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Abstract In the present work, ground granulated blast

furnace slag (GGBS) and sewage sludge ash (SSA) blends

were assessed for the production of alkali-activated pastes

and mortars. Percentages of SSA to substitute GGBS ran-

ged from 0 to 30 wt% and sodium concentrations of

6–10 mol kg-1 were used for the activating solutions.

Pastes and mortars were cured at 20 �C for up to 90 days.

Raw materials were characterised by granulometric anal-

ysis, XRF, XRD, FTIR and SEM techniques. The

replacement percentage of GGBS by SSA and the sodium

hydroxide concentration of the alkaline activator were

optimised to produce mortar with compressive strengths

close to 30 MPa after 28 curing days at room temperature.

Best results were obtained in samples blended with 20 wt%

SSA activated with 6 mol kg-1 NaOH solutions which,

according to the XRD, FTIR and microscopic results,

contained higher amounts of (N,C)–A–S–H gel. The

potential use of SSA for the development of alternative

cementitious materials at room temperature has been

demonstrated.

Keywords Sewage sludge ash � Waste management �
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Introduction

Sewage sludge is a residue that results from the treatment

of municipal wastewaters; it is generated in physical–

chemical processes such as coagulation, flocculation and

sedimentation. Reutilisation and stabilisation of sewage

sludge results in a very interesting environmental solution,

because it contains pathogens, parasites and toxic agents

making it a hazardous material that cannot be disposed in

any place [1]. It is estimated that approximately 0.15–0.22

million tons of dry sewage sludge are produced yearly in

Brazil [2] while, according to Baeza-Brotons et al. [3], 1.07

million tons of dry sewage sludge is generated yearly in

Spain. Similarly, more than 3 million tons of dry sewage

sludge was generated in the Baltic Sea Region in 2010; this

amount is expected to increase by 14.4 % by 2020 [4].

Sewage sludge is commonly disposed in landfills, trea-

ted for fertiliser production, or dumped in rivers and

oceans. According to the European Commission, approxi-

mately 65 % of sewage sludge is used as fertiliser, 20 % is

deposited in controlled landfills, and 10 % is incinerated.

Incineration is used for reducing the volume of the waste

and it is not widely utilised worldwide. Comparatively,

according to the Spanish government [5], about 88 % of

sewage sludge is used as fertiliser, 8 % landfilled and 4 %

is incinerated.

Data reported by Pedrosa et al. [2] indicates that in

Brazil only 30 % of the sewage collected is treated, leading

to high amounts of sewage sludge being sent to landfill,

creating serious environmental problems. Donatello and

Cheeseman [6] explain that concerns regarding contami-

nants and heavy metals in sewage sludge have prompted

health agencies to establish new regulations which limit the

use of this waste material as fertiliser. In this sense, the

incineration of sewage sludge is an environmentally
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friendly solution that not only reduces its volume, but can

also be used to generate energy [4].

Sewage sludge ash (SSA) is produced during the

combustion of dewatered sewage sludge using an incin-

erator. This ash is collected at the base of a combustion

chamber (known as bottom ash) or in electrostatic pre-

cipitator systems (known as fly ash). Although the ash is

mainly composed of SiO2, Al2O3, Fe2O3, CaO, Na2O,

MgO, SO3 and P2O5 [7], the specific composition varies

depending on the origin of the wastewater and its treat-

ment processes. Similarly, the particle size and charac-

teristics of the ash highly depend on the incineration

system [4]. According to Yusuf et al. [8], incineration of

the sludge reduces its volume by 95 %, while studies

performed in the United Kingdom have concluded that the

mass of the sludge is reduced to 1 % of the original and

that the ash is sterile and inert [1]. Cheeseman and Virdi

[1] explain that although this ash is not considered a

hazardous waste, concerns about the high heavy metal

contents have limited its use in agriculture or in landfill

disposals.

SSA is generated continuously and in relatively large

amounts in treatment plants. It is estimated that approxi-

mately 1.7 million tons of sewage sludge ash is produced

worldwide annually [6] while, according to a review by

Yusuf et al. [8], approximately 1.2 million tons of SSA is

produced in the European Union and North America, and

0.5 million tons is produced in Japan. Baeza-Brotons et al.

[3] estimate the amount of incinerated sludge will increase

by 20–25 % by 2020 in Spain.

The prospect of future increases in sewage sludge pro-

duction coupled with the fact that the majority of the SSA

is still being sent to landfill has prompted the scientific

community to develop new techniques in order to reuse

waste in the development of construction materials. In the

construction industry, sustainable building practices

employ techniques to reuse wastes as useful parts, or utilise

them to produce new building elements. Both techniques

benefit the environment: the reduction of industrial waste

relieves landfills; natural raw materials are conserved; and

energy consumption is reduced during the production of

the recycled products. Additional potential benefits of

using SSA in construction materials include immobilising

heavy metals in a developed matrix. Yusuf et al. [8]

reported that the amount of heavy metals leached in ordi-

nary Portland cement (OPC) mortars containing SSA was

similar to that of reference mortars (only OPC). Addi-

tionally, Yang et al. [9] have previously analysed the

durability of autoclaved bricks produced using SSA/OPC/

FA/GGBS blends. Their conclusions suggest that the con-

centrations of heavy metals leached from the produced

bricks were much lower than that established by Chinese

government regulations.

Sewage sludge ashes have been successfully used to

produce different types of building materials [4]: they have

been used as a raw material for cement production; as a

pozzolanic admixture in cementitious binders [10, 11]; they

have been used in the manufacture of building elements

such as concrete blocks [3]; they can be used to produce

lightweight recycled aggregates in the production of con-

crete [12, 13]; or used as a partial substitute of soil or

cement when stabilising road bases. According to Yusuf

et al. [8], SSA particles have an irregular shape and a

porous structure; this creates a high water demand when

they are used in concrete mixtures, leading to a slight

reduction of their workability and strength. Similar beha-

viour has been shown in studies by Monzó et al. [10, 11]

who observed a reduction in the workability of mortars

with an increased SSA content. This is due to the behaviour

attributed to the irregular shape and to the high water

absorption of SSA particles. In these studies, authors have

successfully proved the pozzolanic properties of SSA,

allowing the use of SSA as a partial replacement for

Portland cement. The replacement of 15–30 wt% of OPC

by SSA generally increases the compressive strength of

mortars cured at 40 �C for up to 28 days, mainly for short

curing ages.

Alkali-activated (AA) binders are considered alternative

binding materials. They are produced by a chemical reac-

tion between an aluminosilicate-based mineral (precursor)

and an alkaline reagent (activating solution). The alumi-

nosilicate compounds of a given precursor are dissolved in

a highly alkaline medium allowing the formation of a new

binding gel. This gel contains tetrahedral SiO4 and AlO4

units which are randomly distributed in chains and 3D-

networks. Alkali metal cations (typically Na? and/or K?)

balance the negative charges of the tetrahedral-linking

network [14].

AA binders based on ground granulated blast furnace

slag (GGBS) have been extensively reported on in the lit-

erature. These studies have demonstrated the good per-

formance of these alternative binders in relation to both

mechanical and durability properties [15]. According to Shi

et al. [15], alkali-activated mortars based on slag can yield

about 120 MPa in compression following 90 curing days.

In an experimental study to assess the potential of alkali-

silica reaction in alkali-activated slags, Fernández-Jiménez

and Puertas [16] demonstrated that AA binders based on

slags presented lower expansion rates in comparison to

OPC mortar subjected to similar conditions.

The combination of blast furnace slag with other alu-

minosilicate materials has also been extensively reported in

the production of alkali-activated binders [17, 18]. In these

cases, the main objective has been to explore the good

properties of each precursor. This strategy is a new way to

produce sustainable concrete that not only facilitates the
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reduction of CO2 emissions, but also reuses different types

of by-products [19].

There are many examples of these types of study. Deb

et al. [17] explored the evolution of the workability and

strength properties of GGBS and fly ash blends. Akçaö-

zoğlu and Ulu [20] conducted experiments in which

polyethylene terephthalate (PET) granules were used as

aggregates in alkali-activated GGBS/metakaolin blended

systems. Other authors such as Islam et al. [18] have also

developed binders by the alkaline activation of palm oil

fuel ash, GGBS and fly ash blends. These were activated

with sodium silicate and sodium hydroxide solutions and

cured at 65 �C the first 24 h and at room temperature for 7,

14 and 28 days.

The chemical composition of the sewage sludge ash—

which is rich in alumina and silica—make it a good can-

didate for the production of alkali-activated binders. The

alkaline activation of SSA has also been successfully

proven by Yamaguchi and Ikeda [21] where fly ash/SSA

blends were activated with sodium silicate and NaOH

solutions. However, high curing temperatures (80 �C) were

required to activate the process, only one mix proportion

was used for the alkaline activator, and no data on the

compressive strength of the system were reported. Thus,

further research on the influence of other types of alkaline

activators (NaOH), concentration of the activating solution

and curing conditions (e.g. room temperature) must be

conducted to understand the influence of these type of

ashes on the microstructure and mechanical properties of

the newly developed binder.

Hence, the work reported in this paper aims to under-

stand the influence of sewage sludge ash (SSA) and sodium

concentration in the mechanical strength and microstruc-

ture development of alkali-activated GGBS-based binders

cured at room temperature.

Experimental Procedure

Equipment

Compressive strength was tested using a universal test

machine from EMIC with a 200 ton load limit. The

microstructure of raw materials and alkali-activated

pastes were assessed using different instrumental tech-

niques: X-ray fluorescence spectroscopy (FRX, Philips

Magix Pro); Laser diffraction granulometry (Mastersizer

2000, Malvern Instruments); X-ray diffraction (Shimadzu

X-Ray Diffractometer XRD-6000) from 5� to 55� with Cu

Ka radiation at 30 kv and 40 mA; Fourier transformed

infrared spectroscopy (FTIR) in transmittance mode, from

4000 to 400 cm-1 (NEXUS 670, Nicolet Instrument

Corporation) and Scanning electron microscopy (SEM,

model EVOLS15 from Zeiss) using secondary electrons

and 20 kV was used to examine the microstructure of both

raw materials and fractured surfaces (covered with gold).

Materials

Alkali-activated binders were prepared using binary sys-

tems of ground granulated blast furnace slag (GGBS) and

sewage sludge ash (SSA). GGBS was used as-received and

it was supplied by Siderúrgica Ribas do Rio Pardo (Brazil).

Sewage sludge was obtained from SeMAE (São José do

Rio Preto—Brazil) and the ash was produced by burning

the waste under controlled conditions (maximum temper-

ature: 775 �C), the resulting bottom ash was then ground

using a ball mill for 50 min. Table 1 summarises the

chemical composition of both the GGBS and the SSA

determined using X-ray fluorescence analysis.

The SSA contained a higher amount of acid oxides

Al2O3 ? SiO2 ?Fe2O3 than GGBS (70.27 and 45.03 % for

the SSA and GGBS respectively). Calcium was the most

significant element found in GGBS. Loss on ignition (LOI)

values for SSA was relatively low, suggesting that most of

the organic matter was removed during the combustion

process. Studies reported in the literature have shown that

the chemical composition of sewage sludge ash can be

highly varied, depending on the origin of wastewater,

additives used on its treatment and the incineration system

[8]. Nevertheless, for all cases, the main components of

sewage sludge ashes are SiO2, CaO, Al2O3, Fe2O3, MgO

and P2O5 [4].

For this study, the SiO2 content (38.28 %) is close to the

mean value reported by Cyr et al. [22] while Al2O3 content

was found to be slightly higher. Significant amounts of

Table 1 Chemical composition of raw materials (wt%)

Oxide GGBS SSA Other SSA [8, 22]

Mean Min. Max.

SiO2 32.96 38.28 36.1 14.4 65.0

Al2O3 11.51 20.72 14.2 4.4 34.2

Fe2O3 0.56 11.27 9.2 2.1 30.0

CaO 43.54 5.51 14.8 1.1 40.1

P2O5 7.28 11.6 0.3 26.7

MgO 7.32 1.91 2.4 0.02 23.4

Na2O 0.35 0.70 0.9 0.01 6.8

MnO 0.39 0.05 0.3 0.03 0.9

TiO2 0.50 3.73 1.1 0.3 1.9

SO3 1.89 4.18 2.8 0.01 12.4

K2O 0.41 0.71 1.3 0.1 3.1

Other 0.47 2.24

LOI 0.10 3.41 6.1 0.2 41.8
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phosphorus (7.28 %; recorded as P2O5) were also found in

the ash used in this study, this content is lower than the

mean value reported in the literature [22]. The P2O5 per-

centage is close to that of the SSA used by Monzó et al.

[11]. Similarly, the amount of CaO was lower in compar-

ison to the mean values reported in the literature [8, 22],

they were observed to vary within a wide range:

1.1–40.1 % probably due to different treatments in the

different wastewater plants.

The mineralogy of SSA and GGBS was determined by

X-ray powder diffraction (Fig. 1). As expected from pre-

vious studies [23, 24], amorphous phases characterised by

the deviation of baseline in the 17�–37� 2h range were

observed for GGBS. In the same way, some peaks identi-

fied as Quartz (SiO2, PDF #781253) and calcite (CaCO3,

PDF #721651) were found as minor crystalline phases in

the GGBS.

In the XRD pattern for SSA, there was a slight baseline

deviation in the 15�–35� 2h range, indicating the presence

of amorphous phases. The presence of high quantities of

crystalline compounds makes it difficult to distinguish the

amorphous phase in SSA. In agreement with a review by

Cyr et al. [22], the main crystalline compounds identified in

the SSA analysed in this study were quartz and anhydrite

(CaSO4, PDF #72503). Minor crystalline phases were also

found: albite (NaAlSi3O8, PDF#191184) and hematite

(Fe2O3, PDF #791741). Albite is not a compound com-

monly present in SSA; however its occurrence is reported

in some studies [25]. Although the calcium phosphate

known as whitlockite (b-Ca3(PO4)2 or Ca7Mg2P6O24) has

previously been identified in the literature [1, 22], no sig-

nificant presence of this mineral was detected in this study.

Similarly, calcite could not be clearly distinguished in the

XRD results.

The particle size distribution of GGBS and ground SSA

was determined using a laser diffraction technique under

water suspension. The slag had a mean particle diameter of

27.50 lm, d (0.1) = 4.21 lm, d (0.5) = 21.42 lm and d

(0.9) = 58.56 lm. In the case of SSA, the mean particle

diameter was 20.27 lm, d (0.1) = 1.58 lm, d (0.5) =

11.77 lm and d (0.9) = 52.45 lm. Thus, SSA was finer

than GGBS.

According to the SEM images (Fig. 2), both materials

presented a wide particle size distribution, with the slag

particles being sharper and denser than the SSA. SSA is

expected to present higher water absorption values than

GGBS. This is due to its lower density, the larger amount

of fine particles and the rough particle surfaces.

Preparation of Pastes and Mortars

Different percentages of SSA (0–30 wt%) were used in

substitution of GGBS. The alkaline activating solutions

were prepared by mixing sodium hydroxide pellets (98 %

purity, Dinâmica Quı́mica Contenporânea, Brazil) and

water. Sodium concentrations ranged from 6

to10 mol kg-1. The water to binder ratio (w/b) used was

0.45, the binder being the sum of GGBS and SSA.

The appropriate amounts of GGBS and SSA were dry

mixed until homogeneous blends were obtained. Pastes

were manually prepared by mixing the blended powder

with the required amount of alkaline solution for 4 min and

stored at room temperature until the testing age.

A binder (GGBS ? SSA) to sand ratio of 1:2.5 was used

for all the prepared mortars. The mixing rate was 124 rpm:

during the first 30 s the alkaline solution was homoge-

nized; during the following 60 s, solid powder was grad-

ually added; sand is then added in the mixture during the

next 60 s; finally the fresh mortar was mixed for an addi-

tional 120 s. Mortars were compacted in cylindrical

moulds (50 9 100 mm) using a vibration table and speci-

mens were cured at room temperature (25 �C, RH 96 %)

for 7, 28 and 90 days. For each curing time, five mortar

specimens were mechanically tested. The parameters

involved in the mixes for this study are summarised in

Table 2.

Results and Discussion

Mechanical Strength

Compressive strength values for mortars are summarised in

Table 3. In general, all alkali-activated mortars displayed

compressive strength in the range 17–25 MPa, indepen-

dently of the percentage of SSA or the NaOH concentra-

tion. The best compressive strength value was obtained for

Fig. 1 XRD patterns for GGBS and SSA. Keys Q—quartz (SiO2),

C—calcite (CaCO3), N—anhydrite (CaSO4), H—hematite (Fe2O3)

and A—albite (NaAlSi3O8)
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mortar cured for 90 days with 6 mol kg-1 NaOH and with

20 % SSA (31.1 MPa).

Figure 3 depicts the non-linear fitting surface of the

compressive strength of alkali-activated mortars based on

GGBS/SSA for 28 and 90 days of curing. A clear trend can

be observed for this system: mortars activated with

6 mol kg-1 NaOH displayed higher compressive strengths

than those obtained by using other activating solutions.

This was true for all curing times. The use of SSA in the

10–20 wt% range can be considered the optimum per-

centage for replacement.

Fig. 2 SEM images of raw materials: GGBS (a, b); ground SSA (c, d)

Table 2 Dosages and curing

conditions of pastes and mortars
GGBS wt% SSA wt% w/b [Na?] mol kg-1 Sand/binder Curing conditions

100 0 0.45 6 2.5:1 7, 28 and 90 days

25 �C90 10 8

80 20 10

70 30

Table 3 Compressive strength

values for mortars (MPa)
Curing time (days) NaOH (mol kg-1) Compressive strength (MPa)

0 % 10 % 20 % 30 %

7 6 17.1 17.6 16.2 11.5

8 13.8 15.9 15.1 17.1

10 15.1 18.0 15.9 12.4

28 6 24.6 20.8 30.8 23.6

8 19.6 21.0 22.2 21.2

10 17.8 18.4 17.7 11.4

90 6 24.2 25.4 31.1 26.0

8 20.9 22.6 23.0 21.4

10 20.0 21.3 20.0 20.1
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X-Ray Diffraction (XRD)

Figure 4 shows XRD patterns for precursors (GGBS and

SSA) and for selected alkali-activated pastes (0 wt% SSA

6 mol kg-1, 20 wt% SSA 6 mol kg-1, 20 wt% SSA

8 mol kg-1and 20 wt% SSA 10 mol kg-1). The crystalline

phases present in raw materials (quartz, albite, hematite

and calcite) did not react in the presence of the alkaline

activating solution. The corresponding XRD peaks are

observed in the XRD diffractogram for alkali-activated

pastes. Additionally, the peaks relating to anhydrite were

not detected in the alkali-activated pastes indicating that

anhydrite is dissolved by the alkaline solution.

By comparing the XRD patterns of raw materials and

alkali-activated pastes, the appearance of some baseline

deviation in the diffractogram of alkali-activated pastes

was observed. In a specific study related to the structural

characterization of C–S–H and C–A–S–H using Rietveld

analyses, Renaudin et al. [26] showed that the presence of

the broad bands centred around 2h degree of 7�, 16�, 29�,
32 and 50� were associated with the formation of amor-

phous phases such as C–S–H gel and C–A–S–H gel.

Hence, the baseline deviation observed in the alkali-acti-

vated pastes can be attributed to the presence of calcium

silicate hydrates (C–S–H), the major binding phases

formed in the alkaline activation of GGBS [24, 27, 28].

For pastes with 20 wt% of SSA, it was observed that an

increase of the NaOH concentration contributes to an

increase of amorphous phase content.

Some crystalline phases were detected in the XRD

pattern of the alkali-activated pastes. Pirssonite (Na2-

Ca(CO3)2.2H2O, PDF#220476) is a sodium carbonate

compound formed due the reaction of sodium hydroxide

with atmospheric CO2 while in the presence of calcium.

This crystalline phase was detected in the samples acti-

vated with the highest NaOH concentration solution

(10 mol kg-1 of NaOH), indicating an excess of sodium

hydroxide in the mixture. Another carbonate-type formed

during the alkaline activation of slags was hydrotalcite

(Mg6Al2CO3(OH)16.4H2O PDF#140191). According to

Wang and Scrivener [24], hydrotalcite is a typical hydrated

product containing Mg and Al formed in the alkaline

activation of GGBS. The mechanism formation of hydro-

talcite is so difficult to discuss without knowing the exact

form in which the Mg and Al exist [29]. In this study,

hydrotalcite was mainly detected with pastes activated with

6 mol kg-1 of NaOH, as reported by Wang [29].

The other crystalline phases are zeolite-types; these are

commonly formed during the alkali-activated reaction.

Hydrosodalite (Na6[AlSiO4]6�(H2O)4 PDF#42216), a zeo-

lite-type, was detected mainly in pastes activated with high

NaOH concentrations. This is most likely due to the

reduction in the ratio of Ca?2/Na?, this favours the for-

mation Na-zeolites in the alkaline activation of slags.

According to Provis and van Deventer [30] small quantities

of zeolites promote a mechanical strength gain for alkali-

Fig. 3 Non-linear fitting surface of compressive strength for alkali-activated GGBS/SSA: a 28 curing days; b 90 curing days

Fig. 4 XRD patterns for raw materials and some alkali-activated

pastes cured at 25 �C for 28 days. Key Q—quartz, H—hematite, N—

anhydrite, A—albite, C—calcite, S—stratlingite, T—hydrotalcite,

X—hydrosodalite, and P—pirssonite
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activated binders. Lastly, stratlingite (2CaO.SiO2.Al2-

O3.8H2O PDF#290285) was also detected. This calcium

silicoaluminate hydrate was also reported in the miner-

alogical analysis of GGBS binders.

Infrared Spectroscopy

FTIR spectra of pastes with 20 wt% of SSA, activated with

6–10 mol kg-1 of NaOH solutions and cured at 25 �C for

28 days have been plotted in Fig. 5. Additionally, FTIR

spectra for the raw materials SSA and GGBS have been

included for comparison (Fig. 5). Since there were no

significant changes within the 4000–2000 cm-1 region,

data has been plotted from 400 to 2000 cm-1. A broad

band around 3440 cm-1 was observed for all samples, this

can be linked to another band arising at 1600 cm-1. These

bands are attributed to stretching and deformation vibra-

tions of O–H groups [31].

For the SSA sample, the presence of quartz as main

crystalline compound was corroborated using FTIR by the

bands located at 1145, 1084, double band at 796–778, 697,

668, 522 and 460 cm-1 [32]. The GGBS spectrum presents

a broad band at 1050–850 cm-1 related to the asymmetric

stretching vibrations of the Si–O tetrahedral, a band centred

at 472 cm-1 which corresponds to the deformation vibra-

tion (O–Si–O) and a band arising between 800 and

600 cm-1 that is attributed to the asymmetric stretching

vibrations of Al–O bonds [23]. The band at 1420 cm-1 is

attributed to stretching vibrations of CO3
-2 in carbonates

[33–35]. It confirms the partial carbonation of the GGBS

previously observed by XRD.

For alkali-activated pastes cured at room temperature for

28 days, a shift of bands to lower energy (compared to the

raw materials) can be observed, indicating that the raw

materials have reacted in the high alkaline media and that

new binding structures, such as C–A–S–H gel or (N,C)–A–

S–H gel, have been formed. No significant differences were

found among pastes activated with 6–10 mol kg-1 NaOH

solutions.

A band centred at 960 cm-1 can be observed for all

alkali-activated pastes, this is related to the asymmetric

stretching vibrations of Si–O–T (T=Al, Si) bonds. This

band is associated with the formation of hydrated products

such as (N,C)–A–S–H gel [36]. As identified by Garcia-

Lodeiro et al. [36], the displacement of sodium by calcium

in the (N,C)–A–S–H gels does not imply relevant changes

in the position of the bands, but the variation in its shape is

a possible sign of the precipitation of new phases that are

not typical components of C–S–H gels. In this sense, the

hump observed at 815 cm-1 is characteristic of Si–O (C–

S–H) stretching vibrations, while that arising at 670 cm-1

provides information on the structural order of C–S–H gel

[31].

According to Juenger et al. [37], (N,C)–A–S–H gel is a

highly cross-linked structure that usually produces zeolite-

types as secondary reaction product which can be detected

by FTIR. The zeolites can be detected by FTIR due the

presence of bands located at 720 and 660 cm-1 [38]. In this

study, these bands are enhanced for alkali-activated pastes

activated with increased NaOH concentrations. These

results are in agreement with the XRD analyses where the

presence of hydrosodalite was detected within pastes acti-

vated with high NaOH concentration.

Figure 6 shows the FTIR spectra for GGBS/SSA blends

activated with 6 mol kg-1 and cured at 25 �C for 28 days.

Although samples containing the highest SSA amounts (20

and 30 wt%) and activated with the lowest sodium con-

centrations (6 mol kg-1) displayed a slight signal in the

region corresponding to zeolitic products, the low alkali

concentration observed in these signals cannot be clearly

distinguished by FTIR. Signals typical of C–O stretching

vibrations in carbonates appear in the range

1400–1600 cm-1 [34, 35] and, whereas the lower

wavenumber 1420 cm-1 is attributed to calcite-type bands,

those appearing at 1470 cm-1 are assigned to other car-

bonate species such as pirssonite (Na2Ca(CO3)2.2H2O) and

hydrotalcite (Mg6Al2CO3(OH)16.4H2O) [39].

Scanning Electron Microscopy (SEM)

SEM micrographs of GGBS alkali-activated paste with

6–10 mol kg-1 are shown in Fig. 7. A typical compact

microstructure [40] can be observed for alkali-activated

pastes obtained by reaction between BFS and NaOH, in
Fig. 5 FTIR spectra for alkali-activated pastes containing 20 wt% of

SSA cured for 28 days
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which compact C–A–S–H gel is the most important com-

pound appearing as a gel-coating. This gel can be identified

surrounding some unreacted slag particles. Additionally,

some footprints from unreacted BFS particles were iden-

tified and were removed during the fracture. In some zones,

small concentrations of a honeycomb-like C–A–S–H gel

were also observed [41].

In Fig. 8, some zones in the 20 wt% SSA paste are

displayed. Large amounts of compact C–A–S–H gel was

observed (Fig. 8a, b) together with some small crystalline

phases. Additionally, some honeycomb-like structure gel

(Fig. 8c) appears in low density zones. In these zones,

small platelet-like particles (\2 lm length) were dispersed

on the gel; these were most likely hydrotalcite crystals

(Fig. 8d). Crystalline phases dispersed on the compact gel

(Fig. 8e) were identified as hydrosodalite crystals [42]. In

the magnification micrograph (Fig. 8f), it can be seen that

these crystals had a diameter less than 1 lm. Additionally,

a quartz particle was observed, surrounded by these crys-

tals: this particle did not react due to the crystallinity found

in this type of silica, and it was present here because the

SSA contained a significant amount of this mineral (see

XRD pattern of SSA, Fig. 1).

Figure 9 displays a comparison between micrographs

taken at 91000 magnification for pastes activated with 6

and 10 mol kg-1 NaOH. It can be observed that an

increase in the concentration of the alkali significantly

altered the texture and porosity of the matrix. For the

highest sodium concentration, the matrix developed higher

porosity and less compact gel was observed. This result

agrees with the mechanical behaviour of the corresponding

mortars: at this curing age; compressive strength for mortar

activated with 6 mol kg-1 solution reached twice the

strength of 10 mol kg-1 activated mortars.

SEM micrographs for pastes activated with 8 and

10 mol kg-1 NaOH solutions are depicted in Fig. 10. For

paste activated with 8 mol kg-1 NaOH, the presence of gel

C–A–S–H can be seen (Fig. 10a) mixed with other

hydration products (probably hydrotalcite and hydroso-

dalite; Fig. 10b). In Fig. 10c, d, the honeycomb-type gel is

observed for samples activated with 10 mol kg-1 NaOH

solution. This gel, similar to that found for 6 mol kg-1

activated paste (Fig. 8b) displayed high porosity, with a

pore size of\0.3 lm.

Comparing the microstructure of GGBS/SSA pastes

(20 wt% SSA) activated with 6 mol kg-1 (Fig. 8b, f) to

pastes activated with 8 mol kg-1 (Fig. 10b, c, d), it can be

noticed that the first one (6 mol kg-1) present a more

denser and compacted microstructure than the second

(8 mol kg-1). This fact certainly contributes to the com-

pressive strength results of mortars activated with

Fig. 6 FTIR spectra for GGBS/SSA blends (0, 10, 20 and 30 % of

SSA) alkali-activated with 6 mol kg-1 NaOH solutions, cured at

25 �C for 28 days

(a)

G

B

F

(b)

γ
G

Fig. 7 Scanning electron microscope images of GGBS (0 wt% SSA)

alkali-activated with 6 mol kg-1 NaOH solution, cured at 25 �C for

28 days: a general view; b detail of marked zone in (a). Key compact

C–A–S–H gel (G), honeycomb-like C–A–S–H gel (c); unreacted BFS

particle (B); footprint of unreacted BFS particle (F)
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(a)

GX

(b)

G

X

(c)

γ
T

(d)

(e)

X

(f)

X

Q

Fig. 8 Scanning electron microscope images of GGBS/SSA blend

(20 wt% SSA), alkali-activated with 6 mol kg-1 NaOH solution,

cured at 25 �C for 28 days: a general view; b detail of marked zone in

(a); c zone with hydrosodalite crystals; d detail for marked zone in

(c). Key compact C–A–S–H gel (G); honeycomb-like C–A–S–H gel

(c); hydrotalcite particles (T); hydrosodalite particles (X); quartz

particle (Q)

Fig. 9 Comparison between GGBF/SSA activated pastes (20 wt% SSA): a 6 mol kg-1 NaOH solution; b 10 mol kg-1 NaOH solution
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6 mol kg-1 that presented increased values when com-

pared to the others alkaline activating solutions.

Conclusion

An alternative cementitious material has been developed at

room temperature by the alkaline activation of ground

granulated blast furnace slag and sewage sludge ash blends

(GGBS/SSA). According to the results of this study, the

following conclusions can be made:

• No significant reduction of the mechanical properties of

alkali-activated GGBS mortars was observed at short

curing ages when replacing up to 30 wt% of GGBS

with SSA.

• A significant contribution of the SSA to the mechanical

properties of the GGBS mortars was observed after 28

curing days at room temperature, which allowed us to

achieve up to 31 MPa under compression.

• Best compressive strength results were obtained in

mortars blended with 20 wt% SSA and activated with

the lowest concentration NaOH solution (6 mol kg-1).

• The main reaction product was a cementitious gel,

which was essentially of C–A–S–H type: compact gel

was observed during the main cementing phase for

6 mol kg-1 NaOH activated systems, and more porous

gel was produced in systems activated with higher

NaOH concentration solutions (8 and 10 mol kg-1).

• The mechanical properties of the developed mortars

make them promising candidates to be used in

construction applications. These have great environ-

mental advantages over conventional alkali-activated

binders because only NaOH solutions were used (no

sodium silicate was required) and no additional energy

was required to activate the process (e.g. thermal

curing).
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Jiménez, A.: Effect of alkalis on fresh C–S–H gels. FTIR anal-

ysis. Cem. Concr. Res. 39(3), 147–153 (2009)
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