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Abstract The pozzolanic reaction between natural zeo-

lite tuffs, portlandite and water was investigated over the

course of the early reaction period up to 3 days. Isothermal

conduction calorimetry experiments supplemented by TG/

DTG and XRD analyses assisted in the elucidation of the

sequence of reaction processes taking place. The calorim-

etry experiments clearly showed the dependence of the

pozzolanic reaction rate and associated heat release on the

fineness of the zeolite tuff. Higher external surface areas of

pozzolans yield higher total heat releases. Also the

exchangeable cation content of the zeolites influences the

reaction rate. Release of exchangeable alkalis into solution

promotes the pozzolanic reaction by raising the pH and

zeolite solubility. The appearance of an exotherm after

approximately 3 h of reaction is more conspicuous when

alkali-rich zeolites are reacted. This exotherm is conceived

to be related to a transformation or rupture of initially

formed reaction products covering the zeolite grains. The

formation of substantial amounts of ‘stable’ calcium sili-

cate hydrate (C–S–H) and calcium aluminate hydrate (C–

A–H) reaction took place after an induction period of more

than 6 h. The openness of the zeolite framework affects the

proneness of the zeolite to dissolution and thus its reac-

tivity. Open framework zeolites such as chabazite were

observed to react much more rapidly than closed frame-

work zeolites such as analcime.

Keywords Pozzolanic reaction � Zeolites � Lime �
Conduction calorimetry

Introduction

Addition of supplementary cementitious materials or po-

zzolans to Portland cement offers the advantages of a

lowered economical and environmental unit cost of the

resulting blended cement. Pozzolans are materials that

combine with portlandite (Ca(OH)2) or portlandite releas-

ing materials in the presence of water to form reaction

products with binder properties [1]. Hydrated blended

cements are also more durable due to the consumption of

the excess portlandite levels liberated during the cement

hydration process. Moreover, the formation of additional

binding calcium–silicate–hydrate (C–S–H; cement chem-

istry notation: C = CaO, S = SiO2, H = H2O, A = Al2O3,

Č = CO2, the hyphenation indicates a variable stoichio-

metry) reaction products in the pozzolanic reaction lowers

the cement permeability. Consequently, cement suscepti-

bility to corrosion and other deleterious reactions is

decreased [2].

A promising group of pozzolanic materials is natural

zeolite tuffs formed in the alteration process of vitric

pyroclastic deposits. Earlier research showed that natural

zeolite tuffs are more reactive than their unaltered coun-

terparts and many artificial pozzolans such as blast furnace

slag and fly ash [3–6]. Natural zeolite tuffs are frequently

used on a empirical basis as a pozzolanic additive in

regions where deposits are readily available (e.g., Italy,

Greece, Turkey and China).

The zeolite content of the tuff, the particle size distri-

bution and the external specific surface were found to exert

an important influence on the early pozzolanic reactivity

[7]. Furthermore, the zeolite structure and crystal chemistry

were observed to play a prominent role. The release of

exchangeable cations, especially alkalis, changed the

solution chemistry, the reaction kinetics on the short term
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and the reaction product assemblage [7–9]. The zeolite

structure and framework Si/Al ratio affected mainly the

progress of reaction at later ages. Open framework zeolites

with a high silica content showed a higher long-term

pozzolanic reactivity [7]. However, the underlying reac-

tions and role of the zeolite crystal structure and chemistry

on the pozzolan reactivity remain largely unresolved,

especially during the early hours and days of the reaction.

This article reports on the calorimetry of the early

pozzolanic reaction between portlandite and various natu-

ral zeolite tuffs up to 3 days of reaction. Isothermal con-

duction calorimetry experiments were performed to

investigate the nature and sequence of chemical exothermal

reactions which occur after the mixing of natural zeolite

tuffs, portlandite and water. A simultaneous evaluation of

the reaction progress and formation of reaction products by

thermogravimetry (TG) and X-ray powder diffraction

(XRD) contributed to the elucidation of the reaction

mechanism.

Materials and methods

The pozzolan activity of seven zeolite tuffs was investi-

gated. Tuffs predominantly composed of one zeolitic

phase, namely analcime, chabazite, clinoptilolite, erionite

or phillipsite were selected (Table 1). Commercial hydra-

ted lime, containing portlandite and a minor amount of

calcium carbonate, was obtained from Lhoist S.A. Elkem

microsilica 983U was used as a reference pozzolanic

material. The origin of the zeolite tuff samples is reported

in Table 1. Conjointly, the results of a chemical and

physical characterization are given. Bulk chemical com-

position was determined by X-ray Fluorescence (XRF)

spectroscopy and Loss On Ignition (LOI). Semi-quantita-

tive microanalyses of the zeolite crystal chemistry were

performed on a Scanning Electron Microscope (SEM)

equipped with an Energy Dispersive X-ray analyser (EDX)

system. The particle size distributions of the ground zeolite

materials were analysed by laser-diffractometry, the

external surface area of the materials was determined by t-

plots of the N2 adsorption isotherms using the Harkins–Jura

thickness model in the range 0.60–0.90 nm. A quantitative

assessment of the phase composition of the tuffs was per-

formed by the Rietveld refinement of X-ray powder dif-

fraction patterns, the results are presented in Table 2. For

detailed accounts of the experimental procedures for the

chemical, physical and mineralogical characterization of

the sample materials the reader is referred to Mertens et al.

[7].

All samples were wet milled with hexane in a McCrone

Micronising Mill� to reduce particle size dimensions to

similar mean diameter (d50) values of 5–10 lm for all

zeolite tuffs. To evaluate the effect of particle size diameter

on the pozzolanic reactivity Cli2 clinoptilolite tuff was

ground to coarse (C), fine (F) and very fine (VF) particle

size distributions (cf. Table 1). To assess the influence of

exchangeable cation content on the reaction thermochem-

istry, Cli3 clinoptilolite tuff was exchanged in nearly sat-

urated Na-, K-, and Ca-acetate solutions at 60 �C.

The prepared zeolite samples were mixed with port-

landite in a 1:1 ratio and thoroughly blended. Isothermal

conduction calorimetry measurements were performed on a

TA Instruments TAM Air device. Approximately, 4 g of

the reactant powders were blended with equal amounts of

distilled water and introduced into sealed calorimeter

flasks. Subsequently, the flasks were placed in the calo-

rimeter and data were recorded during isothermal reaction

at 20 �C. All reactants were equilibrated to room temper-

ature prior to the experiment.

A duplicate set of reactant powders was mixed with

water in a 1:1 proportion, transferred to sealed poly-ethylene

containers and stored at 20 �C in a thermostatically con-

trolled room. At 6 h, 1 day and 3 days of reaction the

hydrated pastes were vacuum-dried in order to halt the

hydration reaction by removing evaporable water. The

resulting powders were analysed by TG and XRD to follow

the reaction progress. TG measurements were done on a

Netzsch STA 409 PC Luxx�, the samples were heated at

10 �C/min in a continuous N2 flow. The residual contents

of portlandite were determined from TG following the

method of Taylor [10], in which the calculated portlandite

content is corrected for the continuous dehydration of other

components over the portlandite decomposition interval.

The amount of portlandite consumed over time is conve-

niently taken as the degree of reaction or the reactivity of a

specific pozzolanic material [11–13].

The formation of crystalline reaction products was fol-

lowed by XRD. The equipment used was a Phillips

PW1830 device with CuKa1,2 radiation at 30 mA and

45 kV using a graphite monochromator and a gas propor-

tional detector. Data were collected in Bragg–Brentano

geometry from 5 to 70� 2h, with a step size of 0.02� 2h and

2 s counting time per step.

Results

Isothermal conduction calorimetry

The patterns of the rate of heat release and cumulative

evolved heat for the Cli2 sample ground to varying particle

size distributions are given in Fig. 1. Directly after the

blending of the powders with water a strong peak in heat

evolution rate was reached in all pastes. The initial heat

release subsided gradually during the first hours of
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reaction. The decrease in the rate of heat release and the

eventually attained level in rate of heat evolution were

dependent on the fineness of the zeolite tuff in the paste.

The finest clinoptilolite material, Cli2_VF, showed a

longer continuation of the initial exotherm and higher rates

of heat evolution ensuing the initial peak than their coarser

ground counterparts. However, in contrast to the coarser

samples, the finest materials did not show a second

superimposed peak at approximately 3 h of reaction. The

latter peak is characterized by a relatively rapid increase in

rate of heat evolution followed by a slower decrease,

resulting in an asymmetric peak shape. Subsequently, rates

of heat evolution remained approximately constant over the

3 days time interval. The cumulative sums of the heat

released showed that the total evolved heat is obviously

dependent on the particle size distribution.

A comparison of the rate of heat evolution and total

released heat during the pozzolanic reaction of the selected

zeolite tuff materials and the microsilica reference is given

in Fig. 2. After the initial peak in Fig. 2a, a second con-

spicuous peak at approximately 2.5–3 h of reaction can be

recognized for the Cha, Eri, Cli1, Cli3 and Phi samples, no

second peak was found for the Ana sample. The SF ref-

erence showed only a slight shoulder. Furthermore, large

differences were encountered in the rate of heat evolution

in the subsequent period up to 72 days. The Cha and SF

pastes continuously showed the highest heat release and an

additional third broad peak was identified. Heat release was

significantly lower for the other pastes, especially for the

Ana paste. The presence of a third broad peak was less

obvious. The rates of heat evolution in the latter samples

remained relatively constant or showed only a minor

increase.

The calorimetry measurements for the cation exchanged

Cli3 samples are depicted in Fig. 3. When compared to the

other portlandite–zeolite pastes, it is apparent that the tail

of the initial peak is in all cases broad. In fact, at the time

when a second peak already occurred for the other pastes,

the tails of the initial peaks were still dominating the rate of

heat release curves for the exchanged samples. The sub-

sequent level of heat evolution rate is relatively high. The

Cli3_K paste showed a lower and constant rate of heat

release than the Cli3_Na and Cli3_Ca pastes. A broad peak

similar to the third peak in the Cha and SF paste can be

Fig. 2 Rate of heat evolution (a) and total evolved heat (b) of the

reacting pastes of portlandite and selected tuffs containing different

types of naturally occurring zeolites

Fig. 1 Rate of heat evolution R and total evolved heat T of reacting

Cli2_VF, Cli2_F and Cli2_C portlandite pastes

Table 2 Quantitative phase content (wt%) of the selected zeolite

tuffs

Sample Ana Phi Cha Eri Cli_1 Cli_2 Cli_3

Analcime 73.3 7.6

Phillipsite 31.6

Chabazite 9.4 67.6 6.4

Erionite 90.0

Clinoptilolite 98.9 84.5 83.8

Quartz 16.4 2.4 0.7 1.1 0.7 3.8

Cristobalite 1.5

Plagioclase 0.7 1.7 6.5

Anorthoclase 14.2 3.1 2.2 5.5

K-feldspar 7.4 29.0 4.2

Augite 3.7 0.4

Muscovite 2M1 5.6 3.6 2.6

Calcite 0.9 2.8

Gypsum 1.1

Sum 98.6 95.5 80.4 100.4 100.1 99.9 99.9

Unidentified 1.4 4.5 19.6

Main zeolite components are in italics
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recognized for the Na-exchanged clinoptilolite tuff. In

contrast, the Ca-exchanged clinoptilolite tuff presented a

very different behaviour. After the initial burst of heat, a

slight shoulder, similar but later than in the SF paste,

appeared. However, the Cli3_Ca deviated mostly in the

appearance of a marked peak in the rate of heat release at

approximately 25 h of reaction and a rapid decrease to an

approximately constant value afterwards.

Thermogravimetry and X-ray diffraction

To relate the sequence of calorimetric events to the con-

sumption of starting materials and formation of reaction

products, the calorimetric curves were compared with TG

and XRD data at specific time intervals of 6, 24 and 72 h of

reaction. The consumption of portlandite, determined by

TG, is generally considered to indicate the reactivity of the

pozzolanic material. The residual portlandite content of the

pastes through time is given in Table 3. The lowered levels

of portlandite calculated from TG at 6 h with respect to the

initial proportion in the sample are due to the uptake of

significant amounts of non-evaporable water. Comparing

Table 3 with Fig. 2 it can be deduced that pastes which

released larger amounts of heat effectively consumed more

portlandite over the 6 h to 3 days period. The concerned

zeolite tuffs can thus be regarded as more reactive.

Figures 4 and 5 show XRD and DTG data for the

reacted portlandite–Cha and portlandite–Cli3_Ca pastes,

respectively. The development of reaction products fol-

lowed a similar pattern in all pastes, Figs. 4 and 5 are

therefore representative. At 6 h of reactions negligible

amounts of reaction products were identified in the TG and

XRD patterns. The dehydration peak in the 60–200 �C

range can be attributed largely to the loss of zeolite water.

After 1 day of reaction additional peaks of the reaction

products are observed, which become more pronounced

after 3 days of reaction. The encountered reaction products

are calcium aluminate hydrates and calcium silicate

Table 3 Residual amount of unreacted portlandite determined by TG

Time (h) Portlandite content/wt%

Ana Phi Cha Eri Cli1 Cli2_VF Cli2_F Cli2_C Cli3 Cli3_Na Cli3_Ca Cli3_K SF

6 41.5 39.6 37.2 39.0 39.6 40.6 40.8 41.9 38.4 38.4 41.3 40.9 34.6

24 41.4 39.2 34.5 38.7 37.9 38.1 39.0 40.2 35.5 35.5 39.5 35.2 35.0

72 40.6 34.6 26.9 33.6 33.4 33.2 35.2 36.7 31.0 27.1 33.4 30.9 30.5

Fig. 4 a XRD patterns of pure Cha and reacted portlandite–Cha paste

at 6, 24 and 72 h of reaction. Ch identifies with chabazite, Hc with

hydrocalumite, P with portlandite, A with anorthoclase, Q with quartz

and C–S–H wit C–S–H. b DTG curves of pure Cha and the reacted

portlandite–Cha pastes

Fig. 3 Rate of heat evolution R and total evolved heat T of reacting

pastes of portlandite and Cli3 exchanged to Ca, Na and K

Calorimetric evolution of the early pozzolanic reaction of natural zeolites 101
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hydrates. The calcium aluminate hydrates could be iden-

tified as hexagonal calcium aluminate hydrates or hydro-

calumite containing carbonate in the interlayers

(C4AČH11), with a d-spacing of 7.6 Å in the XRD patterns

and a superimposed negative peak in the DTG pattern at

approximately 150 �C [10]. Hydrocalumite typically forms

as a product of the pozzolanic reaction of aluminosilicates

and portlandite [1, 3]. Hexagonal calcium aluminate

hydrates are very prone to carbonation by air or by contact

with calcium carbonate impurities in the portlandite. The

weakly crystalline C–S–H phase can be identified by the

intensity rise of the diffuse main peak around 3.06 Å d-

spacing. The C–S–H phase typically displays a broad main

peak of dehydration around 120 �C [10].

The start of reaction product formation after the initial 6-h

period confirms earlier findings that the actual pozzolanic

reaction involving zeolites at 20 �C initiates after 6 h [8].

The relationship of the amount of portlandite consumed and

reaction products formed with the total heat evolved at 72 h

suggests that the third broad peak in the calorimetry mea-

surements can be attributed to the pozzolanic reaction and

the formation of hydrated reaction products.

Discussion

Reaction mechanism

Calorimetric measurements are frequently used in the

elucidation of the reaction sequence in the hydration of

cements or cement components such as C3S (alite) [1, 10,

14, 15] or in hydrated mixtures of reactive pozzolans such

as metakaolin and portlandite or cement [16–20]. The

isothermal calorimetry patterns of the early portlandite–

zeolite pozzolanic reaction reveal several consecutive

exotherms which can be related to a sequence of exother-

mal reactions broadly similar to earlier reported accounts

of the pozzolan–portlandite reaction.

Initially, a first intense peak occurred upon mixing of the

portlandite–zeolite powders with water, this peak was not

completely resolved due to mixing outside the calorimeter

cell. Several processes are reported to occur upon wetting

the sample. First of all, adsorption processes release

enthalpy. Water is adsorbed on the particle surfaces, and

especially for zeolites a significant amount of water can be

absorbed within the porous framework. It was shown that

initial water adsorption in zeolite–lime systems occurs very

rapidly and involves changes in unit-cell parameters and

volume. This is interpreted as the exothermal relaxation of

the zeolite structure in an aqueous medium [8, 21]. The

exothermal dissolution of portlandite (Ca(OH)2) in the

aqueous medium occurs rapidly and a pH of 12.7 or higher

is reached [1, 14]. In response Si–OH, and Al–OH groups

on the zeolite surface are dissociated to Si–O- and Al–O-

and Ca2? cations from the portlandite-saturated solution

are adsorbed on the surface [1, 15]. The formation of Si–O-

and Al–O- bonds weakens connected Si–O and Al–O

bonds in the lattice of the surface (Gutmann rules [21]) and

facilitates the detachment of silicate and aluminate tetra-

hedra [22]. The dissolution rate is proportional to the sur-

face concentration of Si–O- and Al–O- or the pH [23].

The negative zeolite framework charge renders diffusion of

negatively charged hydroxyls into the zeolite pore network

energetically highly unfavourable. In consequence, the

authors consider the initial zeolite framework dissolution

process as essentially a surface-driven process which is

consequently related to the external specific surface of the

zeolite materials. This is corroborated by a more intense

and enduring heat release from the finely and very finely

ground zeolite tuffs in Fig. 1. The release and exchange of

channels cations are known to be faster and independent

from the dissolution of framework ions [23].

Fig. 5 a XRD patterns of pure Cli3_Ca and reacted portlandite–

Cli3_Ca paste at 6, 24 and 72 h of reaction. C stands for clinoptilolite,

Hc for hydrocalumite, P for portlandite, Q for quartz and C–S–H for

C–S–H. b DTG curves of pure Cli3_Ca and the reacted portlandite–

Cli3_Ca pastes

102 R. Snellings et al.
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After reaching a critical solubility product the dissolved

aluminate and silicate species recombine and precipitate

with Ca2? to form a layer of initial products covering the

zeolite particles [1, 15, 24]. The formation of a similar

initial reaction product layer is generally conceived to

cause the decrease in heat release and reaction rate after the

initial peak in cement hydration [15]. The subsequent

appearance of a second, minor exothermal peak or shoulder

around 3 h of reaction has also been observed in the poz-

zolanic reaction of SF and metakaolin with portlandite [11,

16–18]. This feature was explained in various ways, i.e.,

the formation of C–S–H and C–A–H reaction products [14,

16], the increased dissolution rate of solid species into the

alkaline solution [17] or the combination of surface silanol

groups with Ca2? [18]. Here, the amount of reaction

products formed after the second exotherm is negligible as

exemplified in Figs. 4 and 5, contradicting the former

explanation for this system. Furthermore, the asymmetric

peak shape suggests a sudden appearance and acceleration

of the occurring process, contradicting both latter expla-

nations which are not considered to be self-reinforcing due

to the resulting formation of a covering layer of products.

More interesting is the mechanism proposed by Double

et al. [25] for the hydration of C3S and adapted for the

pozzolanic reaction by Takemoto and Uchikawa [1]. The

initially formed surface layer of products after the first

exotherm would grow and become semi-permeable. Alkali

cations released from the dissolving zeolites would be

contained within the enveloping reaction product layer and

a concentration gradient would build up over the layer.

Inward diffusion of water by osmotic pressure would dis-

tend the layer and eventually lead to the disruption of the

boundary layer [1]. The release of dissolved species and

precipitation of products would result in an abrupt increase

in the enthalpy released. Interesting to note is that espe-

cially pozzolans containing large amount of alkalis would

display a similar behaviour [1]. This complies with the

observation in Fig. 2 that in the zeolite–portlandite reaction

especially zeolites rich in easily exchangeable alkalis

showed a pronounced second peak in the rate of heat

release. Additionally, the asymmetric peak shape can be

explained by the waning of the reaction after the rupture of

the enveloping C–S–H boundary layer.

More recent models for the hydration of C3S propose that

the dissolution of the initially formed ‘unstable’ C–S–H and

nucleation of a ‘stable’ C–S–H phase causes the beginning

of the setting process in cement [15]. In this view, trans-

formation of the C–S–H boundary layer from a gel type

phase to more crystalline products could also cause the

liberation of the enclosed dissolved species.

The continuous rate of heat evolution or the appearance

of a third broad peak can be related to the continuous

pozzolanic reaction as evidenced by the formation of C–S–H

and C4AČH11 reaction products by TG and XRD (Figs. 4,

5). This complies with earlier studies [8] in that the for-

mation of significant amounts of reaction products occurs

after a so-called induction period.

Pozzolanic reactivity

When comparing the consumption of portlandite and the

heat evolution curves of Cli2 ground to different grain sizes

it is apparent that the mean grain size diameter and the

related external surface area influenced both the early heat

evolution and the rate of heat release during the pozzolanic

reaction. More portlandite was consumed in the finer

mixtures. This can obviously explain the relation between

the concentration of surface sites or available external

surface and the reaction rate. The absence of a clearly

resolved second peak in the portlandite–Cli2_VF paste can

possibly be explained by the overlap with the extended first

exotherm.

The dependence of the pozzolan reactivity on the type of

exchangeable cations was described earlier based on

extensive TG and XRD experiments [7, 8]. Based on the

amount of reacted portlandite, Na- and K-exchanged clin-

optilolites showed a higher reactivity than Ca-exchanged

clinoptilolite. This is explained by the rise in pH and

simultaneous increase in silicate solubility caused by the

exchange of alkalis with Ca2? in solution. K? is less easily

exchanged than Na?. In consequence, the early reactivity

was lower for K-exchanged samples. In contrast, Ca-

exchanged clinoptilolite would hamper portlandite con-

sumption by the additional Ca2? delivered to the solution.

The pozzolan reactivity based on the TG results can be

similarly interpreted, however, the peculiar rate of heat

evolution behaviour observed in Fig. 3 for the

Ca-exchanged sample remains difficult to explain. The

relatively high heat evolution occurring around 26 h of

reaction cannot be related to the formation of crystalline

reaction products other than those forming in the alkali-

exchanged clinoptilolite–portlandite pastes as differing

products were not observed by TG nor XRD. The higher

hydration enthalpy of the Ca2? cation compared to Na?

and K? could partially account for the higher rate of heat

evolution displayed during the first day. It is also plausible

that the changed solution chemistry modifies the type of

initial C–S–H formed, especially the evolution of C/S ratio

would be different. Snellings et al. [8] have shown that the

structure of the C–S–H phase in similar reacted portlan-

dite–Ca-exchanged clinoptilolite pastes tended to evolve

differently than the C–S–H phase formed by the pozzolanic

reaction with alkali-exchanged clinoptilolites. The evolu-

tion of the latter was indicative for the formation of longer

silicate chains and lower C/S ratio. The presence of sub-

stantial concentrations of Ca2? and silica near the pozzolan
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surface could have resulted in the formation of more ill-

crystalline C–S–H at early reaction times. This C–S–H

formation could accelerate when crystals grow larger and

subsequently slow down when diffusion control becomes

the rate-determining process.

The correlation between available surface area and

pozzolan reactivity demonstrated for Cli2 is considerably

worsened when all tested materials are taken into account.

This indicates that individual sample characteristics such as

phase composition and chemistry additionally control the

amount of lime consumed. The sample mineralogy is

dominated by (alumino-)silicates, more specifically natu-

rally occurring zeolites. Disregarding the exchangeable

cation content, zeolite stability can be generally correlated

with the Si/Al ratio and the framework packing density

[26]. The first factor depends on the lower bonding energy

of Al[4]-O compared to Si[4]-O, more Al-rich pozzolans

could thus be expected to react more rapidly. This rea-

soning was shown to be inconsistent with the pozzolan

reactivity of the analcime tuff. Though analcime contained

a large amount of tetrahedrally coordinated Al, the residual

amount of unreacted lime was high. Similarly, Mertens

et al. [7] observed that high silica zeolites showed higher

degrees of reaction over longer periods of reaction up to

6 months. The lower analcime reactivity can be accounted

for by the low external specific surface and the higher

packing density. In contrast, the slightly more siliceous

chabazite tuff showed an elevated early reactivity, even

surpassing the reactivity of silica fume. The main differ-

ence with Ana is situated in the open zeolite framework

geometry of chabazite, facilitating cation exchange and

framework dissolution. Furthermore, the external surface

area of Cha is much higher. The differences in available

external surface area for reaction seem to correlate well

with the observed variations in the amount of portlandite

consumed by the Cli1, Cli2 and Cli3 samples ground to

similar grain sizes. In parallel with the observations for the

variously ground Cli2 sample, the appearance of the second

superimposed exotherm is better resolved in the Cli1 and

Cli2 samples with lower external surface areas. It should be

mentioned that also differences in the exchangeable cation

content of the clinoptilolites could play a role.

An additional factor is the amount of reactive alumi-

nosilicate compounds present in the zeolite materials.

Though phillipsite has a relatively low framework density

and the Phi sample contained additional chabazite and

analcime, the overall zeolite content was low compared to

other samples, resulting in a lower reactivity than expected

based upon the available external surface area and the

zeolite stability. Alkali feldspars (anorthoclase and K-

feldspar) present in large amounts are conceived to be

much more stable than zeolites due to their dense frame-

work structure [26] and thus less reactive.

Conclusions

The rate of heat release curves typically showed an intense

exotherm immediately after mixing the zeolite–portlandite

powders with water. Contributing exothermal processes are

water adsorption on zeolite surfaces and within zeolite,

hydration and solvation of exchanged and dissolved metal

cations. Dissolution of portlandite initiates surface con-

trolled hydrolysis of the zeolite and precipitation of C–S–H

gel on the zeolite surface. The transformation or rupture of

this first cover of reaction products due to the changing

solution environment can explain the occurrence of a sec-

ond exothermal peak after approximately 3 h of reaction.

This peak is better resolved in mixtures containing reactive

alkali-rich zeolites. The ensuing formation of ‘stable’ C–S–

H and C4AČH11 reaction products resulting from the

recombination of silica and alumina from the zeolite and

Ca from portlandite is identified as a broad exotherm or an

elevated continuous level of heat release.

The dependence of the early pozzolan reactivity on the

zeolite tuff fineness and external surface area strongly

suggests that the pozzolanic reaction is a surface driven

process.

The zeolite exchangeable cation content exerts an

important influence on the solution chemistry, especially

the pH of the solution is raised when alkalis are exchanged

for Ca2? in solution. The rising pH effectuates an increased

silicate solubility and changes the structural evolution of the

main C–S–H reaction product. The deviating thermal

behaviour of the Ca-exchanged clinoptilolite from that of

the alkali-exchanged clinoptilolites in the pozzolanic reac-

tion likely originates from the differing solution chemistry.

Open framework aluminosilicates such as chabazite are

much more prone to dissolution than closed framework

structures such as analcime or feldspars. Finally, it is

obvious that the overall reactive zeolite content of zeolite

tuff is an important control on the overall pozzolanic

reactivity of the material.
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