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1. ABSTRACT

Alkali-activated materials, which some authors often call geopolymers, may be
described as inorganic solids which form three-dimensional networks with a molecular
structure analogous to that of organic polymers and with mechanical properties
similar to those of ceramic materials.

The polymerization reaction takes place at low temperatures (<200 °C) and
thus this process is classified as eco-efficient. Furthermore, this process enables a
wide variety of silico-aluminous wastes, which makes it very attractive from the
environmental point of view.

In this paper alkali-activated materials have been prepared using wastes only,
to replace both the silico-aluminous material and the alkali activator. The materials
obtained have been characterised, determining their bulk density, mechanical
resistance and leaching, confirming that they are suitable for use in urban paving.
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2. INTRODUCTION

Alkali activation is a process in which a particulate silico-aluminous material is
mixed with an alkali activator to create a plastic mass capable of setting and
hardening in a short period of time. As a product of the reaction a compact material is
obtained with cementitious properties and elevated mechanical resistance.

Alkali-activated materials are formed as a result of the polymerization of simple
tetrahedral units of silicon and aluminium. The chemical process for the formation of
these materials comprises a first stage of dissolution of the raw materials in the
alkaline solution to form inorganic monomers, and a second stage of polycondensation
of these monomers to form polymeric oxide structures in three-dimensional networks
[1]. Both steps occur at ambient temperature or a very low temperature (T < 200
0C), thus it is an eco-efficient process.

There is plentiful literature on the use of waste to replace silico-aluminous raw
materials. The ones most studied are fly ash from power stations [2], [3], [4], [5] and
to a lesser extent fly ash from the incineration of municipal solid wastes [6], [7]. Ash
from biomass [8] has also been studied as well as other more amorphous wastes that
contain silicon and aluminium in their structure [9], [10], [11], [12], [13], [14]. By
contrast, there are very few studies on the use of wastes that act as an alkali
activator [15], [16].

In this paper alkali-activated materials have been prepared using only wastes.
Thus, besides being able to obviate the firing stage with respect to traditional ceramic
materials and considerably reducing carbon dioxide emissions into the atmosphere, an
alternative is proposed to the recycling of certain wastes which are currently taken to
landfill.

3. EXPERIMENTAL PROCEDURE

Asphalt (A) waste and fluorescent lamps (FL) have been used as silico-
aluminous material, and a solution of sodium hydroxide from an aluminium
manufacturing company as an alkali activator.

Firstly, silico-aluminous material was ground and sieved in order to obtain a
particulate material with a particle size less than 100 pm. Then, this silico-aluminous
waste (100A and 100FL) and its mixtures (A-FL) were mixed with the sodium
hydroxide (liquid) residue, obtaining a plastic mass that was placed in moulds
measuring 80x20x7 mm. This type of forming, which is called formwork, can be done
directly after the kneading.

Once the test pieces have been formed, the curing process took place for 20
hours, which was performed by controlling the temperature and relative humidity
conditions: 85 °C and 95%, respectively.

After the curing process, the test pieces were taken from their moulds and were
subjected to a drying process at ambient temperature and humidity for 24 hours.
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4. RESULTS
4.1. CHARACTERISATION OF WASTES

The chemical analysis of the silico-aluminous wastes are shown in table 1. The
asphalt residue used in this experiment came from road surfaces, it is composed
mainly of CaO and MgO, and does not contain any heavy metals.

The fluorescent lamp waste came from treating them to recover mercury and
other rare earth elements; however, this waste is not yet contaminated with heavy
metals (as can be seen from the chemical analysis), plastic and other elements such
as adhesives and resins.

A ‘ FL The asphalt waste is characterised by
) its low proportion of silicon and alumina,
S0, 7.3 67.8 responsible for the alkali activation reaction.
Al,O5 3.4 2.1 On the other hand, the fluorescent lamp
waste is characterised by a large amount of
Fe203 1.0 0.16 silicon.

Cao 354 | 3.90 In respect of the waste that is going to
MgO 10.8 | 2.51 act as the alkali activator, it is a sodium
hydroxide solution from washing the
Na,O 0.10 | 16.0 aluminium extrusion moulds and therefore is

K,0 0.64 | 2.15 contaminated with aluminium.
Tio, 0.11 | 0.04 In table 2 we present the molarity of

the waste depending on the time it has been
MnO 0.03 | <0.01 stored. It can be seen that, on increasing the

storage time of the waste, the molarity
P20s 0.06 | 0.04 increases due to it being kept in open tanks
B,Os - 0.85 and part of the water it contains evaporates.
Nowadays, this waste is taken to a waste

210 _ 0.02 manager, which means a cost for the
BaO - 1.37 company.
Li,O - 0.03
PbO - | 0.39 Time (days) Molarity NaOH (M) \
Zn0 - <0.01 1 7.2
HfO, - <0.01 60 7.5
SrO - 0.13 365 8.8
S - 0.08 ; . .
Table 2. Molarity of the sodium hydroxide
JLOI (1000 °C) | 41.1 | 2.47 solution depending on the time it has been

stored

*’ppc: loss by calcination

Table 1. Chemical analysis of
silico-aluminous wastes (%)
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4.2. CHARACTERISATION OF ALKALI-ACTIVATED MATERIALS

To prepare alkali-activated materials, larger molarity (8.8M) sodium hydroxide
waste has been used.

Table 3 shows the results of bulk density and mechanical resistance to bending
of the samples with asphalt waste (100A) and with fluorescent lamp waste (100FL).
The mechanical resistance value obtained with the 100A sample is low mainly due to
the small proportion of silicon (7.3%) present in the asphalt waste. The test pieces
obtained with the fluorescent lamp waste (100FL) presented cracks probably due to
the large amount of silicon in the initial waste (67.8%).

In the case of the mixtures of both solid wastes, bulk density and mechanical
resistance rise on increasing the amount of FL, mainly due to the increase of silicon in
the three-dimensional network of the activated material. This tendency goes through
a maximum (25FL) from which both properties, bulk density and mechanical
resistance, diminish.

Table 4 shows the minimum requirement of mechanical resistance for the
various classes and brands corresponding to the concrete tiles used as urban paving.
If we compare the mechanical resistance to bending of the three compositions
prepared with mixtures of asphalt and fluorescent lamp with the values shown in table
4, it will be seen that the mechanical resistance values are higher than the values
required by the regulations, therefore these materials could be used for urban paving.

Composition ApD (g/cm?®) MR¢ (MPa) Material MR¢ (MPa)

100A 1.747+0.010 1.2+0.3 Class Brand > 35
100FL --- (cracks/stuck to the mould) ! S
87.5A-12.5FL | 1.841+0.004 5.6£0.7 Clzss Br";”d > 4.0
75A-25FL 1.888+0.009 6.7+0.6
Class Brand > 5.0
62.5A-37.5FL | 1.851+0.010 6.2+0.6 3 U =

Table 3. bulk density and mechanical resistance to Table 4. Classes and brands of
bending of the activated materials concrete tiles for urban paving,

as in UNE-EN 1339:2004 and

UNE 127339:2007 regulations

In respect of the leaching of the alkali-activated samples, the directives
indicated in the Decision of the Council of 19 December 2002 (2003/33/CE) were
followed in accordance with article 16 and Annexe II of the Directive 1999/31/CEE,
which established a classification of materials depending on their hazard level. Table 5
shows the maximum limits allowed according to type of waste and the results
obtained for sample 75A-25FL. It was concluded that the material obtained can be
classified as inert.

www.qualicer.org | 4



& QUALI(272"18

CASTELLON (ESPANA)

Maximum permitted values (mg-kg™)

Landfill sites ~ Landfill sites for -2nani sites

Component for 75A-25FL
for inert non-hazardous
hazardous
waste waste
waste
Ba 20 100 300 2.5
Pb 0.5 10 50 <0.5
S0,% 1000 20000 50000 539

Table 1. Maximum permitted values for different types of wastes in landfill sites and results
for the sample characterised. Leachate test in accordance with UNE-EN 12457-2, Part 2 test
regulation

5. CONCLUSIONS

Alkali-activated materials have been obtained exclusively using wastes, both for
the silico-aluminous material and the alkaline solution.

Mechanical resistance to bending of alkali-activated products indicates that they
can be used for urban paving. Furthermore, the leaching tests manifest the
effectiveness of this process for fixing heavy metals.

6. ACKNOWLEDGEMENTS

The work has been carried out thanks to a project, reference IMAMCA/2016/1 -
IMDEEA/2017/100, co-financed by IVACE and ERDF, within the ERDF Operational
Programme of the Valencian Community 2014-2020.

UNION EUROPEA
Fondo Europeo de
Desarrollo Regional

Q0 CENRALITT 5./
égVALENUANA WACE

Una manera de hacer Europa

www.qualicer.org | 5



. ~ | | | r
CASTELLON (ESPANA) & QUALI 18

7.

[1]

(2]
(3]

(4]

(5]

(6]

(7]

(8l
(9]
[10]
[11]

[12]

[13]

[14]

[15]

[16]

REFERENCES

BUCHWALD, A.; VICENT, M.; KRIEGEL, R.; KAPS, C.; MONZO, M.; BARBA, A. Geopolymeric binders with different
fine filler aggregates - Influence on the phase transformation at high temperatures.Applied Clay Science, 46(2),
190-195, 2009.

PALOMO, A.; GRUTZECK, M.W.; BLANCO, M.T. Alkali-activated fly ashes: a cement for the future. Cement and
Concrete Research, 29, 1323-1329, 1999.

VICENT, M.; MONZO, M.; BARBA, A.; FERNANDEZ-JIMENEZ, A.; PALOMO, A. Polimeros inorganicos alcalinos.
Influencia de las condiciones de sintesis. IX Congreso Nacional de Materiales. Vigo 20-22 Junio 2006.

FERNANDEZ-JIMENEZ, A.; MONZO, M.; VICENT, M.; BARBA, A.; PALOMO, A. Alkaline activation of metakaolin—fly
ash mixtures: Obtain of Zeoceramics and Zeocements. Microporous and Mesoporous Materials, 108, 41-49,
2008.

VICENT, M.; MONZO, M.; BARBA, A. Uso de residuos procedentes de centrales termoeléctricas para la obtencion
de polimeros inorganicos alcalinos. II Simposio Aprovechamiento de residuos agro-industriales como fuente
sostenible de materiales de construccién. Valencia 8-9 Noviembre 2010.

LANCELLOTTI, I.; KAMSEU, E.; MICHELAZZI, M.; BARBIERI, L.; CORRADI, A.; LEONELLI; C. Chemical stability of
geopolymers containing municipal solid waste incinerator fly ash. Waste Management, 30(4), 673-679, 2010.

GARCIA-LODEIRO, I.; CARCELEN-TABOADA, V.; FERNANDEZ-JIMENEZ, A.; PALOMO, A. Manufacture of hybrid
cements with fly ash and bottom ash from a municipal solid waste incinerator. Construction and Building
Materials, 105, 218-226, 2016.

SHEARER, C.R.; PROVIS, J.L.; BERNAL, S.A.; KURTIS, K.E. Alkali-activation potential of biomass-coal co-fired fly
ash. Cement and Concrete Composites, 73, 62-74, 2016.

FRIAS, M.; SANCHEZ DE ROJAS, M.I.; GARCIA, R.; VALDES, A.].; MEDINA, C. Effect of activated coal mining
wastes on the properties of blended cement. Cement and Concrete Composites, 34, 678-683, 2012.

TCHAKOUTE, H.K.; ELIMBI, A.; YANNE, E.; DJANGANG, C.N. Utilization of volcanic ashes for the production of
geopolymers cured at ambient temperature. Cement and Concrete Composites, 38, 75-81, 2013.

ANTUNES BOCA SANTA, R.A.; BERNARDIN, A.M.; GRACHER RIELLA, H.; CABRAL KUHNEN, N. Geopolymer
synthetized from bottom coal ash and calcined paper sludge. Journal of Cleaner Production, 57, 302-307, 2013.

MIJARSH, M.J.A.; JOHARI, M.A.M.; AHMAD, Z.A. Compressive strength of treated palm oil fuel ash based
geopolymer mortar containing calcium hydroxide, aluminum hydroxide and silica fume as mineral additives.
Cement & Concrete Composites, 60, 65-81, 2015.

HWANG, C.L.; HUYNH, T.P. Effect of alkali-activator and rice husk ash content on strength development of fly ash
and residual rice husk ash-based geopolymers. Construction and Building Materials, 101, 1-9, 2015.

TCHADJIE, L.N; DJOBO, J.N.Y.; RANJIBAR, N.; TCHAKOUTE, H.K.; KENNE, B.B.D.; ELIMBI, A.; NJOPWOUO, D.
Potential of using granite waste as raw material for geopolymer synthesis. Ceramics International, 42, 3046-
3055, 2016.

TORRES-CARRASCO, M.; PUERTAS, F. Waste glass in the geopolymer preparation. Mechanical and
microstructural characterisation. Journal of Cleaner Production, 90, 397-408, 2015.

TCHAKOUTE, H.K.; RUSCHER, C.H.; KONG, S.: KAMSEU, E.; LEONELLI, C. Comparison of metakaolin-based
geopolymer cements from commercial sodium waterglass and sodium waterglass from rice husk ash. Journal of
Sol-Gel Science and Technology, 78(3), 492-506, 2016.

www.qualicer.org | 6



