presence of zeolite and MOF structures.
The primary construction element of [Zn, (BTC),] Zn was
shown with La characteristic X-ray energy of 1.042 KeV. The
peaks at 0 come from the X-ray beam of the instrument. The
EDX was done during the SEM and was performed on isolated
particles, thus confirms the successful growth of zeolite onto
[Zn, (BTC),] and the preservation of the crystallinity of both
materials.

' 200um '

: 200um L

Fig. 3. SEM photograph of (a) Zeolite,(b) Zn (BTC), and (c) Zeolite-Zn (BTC),
3. dbra  Zeolit, Zn (BTC), és Zeolit-Zn (BTC), elektronmikroszkdpos felvételei
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Fig. 4. EDX spectrum of (a) Zeolite, (b) Zn (BTC), and (c) Zeolite-Zn (BTC),
4. dbra  Zeolit, Zn (BTC), és Zeolit-Zn (BTC), EDX spektrumai

Conclusions

In summary, we report the synthesis of porous co-ordination
network of Zn, (BTC), by solvothermal growth upon zeolite
particles which were pre-synthesized via hydrothermal
crystallization. The physiochemical and texture properties of
synthesized materials were confirmed by XRD, FTIR and SEM/
EDX. In XRD pattern of composite material (aluminosilicates
with [Zn, (BTC),]) the main peak of [Zn, (BTC),] is at 11.5°
which is not changed after modification. It meant that Zn-BTC
represented the major component of the composites, and it
also suggested that the composites preserved the crystalline
characters of parent Zn-BTC. The co-existence of both
vibrational peaks of zeolite and [Zn, (BTC),] in FTIR results
further confirms the synthesis of composite material. SEM
images of pure [Zn, (BTC),] and composite material shows
that the composite particles still remain in its parent shape
indicating an intact host matrix after loading the sample with
zeolite. EDX results further confirm the successful synthesis of
composite and strengthen the results of XRD, FTIR and SEM.
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Abstract

The effect of polycarboxylate superplasticizer on thermal stability and the kinetic thermal
decomposition of OPC without and with 1.0 and 1.5% wt% plasticizer has been studied at
temperature range of 30-1000 °C. The study was done by means of thermogravimetry (TG)
technique under non-isothermal condition at a heating rate of 10 K/min. The results showed
that the decomposition occurs for the superplasticized and neat OPC paste in three steps. The
neat OPC was found to decompose at higher temperatures than those for the superplasticized
paste. The kinetic parameters for each one of the decomposition steps were calculated through
four calculation methods and the kinetic mechanisms were determined from the thermal data
analysis using 35 solid state reaction models. The results showed that the mechanisms of
decomposition steps depend on the percentage of the superplasticizer added to the paste. The
thermodynamic parameters AS*, AH* and AG* were also computed and discussed.

Keywords: Hydration kinetics; Ordinary Portland cement OPC; Thermogravimetrical Analyses TGA.
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1. Introduction

Calcium silicate hydrates (CSH) and calcium hydroxide
(CH) which are the main hydration phases accounted for the
propertiesofPortland cement paste. The dehydration of Portland
cement paste causes a deterioration effect on the concrete
strength. Thermal analysis tools can be used to identify each
of the product compositions and their amounts due to thermal
effects on cement composites. Several investigators studied
thermal analysis to recognize the products due to hydration of
different cement composites [1,2,3]. Zelic et al. [4] investigated
thermal decomposition kinetics of the calcium hydroxide-
Portlandite formed into hydrated ordinary Portland cement
(OPC) paste with use of non-isothermal thermogravimetric
data. Sha et al. [5] reported that the three major endothermic
peaks in the DSC curves are due to loss of water from calcium
silicate hydrate, dehydroxyaltion of calcium hydroxide, and
decarbonation of calcium carbonate contribute respectively.
Pane et al. [6] investigated hydration of OPC pastes containing
three types of mineral additive; fly ash, ground-granulated slag,
and silica fume using DTA/TGA and isothermal calorimetry
It was shown that the chemically bound water obtained using
DTA/TGA was proportional to heat of hydration and could
be used as a measure of hydration. Agarwal et al. [7] studied
the hydration behavior of different cements at different time
intervals in the presence of superplasticizers using DTA
technique. It was observed that OPC has shown retardation
either blended with naphthalene-based superplasticizers
or with blended polymer-based superplasticizer. However,
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Portland Slag Cement has been found to be compatible
with all the superplasticizers. Ye et al. [8] reported on the
properties of Self-compacting when it is exposed to elevated
temperatures. Fire test has shown differences between high
performance concrete and traditional concrete at elevated
temperature. These differences are largely depending on the
microstructural properties of concrete matrix. Kong et al. [
9] studied the effect of elevated temperature on geopolymer
paste, mortar and concrete made using fly ash as a precursor.
It was found that strength loss in geopolymer concrete at
elevated temperatures is attributed to the thermal mismatch
between the geopolymer matrix and the aggregates. Heikal et
al. [10] studied the effect of substitution of nano-silica on the
behavior of composite cement pastes including OPC and blast-
furnace slag exposed to elevated temperature up to 1000°C.
DTA and TGA were carried out on cement pastes partially
replaced with Neem seed husk ash [11]. The results showed
that the calcium hydroxide contents increases with increase
in Neem seed husk ash replacements. Klimesch and Ray [12]
presented a method for consistent DTA/TGA evaluation using
computer software for data analyses. DTA/TGA was used to
study the effect of ground quartz addition to cement. Alarcon-
Ruiz et al. [13] used thermal analysis techniques to study the
effect of temperature in the mineralogical composition of
cement hydration products. Such techniques can be used to
determine fire conditions and the consequent deterioration
expected in the cement paste. Bhatty and Reid [14] produces
high-strength Type 1 cement. The product from raw taconite
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Oxide

sio,

ALO, Fe,0,

Ca0 MgO SO, Na-Oxide K- Oxide Lime Saturation Factor Undissolved solids Loss on Ignition

% 19.82 499 392 6266 0.82 253 0.47

Table 1 Chemical analysis of ordinary Portland cement
1. tdbldzat  Portlandcement kémiai osszetétele
and copper-nickel tailings of Minnesota is the subjected to
hydration studies by using thermal methods such as TGA and
DTA. Hydration is measured in terms of hydration product
formation and the amount of bound water and free calcium
hydroxide incorporated in them.

Reactions that occur with an increase of temperature in
cement paste and concrete can be summarized as: evaporable
water and a part of the bound water escapes at 30-102°C [4]. The
decomposition of gypsum [15] and ettringite [16] takes place at
110-170°C, The decomposition of the C-S-H and carboaluminate
hydrates undergoes at 180-300°C [17]. Dehydroxylation of the
portlandite [18] occurs at 450-550°C. Decarbonation of calcium
carbonate happens at 700-900°C [13].

However, the dehydration kinetics of Portland cement paste
is too complex and can not be described by a single Arrhenius
equation. In the present work, we studied the thermal
dehydration and decomposition kinetics of OPC hardened
pastes containing polycarboxylate admixtures using TGA at a
heating rate of 10 K/min for two samples containing admixtures
besides, control sample. Four calculation procedures based on
TG curves as well as 35 mechanism functions were applied on
the thermal data.

2. Materials and experimental technique

Cement: A freshly produced sample of a commercial ordinary
Portland cement supplied from Suez Cement Company with
the chemical composition listed in Table I, was used in this
study.

The specific surface area as determined by the Blaine air-
permeability method was found to be 3400 cm?/gm. The
potential phase composition as estimated using Bogue’s
calculation [19] was found to be C.S, 58.04; f-C S, 13.11; CA,
6.59 and C AF, 11.91, respectively.

3. Preparation of OPC pastes

The percentages of admixtures (1.0 & 1.5 wt %) were
dissolved in water of mixing. Various cement pastes were
prepared by mixing OPC with water using standard water of
consistency for each paste. The control cement pastes and the
superplasticized samples with 1.0 and 1.5 wt % were hydrated
for 28 days.

The standard water of consistency and percentage of water
reduction were listed in Table 2.

Paste W/C ratio Water reduction %
Neat OPC 0.245 0%
OPC+1%1% 0.1712 30%
OPC+1.5% 0.16 34.69 %

Table 2. 'The standard water of consistency and percentage of water reduction for the
control and superplasticized cement pastes
2. tabldzat ~ Szabvdnyos konzisztencia vizigénye és a viztartalom csokkenés mértéke
folyositészer hatdsdra

0.09

0.95 0.97 3.92

4. Thermal analysis

The thermal decomposition of the different hardened cement
pastes was studied by thermal gravimetric analysis (TGA)
technique using Simultaneous TGA/DSC MODEL SDTQ 600
Thermal Analyzer (USA). Some grains were extracted from the
inner core of the hardened cement pastes. These grains were
crushed and ground until a grain size of 80 um was obtained.
The temperature of the furnace was programmed to rise as a
constant heating rate of 10 °C/min up to 1000 °C

5. Background on non-isothermal decomposition
kinetics

Kinetic process calculations result in three parameters; i.
e., Ea is the activation energy, A is the pre-exponential factor,
f(a) represents the mathematical form of the mechanism to
be assumed for the process, and a is the conversion degree.
The rate determining mechanism model may take various
forms based nucleation and nucleus growth, phase boundary
reaction, diffusion and chemical reaction [20].

The reaction rate equation for non-isothermal decomposition
kinetics [20] can be written as follows:

d

—=k(Df(@) (1)

Where k is the rate constant and the conversion factor a is
defined as:

— Mi-me

x = (2)

Where m, is the initial mass of the sample, m, is the mass of
the sample at time ¢, and m_ is the residual mass of the sample
at the end of the reaction.

Integration of Eq. (1) gives the integral rate law:

g(a) =kt (3)

The rate constant k is generally given by the Arrhenius
equation:

—E
k=Aexp (R—T“) (4)
Where E _is the activation energy, R is the gas constant, and

T is the absolute temperature. The combination of Egs. (1) and
(4) gives the following relationship:

da —E,

& _ ——a 5
o = Aexp(f (@) (5)
For a dynamic TG process, introducing the heating rate, § =

dT/dt, into Eq. (5), gives Eq. (6):

d

%= Qe @ (6)
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No.

Symbol

Name of the function g(a)

f(a)

Rate-determining mechanism

1. Chemical process or mechanism non-invoking equations

1 Fis One-third order 1-(1-a)?° (3/2)(1-a)¥e Chemical reaction
2 F..  Three-quarters order 1-(1-a)¥ 4(1-a)* Chemical reaction
3 Fsn One and a half order 1-a)¥2-1 2(1-a)?? Chemical reaction
4 F, Second order 1-a)t-1 (1-0a)? Chemical reaction
5 F. Third order 1-a)2-1 1/2)(1-a)® Chemical reaction
6 P, Mampel power law a¥? (2/3)av? Nucleation
7 P,  Mampel power law a” 2a”* Nucleation
8 Ps Mampel power law a s 3a3 Nucleation
9 Poa Mampel power law a”* 4a* Nucleation
10 E Exponential law Lna A Nucleation

3. Sigmoidal rate equations or random nucleation and subsequent growth

Assumed random nucleation

11 A, F,  Avrami-Erofeev equation -In(1-a) 1-a) and its subsequent growth, n = 1

12 A, /2 Avrami-Erofeev equation [In(1-a)? 3/2)(1-a)[n(1-a)¥? an:ii”;ﬂsgggg::g:)ﬁs ar:i‘inlls
13 A, Avrami-Erofeev equation [-In(1 - a)2 2(1-a)fn(L-a)? an#:jsistsur:jgssqnudeonr?gr:zallfs t:fi 2

14 A, Awami-Erofeev equation [-In(L-a)*  3(-a)Hn(l-a)P? o :ii”sfggefﬂsst”;;ﬁ': o
15 A, Avrami-Erofeev equation [-In(1-a) 4@ -a)pn(1-a) an/tisigr:l?gsreaqnudeonr?gnrz\(;/l‘?:,trz 3

16 A Prout-Tomkins equation In[(a/(1-a) a(l-a) Assumed random nucleation

and its subsequent growth, n = 4 Branching nuclei

4. Deceleratory rate equations
4.1. Phase boundary reaction

17 Ri,FO,P1 Power law a 1-a) Contracting disk
18 R, F,, Powerlaw 1-(1-a)v2 2(1-a)v? Contracting cylinder (cylindrical symmetry)
19 R, F,, Powerlaw 1-(1-a)v® 3(1-a)?® Contracting sphere (spherical symmetry)

4.2. Based on the diffusion mechanism

20 D, Parabola low a? 2a One-dimensional diffusion
21 D, Valensi equation ar (1__qq)) n (1 [-In(1-a)* Two-dimension diffusion
. Three-dimensional diffusion
_ _ 1/31 2 )23 T1-(1— /311 ’
22 D,  Jander equation [1-(1-a)Y]7 (3/2)(1 - a)”?[1- (1~ a)?] spherical symmetry
N . ) Three-dimensional diffusion
— _ (1 - 2/3 _ -1/3 _41-1 ’
23 D, Ginstling-Brounstein equation 1-2a/3-(1-a) (3/2)[ (1 -a) 1] oylindrical symmetry
24 D, Zhuravlev, Lesokin, Tempelman equation  [(1 - a)¥3-1]2  (3/2)(1 - a)*°[(1 - )V - 1]* Three-dimensional diffusion
25 D, anti-Jander equation [(L+a)®-17  (3/2) (L +a)¥3[(1 + a)¥3-1]* Three-dimensional diffusion
26 D, anti-Ginstling-Brounstein equation 1+2a/3-(1+a)” 3/2) (L +ay¥2-1]* Three-dimensional diffusion
27 D, antezhuraviey, Lesokin, (L+o) Y312  (3/2)(1+ a)3[(1 + a)¥3- 1] Three-dimensional diffusion

Tempelman equation

5. Another kinetics equations with unjustified mechanism

28 G, 1-(1-ay? %2 (1 -a)

29 G, 1-(1-a) 1/3 (1 - ap

30 G, 1-(1-a) Ya(1 - a)®

31 G, [FIn(1-a)P (1/2)(1-a)[-In(1 - a)*
32 G, [-In(1 - a)P® (1/3)(1 - a)[-In(1 - a)]?
33 CR [-In(1 - a)* (/41 -a)[In(1-a]®
34 G, [1-(1- a2 HL-a)[l-(1-a3?
35 G [1-(1- a7 6(1-a)®[1-(1 - )32

o

Table 3. Algebraic expressions of functions g(a) and f(a) and its corresponding mechanism. [20]
3. tablazat  Algebrai kifejezések a g(a) és fla) fiiggvényekre és a hozzdjuk tartozé mechanizmusok. [20]
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6. Results and discussion

Thermograms (TGA and DTG) curves of OPC containing
polycarboxylate admixtures (dose = 1.0 or 1.5%) and the
control sample are shown in Figs. 1 and 2. The curves show
three weight loss zones. The first drop in weight ranging from
100 to 200 °C, is accounted for the dehydration of Ca-silicate
hydrates. The second weight loss is displayed at 450 to 500 °C
which is attributed to dehydroxyaltion of portlandite. The third
loss of weight shown at 700 to 750 °C, is due to decarbonation of
calcium carbonate. The thermal analyses data are summarized
in Table 3. It shows that the modified OPC Samples decompose
at higher temperatures than that found for untreated OPC.
This refers to that the addition of polycarboxylate admixture
increases the thermal stability of OPC.

DTG
0 - o~

-0,001
< -0,002
&
X -0,003
1]
5 0,004

" ———OPC

-0,005 - — =0PC-1

OPC-1.5
-0,006
0 100 200 300 400 500 600 700 800 900 1000
Temperature °C
Fig. 1. DTG curves of the thermal decomposition of OPC containing polycarboxylate,

heating rate = 10 Kmin'!
1. dbra DTG gorbék polikarboxildt tartalmii cementpépekre,
felfiitési sebesség = 10 Kmin'!

TGA

16

15

14

Weight loss %

13

12
0 100 200 300 400 500 600 700 800 900 1000
Temperature °C

Fig. 2. TGA curves of the thermal decomposition of OPC containing polycarboxylate,
heating rate = 10 Kmin'!
2. dbra TGA gorbék polikarboxildt tartalmii cementpépekre,
felfiitési sebesség = 10 Kmin'!

The kinetic parameters for the three stages of the thermal
decomposition of the investigated samples were calculated
using fraction conversion 0.1< a <0.8 obtained from a single
thermos-analytical curve (heating rate 10 K/min). In this
study, four calculation methods: Coats and Redfern [21] Eq.
(7) and Madhysudanan-Krishnan-Ninan [22], Eq. (8), Wanjun
et al. [22] Eq. (9) and Tang et al.[23] Eq. (10)as as well as 35
mechanism models g(a) were used to get the kinetic data:

in (7)) = n [ (1

2”)] _Bagy gy (ﬂ) _fa )

RT BE.) RT
£0) AR Ea
In ( T2 ) In [B(1.00198882E+1.87391198RTp)] RT (8)
In[ %] = [1 21 1 3635041 - 1.89466 InF,| - L2 (9)
0. 120394Ea

In [ ()

T1.921503

| = [+ 3772050 - 1.921503InE, | - (10)

Plotting the left-hand sides of Egs. (7-10), which involves
g(a@) versus 1/T, gives E_and A from the slope and intercept,
respectively. The model that gives the higher correlation
coeflicient of the linear regression R? for Egs. (7) - (10) fit is
chosen as the selected kinetic model. A mathematical program
based on Excel 2016 was designed by the authors to calculate
values of activation energy Ea and the pre-exponential as
shown in Table 4.

The best mechanisms for each decomposition step, the
kinetic results of the applied equations show kinetic models
and parameters close to each other in the most cases as shown
in Table 4. From which the best kinetic models according to
the highest correlation coefficients and the kinetic parameters
are given in Table 5. It can be seen that the mechanism of step
depends on the percentage of the superplasticizer.

The pre-exponential factor A is calculated from the intercept
of the plots of Egs. (7-10), and from the theory of the activated
complex (transition state) of Eyring [24,25], the following
general equation may be written:

ekyT AS*
A= Z pexp( R )
- Boltzmann

Where: e = 2.7183 is the Neper number; kB
constant; & — Plank constant, and T is the peak temperature
of DTG curve.

According to the values of activation energy E and pre-
exponential factor A for the different stages of decomposition,
The calculated values of AS”, AH* and AG” are calculated using
Egs. (18 - 20) at T= T, (T, is the DTG peak temperature at the
corresponding stage), because this temperature characterizes
the highest rate of the decomposition process. Therefore, the
change of the activated entropy can be calculated according to
the formula:

(17)

Ah

AS* = Rln (18)
ekgT,

Since

AH* = E — RT, (19)

The changes in the activated enthalpy AH” and the Gibbs
free energy AG’ for the activated complex formation from
the reactant are calculated using the well-known thermo-
dynamical equation:

AG* = AH? — T,AS* (20)
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Kinetic models

Decomposition step Eq 8 Eq 9
OoPC 15t step Mechanism F3/2 F3/2 F3/2 F2
Max R? 0.9969 0.9969 0.9969 0.9941
Ea 99.764 99.764 99.910 115.2940
A 3.171E+13 2.764E+14 3.51913E+13 1.42983E+16
2 step Mechanism G6 P1/4 G6 G6
Max R? 0.9968 0.9993 0.9968 0.9973
Ea 1313.022 50.837 1317.998 1339.6461
A 2.838E+90 2.599E+03 3.05568E+93 7.87165E+94
3" step Mechanism Au D7 G6 G6
Max R? 0.9948 0.9955 0.9912 0.9933
Ea 614.035 275.823 802.540 805.8707
A 1.107E+32 4.103E+13 2.02021E+45 2.40603E+45
OPC+1.0 % 15t step Mechanism F3/2 D5 D5 D5
Max R? 0.9988 0.9993 0.9993 0.9994
Ea 46.839 95.010 95.158 93.8318
A 5.750E+05 8.550E+12 1.08953E+12 6.51732E+11
2 step Mechanism G8 D7 D1 D1
Max R? 0.9906 0.9956 0.9799 0.9688
Ea -7.889 85.079 91.518 93.8317
A -4.440E-03 4.412E+04 189154.1585 281841.940
3" step Mechanism Au P1/4 D5 G6
Max R? 0.9941 0.9977 0.9937 0.9920
Ea 825.910 47.965 719.201 1337.9727
A 8.463E+42 1.531E+02 6.73532E+36 9.34991E+72
OPC+1.5% 15t step Mechanism G8 F2 F2 F2
Max R? 0.9969 0.9965 0.9965 0.9970
Ea -3.388 60.676 60.863 61.7420
A -8.774E- 9.514E+08 122772431.9 163422155.
2" step Mechanism G8 D7 G6 G6
Max R? 0.9845 0.9945 0.9620 0.9598
Ea -8.314 86.000 268.665 270.7971
A -4.269E- 3.074E+04 2.96196E+20 3.21247E+20
3" step Mechanism G6 P1/4 D5 D5
Max R? 0.9976 0.9988 0.9982 0.9984
Ea 1653.171 62.673 898.848 886.3492
A 9.769E+85 1.044E+03 6.97492E+45 1.42405E+45

Table 4. Kinetic parameters, activation energy (Ea) and the pre-exponential (A) calculated from Coats et al. Eq. (7), Wanjun et al. Eq. (8), Madhysudanan et al Eq. (9) and Tang et al.
Eq. (10), according to maximum correlation coefficients out of 35 models of mechanism of decomposition of different cement pastes
4. tablazat  Kinetikai paraméterek, aktivdldsi energia (Ea) és hatvinykitevd (A) szdmitott értékei Coats et al. Eq. (7), Wanjun et al. Eq. (8), Madhysudanan et al Eq. (9) és Tang et al. Eq. (10) alapjén

Decomposition step

Dehydration

OPC

F., - Chemical reaction

OPC+1.0%
D5 - Three-dimensional diffusion

OPC+1.5%
F2 - Second order reaction

Dihydroxylation

G6 - Unjustified mechanism

D1 - One dimensional diffusion

G6 - Unjustified mechanism

Decarbonation

G6 - Unjustified mechanism

P Y4 - Nucleation

P 4 - Nucleation

Table 5. Summary of the rate determining mechanism of the thermal decomposition steps of the neat cement pastes and the superplasticized cement pastes with 1.0 and 1.5%
5. tabldzat A hébomldsi lépcsék mechanizmusainak sszefoglaldsa tiszta cementpépekre, ill. 1,0 és 1,5% folydsitoszer tartalmii cementpépekre

Decomposition step OPC+1.0% OPC+1.5%
AS* 4.24 -28.92 -97.85 J/mol.K
Dehydration AH* 96.80 90.72 58.63 kJ/mol
AG* 95.22 101.51 95.13 Kj/mol
AS* -195.22 -171.67 -174.68 J/(mol.K)
Dihydroxylation AH# 44.81 79.049 79.97 kJ/mol
AG* 185.95 203.17 206.26 Kj/mol
AS* 2.45 -221.23 -205.27 J/(mol.K)
Decarbonation AH* 267.71 39.85 54.56 kJ/mol
AG* 270.10 255.11 254.28 Kj/mol

Table 6. Thermodynamic parameters for different stages of thermal decomposition of hardened neat cement past and plasticized cement paste
6. tablizat Termodinamikai paraméterek a hébomlds kiilonbozd fazisaiban tiszta cementpépekre és folyositoszer tartalmii cementpépekre
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The thermodynamic results obtained are given in Table
6. From which it can be seen that the AS* value for the first
decomposition stage of the hardened cement past is positive.
It means that the activated complexes are less order in the
arrangement, higher entropy. However, first decomposition
stages of plasticized samples with 1.0 and 1.5% show negative
values of AS* it means that the corresponding activated
complex more arrangement lower entropy. While for the 2™
and 3" decomposition stage, the corresponding activated
complexes have negative values of AS* referring to higher
degree of arrangement, i.e lower entropy than the initial state.

7. Conclusions

The addition of polycarboxylate superplasticizer into OPC
with 1 and 1.5 wt% increased its thermal stability without
any change in the thermal decomposition products. Whereas,
the kinetic study showed that the mechanism for each
decomposition step depends on the percentage of plasticizer
found in the OPC sample.
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