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ABSTRACT KEYWORDS
In Jordan, large amounts of fly ash (FA) are produced from heavy fuel Geopolymers;
composition in power stations. The produced fly ashis highly contaminated Fly ash;
with heavy metalsincluding V, Ni, Zn and Fe. Geopolymer containing different Heavy Fuel;
amounts of FA was fabricated for sake of minimising the mobility of toxic Vanadium;
elements in the repository site. Using local kaolinite, fly ash and NaOH Nickel;
mixture, five geopolymerswere prepared at room temperature and cured at Immobilisation.

80°Cat thefollowingratios: S/Al: 1.68-4.71, Na,O/ALO,: 1.48-1.84, Na/Al:
0.74-0.92. The maximum compressive strength was observed for the
geopolymer containing no fly ash, 28 Mpa at day 1 and dry sample. A
geopolymer containing 10% FA showed promising results where a
compressive strength of 23 Mpawas reported. The porosity of FA has been
partially destroyed after polymerisation process as indicated from SEM
picturesand XRD analysis; new phases have been created under the action
of applied pressure. The leachability test indicated that the samples of
higher FA are more leachable. The results proved that involving FA in
geopolymerisation was significantly decreased the mobility of the toxic
metals like Ni and V. Therefore, the prepared geopolymers will definitely
have important industrial applications.
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INTRODUCTION consumed power during 2009 was approximeately 3.44
milliontoes(toneoil equivdent). Thisamount represents

Thepower generationindustry that basedonburning  45% of thetotal power consumptionin our Kingdom.
petroleumfuels(likediesal) producesasolidresidue  1n 2009, thetota amountsof consumed fud in power
whichisknown asfly ash (FA)™. In Jordan, thetotal  stationswere 261 thousand toes (asheavy fud oil) and
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18 thousand toes (as diesel) according to our annual
reports?. The large consumption of fuel in power
stations leaves 418.5 ton FA®@ and this number is
expected to increase dramatically inthecoming years
dueto the natural growth rate of energy demand and
shortage of natural gassupplying. Having saidthat, itis
important to mention that the biggest el ectric power
station in Jordan (Agabathermal power station) was
started to use heavy fuel instead of natural gassince
March of 2011 and thiswill end up of largeamountsof
FA. Intermsof resourcerecovery and environmental
impact, FA isattracting much attention dueto disposing
problemsand itsharmful impact on the soil because of
metal sleaching®®4. Infact, thepreviousresearcheson
thistopicislimited andindicated that FA producedin
power stationsisrichin C, Ni, V, Fe, Mo, and Mgand
among thesemetalsNi and V arethemost vauabl€® 4,

Depending onthe nature of FA, thereare number
of inertisation processesto reducetheharmful influences
of toxicfly ash ontheenvironmentsand theseincluding
immobilisation with congtruction materid %, chemica
washings®, extraction!”, incineration’®, stabilisation/
solidification technology!™ and recently
geopolymerisation®Y, |t seemsthat geopolymerisation
IS an attractive process where the FA would be
entrapped within the hard and rigid silica-alumina
polymersmatrixi*¥,

The term “geopolymer” was proposed by
Davidovits and it describes a cementitious binder
formed by akali activation of aluminosilicate powder
which does not require the presence of cement
materia?. Generdly, theinexpensivegeopolymersare
samply prepared fromalow-cost duminosilicate source
with large amounts of SIO, and Al,O, (80 %wt).
Structurally, they have rigid 3D space containing
repeating unitsof (S—O-Al-O-)_ and (S—-O-Al-Si-
O-), whichissimilar to commonauminosilicateglass™.
The main advantage of this technology is that
polymerisation occurs at moderate temperatures (40—
90°C). The polymerisation reaction occurs between an
alkaline solution, the chemical activator, and an
auminoslicatebinder. Forlow cost gpplications, sodium
is preferred than potassium or lithium hydroxide
solutions. Duringinitia mixing, theakalinesolution
dissolves silicon and aluminium ions from the
aluminosilicate sourcewherethe neighbouring silicon
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or aluminium hydroxide molecules undergo a
condensation reaction to form anew Si—-O-Si or Si—
O-Al bond with loss of water. The final structural
network cons stsof amorphousto semicrystalline 3D
silico-aluminate structures with SiO, and Al,O,
tetrahedrd linked dternatively by sharing dl theoxygens.
Probably, fly ash obtained from cod combustionismost
applied sourcefor geopolymersand thisisattributed
thehigh content of S/Al initsmatrix*. Naturd keolinite,
cadcined clay, miningwastes, and dagaredsoasagood
source of aluminosilicate precursor*d. Through
polymerisation process, clay mineralsare hardened and
transformed into rigid geopolymersat low temperatures
with minimal energy consumption® %4, Intheearlier
process, thealuminium silicate of clay mineral (like
kaolinite) reactswith alkali at |ow temperaturesand
polymerise into three-dimensiona mineral phases
hydroxysodalite*4. Inasimilar study, Yousef and co-
worker were prepared arigid and chemically stable of
good adsorption properties geopolymersfrom local
kaolinite/sand/NaOH!?, Jaarsveld and co-worker were
prepared astable geopolymer by mixing coa-fly ash
withinkaoliniteinthepresenceof Na-silicatemateria ™.

Application of geopolymerisation technology for
sakeof trapping toxic and harmful fly ashisanew type
of research®9. The published resultsindicated that
adding fly ashthat generated frommunicipa wasteweater
into polymerisation reaction end up with a stable
geopolymer whichres st metalsleaching and haveavery
stable structure with compressive strength around 7
Mpat®.

InJordan, therearemany arearichinclay minerd;
especidly kaolinitewhichiswiddy distributed in El-
Hiswaand Batn El-Ghoul areas*¢*". The utilisation of
locd Jordanian natura minerdsincluding zeolitic phases,
Na-phillipsite, hydroxyl sodalite and natrolite is
reported:® 13 14 |n this work, fabrication of four
geopolymers based on kaolinite, sand and NaOH,
however, inthepresenceof fly ash produced from diesdl
combustion will be outlined herein. The aim of this
encapsulationisto a) minimisethetoxicity of metasin
FA by slowing their leachability, and b) prepare
geopolymersfor other possible applications. Number
of physical and chemical testswill be carried out to
assess the textural properties of the fabricated
geopolymers.
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MATERIALSAND TECHNIQUES

Materials

Jordanian kaolinitic clay (asasourceof duminium
slicate) with apurity of 60% obtained from El-Hiswa
deposit was used. The kaolinitic clay deposits are
located in the south of Jordan about 45km to the east
of Al-Quweiratown*3, For kaolinite conditioning, the
initial sample was crushed, grinded, and sieved to
obtain agrain sizelessthan 425um. The samplewas
washed with water and dried at 105°C for 24 hrs.
Thefina samplewas homogenised beforeuse. The
plasticity limit of the employed kaolinite was 22%
according to theinternational testing standards®®. For
better mechanical strength and Si source, local sand
(>99% quartz) was used. Before use, the sand was
washedwith digtilled water and Sevedtoobtainagrain
sizerange 100-400um. NaOH pelletsof high purity
were used to start geopolymerisation process. All
reactionswere carried out in distilled water and the
optimum water content was pre-sel ected to get the
proper plasticity limitl*%, The optimum curing timeat
80°C was 24 hourd’® 3, The perfect ratios of the
mixture were adjusted in which ahigh compressive
strength is produced. The conditions of prepared
geopolymersaresummarisedin TABLE 1.

TABLE 1: Conditionsof geopolymerisation

Sample Kaolinite(g) Sand (g) FA(g) NaOH (g) H.O (9)

Geo 1l 100 0 100 16 24
Geo 2 100 25 75 16 24
Geo 3 100 50 50 16 24
Geo 4 100 75 25 16 24
Geo 5 100 100 0 16 24

a. polymerisation carried out room temperature and curing at
80°C for 24 hrs.

A composite FA sample (5 kg) was collected from
centra dectricity generatingcompany (Hussain Thermd
Power Station of Jordan, Zarga). The FA was only
seved beforeuse. Thecollected ashwasvery richwith
many toxic metalsasindicated fromthechemicd testing
aswill beshown later. Asshownin TABLE 1, FA was
added to thereaction mixture with different amounts
(0-40%). Adding FA to reaction mixturewill interfere
withgeopolymer matrix andwill effect thefind properties
of theproduct.
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Prepar ation of geopolymers

Five geopolymerswere prepared using Kaolinite-
Sand-NaOH-FA combination asclarifiedin TABLE 1.
Slicasasndwasused asafiller to provide high mechanica
properties of the final geopolymer and a secondary
sourcefor Si. Thealkaline NaOH-solution was used
for initid dissolution of oxidesprior to polymerisation
process. FA was added in different amounts into
reaction mixtureto replace sand whilethe amount of
kaolinitewasmaintained constant (TABLE 1). Reaction
mixtureswere homogeni sed using acontrolled speed
mixer. Mixing speed was 10 rpmfor thefirst 2minand
increased to 200 rpm over the next 10 min. The
produced geopolymers were compared against a
reference one containing no FA (sample Geo 5 in
TABLE 1). Good mixing was necessary to obtain
homogeneous mixturesand to avoid the agglomeration
of themixtures. Each mixture (series) wasdivided into
different specimensof 50 g. Themixturewasmoulded
immediately after weighing to avoid drying and to
decreasetheworkability of themixture. The pastewas
moulded in a stainless steel cylinder (dimensions
25mmx45mm) at an externd pressureof 15 MPausing
Carver Hydraulic Laboratory Press. The moulded
specimens of each mixture were cured by heating at
80°C for 24 h. After curing, the sampleswere cooled
down at room temperature and subjected to physical
and chemical testing. The applied testsinclude XRD,
compressive strength and leachability test. The
compressive strength of geopolymerswas carried out
using CONTROLS testing machine (Model T106

B 107E0M0

Figurel: Threespecimensof geopolymer number 4 (Geo4).
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modified to suit with standard testing) where theload
wasapplied onasurfacearea(12.5x12.5xw) mm? and
height 50 mm, and increased by adisplacement rate of
2mm/min. Thephysical propertiesof geopolymerswere
measured using standard protocol %% %9, Figure 1 depicts
three specimensof geopolymersnumber 4 (Geo 4) and
thissampleisoneof thebest samplesaswill beshown
later.

Spectroscopictechniques

The prepared geopolymers were tested for their
electricd conductivity, compressivestrength and density.
Testing wascarried out on threedifferent specimensof
the geopolymer and an averagevalueisprovided. The
electrical conductivity ismeasured asafunction with
time using WTW-pH meter. The scanning electron
microscope/ energy-dispersive X-ray spectroscopy
(SEM/EDX) techniques (FEI- INSPECT-F50 of SEM/
EDX, Netherlands) were gpplied to study the chemicd,
mineralogica and textural detailsof the geopolymers.
X-ray diffraction (XRD) andysiswasapplied toidentify
the crystalline phases of the prepared geopolymers.
Representative portions of geopolymerswere X -rayed
using Philips2KW modd, CuKa radiation (A =1.5418
A nm) with a scan rate of 2°/min and the X-ray
diffractogramswereprovided for assessment.

M etalsleachability

Thetotal metd contentsin FA or geopolymerswere
determined after leaching using inductively coupled
plasmaatomic emission goectroscopy (ICP OES, modd
Alan 5600, PerklinElmer SCIEX, USA) or by
Inductively Coupled Plasma- Mass Spectrometry (ICP
MS mode Alan DRC-e 9000, PerklinElmer SCIEX,
USA) depending onthemetal level inthe extract. FA
or geopolymer wasmixedwith 0.01M CaNO,),.4H,0
(1:10) and thefind mixturewasagitated using horizontal
shaker for 24 hrs. Before analysis, a sample of the
mixturewas centrifuged for 5 min at 2500 g and then
filtered using filter paper and was stored in plastic
bottles?,

RESULTSAND DISCUSSION

Geopolymersarean old technology that hasrecently
receved atentioninvariousformsoneof whichiswaste
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stabilisation. They functionsimilarly to cement binders
in terms of encapsulation however have improved
chemicd and physcd properties, suchasacid resstance,
compressive strength, durability and thermal
resistance¥.

Fly ash

Chemicd andysisreved ed that FA obtained from
thefuel isatoxic matrix wherelargelevelsof metals
were detected: V (3.7%), Ni (0.8%), Mo (105 ppm),
and Mg (9.5%). Itisimportant to mentionthat thislarge
level of metalswas obtai ned using concentrated acidic
medium and much lower amountsare obtained when
using softer eluent (TABLE 4). Having said that, this
materid isdangerousand should not bedirectly exposed
totheenvironment. Inthiswork, inertisation of FA will
be carried out using geopol ymer technol ogy. Infact,
the FA would beindusgtridly useful materid for obtaining
V and Ni and thisisunder investigationin our |aboratory.

Characterisation of geopolymer scontaining FA

Asmentioned earlier, themainam of thisstudy is
reducethe potentia dangerouseffect of FA by binding
itinasuitablegeopolymer. If thisachieved, theobtained
material would havevery low leachability and thefina
geopolymer will find many industria applicationg?.

Thegenerd featuresof FA areviewed at different
magnification powers (5000x and 12000x) for more
assessment (Figure 2). At 5000x magnification, the
picture (Figure 3A) indicatesthe porous structure of
the FA that created that the high temperatures upon fue
burning. Carbonaceouslarge particle of diameter more
than 30 um isshownin Figure 3A, Figure 3B which
taken at higher magnification power indicated the
presence of needle-like structure of averagelength 10
um which may back to metal oxides of Ni and V that
created at high temperatures. In genera, both Figure
3A and 3B indicated that carbonaceousnature of FA.
AS expected, the EDX spectrum of FA proved the
presenceof C,V,Na, Mg, S, and O. Thehighintensity
of C atomisreflected the carbonaceous nature of FA.

Accordingly, FA is not a good starter for
geopolymer where both Si and Al atoms are absent;
however, thisporousmateria containslargefractions
of toxic heavy metal swhich upon leaching canharmthe
environment.
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Figure2: SEM of FA magnified at 5000x (A) and 12000x (B)
and EDX of FA (C).
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Aswill be shown soon, Geo 4 which containing
10% FA exhibited good mechanica propertiesand poor
metals leachability so it was reasonable to view its
textura properties(Figure 3).

Figure3: SEM microphotographsshowing Geo4 containing
10% FA at 5000x (A) and at 46500x (B) magnification powers.

Asshown in Figure 3A, the geopolymer matrix
contain FA that do not chemically involved in
polymerization process and thisis expected because
theashhasno Si/Al initsstructure. The porousstructure
of Geo 4 will give thismaterial moreimportancein
filtration systems. Figure 3B showsthecrygdlinenaure
of the prepared geopolymer.

Dissolution or creation of new phases upon
polymerization could bestudied using XRD technique.
Again, theXRD scansof Geo4 received moreattention
andtheresultsareshownin Figure4. Figure4illustrates
that most of the crystalline phasesin FA have been

disappeared upon geopol ymerisation, possibly dissolved
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in the alkaline solution, and their components were
physically attached with the geopol ymerised rigid matrix.
For exampl e, FA showed characteristics XRD peaks
with good intensity with therange (20: 28-33), after
making the geopolymer, those XRD peakshavebeen
disappeared asviewed in Figure 4.

i

-]
2an
35

Geod (10K FA)

Raw Fly Ash

TR EEEEEEEEEE R R R

20
Figure4: XRD scansof Geo4 and pureFA.

It isclear that the main crystalline phasesin the
guartz and kaolinite do not influenced by the action
geopolymerisation wheretheir characteristicspegksare
detected in the scan of Geo 4 providing the good
crystdlinity infina product. Inasimilar case, Jaarsveld
and co-worker have observed in XRD spectrum of
kaolinite-based geopolymer some of characteristics
peaks of kaolinite and concluded that kaolinite has
partially involved in geopolymerization process®.
Bankowski and co-workers have prepared many
geopolymersfrom cod-fly ashwhich hasacrystaline
structure (not like the ash used in our study) and the
authors showed that the XRD peaks of raw fly ash do
not greeatly changed even after geopolymerisation which
reflect that the ash was partialy involved in the
process?Y. A note point to mention, therigid nature of
prepared geopolymershastrapped the particlesof FA
and thiswill prevent (or lower) metalsleaching aswill
be shown next.
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Physical and chemical testing of the prepared
geopolymers

Thefind influence of adding FA into geopolymer
mixtures could be eval uated viastudying the chemica
and physical propertiesof geopolymersand thisisa
general trend in this area (10-11, 15, 21). Before
discussing the physical and chemical results, is it
important to cal culatethefollowingratiosof SI/AI, Na/
Al, and H,O/Al becausethey would affect the property
of thefina geopolymers. TABLE 2 summarizesthe
molar ratios of atlomsinthe geopolymers.

TABLE2: Molar rationsof S,Al, Na, H20 inthegeopolymers

Geopolymer® Si/AI Na/_AtI) HZO_/l\tI)a SiOZ/C NaZO/C
ratio ratio ratioc Al,O3" Al,O4
Geo 1l 1.68 0.92 2.65 162 184
Geo 2 2.37 0.87 2.78 239 174
Geo 3 310 0.83 2.93 328 1.65
Geo 4 393 0.79 3.09 393 157
Geo 5 471 0.74 3.27 470 148

a. See Table 1 for polymerisation conditions; b. The massratio
of Nain FAis2.2%; c. Averagevaluefor threedifferent portions.

The XRD-chemicd andysisreveded that kaolinite
(themain principal sourcefor geopolymers) contains
(%owt): SI0, 52.26, Al,0,: 27.40, Fe,O,: 6.22, Na,O:
0.20, K,O: 1.49, and LOI: 10.44. Asindicated from
chemical andysis, kaoliniteisagood starting materia
from producing geopolymers (beside silicasand) where
the total content of SIO, and Al O, is 80% which
necessary for producing organized 3D geopolymer
structure®®. Si/Al ratio, infact, isthe most important
parameter that should be adjusted to get a hard
geopolymer and the perfect ratio asrecommencedin
literatureis 3:11°. Accordingly, geopolymers 3 and 4
are expected to bethe strongest polymerswherethe
Si/Al ratiosare 3.1 and 3.93, respectively.

On the other hand, Rowles and O‘Connor have
recommended that S/A ratio should bewithintherange
1.5-2.5to end up with ahigh compressive strength for
the geopolymert?, For better results, the perfect Na/
Al ratio should bewithin 1.0-1.29 and thiswasamost
achieved in Geo 1 & 2 where the reported Na/Al is
closedto 1.0. Finaly, H,O/Naratio was not optimum
for all geopolymers according the valuesreported in
literature®. Undoubtedly, the compressivestrengthis
themost targeted property in the geopolymersand the
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obtained resultsare depicted in TABLE 3. For more
assessment, thecompressibility test was carried out on
dry and wet specimens. Thewet sampleswere prepared
before testing according to the ASTM standards of
concrete?l,

TABLE 3: Compressivesrength (in M pa) for FA-containing-
geopolymers

Geopolymer-  FA content  Compressive Strength
Dry (%) (Mpa)*
Day1l Day7 Day?28
Geo 1 0 28 29 33
Geo 2 10 23 22 9
Geo 3 21 8 7 10
Geo 4 31 7 6 10
Geo 5 42 3 3 4
Geopolymer -Wet

Geo 1 0 15 18 20
Geo 2 10 13 11 3
Geo 3 21 4 2 3
Geo 4 31 3 1 3
Geo 5 42 2

a. The reported values were averaged of three tests on three
specimens (RSD<10%).

Thefollowing conclus onswould be obtained from
TABLE 3: 8) compressvestrengthincreased withtime
for both dry and wet systems. Thetest wascarried out
ondifferent daysfor Geo 1 becauseit hasthemaximum
strength. Itisexpected that compressivestrength will
decreases after wetting because many ionswill leach
andthiswill reducetheoverd| strength, b) asthe content
of FA increase, the compressive strength decreaseto
becomelessthan 5 M Paindicating aweaknessinthe
geopolymer infrastructure and FA do not chemically
interact with geopolymer matrix. The highest
compressivestrength of the prepared geopolymerswas
23 Mpa (13 Mpafor wet sample) and reported for
Geo 2which contains 10% FA, ¢) It seemsthat FA has
replaced thestrong quartz matrix and thisreflected bedly
on thecompressive strength of thefinal geopolymer.
However, in this case Geo 2 is still having a high
mechanical strength and the most important point it
trapped toxic FA. Besideit high mechanical strength,
quartz gainsay involved in polymerizationreaction and
form stable chemical bondswith Al atom of kaolinite
andthisispossbleduetothehigh compressivestrength
of Geo 1, and d) A proper explanation for the large
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variationsin compressive strength of geopolymersis
attributed tothe Si/Al and H,O/Naratios. Geo 1 hasa
perfect Si/Al ration (1.68, TABLE 2) to get high
compressibility according to Rowlesand O*Connort?,
ontheother hand, thisratioisnot optimumin Geo 5
whilethe amount of Si is5timeshigher thanAl. As
reported in many studies, higher strength was observed
when ratios SIO,/ALLO, and Na,O/Al,O, were 3.0-
3.8and 1.0, respectively®?1. FromTABLE 2, SIO,/
Al Q, ratios of most samples (except Geo 3) do not
fal inthetypica 3-3.8 rangeand Na,O/Al, O, ratio of
al geopolymersishigher than 1.0. Findlly, thereported
compressive strength valuesfor dry Geo 1 and Geo 2
samples are high and unusual if compared to other
reported va ues. Galiano and co-worker reported only
7 Mpafor their geopolymers® and using kaolinite—
based geopol ymers Jaarsvel d and co-workersreported
11.4Mpaascompressivestrength™l. Ontheother hand,
acompressive strength of 100 M pafor metakaolin-
geopolymer (Si/Al ratio 1.9) wasreported by Duxson
and co-worker?, However, Stevenson and Sagoe-
Crentsi| reported compressive strengths closeto these
reported in our study using metakaolin and sodium
silicate solution”,

Electrical conductivity and toxic-metalsleaching
Electrica conductivity andleachability tests, infact,

45 -
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O o ’ .
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Fly ash content in geopolymer (%)
Figure5: Electrical conductivity of geopolymer sover differ-
ent timeintervals.
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arethemost adopted testsfor eva uating the chemical
stability of the prepared geopolymers. Electrical
conductivity test will givean ideaabout the amount of
leachedionsof highionic mobility including H*, OH-,
Cl+, Nat, and K*, higher conductivity valuesindicates
highleaching from geopolymer matrix. Theleachability
of encapsulated geopolymersisillustrated Figure5.

Itisimportant to mention that theleaching behaviour
of fly ash doneismuch higher than any of the prepared
geopolymers(Geo 1 - Geo 5) and this is attributed to
theimmobilization of ionsby theaction alkdi activator.
AccordingtoVan Jaarsveld et al. (1998) thiseffectis
expected to take place on an inter-tetrahedral scale.
The possibleexplanationisthat the poreopeningswere
changed and diffusion of the metal to the leaching
solution was prohibited. As shown in Figure 5, the
conductivity increaseby increasngtheamount of FAIn
geopolymer, Geo 1 (which hasno FA) hasthe poorest
conductivity 12 mS. Themaximum conductivity was
35 mS and observed for the geopolymer containing
42% FA. Thedution of ionswould beattributed to the
poor geopolymeric structure, caused by presence of
ionswhich do not participatein theformation of the
aluminosilicate network. A similar observation was
reportedin literaturd®. TABLE 4 reveal sthat amount
of leached heavy medsandMgusing0.01M Ca(NO,),
solution at 35°C.

TABLE 4: L eached metals FA and geopolymer sby 0.01 M
Ca(NO3)2at 35°C.

Matrix Mg (ppm) Mo (ppm) Ni(ppm) V (ppm)
FlayAsh 55700 70.0 3700 16000
Geo 1 1887 9.5 35.9 -
Geo 2 50.77 4.74 35.12 729.0
Geo 3 - 12.73 36.83 408.2
Geo 4 49.48 5.545 35.31 755
Geo5 28.48 6.29 35.91 1147

TABLE 4 indicated that large amounts of FA
metal swereinterfering with the geopol ymer matrix
and this slow down their leachability to solution.
Relatively speaking, the metals do not eluted with
the same magnitude and for example Mg seemsto
beincorporated within polymer matrix because even
at FA dosethe eluted amount was very low. For V,
asthe content of FA increased, large amounts of V
was observed in solution (Geo 5) and thisindicated
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that VV ions do not strongly involved in geopolymer
building.

CONCLUSIONS

Inthe present study, encapsulaingtoxicflyashina
suitable geopolymer isagood protocol for slow down
metal sleaching and production of composite materias
of high mechanical strength. For better outputs, the
geopolymer should not contain more than 10% of fly
ashtoavoidlosing compressibility. Leaching of toxic
Mo, Ni and Mg from the geopolymers is rather
significant when comparedtoleachinginraw FA.Asa
recommendation, further research is needed on the
application of FA-geopolymersin constructionsand
buildings. Moreover, long-term studiesshould investigete
thelongevity of themeta-immobilizing effect of the FA-
geopolymers.
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