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Abstract This paper proposes an alternative use for waste

such as the ash generated by coal-fired power plants and

municipal incineration facilities, specifically as a raw

material in alkali-activated hybrid cements. The proposal

was tested by preparing a series of hybrid cements with

blends of fly ash (FA) and clinker (CK) or municipal solid

waste incinerator ash (MSWI) and clinker (CK) in varying

proportions. Two and 28 day mechanical performance was

assessed in these systems and the reaction products gen-

erated by alkaline activation were characterised using XRD

and SEM/EDX. The FA hybrid cements exhibited excellent

28 day strength at very high replacement ratios (80 % FA

and 20 % Portland clinker). While MSWI performance was

somewhat more limited, the 28 day material containing

40 % waste reached a strength of 33 MPa, sufficient to

qualify for cement category 32.5 as defined in the existing

codes and standards.

Keywords Geopolymer � Alkaline cements � Hybrid
cements � Coal fly ash � Municipal solid waste incinerator

(MSWI)

Introduction

Portland cement is the binder most widely used in con-

struction. The vast amounts of cement manufactured to

meet that demand pose significant environmental problems

however, due to the greenhouse gases (primarily CO2)

emitted. The 0.8 tonnes of CO2 emitted per tonne of

cement manufactured contribute substantially to global air

pollution (the cement industry accounts for 7–8 % of

world-wide CO2 emissions) [1]. One approach to solving

this and other environmental problems (an alternative to

merely stockpiling industrial by-products or waste, a costly

and pollution-prone procedure), consists of using these by-

products as supplementary cementitious materials (SCMs)

[2–5]. While such cement blends are envisaged in Euro-

pean (EN 197–1:2000) [6] and other legislation on cement,

the proportions allowed are fairly small. Of the many types

of industrial waste generated, there are two with special

interest to the cement industry, the fly ash (FA) from coal-

fired power plants and the fly ash and bottom ash resulting

from the incineration of municipal solid waste (MISW).

While coal-fired power plant fly ash is routinely used in

cement manufacture [7–10], its inclusion in cement and

concrete is subject to a series of limitations, in particular

the decline in the initial mechanical strength of the

cementitious material when the replacement ratio is over

25–30 %. MISW, in turn, has shown some potential for

application in construction materials such as concrete fil-

lers, aggregate or admixtures [11–19]. To be so used,

however, the ash must be pre-treated to eliminate or control

its heavy metal content to avert undesirably high concen-

trations of such elements [4, 20].

Another more innovative option that has aroused con-

siderable interest of late consists of developing less costly

and less environmentally damaging cements (involving

lower CO2 emissions or the re-use of industrial by-prod-

ucts) that perform as well as or even better than ordinary

portland cement (OPC). One such category of materials

includes a series of binders generically known as ‘‘hybrid

cements’’ [21–24]. These are blends comprising high per-

centages of SCM, natural products such as clay or
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industrial waste such as fly ash from coal-fired power

plants or blast furnace slag and low proportions of portland

clinker (usually under 30 wt%), along with small amounts

of moderately alkaline admixtures. Hybrid cement manu-

facture is based on the mix of OPC and alkaline cement

technologies, in which alkali-activated industrial by-prod-

ucts yield solid skeletons with excellent cementitious

properties [25–28].

Previous research has shown that the cementitious pre-

cipitate in such systems, which affords the material its

mechanical properties, is a mix of gels: C–S–H [29] and C–

A–S–H [30, 31] or N–A–S–H gels (the main products of

portland clinker hydration and slag and aluminosilicate

alkaline activation, respectively) [32, 33]. That mix varies

with the SCMs used in the binder.

This study aimed a double objective i) to design high-

strength hybrid cements (using alkaline activation tech-

nology) containing the largest possible proportion of coal

combustion fly ash (FA) and fly and bottom ash from

municipal solid waste incinerators (RI), with the smallest

possible percentage of clinker and ii) the mechanical and

microstructure characterization of different types of hybrid

cements.

Experimental

Materials

The materials used in this study included portland cement

clinker (CK), coal combustion fly ash (FA) and fly ash (R1)

and bottom ash (R2) from a municipal solid waste (MSW)

incinerator. All these materials were sourced in the Euro-

pean Union. The XRF chemical analysis of these materials

is shown in Table 1. The portland clinker had a high CaO

and SiO2 content, attributed to its calcium silicate (alite and

belite) constituents. Waste chemistry and mineralogy var-

ied widely. The coal FA was a CaO-low aluminosilicate

ash (ASTM type F), while R1 was a CaO-high silicocal-

careous ash. The latter also exhibited fairly high Cl and

alkaline contents. The incinerator bottom ash (R2) was also

CaO-rich and had higher percentages of SiO2, Fe2O3 and

Al2O3 than R1. Another significant finding was the high

loss on ignition recorded for two of the samples: 27.8 % for

R1 and 13.6 % for R2. These values were associated pri-

marily with the decomposition of the portlandite, carbon-

ates and other inorganic salts detected with XRD. The

heavy metals in this waste was assessed in a related study

[34].

The clinker and the bottom ash (R2) were ground sep-

arately in a ball grinder until 100 and 90 % of their parti-

cles respectively passed through a 45 lm sieve. Both the

coal FA and the MSWI fly ash (R1) were used with no

prior grinding, for over 90 % of the particles in the original

materials were under 45 microns.

Elemental composition was determined by X-ray fluo-

rescence, using radiation at an acceleration voltage of

100 kV and an 800 mA current (Philips PW 1404/00/01).

X-ray diffractograms of powdered samples were recorded

with a Phillips PW 1730 CuKa radiation diffractometer.

Specimens were step-scanned at 2�/min with a 2h angle of

2–60�, a 1� divergence slit, a 1� anti-scatter slit and a

0.1 mm receiving slit.

Methodology

Hybrid cements were prepared with these raw materials by

mixing varying proportions of clinker (CK) with coal fly

ash (FA) on the one hand (CFA systems) and clinker (CK)

and an 83/17 wt% blend of R2 and R1 (the ratio in the

incinerator plant product, RI) on the other (CRI Systems).

The cements were dosed as listed in Table 2. These blends

were supplemented with 5 wt% of an activator: a mix of

Na2SO4 ? CaSO4. The resulting materials were again

ground in a ball grinder to obtain a particle size distribution

in which 96 % passed the 45 micron sieve and over 90 %

the 32 micron sieve.

Mortars were prepared by mixing the cements with a

standard siliceous sand aggregate (SiO2 content[ 99 %) at

an aggregate/cement ratio of 3:1. The hydration medium

was de-ionised water and the l/s ratio was 0.5. The mortars

were poured into prismatic moulds measuring

4 9 4 9 16 cm3. These specimens were cured in a

chamber at 21 �C and 99 % relative humidity, removed

from the moulds after 24 h and stored in the chamber for 2

Table 1 Proportions of raw

materials used to prepare hybrid

cements (wt%)

Hybrid cement CK (%) FA RI (83 % R2 ? 17 % R1)

CFA = Clinker ? Coal Fly ash CFA60/40 60 40 % –

CFA40/60 40 60 % –

CFA20/80 20 80 % –

CRI = Clinker ? RI (83 % R2 ? 17 % R1) CRI 60/40 60 – 40 %

CRI 40/60 40 – 60 %

CRI 20/80 20 – 80 %
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or 28 days, when they were tested on an IBERTEST

Autotest-200/10-SW frame.

Pastes were prepared from a selection of the hybrid

cement blends and cured under the same conditions as the

mortars to identify the products generated after activation.

The hydration medium was de-ionised water and the l/s

ratio was 0.4. The 2 and 28 day pastes were characterised

by on a PHILIPS XRD diffractometer and a JEOL JSM

5400 SEM microscope fitted with a LINKS-ISIS energy

dispersive microanalysis system.

Results and Discussion

Figure 1 shows the 2 and 28 day mechanical strength of

the hybrid cement mortars prepared with the CFA

(CK ? FA) (Fig. 1a) and CRI (CK ? RI) blends (Fig. 1b).

As expected, strength rose with age and clinker content in

both systems. Figure 2a shows that strength was consis-

tently higher in FA mortars than in the analogous RI

materials for all proportions and ages. Of the latter, only

the system with the highest clinker content (60 %) attained

values over 35 MPa, and only in the 28 day specimens

(Fig. 1b). In contrast, a very similar value was reached in

the FA system with just 20 % clinker (Fig. 1a). Those

findings were interpreted as evidence that coal FA con-

tributed more to the generation of a cementitious gel (to

which these systems owe their performance) than RI.

Two of the 28 day hybrid cements studied, CFA20/80

(20 % CK and 80 % FA) and CRI60/40 (60 % CK ? 40 %

RI) were chosen for XRD and SEM analysis to ascertain

the type of products generated in these systems after

hydration.

The diffractograms for 2 and 28 day cements CFA20/80

and CRI60/40 and the respective anhydrous materials are

reproduced in Fig. 2a, b, respectively.

The diffractogram for the clinker (CK) shows that it

comprised a mix of crystalline phases, with alite (C3S) and

belite (C2S) as the majority components. It also contained

other characteristic phases such as tricalcium aluminate

(C3A) and a ferrite, C4AF. The coal fly ash exhibited the

typical hump between 2h angles of 20� and 40�, attributed
to the vitreous content in the ash [32], as well as diffraction

lines generated by secondary phases (quartz and mullite,

Fig. 2a).

The diffraction patterns of the incinerator ash (R1)

(Fig. 2b), consisted primarily of quartz (SiO2), anhydrite

(CaSO4), halite (NaCl), periclase (MgO), sylvite (KCl),

portlandite (Ca(OH)2) and calcium hydrochloride

(CaClOH). Calcite, (CaCO3), portlandite (Ca(OH)2),

akermanite (Ca2MgSi2O7), quartz (SiO2), magnetite

(Fe2O3), gehlenite (Ca2Al((AlSi)O7), halite (NaCl), cal-

cium sulphate and an aluminium and magnesium hydrox-

ide hydrate (Mg6Al2(OH)18.4.5H2O) were identified on the

diffractogram for R2. The hump observed in both at 2h
25�–40� was associated with the presence of vitreous

material [4]. It was more intense in the bottom ash, perhaps

an indication of the presence of a higher percentage of

vitreous material than in the ash, but much less than found

on the pattern for FA.

Fig. 1 Two and 28 day

compressive strength of mortars

made with a CK ? FA (CFA)

and b CK ? RI (CRI) cement

blends

Table 2 XRF-based composition of starting materials

Raw material CaO SiO2 Al2O3 Fe2O3 MgO SO3 P2O5 Na2O K2O Cl Other LoIa

Clinker (CK) 67.96 20.49 4.68 3.02 1.12 1.12 0.12 0.36 0.56 – 0.11 0.46

Coal Fly ash (FA) 3.78 56.51 21.42 8.57 2.19 0.99 0.15 0.63 2.59 – 0.96 2.21

MSWI fly ash (R1) 37.34 2.54 1.15 0.43 0.97 5.10 0.52 6.28 4.08 12.46 1.33 27.80

MSWI bottom ash (R2) 35.01 16.77 7.27 11.97 3.78 2.95 2.45 2.52 0.85 1.04 1.79 13.60

a Loss on ignition (1000 �C)
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XRD patterns of hybrid cements show interesting

results. The diffraction lines on the XRD pattern for

cement CFA20/80 were attributed to quartz and iron oxides

(minority mineralogical phases in the ash that do not

respond to alkaline activation) [32]. Calcite was observed

at both ages. Ettringite, a secondary product normally

observed in portland clinker hydration [29], was detected

after 28 days, when the signal associated with clinker

practically disappeared, unlike portlandite, a secondary

product of clinker hydration (C3S ? H2O ? C–S–H

(gel) ? Ca(OH)2) [29], which was not observed at any age.

The amorphous hump generated by the anhydrous ash

shifted to higher 2h values, denoting the formation of a

cementitious gel [32].

The products detected in cement CRI60/40 differed

considerably from the fly ash system, as might be expected

given the different nature of the two types of waste. The

signals generated by portland clinker practically disap-

peared in cement CRI60/40 after 28 days. The highly

soluble inorganic salts such as NaCl and sulphates present

in the raw material also disappeared entirely during

hydration. All other phases, such as quartz and magnetite,

remained unaltered. A series of lines attributed to ettringite

and portlandite were also observed. The presence of port-

landite might be explained by the fact that it was a con-

stituent of the incinerator ash. Due to the dilution effect,

however (the ash accounted for only 10 % of the blend),

R1 would have been the origin of only a small amount of

the mineral, most of which would have been the result of

the normal hydration of portland clinker. An AFm-SO4–

CO3-like phase, previously reported by other authors [35]

in cement mortars containing incinerator fly and bottom

ash, was also identified, along with the precipitation of a

calcium aluminosilicate (Ca8Al6Si24O80.18.9H2O). CaCO3

was the major carbonate detected, although calcium-mag-

nesium carbonates were also identified.

The presence of calcium carbonate in system CRI60/40

had a dual origin. It was found in the anhydrous RI cement,

primarily in the bottom ash (see Fig. 2b) and was also

generated in the hydrated paste as a result of portlandite

carbonation attendant upon its contact with atmospheric

CO2 (Ca(OH)2 ? CO2 ?CaCO3) [29].

Since the cementitious gels (C–S–H, C–A–S–H and N–

A–S–H) that afford cements their strength are amorphous

to X-rays, their presence was analysed using SEM/EDX

techniques. The micrographs for 2 and 28 day cements

CFA20/80 are shown in Fig. 3a, b and for CRI60/40 in

Fig. 4a, b.

Figure 3a shows a compact, uneven matrix with par-

tially attacked anhydrous coal fly ash (FA) and clinker

(CK) particles, along with reaction products primarily

associated with gel precipitation. Microanalysis revealed

that this gel actually constituted two morphologically

similar but compositionally different materials. The gel

close to the clinker particle comprised primarily calcium

and silica with a very small proportion of aluminium, i.e., a

C–(A)–S–H-like gel (Fig. 3a, EDX 1). In contrast, the gel

surrounding the ash particle, which contained mostly silica

and alumina, was reminiscent of the main product of the

alkaline activation of fly ash, N–A–S–H gel, although as a

Fig. 2 Diffractograms for 2 and 28 day (a) CFA20/80 cements and

b CRI60/40 cements (including raw materials) (Legend:

alite(A = C3S) (JPG- 031–0301), belite (B = C2S) (DIFF 01-086-

0398), tricalcium aluminate (C3A(DIFF 00-032-0148)), ferrite

(C4AF) (DIFF 00-030-0226), quartz (q = SiO2) (DIFF 00-046-

1045), mullite (m = 3Al2O3.2SiO2) (DIFF 01-084-1205), anhydrite

(g = CaSO4 (DIFF 01-086-2270),), halite (h = NaCl) (DIFF 00-005-

0628), periclase (a = MgO) (DIFF 00-045-0946), sylvite (s = KCl)

(DIFF 00-041-1476), portlandite (p = Ca(OH)2) (DIFF 00-044-

1481), calcite (c = CaCO3) (DIFF 01-072-1937), calcium hydrochlo-

ride (* = CaClOH)) (DIFF 00-048-1467), akermanite (k = Ca2
MgSi2O7) (PDF 35-0592), magnetite (F = Fe2O3) (DIFF 00-039-

1346), gehlenite (y = Ca2Al((AlSi)O7) (DIFF 74-1607), aluminium

and magnesium hydroxide hydrate x = Mg6Al2(OH)18.4.5H2O))

(DIFF-35-0965), r: AFm-SO4-CO Ca4Al2O6(CO3)0.67(SO3)0.33.

11H2O)) (DIFF- 41-0476),; e: Ca8Al6Si24O80.18.9H2O (DIFF

45-1490),; d = Mg0.92Ca0.08CO3.3H2O (DIFF 50-1648)
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small percentage of calcium was also present, the result

was an (N,C)-A-S–H gel (Fig. 3a, EDX 2).

After 28 days, practically no clinker particles were

observed (confirming the XRD findings) and the fly ash

content declined (Fig. 3b). Here also the micrograph

showed a compact matrix with intense gel precipitation.

EDX analysis revealed that the majority phase was an

(N,C)–A–S–H gel, although the proportion of calcium

(Fig. 3b, EDX 4) was higher than in the 2 day paste

(Fig. 3a, EDX 2). C–A–S–H gel was also observed to form

locally (Fig. 3b, EDX 3). The ettringite needles observed in

the same micrograph were located primarily in the voids

left by the ash particles after activation.

The use of sulfates as an alkaline activator served a dual

purpose. These inorganic salts are known to react with the

portlandite precipitating after clinker hydration, as per

Eq. 1. Fly ash dissolution was favoured by the in situ

alkalinity [36–38] generated, furthering the formation of

the gels that determine the mechanical behaviour of the

system.

Fig. 3 Micrographs (and EDX analysis) of a 2 day and b 28 day CFA20/80

Fig. 4 Micrographs (with EDX analysis) of a 2 day and b 28 day CRI60/40
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Ca OHð Þ2þ Na2SO4 ! CaSO4:2H2O sð Þ þ NaþOH� aq:ð Þ
ð1Þ

In addition, the ettringite formation favoured by their

presence (Eq. 2) densified the matrix, further enhancing

mechanical strength [36–38].

C3Aþ Ca2þ2OH� þ Na2SO4 þ H2O

! CaO Al2O33CaSO4:32 H2O ð2Þ

Due to the speedy kinetics of these two reactions, nei-

ther Ca(OH)2 (consumed as it was generated) nor gypsum

(which reacted with calcium aluminate to form ettringite,

which was identified by XRD and SEM/EDX) could be

detected.

The micrographs for cement CRI60/40 and the afore-

mentioned materials differed substantially. The compact

matrix observed in the 2 day cement contained anhydrous

particles, primarily crystalline phases from the incinerator

waste such as quartz, magnetite and traces of gehlenite

(Fig. 4a).

A C-A-S–H-like gel comprising essentially calcium,

silicon and aluminium, as well as lesser concentrations of

elements such as sulfur (S), chlorine (Cl) and sodium (Na),

precipitated heavily throughout the matrix (Fig. 4a, EDX

5).

The 28 day matrix (Fig. 4b) was likewise compact with

barely distinguishable anhydrous clinker phases (confirm-

ing the XRD findings). The analysis of different points in

this matrix revealed the presence of C-A-S–H-like gels

containing sulfur and chlorine (Fig. 4b, EDX 6), as

observed in the 2 day samples. The origin of the S in these

gels was not only the alkaline activator, but also the initial

waste. C-S–H gels have been reported to be able to absorb

sulfate ions [39, 40].

The same figure reproduces a micrograph with crystals

precipitating in a pore. In light of their EDX-determined

chemical composition (Fig. 4b, EDX 8), these crystals may

have been Cl-containing AFm-like phases (AFm–Cl).

Reports of AFm-Cl formation as a secondary reaction

product in systems containing incinerator waste can be

found in the literature. More specifically, this chlorine-

bearing phase in particular was detected by Zhu et al. [41]

in materials containing incinerator ash. Chloride ions are

known to interact with hydrated cement phases and form

secondary reaction products, such as this AFm–Cl phase, or

to be chemically absorbed by the gel, as observed in the

EDX microanalysis of the gels precipitating in this system.

The heavy metals present in the cementitious matrix are

often difficult to detect, given their low concentration [34]

and mobitility. EDX analysis of various areas of the matrix

revealed the presence of a C–S–H-like gel in which

diffraction lines attributed to traces of zinc and lead were

distinguished (Fig. 4b, EDX 7). That finding suggested that

the cementitious matrix immobilised the metals originally

present in the incinerator waste. In fact, the present authors

have shown that this matrix can retain the potentially toxic

and hazardous metals found in incinerator waste [34].

Heavy metal immobilisation in cement hydration products

is a well-known mechanism in which the metal is taken up

into the C–S–H gel structure [42–44].

Summing up, the nature of the waste (coal or incinerator

ash) conditioned the type of cementitious products gener-

ated and therefore the mechanical properties of the acti-

vated binder. The cementitious gels generated in the two

systems differed widely; while two gels were clearly dis-

tinguished in CFA20/80: (N, C)–A–S–H (N–A–S–H gels

generated during the alkaline activation of the ash which

take up small amounts of Ca) and C–S–H gels resulting

from portland cement hydration [22], only C–A–S–H gels,

formed when aluminium was taken up into the gels

resulting from clinker hydration, were identified in cement

CRI60/40. Nonetheless, the contribution of the incinerator

waste to the formation of these gels cannot be ruled out,

given its high calcium content.

With its high vitreous content and SiO2/Al2O3 ratio and

suitable particle size, coal combustion ash proved to be

ideal for use as a precursor in hybrid cement generation, for

its activation generated high-strength cementitious matri-

ces that required only small proportions of portland

cement. Moreover, it contained no potentially toxic or

hazardous elements that would condition its use. Inciner-

ator ash and slag showed less potential for use as precur-

sors, essentially because of the smaller amounts of reactive

phase [4, 34] liable to be activated to yield cementitious gel

and the high proportion of crystalline compounds that do

not participate in activation reactions. The result was a

need for larger percentages of OPC to attain binders

comparable in strength to those generated from coal com-

bustion ash. Furthermore, the incinerated urban waste

studied contained potentially toxic and hazardous [34]

metal elements that could compromise its use. The capacity

of the matrix to immobilise these elements would have to

be assessed in advance.

A study conducted later but since published [34]

assessed the risk of leaching from mix CRI60/40. The

findings showed that under no circumstances did a mix

containing 40 % incinerator ash and slag exceed the EPA

leaching limits [45] for the toxic elements present in this

waste.

Conclusions

The chief conclusions to be drawn from the present study

are as follows.
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• Hybrid cement technology using moderately alkaline

activators, high proportions of waste materials and

small proportions of clinker leads to the production of

cementitious materials with acceptable mechanical

strength (inside the standards requirements). The nature

and type of waste used conditions the maximum

applicable replacement ratio.

• High-strength cements can be designed with coal com-

bustion fly ash (FA) and a clinker content as low as 20 %.

Given their chemistry and mineralogy, incinerator ash

and slag are less responsive to alkaline activation than fly

ash and hence call for a clinker content of at least 40 % to

obtain acceptable strength values.

• The nature of the gels generated is closely related to the

raw materials used. FA systems generate primarily

(N,C)–A–S–H and some (N,C)–S.H gels. No (N,C)–A–

S–H gels were detected in incinerator waste systems.
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tion kinetics in hybrid binders: early reac–tion stages. Cem.

Concr. Compos. 39, 82–92 (2013)

25. Palomo, A., Grutzeck, M.W., Blanco, M.T.: Alkali-activated fly

ashes—A cement for the future. Cem. Concr. Res. 29(8),
1323–1329 (1999)
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