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Odpadni livarski pesek kot prekurzor
v procesu alkalijske aktivacije

Waste Foundry Sand as Precursor
in Alkali Activation Process

lzvle€ek
Cilj ¢lanka je predstaviti uporabnost odpadnega livarskega peska v procesu alkalne
aktivacije za uporabo v gradbeniStvu. S tem nizkocenovnim postopkom bi nadgradili
odpadek v kroZnem gospodarstvu, mu zviSali vrednost ter zmanj3ali teZzave odlaganja
odpadnega livarskega peska tako za naravo kot za industrijo.

Prekurzorji, ki so obetavni za proizvodnjo alkalijsko-aktiviranih materialov, vsebujejo
amorfen SiO, ter AL,O,, zato smo doloCili kemijsko in mineraloSko sestavo livarskega
peska, skladis¢enega na Termitu, ter mu dolo€ili vsebnost Si in Al v kristalni ter amorfni
fazi. Analizirali smo tudi obliko, velikost ter povrsino delcev v nepredelanem praskastem
stanju.

Prizme alkalijsko aktiviranega livarskega peska smo po negi, razkalupljenju in susenju
testirali glede na tlacno in upogibno trdnost.

Kljuéne besede: alkalijska aktivacija, livarski pesek, SEM, XRF, XRD, mehanska trdnost

Abstract
Aim of the article is to present the usefulness of waste foundry sand in the process of alkali
activation in the building industry. With this low-price process, waste would be upgraded in
circular economy, its value increased, and the problem of disposal of waste foundry sand
would be lowered for the industry and nature.

Precursor, that are promissing for manufacture of alkali activated materials, contain
amorphous SiO, and ALO,. Therefore we determined chemical and mineralogical
composition of foundry sand stored in Termit’s landfills and determined amounts of Si and
Al'in crystal and amorphous phase. Shape, size and surface of unprocessed waste foundry
sand were also analyzed.

After curing, demolding and drying of alkali activated prizms from waste foundry sand,
compressive and bending strength were tested.

Key words: alkali activation, foundry sand, SEM, XRF, XRD, mechanical strength

Uvod Introduction

Alkalijska aktivacija odpadnih materialov  Alkali activation of waste materials
predstavlja obetavno okolju prijazno ter represents promissing environment-friendly
tehni€no sprejemljivo alternativo keramiki, and technically acceptable alternative to
malti in cementu, saj pri postopku ceramics, mortar and concrete, because at
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ne potrebujemo naravnih surovin za
prekurzorje. Prav tako sinteza poteka
pri znatno nizjih temperaturah (glede na
literaturo do 85 °C [1]). Za postopek lahko
uporabimo razli¢ne odpadne materiale, kot
soelektrofiltrskipepel, Zlindraterzganaglina,
in tako s postopkom alkalijske aktivacije ne
proizvedemo dodatnih odpadkov, hkrati
pa tudi znizamo ogljini odtis v primerjavi
z obstojeCimi komercialnimi izdelki [2], kar
vse poceni postopek izdelave ter spremeni
odpadek v perspektiven, naravi sprejemljiv
material.

Pri  postopku alkalijske aktivacije
odpadnih materialov je potrebno uporabiti
alkalijski aktivator, kot so npr. NaOH, KOH,
K- ali Na-silikati, ki aktivirajo amorfno snov
v prekurzorju, raztopijo v alkaliji manj
obstojne kristale ter pomagajo pri tvorbi
veCinoma amorfne alumo-silikatne mreze
predstavljene v (1), [1]:

M [-(Si-0) -Al-0] . wH,0, (1)

kjer M predstavlja alkalijski ion, n red poli-
kondenzacije, z, n in w celo Stevilo. Mreza
je sestavljena iz tetraedrov SiO, in AlO,
povezanih s kisikovimi mostovi. V tetraedru
je AB* v koordinacijskem Stevilu 4, zato
je potrebno kompenzirati negativni naboj
s pozitivnimi ioni prve in druge skupine
periodnega sistema, tj. navadno se pri
sintezi dodaja najcenejsi Na* v silikatu oz.
hidroksidu [3].
Lastnosti alkalno aktiviranega materiala
(AAM) so odvisne od:
vrste dodanega kationa,
* razmerja  prekurzor-alkalije-alkalijsko
steklo,
» temperature med alkalijsko aktivacijo,
« Casa na poviSani temperaturi med
sintezo, oz.
* hitrosti in postopka susenja [1], [4], [5],
[6].

its production no raw materials are needed
for precursors, as well the synthesis
takes places at much lower temperatures
(according to the literature up to 85 °C [1]).
For precursors different waste materials can
be used like fly-ash, slag, metakaolin, and
in this way no additional waste is produced,
and at the same time carbon footprint is
lowered in comparison to existing comerical
products [2], which lowers the production
cost and transforms waste into a promising
material that is acceptable for nature.

Alkali activator is needed for alkali
activation of waste material. Activators
usually used are: NaOH, KOH, K- or Na-
silicates, which activate amorphous part of
precursor, dissolve less stable material in
alkalis, and help forming mainly amorphous
alumina-silicate matrix presented in formula
(1), [M1:

M [-(Si-O) -Al-Q], . wH,O, (1)

where M represents alkali ion, n order of
poly-condenzation, z, nand w whole number.
Matrix is built of tetrahedrons SiO, and AIO,
that are combined by oxygen bridges. In
tetrahedrons is AI** in coordination number
4, therefore the negative charge has to be
compensated with positive ions of 1t and
2" group of periodic system. Usually the
cheapest Na* in silicates and/or in hydroxide
is used in the synthesis [3].

Properties of alkali activated material
(AAM) depend on:

type of added cation,
» ratio precursor-alkali-alkali glass,
» temperature during alkali activation,
+ time on elevated temperature during

synthesis,
» drying speed and drying procedure [1],

[4], [5], [6]-

Alkali activated materials are classified
as polymers that already get final shape at
following curing conditions:

e room temperature or elevated
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Alkalijsko aktivirane materiale
uvr§¢amo med polimere, ki dobijo kon¢no
obliko Ze pri sledecih pogojih nege:

* sobna temperatura oz. poviSana do 30
°C za nekaj ur,
e poviSana temperatura od 50 °C pa do

80 °C za nekaj minut,
ez obsevanjem z mikrovalovi za nekaj

sekund [1].

VV gradbeniStvu predstavlja glavno
merilo kakovosti materiala tlacna trdnost, ki:
* raste s staranjem alkalijsko aktiviranega

materiala [6],

* je odvisna od temperature nege, tj.
do dolo¢ene poviSane temperature
znatno raste vse do platoja, kjer se rast
upocasni [7] oz. trdnost zmanjSuje [8],

* jeodvisna od ¢asa nege, tj. od 2do 5 ur
v Casu termalne aktivacije, medtem ko
postane rast tlacne trdnosti po 48 urah
na povisani temperaturi zanemarljiva
[4], [9].

Pricujo¢ Cc&lanek je osredotoCen na
predstavitev odpadnega livarskega pesak
kot enega izmed potencialnih vhodnih
materialov za alkalijsko aktivacijo za
namene gradbeniStva. Zato smo opravili
kemijsko in mineralo$ko analizo v Termitu
pridobljenega materiala, namenjenega
vgradnji v odkope kremencevega peska, ter
ga ovrednotili na podlagi rezultatov njegove
mehanske trdnosti po alkalijski aktiviraciji
pri razliénih pogojih.

1 Eksperimentalno delo

V Termitu, d.o.0., smo za namene raziskav
na laboratorijski ravni odvzeli zadostno
koli¢ino odpadnega livarskega peska (2 kg)
iz njihovih odprtih odlagalis¢. Vzorec je bil
odvzet na nacin, da bo reprezentativen za
celoten kup odpadka na odlagaliscu.

temperature up to 30 °C for several
hours,

» elevated temperature from 50 °C to 80
°C for few minutes,

* radiation with microwaves for few
secnods [1].

Compressive strength is the main
materials’ property in the building industry.
Compressive strength:

+ grows with aging of alkalai activated
material [6],

* depends on curing temperature, i.e. it
noticeably grows up to plateau, where
growing slows down [7] or compressive
strength even starts to decrease [8],

* depends on curing time, i.e. from 2 to
5 hours while thermal activation takes
place, while growth of compressiver
strength after 48 hours on elevated
temperature becomes negligible [4], [9].

The following article is focused on
presenting waste foundry sand as one of
the potentially useful precursors for alkali
activation in the building industry. Therefore
chemical and mineralogical analysis was
performed of material collected in Termit
used as filling material for excavated quarts
sand mines. After alkali activation performed
at different conditions the material was
evaluated accoring to the compressive
strength values.

1 Experimental

In Termit, d.o.0., enough sample of waste
foundry sand (2 kg) was collected from
Termit's open landfills for the research
on laboratory level. Sample was taken in
manners to be representative for the whole
pile stored in the landfill.
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1.1 Analiza odpadnega livarskega
peska

Za namene rentgenske fluorescence (XRF)
in rentgenske praskovne difrakcije (XRD)
smo vzorec susili v suSilniku na 70 °C
24 h, nato pa 8e na 105 °C v IR suSilniku
do konstantne mase, da smo popolnoma
odstranili vodo iz vzorca, ki smo ga nato
pomleli in presejali pod 90 um.

XRD analizo smo izvedli v obmocju
4° do 70° s korakom 0.0263° s pomocjo
naprave Empyrean PANalytical X-Ray
Diffractometer. Velikost kristalitov v odpadku
smo dologali s pomocjo Scherrerjeve
enacbe [10], oceno amorfne faze ter
mineralov pa z Rietveldovo fazno analizo
[11] z zunanjim standardom (Cisti kristal
AlL,O,) s programom X'Pert Highscore plus
4.1,

XRF analizo smo izvedli s programom
OXAS na staljenih diskih, ki smo jih pripravili
z meSanjem prahu Fluxana (FX-X50-2,
litjev tetraborat 50 %llitijev metaborat
50 %). Podatke smo okarakterizirali s
programom UniQuant 5.

XRD in XRF rezultate smo pretvorili v
masne deleze po posameznih elementih
v kristalni fazi in v celotnem vzorcu in
dologili koli¢ino amorfnega Si, Al ter koli¢ine
elementov 1. in 2. skupine periodnega
sistema.

Za vrstiéno eletronsko mikroskopijo

(SEM; Jeol JSM-5500LV z volframovo
katodno zicko za izvor elektronov),
energijsko disperzijsko rentgensko

spektroskopijo (EDXS; Oxford Instruments,
Link Pentafet) pri nizkem in visokem
vakuumu, ter za Brunauer-Emmett-Teller
(BET, Micromeritics, ASAP 2020, Surface
Area and Porosity Analyzer) analizo smo
vzorec le posusili. Iz SEM mikrografov smo
dologili povprecne velikosti delcev, njihove
oblike ter povrSino, iz BET analize pa
specificno povrsino odpadnega materiala.

1.1. Analysis of waste foundry sand

For the purpose of X-Ray flurescence
(XRF) and X-Ray powder diffraction (XRD)
sample was dried on 70 °C 24 h, after that
sample was additionally dried on 105 °C in
IR drier until constant mass was reached to
have all water removed from the sample.
The sample was milled afterwards and
sieved under 90 um.

The XRD analysis was performed
in range from 4° to 70° in step 0.0263°
with  Empyrean  PANalytical = X-Ray
Diffractometer. The crystallite size in the
waste material was determined by means
of the Scherrer formula [10], estimation of
amount of amorphous phase and minerals
with Rietveld refinement [11] with external
standard (pure crystal of AL,O,) with program
X'Pert Highscore plus 4.1.

The XRF analysis was performed with
the program OXAS on melted discs, which
were prepared with a mixture of Fluxana
powder (FX-X50-2, lithium tetraborate 50
% / lithium methaborate 50 %). Data were
characterised with program UniQuant 5.

Both the XRD and the XRF results
were converted into mass percentages
for elements found in the whole material
and in the crystal phase, from which the
amounts of amorphous Si, Al and elements
of 1t and 2™ group of periodic system were
determined.

For scanning electron microscopy
(SEM; Jeol JSM-5500LV with tungsten
cathode wire for source of electrons),
energy dispersion X-Ray spectroscopy
(EDXS; Oxford Instruments, Link Pentafet)
at low and high vacuum, and for Brunauer-
Emmett-Teller (BET, Micromeritics, ASAP
2020, Surface Area and Porosity Analyzer)
the analysis sample was only dried. From the
SEM microgrpahs average particle sizes,
their shapes and surface were determined;
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1.2 Priprava alkalno aktiviranega
materiala
Posusenemu vzorcu smo dodali NaOH
(Donau Chemie Atznatron Schuppen,
EINECS 215-785-5), KOH  (Fluka,
Honeywell, Cat. 30603), Na-steklo (Geosil,
344/7, Woelner), oz. K-steklo (Woellner,
Betol K5020T) v razli¢nih razmerjih. Testirali
smo izdaten dodatek vode, kot tudi razlicne
molarnosti obeh baz. Izvedeni eksperimetni
so prikazani na Sliki 1.

with BET analysis specific surface of waste
foundry sand was measured.

1.2 Preparation of alkali activated
material

To the dried sample NaOH (Donau Chemie
Atznatron Schuppen, EINECS 215-785-5)
or KOH (Fluka, Honeywell, Cat. 30603), Na-
glass (Geosil, 344/7, Woelner) or K-glass
(Woellner, Betol K5020T) was added in
different ratios. An extra addition of water

Alkalijsko
steklo/
Alkali- 90 10
glass
100 1 t + + 0
0.00 10.00 20.00 30.00 40.00 50.00 60.00 70.00 80.00 90.00 100.00
Alkalija/Alkali

Sl. 1. Trikotni graf alkalijsko aktivirane sinteze z odpadnim livarskim peskom. Legenda: rde¢ krog:
10M NaOH; modri deltoid: 10 M NaOH; zelen krog: (6, 8, 10, 12, 14) M NaOH in KOH; svetlo moder
krog: dodatek enake koli¢ine vode kot je Na-stekla; vijolic¢en krog: Na-steklo zamenjano s K-steklom.

Fig. 1. Triangular graph of alkali activated synthesis of waste foundry sand. Legend: red circle: 10M
NaOH; blue deltoid: 10 M NaOH; green circle: (6, 8, 10, 12, 14) M NaOH and KOH; light blue circle:
addition of the same amount of water as Na-glass; purple circle: Na-glass is replaced by K-glass.
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Sam postopek priprave je zahteval
mesanje tekoCe faze do bistrosti meSanice
in Sele nato vlite v suh prekurzor ob
konstantnem mesanju. Zmes suhe snovi in
tekoCe faze smo mesali 1 minuto.

Alkalijsko aktivirane (AA) meSanice
smo Vlili v kalupe velikosti (80x20x20) mm?,
ter jih negovali na sobni temperaturi oz.
na 70 °C 24 h. Nato smo jih razkalupili ter
susili na sobni temperaturi oz. pospeseno
v suSilniku ter volumetri€no z mikrovalovi v
mikrovalovki (Gorenje, MO 17 DW).

1.3 Analiza alkalno aktiviranega
materiala

Alkalijsko aktivirane vzorce smo
okarakterizirali z XRD (velikost kristalitov
s pomocjo Scherrerjeve enacbe, da smo
ocenili dogajanje med sintezo tj. rast [12]
in razstapljanje kristalitov v alkalnem
mediju s primerjavo rezultatov pred in po
sintezi), SEM, EDXS, poroznost alkalijsko
aktiviranega materiala pa s porozimetrijo z
Zivim srebrom (MIP).

Tlaéno in upogibno trdnost smo dolocali
s pomocjo naprave ToniTechnik ToniNORM
3 mesece po sintezi.

2 Reazultati in razprava

2.1 Analiza odpadnega livarskega
peska

Z XRF analizo smo dolocili okside in njihove
koli¢ine v prekurzorju. Rezultati, kjer je
masni delez (m, ,..) oksida blizu oz. veC
kot 0,1 %, so predstavljeni v Preglednici
1. V isti tabeli so predstavljeni tudi rezultati
XRD meritve, tj. minerali in njihovi masni
delezi doloCeni (m z Rietveldovo
fazno analizo.

%_XRD)

was tested as well as different molarities
of both alkalis. Performed experiments are
shown in Figure 1.

Preparation of alkali activated material
demanded mixing of liquid phase until
mixture was clear. Thereafter liquid mixture
was poured into dry precursor while
constant stirring. Mixture of dry and liquid
phase was stirred for one minute.

Alkali activated (AA) mixture was
poured into molds of size (80x20x20) mm?,
cured on room temperature and on 70
°C for 24 h, demolded and dried on room
temperature, or in drier or with microwaves
in mocrowave (Gorenje, MO 17 DW).

1.3 Analysis of Alkali Activated Material

Alkali activated samples were characterized
by XRD (size of crystallites with help of the
Scherrer equation to determine the activity
during the synthesis, i.e. growth [12] and
dissolution of crystallites in alkali media
by comparing the results before and after
synthesis), SEM, EDXS, porosity of alkali
activated material with mercury intrusion
porosimetry (MIP).

Copressive and bending strength were
measured with apparatus ToniTechnik
ToniNORM 3 months after synthesis.

2 Results and Discussion
2.1. Analysis of Waste Foundry Sand

With XRF analysis oxides and their
amounts were determined. Results where
mass percentage (m,, ,..) of oxide is near
or more than 0,1 %, are presented on v
Tabel 1. In the same table also XRD results
are presented, i.e. minerals and their
mass percentages determined (m by
Rietveld refinement.

%_XRD)
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8&32 J Na,0 [MgO [ALO, |SiO, K,O CaO TiO, Fe,O,

m, . [%] | 0,801 |0,811 |8,19 83,10 0,262 | 1,25 0,815 |[2,29

Mineral / kremen / kalcit / amorfno /
Mineral quartz calcite amorphous
M, o (%] 65,9 0,8 38,2
mg::)”& L INa (Mg (A Si Ca Ti Fe

m,, [%] 0,594 [0,489 |4,34 8,08 0,217 | 0,573 0,489 1,60

Preglednica 1. Masni delez (m, ..

) oksidov dolo¢en z XRF in masni delez (m

% xro) Mineralov ter

amorfne snovi dolo¢en z XRD. Amorfna snov raz€lenjena glede na elemente (m,) je razlika med

XRF in XRD rezultati na elementarni ravni.

Table 1. Mass percentage (m%)(RF)

of oxides determined with XRF and mass percentage (m%jRD) of

minerals and amorphous phase determined with XRD. The amount of amorphous phase is broken
down into elements (m,,), which is the difference between XRF and XRD results for elements.

V odpadku je bil od mineralov prisoten
SiO, kot kremen ter CaO kot kalcit, kar
pomeni, da so vsi ostali z XRF detektirani
elementi v amorfni fazi, ki predstavlja
priblizno 40 % celotne snovi. Masni delez
elemenov v amorfni snovi, ki je pomembna
za alkalijsko aktivirano sintezo, @ smo
preracunali iz razlike med XRF in XRD
(Tabela 1). Mnozinsko razmerje amorfnih
elementov Al:Si:Na v prekurzorju je
1:1,80:0,16, ki bi za alkalijsko aktiviran
elektrofiltrski pepel naj bilo 1:1,9:1 za
doseganje najvisje tlacne trdnosti glede na
literaturo [13], kar uvrsti livarski pesek med
potencialne prekurzorje za sintezo AAM pri
dodatku zadostne koli¢ine Na,Si in tekoCe
faze.

2.2 Dolocitev izhodiSénega razmerja
za alkalno aktivacijo

Glede na literaturno [13] optimalno razmerje
Al:Si:Na (1:1,9:1) za dosego najvisje trdnosti
smo dolocili potrebno koli¢ino dodatkov
z Na*, kjer smo upostevali, da vsi amorfni

In waste material SiO, was present as
quartz and, CaO as calcite, which means
that all other elements detected with XRF
were in amorphous phase, which represents
almost 40 % of the whole material. The
mass percentage within the amorphous
phase, which is important for alkali activated
synthesis, was calculated from the difference
between XRF and XRD (Tabel 1). Molar
ratio between amorphous elements Al:Si:Na
in precursor is 1:1,80:0,16, which should for
alkali activated fly-ash be 1:1,9:1 to gain
highest compressive strength according
to the literature [13], which places waste
foundry sand among potential precursors
for synthesis of AAM when enough of Na,Si
and liquid phase is added.

2.2. Determination of Baseline Ratio
for Alkali Activation

According to the literature’s [13] optimal
ratio of Al:Si:Na (1:1,9:1) to gain the highest
value of compressive strength amount of
additives with Na* was determined, where
all amorphous elements from 1st group were
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elementi 1. skupine stopajo v kompenzacijo

naboja:

. prekurzor:Na-steklo:NaOH(s)=5:1:0;

+  prekurzor:Na-steklo:NaOH  =5:0:0,25
oz.

*  prekurzor:Na-steklo:10M NaOH(aq)=
5:0:0,5.

V reakcijo tvorbe mreze ni nujno, da
vstopi ves Al in vsi amorfni elementi 1.
skupine, vsebovani v prekurzorju. Vsak Al,
ki pa vstopi v reakcijo tvorbe alumosilikatne
mreze, pa potrebuje kompenzacijo naboja
z elementom iz 1. skupine, oz. 2 Al, ki sta
blizu, si lahko kompezirata negativni naboj
z elementom iz 2. skupine, ne glede na
vir. Ker ne moremo zagotoviti, da bo vsak
Al, Cetudi ne vstopi ves v tvorbo mreze,
imel ob sebi kompenzacijski element, ¢e
jih dodamo minimalno potrebno, je bilo
nase izhodis¢no razmerje prekurzor:Na-
steklo:10M NaOH(aq)=5:1 :1 ob predpostavki,
da je viskoznost take meSanice dovolj
majhna, da onemogoamo mehaniko
kontinuov na veliki skali, ter sledimo tla¢ni
trdnosti, nastanku kristalov in eflorescenci.
Razmerje tekoCe alkalne faze in prekurzorja
smo ohranjali konstantno.

Glede na literaturo [13] bi bilo potrebno
prekurzorju dodati tudi Si v razmerju
prekurzor:Na-steklo:NaOH(S)=5:0,2:0, Ce se
seveda kremen niti deloma ne razstaplja v
alkalnem mediju, &emur smo sledili v 3.3.4.

2.3 Analiza alkalijsko aktiviranega
materiala

Alkalno aktiviran livarski pesek se pri alkalni
aktivaciji ni penil, kar ustreza podatkom iz
literature za elektrofiltrski pepel [13] glede
na mnozinsko razmerje Al:Si, ki je vecje kot
1:1,4 ne glede na dodatke (noben dodatek
ni vseboval Al).

taken into account for compensation of the

charge:

. precursor:Na-glass:NaOH(s)=5:1:0;

. precursor:Na-gIass:NaOH(S)=5:O:0,25
or

* precursor:Na-glass:10M NaOH(aq)=
5:0:0,5.

It is not necessary that all amorphous
Al and the elements from the 1%t group in
the precursor participate in the formation
of aluminosilicate matrix. But every Al that
steps into reaction of the matrix formation
needs compensation of its charge with
element from 1%t group, or 2 Al, that are
close in the matrix, can compensate
negative charge with element from the 2
group, regardless to its source. Because
it is impossible to provide that every Al,
even if whole Al does not enter into matrix
formation reaction, will have near the
charge compensation element, if minimal
needed amount is added, the starting ratio
precursor:Na-glass:10M NaOH(aq)=5:1 1
where the assumption was that viscosity
of such mixture is low enough to avoid
mechanics of continuum on large scale,
following compressive strength, crystal
formation and efflorescence. Ratio liquid
alkali phase and precursor was kept
constant.

According to the literature [13] addition
of Si to the precursor is needed in ration
precursor:Na-glass:NaOH =5:0,2:0, if
quartz does not dissolve in alkali media,
which was followed in 3.3.4.

2.3 Analysis of Alkali Activated Material

Alkali activated foundry sand did not foam
during alkali activation, which corresponds
data from literature for fly-ash [13] according
to the molar mass Al:Si which is bigger than
1:1,4 regardless of additives (no additive
contained Al).
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2.3.1
tlacna trdnost

Alkalijsko aktiviran material —

Rezultati tlaéne trdnosti, v gradbeni industriji
ene izmed najpomembnejsih lastnosti, so
predstavljeni v Preglednici 2, skupaj z

upogibno trdnostjo.

Iz meritev predstavljenih v Tabela 2

lahko zaklju¢imo, da:

2.3.1 Alkali Activated Material —

Compressive Strength

Results of compressive strength, which is in
building industryone of the most important
properties, are presented on Tabel 2, along
with bending strenght.

From measurements presented on
Tabel 2 it can be concluded that:

Razmerje Upogibna | Tla¢na
|.pesek:alkalija:a. M, Alkalijsko o trdnost/ | trdnost/
steklo:voda / ﬁ:tz:?a / steklo / gﬁﬁi / glr"siinje / Bending | Compressive
Ratio Alkali glass 9 ying strength | strength
f.sand:alkali:a.glass:water [N/mm] [N/mm]
6 M NaOH 70 °C 41 17,6
8 M NaOH 24 h 4.1 15,4
RC RC / /
4,1 10,5
10 M NaOH 110°C24h|1,9 12,9
microwave
" 2.33 min 0,02 12,4
10 12 M NaOH 2,7 21,8
14 M NaOH 3 21,4
6 M KOH 2,3 13,8
8 M KOH 2,5 18,8
10 M KOH EZS:‘S"SO/ 2,9 19,5
12 M KOH g 16 18,9
14 M KOH 2,8 19,4
5:2:0:0 70 °C 2,6 5,2
5:1,5:0,5:0 10 M NaOH 24h 1,7 9
5:0,5:1,5:0 RC 4.5 18,6
5:2:0:0 2,5 6,9
5:1,5:0,5:0 10 M KOH 41 13,1
5:0,5:1,5:0 3,9 18
3:1:1:0 3,9 10,5
2:1:1:0 10 M NaOH / /
6,6 27,7
5:0:2:0 K-steklo / 2.7 13.2
/ K-glass
5:0:2:2 Na-steklo / 0.1 15
Na-glass

Preglednica 2. Mehanske lastnosti alkalijsko aktiviranega odpadnega livarskega peska. Sobni pogoji

so oznadeni z RC.

Table 2. Mechanical propertis of alkali activated waste foundry sand. Room conditions are labelled

with RC
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preve¢ tekoCe faze (ko je viskoznost
merljiva) drasticno zmanj$a upogibno
in tlacno trdnost;

manj kot je tekoCe faze (vode), vi§ja je
trdnost, tako v primeru NaOH, kot KOH,;
upogibne in tlacne trdnosti pri uporabi
vec€ oz. do iste koli¢ine NaOH in KOH,
kot smo dodali Na-vodnega stekla, so
vije pri dodatku KOH;

upogibne in tlacne trdnosti ob dodatku
vecje koli¢ine Na-stekla, kot pa je
alkalije, so neodvisne od dodane
alkalije (NaOH oz. KOH);

najvisSja dosezena tako upogibna
kot tlana trdnost je v primeru, ko
uporabimo le Na-vodno steklo brez
dodatka alkalije (upogibna trdnost 6,6
MPa in tlana trdnost 27,7 MPa);
odvisnost upogibne in tlatne trdnosti
od molarnosti alkalije je manj o€itna, {j.
za kompenzacijo negativnega naboja v
mreZi potrebujemo le toliko Na, kolikor Al
vstopa v tvorbo mreze, sicer se odvecni
Na porabi pri nastanku kristalov v mrezi,
ali pa povzroca eflorescenco (glej 3.3.4
in 3.3.5). Potrebna pa je ustrezna
porazdelitev Na po meSanici, da je
Na dovolj blizu Al, ki vstopi v reakcijo
tvorbe mreze. Prav tako je potrebno
imeti dovolj tekoce faze, da se omogoCi
lokalna difuzija Na do Al, ne pa tudi
difuzija na veliki skali, ki bi omogocila
poruSitev enakomerne porazdelitve
snovi v odpadnem materialu z
mehaniko kontinuov. Zelo pomembna
je enakomerna porazdelitev snovi pred
sintezo po celothem volumnu;

z uporabo Na-stekla dobimo dvakratne
vrednosti upogibne in tlane trdnosti v
primerjavi z uporabo K-stekla;

nega ob alkalni aktivaciji na temperaturi
70 °C je dala pozitivne rezultate glede
na nego pri le sobnih pogojih;

tlatna trdnost se merljivo povec€a pri
suSenju na poviSani temperaturi (110

too much liquid phase (when viscosity is
measurable) drastically lowers bending
and compressive strength;

if there is less liquid phase (water), than
strength is higher, both in the case of
NaOH, as well as KOH;

when more or same amount of NaOH
and KOH comparing to the amount
of Na-glass is added, bending and
compressive strength are higher in
case of KOH addition;

bending and compressive strength,
when bigger amount of Na-glass is
added than alkali, do not depend on the
added alkali (NaOH or KOH);

maximal gained bending and
compressive strength is reached when
Na-glass without addition of alkali is
used (beding strength is 6,6 MPa,
compressive strength 27,7 MPa);
dependence of bending and
compressive strength on molarity
of alkali is less obvious, i.e. for
compensation of negative charge in the
matrix it is needed only as much Na as
Al that enters into reaction of formation
of matrix, otherwise excessive Na is
used for crystal growth in the matrix,
or it causes efflorescence (look 3.3.4
in 3.3.5). However, an appropriate
distribution of Na in the mixture is
needed, so that Na is in the proximity of
Al, that enteres into matrix formation. It
is aslo necessary to have enough liquid
phase to allow local diffusion of Na to
Al, but not also the diffusion on large
scale that would result in collapse of
the uniform distribution of ingredients in
the waste foundry sand with mechanics
of continuum. Uniform distribution of
all ingredients thoughout the volume
before synthesis is very important;
AAM prepared with Na-glass has
bending and compressive strengths
2-times higher comparing to AAM
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°C), kot tudi pri suSenju z mikrovalovi,
a hkrati se upogibna trdnost zelo
poslab8a glede na alkalijsko aktiviran
material, susen pri sobnih pogojih.

SuSenje na sobnih pogojih poteka
poCasneje v primerjavi s povrSinskim
susenjem na 110 °C (24 h), Se pocasneje
pa v primerjavi z volumetri¢nim susenjem z
mikrovalovi (2,33 min), saj je bilo potrebnih
nekaj tednov do enako velikega skréka kot
v primeru susenja z mikrovalovi. S hitrostjo
suSenja se napake v strukturi vecajo, saj
poveCujemo pritisk znotraj strukture z
dvigom temperature in prisilimo vodo k
utiranju novih poti iz alkalijsko aktiviranega
materiala. Posledica razpok je zmanjSanje
upogibne trdnosti na 50 % pri suSenju na
110 °C 0z. na 5 %o pri volumetrinem suSenju.

2.3.2 XRD rezultati pred in po sintezi

XRD rezultati odpadnega livarskega
peska ter alkalijsko aktiviranega materiala,
pripravljenega z razlicnimi dodatki, so
predstavljeni v Preglednici 3. Sledili smo
razstapljanju in rasti kristalitov s pomocjo
Scherrerjeve enacbe, ki je v programu
X'Pert Highscore uporabna le za kristalite do
velikosti 150 nm, kot tudi masnemu delezu
mineralov in amorfne snov z Rietveldovo
fazno analizo.

Odpadni livarski pesek vsebuje 65 %
kremena, kalcit v sledovih, amorfne snovi
veC€ kot 30 %. Med alkalijsko aktivacijo se
kristaliti kremena raztapljajo, tj. velikost
kristalitov se je zmanjSala z 130 nm na
110 nm, tj. masa kremena, ki je postala
dostopna za tvorbo mreze, se je zmanjSala
za 20 % do 40 %.

Z alkalijsko aktivacijo se tvori amorfna
alumoslikatna mreza, kot posledica
odvetnega Na in/ali K pa pride do
nukleacije in kristalizacije. Kadar je bilo
za alkalijsko aktivacijo za tekoCo fazo

prepared with K-glass;

» curingon 70 °C gave positive results with
regard to curing on room temperature;

* compressive strength increases
measurably when drying on elevated
temperature (110 °C), as well as when
drying with microwaves. At the same
time bending strength decreases
drastically with respect to AAM dryed at
room conditions.

Drying at room conditions is slower
compared to surface drying at 110 °C (24
h), and even more slowly compared to
volumetric drying with microwaves (2,33
min), because it took several weeks to get
the same shrinkage as when AAM was
dried with microwaves. With the drying
rate defects in the structure get bigger as
pressure in the structure is increased due to
the elevated temperature with which water
is forced to find path out from alkali activated
material. Result of the cracks is lowering of
the bending strength by 50 % when drying
at 110 °C, and to 5 %o at volumetric drying.

2.3.2 XRD Results Before and
After synthesis

XRD results of waste foundry sand and
alkali activated material prepared with
various additives are presented on Tabel
3. Dissolution of crystals as well as crystal
growth were followed with Scherrer
equation, that can be used in X'Pert
Highscore only fr crystallites smaller from
150 nm. Aslo mass percentage of minerals
and amorphous phase was followed with
Rietveld Refinement.

Waste foundry sand contains 65 %
of quartz, calcite in traces, amorphous
phase more than 30 %. During alkali
activation quartz crystals dissolve, i.e. size
of crystallites decreasese from 130 nm to
110 nm, i.e. mass of quartz, that became



Livarski vestnik, letnik 66, §t. 1/2019

48

[9,] aBejusoiad ssep

z'6S 6°l 0L 70 G'Le /(%] Zolop 1usep
¢:0:9
= sse|f/opeis-eN : HOBN 0L : d
N x N [wu] seyjeyshio jo azIg
ock / [wu] Aoyessiiy 3soyiloA
. . . . [o,] @bejULDIad Ssep
8'vS Sv 10 9’0 / [%] zolep 1usen sanemouoIW yym Buikig
° ’ / 1n0[eAoIW Z dfuasng
Lil:g
o X vl [l soEISAI0 J0 8IS | _ sseiBjopfers-eN | HOBN WOL : d
/ [wu] Aoyeysiay 3soMiloA
65 . 0 cop [2,] @bejuasIad ssep
/(%) zo1op 1usE 9. 01 uo Buikig
/D0 011 eu alusgng
Lil:g
or X 00l [l souEIShi0 J0 8IS | - sseiBjopfers-eN : HOBN WOL : d
/ [wu] Aoyjeysia JsosiloA
. . . . [%,] @bejuasiad ssep
6'lG vl €0 7'9¢ / [%] Zelop 1usep
[
= sse|B/opfeys-eN : HOBN INOL : d
N [wu] seyjeishio jo azig
09 ok / [wu] AoyfeISL 1SONIOA
. . . [2,] @bejuasiad ssep
cee 80 659 /1% Zo1ep 1use
[d] 10sinoaud / J0zinxaid
" [wu] sayjeishio jo azIg
oe / [wu] Aoyje)sia JsojijoA
[IN] @|e2s ssaupiey syow
9-6's ¥4 zl S'L-l € L /Il
1}SOUpJ} BOIA}SS| BAOSUO
9 819 8 €00 S | € 20 €N AT € z E[nwioj [edlwayd
/ ISYZCO BN IV OBN'HO OMHO O'H-'00eN (0}e]=30) ols J elnuwio eysfiwey]
snoydiowy a)lleposg euol| ajujeuowayl | eyoed zyenp EENT]
/ ouglowy /Wepos /jeuownis] /301y | [ uswaly / [eJouIN




49

Livarski vestnik, letnik 66, §t. 1/2019

WU 0G| wouJj 1ebBiq seyijielsAio Joy spuels X Juswaulel

[eA1ery yum aseyd snoydiowe pue sjeishio jo ebejusolad ssew ‘einuiio) 1allayos YIM pauleqo ale saizes a)ljjeishl) "asIMIaylo pejels
10U JI ‘SUOIIPUOD WOOJ Je Palp pue Y Z D, 0/ e paind [eusjew pajeAlloe [e[ey|e pue pues Alpunoy eysem Ui juesald sjessulp "¢ ajqeL
WU 0G| po alpan ajije)suy 8nQeuzo X "ozijeue ouze} oAOp|eA}elY Z ed

IAOUS BULIOWE Ul AOJB)SD 8Z8]9p dUSBW ‘0gQeus oAslIalayog S ausljqop 0s Ao)ijeIsLy 1SoNI|eA “egebnup ouesideu 1u 89 ‘yifobod yiugos Lid
weussns Ul Y $Z O, 0/ BU WaueAobsau ‘njeusiew nwsueliAipe oyslijeye A Ja) nysad waysieAll waupedpo A lujosud ljelaully *¢ eslupajbaid

¢ ‘ q . [%,] ebejuasIad ssep

£% £r ¢o goe /(%] zoI9p usey
Li1:g
= sse|B/opeis-eN : HOM NOL : d

M 0oL [wu] seyjeyshio jo azig

or / [wu] Aoyessiiy 3soyiloA

P ‘ : ] [%] eBejusoied ssepy

o4 e 50 v8e 1 [%] zo1ep lusep
0:2:9
= sse|B/opfeIs-eN : HOM O} * d

N 0zl [wu] seyjeishio jo azIg

5 / [wu] Aoyessiay 3soMiloA

6 ‘ ¢ q . [2,] ebejuasiad ssep

e e 69 Lo vov 1 [%] zo1p lusep
0:2:9
= sse|B/opfeys-eN : HOBN NOL : d

X St M ozl [wu] seyjeishio jo azIg

/ [wu] Aoyje)sia JsoMIloA

‘ ‘ ] : [%] eBejusoied ssepy
609 ot o Lie 1 [%] zojp lusep 2:2:0:6
=Oc¢H
X X [wu] sayjeishio jo azig : sse|bjopieis-eN : HOBN NOL : d

oL / [wu] Aoyje)sia JsodjiloA

‘ ‘ ] ] [%] eBejusoied ssep

¢os b o eee /[%] za1ep usey
2:0:9
= sse|B/opfeIs-y : HOBN WOL : d

X % [wu] sayjeishio jo azig

oL / [wu] Aoyje)sia JsoijoA




50 Livarski vestnik, letnik 66, §t. 1/2019

uporabljeno le alkalijsko steklo, so bili
kristaliti vecji (preveliki za doloCevanje s
Scherrerjevo enacbo), hkrati pa je bil masni
delez novo nastalih mineralov manjsi, kot
v primeru dodatka alkalije oz. v primeru le
uporabe alkalije. To pomeni, da v primeru
alkalijskega stekla rastejo posamezni
kristaliti, sama nukleacija pa je otezena, v
primeru 10 M alkalije, kjer je pri isti masi
alkalijskega stekla ve¢ Na oz. K, pa je
nukleacija prevladujoa, zato zmanjka
snovi za rast kristalitov.

Pri uporabi NaOH z oz. brez Na-stekla je
~10 % manj amorfne snovi, kar je posledica
najveCjega prebitka Na v vhodni tekoCi
fazi med vsemi eksperimenti. Odvecen
Na zraste v minerale, ki pa so po Mohsovi
lestvici trdnosti mehki in zato ne pripomorejo
k trdnosti alkalijsko aktiviranega materiala.

Pri  suSenju alkalijsko aktiviranega
materiala na 110 °C se je velikost kristalitov
kremena zmanj8ala z 110 nm na 100 nm,
tj. masa posameznega kristalita se je
zmanj8ala za skoraj 25 %, a masni delez
vsega kremena se je pa povecal za 4 %,
kar pomeni, da se je vecina Si za tvorbo
dodatnega kremena Crpala predvsem iz
alumosilikatne mreze, deloma pa tudi iz
povrsine kremena iz prekurzorja. Kalcita je
bilo pred in po su$enju na 110 °C enako,
medtem ko se je termonatrit razgradil v
amorfno snov oz. v po Mohsovi skali bolj trd
kristal trona, kar je povecalo tlac¢no trdnost
iz 10,5 MPa na 12,9 MPa.

Z volumetriénim suSenjem ravno tako
poveCamo masni deleZz vsega kremena
v alkalijsko aktiviranem materialu za 4 %,
a z razliko od suSenja na 100 °C kristaliti
kremena zrastejoz 110 nmna 140 nm,
kar je poveCanje volumna posameznega
kristalita kremena za ve¢ kot 100 %. To
pomeni, da se je Si za tvorbo novega
kremena oz. za rast obstojeCega kremena
¢rpal le iz alumosilikatne mreze. Ker
se kristalna modifikacija kremena ni

available for matrix formation, lowered from
20 % to 40 %.

With alkali activation amorphous
aluminosiliate matrix is formed, due to
aboundant Na and/or K nucleastion and
crystallization occur. When only alkali glass
was used for the liquid phase, crystallites
were bigger (too big to be able to determine
their size woth Scherrer equation), at the
same time mass percentage of newly
formed minerals was lower than when alkali
was added or when only alkali was used.
This means that when alkali glass is used,
individual crystallites grow while nucleation
is hindered, in case of 10 M alkali, where
at the same mass as the alkali glass there
is more Na/K, nucleation is dominant,
therefore there is no material left for crystal
growth.

When NaOH with or without Na-glass
is used, there is ca. 10 % less amorphous
material, which is the consequence of
largest amount of abundant Na in liquid
phase among all experiments. Excessive
Na grows into minerals that are on Mohs
hardness scale soft and therefore do not
contribute to the strength of the alkali
activated material.

When drying alkali activated material
at 110 °C, the size of quartz crystallites
decreases from 110 nm to 100 nm, i.e.
mass of individual crystallite lowered for
almost 25 %, but mass percentage of whole
quartz increased for 4 %. This means that
the maijority of Si used for quartz formation
is from Aluminosilicate matrix, partially also
from surface of quartz in the precursor.
Amount of calcite was same before and
after drying on 110 °C, while thermonatire
transformed into amorphous substance, or
into crystal trona that has a higher hardness
according to Mohs hardness scale, which
increased compressive strength from 10,5
MPa to 12,9 MPa.
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spremenila, je pritisk znotraj strukture
med obsevanjem z mikrovalovi, glede na
fazni diagram kristalnega SiO, na Slika
1 v [14] in temperaturo, ki se jo dosega z
mikrovalovi (¢ez 1000 °C) [15], med 2 in
3 GPa. Struktura sicer prenese ta pritisk,
a glede na zmanjSano upogibno trdnost, s
poskodbami. Masni odstotek kalcita se je
po mikrovalovnem susenju zmanj3al zaradi
visoke temperature med volumetrinim
suSenjem, katere posledica je kaclinacija
(2), ki poteka ze pri 750 °C [16]:

CaCO,,—Ca0,, +CO,,, (2)

Enako kot pri povrSinskem se je tudi pri
volumetricnem susenju termonatrit deloma
razgradil v amorfno snov in deloma v kristal
trona. Tako kot so kristaliti kremena v
primeru sudenja z mikrovalovi vedji, tako so
tudi kristaliti trone vedji, ale za 5 nm. Tlacna
trdnost po volumetricnem susenju je 12,5
MPa, kar je bolje kot pri susenju pri sobnih
pogojih zaradi nastanka po Mohsovi skali
trSih kristalov in primerljivo s povrSinskim
suSenjem.

2.3.3 SEM ter EDXS analiza pred in po
sintezi

Povpre¢ne vrednosti delcev v odpadnem
livarskem pesku, ki so predstavljene v
Preglednici 4, smo dolocili pri razli¢nih
poveCavah  elektronskega  vrstiCnega
mikroskopa. Velikostni razpon je od pod
1,5 um pa ¢&ez 300 pym. Specifi¢na povrsina
dobljena z BET analizo posusenega, a
sicer neobdelanega odpadnega livarskega
peska, je 15,9734 m?/g.

Odpadni livarski pesek je predstavljen
na Sliki 2 pri 35-kratni in 600-kratni
pove€avi. Delci so nakljuénih oblik z
zaobljenimi robovi. Beli delCki, vidni na
SEM slikah, predstavljajo elementarno
Fe, kar smo potrdili z EDXS analizo, ki je

By means of volumetric drying mass
percentage of quartz was also increased in
alkali activated material for 4 %, but unlike
drying at 100 °C, quartz crystallites grow
from 110 nm to 140 nm, which increased
individual quartz crystallite volume for more
than 100 %. This means that Si used in
formation of new quartz or growth of existing
quartz came only from an aluminosilicate
matrix. Because crystal modification of
quartz did not change, there is pressure
inside the structure during radiation with
microwaves, according to both, the phase
diagram of crystalline SiO, on Figure 1 in
[14], and the temperature reached with
microwaves (over 1000 °C) [15], between
2 and 3 GPa. structure does survive this
pressure, but with a damage according
to the lowered bending strength. The
mass percentage of calcite was reduced
after drying with microwaves due to high
temperature during volumetric drying,
resulting in calcination (2), which already
takes place at 750 °C [16]:

CaCO,,—Ca0,, + CO, , (2)

As with surface drying, also with
volumetric drying thermonatrite partially
transformed into amorphous phase and
partially into crystal trona. Just like the
quartz crystals, which are in the case
of drying with microwaves bigger, also
the trona crystals are bigger, but just for
five nm. The copressive strength after
volumetric drying is 12,5 MPa, which is
better comparing to the drying at room
conditions due to the formation of crystals
that have higher hardness on Mohs scale,
and is comparable to the compressive
strength results obtained with surface
drying of alkali activated material.
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SEM
povecava /
SEM
magnification

Povpre¢na velikost
delcev [um] /
Average particle
size [um]

Najvedji in najmanjsi
opazeni delec [um] /
Largest and smallest
observed particle pm]

35x

185

> 300

370x

35

1700x

3

<15

Preglednica 4. SEM statistika premera velikosti
delcev aproksimiranih s sfero v odpadnem
livarskem pesku

Table 4. SEM statistics of diameter of waste
foundry sand particles’ sizes approximated by
sphere

predstavljena na Sliki 2 c. Fe ni nastopalo
kot vedji samostojni delci, ki bi jih lahko
odstranili iz snovi z magneti. Oba elementa,
najbolj pomembna pri tvorbi mreze v
alkalijsko aktiviranem materialu, Siin Al, sta
glede na EDXS prisotna v vecjih delezih.
Edini element, ki bi lahko kompenziral
negativni naboj glede na EDXS, je Ca, kiga
je tudi najve€ med elementi 1. in 2. skupine
glede na XRF, vendar kljub vsemu premalo

glede na razpolozljiv Al.

Alkalno aktiviran odpadni livarski pesek
je opti€no izgledal po celothem volumnu
enako, prikazano na SEM sliki na Sliki 3 a,
kar pomeni, da je razprSenost razli¢nih snovi
v odpadnem livarskem pesku enakomerno

pradkastega vzorca

2.3.3 SEM and EDXS Analysis Before

and After Synthesis

Average particle values in waste foundry
sand, presented in Table 4, were determined
at different magnitudes of scanning electron
microscope. Size range if from under 1,5
pm to over 300 um. BET specific surface
of dried otherwise untreated waste foundry
sand is 15,9734 m?/g.

Waste foundry sand is presented
in Figure 2 at 35-times and 600-times
magnification. Particles are of random shape
with rounded edges. White particles visible
on SEM micrographs present elemental Fe,
which was confirmed by EDXS analysis,
which is presented in Figure 2 c. Fe was
not in form of large independent particles
that could be removed from the material by
magnets. Both elements, most cruicial for
matrix formation in alkali activated material,
SiandAl, were according to EDXS presentin
larger amounts. Only the element detected
by EDXS that would be able to compensate
the negative charge is Ca, which, according
to XRF, is among elements of 1st and 2nd
group in the waste foundry sand in largest
quantity. However, the whole amount of Ca
in the precursor is not enough for available
Al

Fig. 2. SEM micrograph of waste foundry sand at magnification a) 35and b) 600. C) EDXS spectrum

of powder sample
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porazdeljena, kot tudi, da je viskoznost pri
sintezi bila dovolj velika, da ni omogocala
veC kot le tvorbe mreZe ter lokalnih reakcij.
Posledica le-teh so tudi enakomerno
porazdelijene pore po celotnem volumnu
razli¢nih dimenzij. Nekatere od teh por so se
sicer zdruzile, a ve€ina majhnih por je ostala
ujetih v mrezi, saj je bila o¢itno viskoznost
dovolj visoka in strjevanje med nego dovolj
hitro, da so bile migracije mehurckov moc¢no

Alkali activated waste foundry sand
visually looked uniform throughout the
whole volume, shown on SEM micrograph
in Figure 3 a, which means that distribution
of different substances in waste foundry
sand is uniform, as well as that viscosity
during synthesis was high enough to allow
only formation of aluminoslikate matrix and
local reactions. The result of local reactions
is also pores of different dimensions

Sl. 3. SEM slike alkalijsko aktiviranega odpadnega livarskega peska, pripravljenega v razmeju livarski
pesek : 8 M NaOH : Na-steklo : H,O0 = 5:1:1:0, negovanega na 70 °C 24 h, ter suSenega pri sobnih
pogojih pri povecavi a) 35, b) 430, c) 850 in d) 1900. Vstavljena slika prikazuje EDXS igli¢astih
struktur ter okolico, ki jo zajame detektor.

Fig. 3. SEM micrographs of alkali activated waste foundry sand prepared in ratio foundry sand: 8 M
NaOH : Na-glass : H,0 =5 :1:1:0, cured at 70 °C 24 h, dried at room conditions at magnification a)
35, b) 430, c) 850 and d) 1900. The inset represent EDXS needle-like structures with surrounding

captured by detector.
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ovirane (Slika 3 a). V strukturo je ujet
tudi kremen (Slika 3 b v rdeCem krogu) iz
odpadnega livarskega peska, ki ni zreagiral
z alkalijo in je le kot polnilo v alumosilikatni
mrezi. Alumosilikatha mreza je v obliki
2D kosmicev, €e ni bilo dovolj reagentov
v okolici, sicer pa je zrasla v 3D strukturo
omejeno z okolico (kalup oz. nezreagiran
kremen), prikazano na Sliki 3 c.

Igli¢aste strukture (Slika 3d), neopazene
s prostim o€esom, so bile opazene pod SEM
po vec kot 6 mesecih od sinteze. Glede na
EDXS, vstavljen na Sliko 3 d, so iglicaste
strukture zgrajene predvsem iz Na, tj. so
posledica eflorescence soli iz prebitnega
Na v sintezi, ki se ni vgradil v alumosilikatno
mrezo ali pa bil uporabljen pri rasti novih
kristalov med alkalno aktivacijo (novonastali
minerali so predstavljeni v Tabeli 3).

3 Sklep

Med alkalijsko aktivacijo se kremen deloma
raztaplja in vstopa v tvorbo mreze oz.
sodeluje pri nastanku novih mineralov, ki
polnijo mrezo. Prebitni Na v alkalno aktivirani
sintezi, ki ni bil uporabljen za kompenzacijo
negativnega naboja zaradi neustreznega
koordinacijskega Stevila Al v alumosilikatni
mreZi, se uporabi med reakcijo pri tvorbi
novih kristalov, preostanek pa se izlo¢a v
obliki soli skozi daljSe ¢asovno obdobje.

Najvisjo tlaéno in upogibno trdnost, 27,7
MPa in 6,6 MPa, smo dosegli ob uporabi
le Na-stekla s prekurzoriem, s ¢imer smo
se dovolj dobro priblizali ustrezni vrednosti
dodatka Na za kompenzacijo naboja, hkrati
ohranili reakcijo v bolj viskozni meS$anici,
alkalijsko aktiviran material pa je imel le
manjSi delez novih mineralov in ~60 %
amorfne snovi.

Nega in suSenje po negi vplivata na
rezultate tlacne in upogibne trdnosti. V
primeru nege in suSenja pri sobnih pogojih,

throughout the whole volume. Some of
these pores merged, but majority stayed
trapped in the matrix, as viscosity was
apparently high enough and solidification
during curing fast enough that migration of
bubbles was severly hindered (Figure 3 a).
Also quartz, which was found in the waste
foundry sand, was trapped in the alkali
activated structure (Figure 3 b in red circle).
Quartz obviously did not react with alkali
and was present in aluminosilikate matrix
only as filler. Aluminosilikate matrix is in
form of 2D flakes, if there were not enough
reagents in the surrounding area, otherwise
it grew into 3D structure limited with boundry
conditions (mold or not reacted quartz),
shown in Figure 3 c.

Needle-like structures (Figure 3 d),
not visible with naked eye, were observed
under SEM after more than 6 months from
the synthesis. According to the EDXS (inset
in Figure 3 d) there are composed mainly
from Na, i.e. they are consequence of the
efflorescence of sold from excesive Na in
the synthesis, which is not incorporated in
the aluminosilikate matrix nor was used in
crystal growth during alkali activation (newly
grown minerals are presented in Table 3).

3 Conclusion

Quartz partially dissolved during alkali
activation and was used either in matrix
formation, or in formation of new minerals
that are filling the matrix. Excessive Na in
alkali activated synthesis, which was not
used for compensation of negative charge
due to the inadequate coordination number
of Al'in aluminosilikate matrix, is used during
reaction for formation of new crystals,
remaining Na goes out from the alkali
activated material as salt with efflorescence
over a long period of time.
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je eksperiment neuspesen, v primeru nege
na 70 °C, pa je rezultat trdnosti odvisen
8e od preostalih parametrov. SuSenje na
100 °C in z mikrovalovi izboljSata tlacno
trdnost alkalijsko aktiviranemu odpadnemu
livarskemu pesku, a izredno poslabSata
upogibno trdnost.

Ugotovili smo, da z ustrezno izbiro
vhodnih  parametrov lahko predelamo
odpadni livarski pesek v alkalijsko aktiviran
material perspektiven za nadaljnjo uporabo
v gradbenistvu. Za dokon&no potrditev bodo
potrebne 3Se analize trajnosti tovrstnega
materiala.
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