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The hydration of ordinary Portland cement (OPC) pastes containing 0 and 20% metakaolin
was monitored by differential thermal analysis (DTA) and solid state magic angle spinning
nuclear magnetic resonance spectroscopy (MAS NMR). The presence of hydrated gehlenite
and a relative reduction in calcium hydroxide content of the metakaolin-blended OPC
pastes observed by DTA are indicative of the pozzolanic reaction of metakaolin. An increase
in the capacity of metakaolin-blended OPC pastes to exclude chloride ions from the pore
electrolyte phase, via solid phase binding, has been reported. It is proposed that this
increase in chloride binding capacity could be attributed to the participation of calcium
aluminate species in the formation of Friedel’s salt which would otherwise be engaged in
the formation of hydrated gehlenite and other AFm phases. The accelerating effect of
replacement additions of metakaolin has been shown by ?°Si NMR and was denoted by a
comparative increase in the intensity of resonances arising from Q' and Q? species
compared with that of Q° species for metakaolin-blended specimens. The primary reactive
centres of the pozzolan have been shown to be the 5-coordinate aluminium and amorphous
silica. The spreading of the Q* resonance of the amorphous silica of metakaolin through the
Q3 and into the Q? and Q" regions of the NMR spectrum during pozzolanic reaction has
been observed. © 2000 Kluwer Academic Publishers

1. Introduction the manufacture of glass-fibre reinforced cement com-
Metakaolin, AbSi;Oy, is a largely amorphous dehy- ponents.
dration product of kaolinite, A(OH)4Si>Os, which Whilst there have been reports of the role of meta-

exhibits strong pozzolanic activity [1-9]. In the kaolinin modifying the microstructure and solid phase
pozzolanic reaction a finely divided silica-containing composition of the hydrated OPC matrix [1-9], there
material, which exhibits little or no cementitious be- is no information about changes in the nature of solid
haviour, reacts with calcium hydroxide in the presencéiydration products formed in metakaolin-cement paste
of water at ambient temperatures to form compoundsystems under conditions where chloride salts are
(calcium silicate hydrate gels) which possess cemenpresent as contaminants. Chloride salts are of partic-
titious properties. Thus, when blended with Portlandular significance with regard to applications of steel-
cement clinker and water, metakaolin combines withreinforced concrete owing to their tendency, when
portlandite, Ca(OH), formed by hydration of the min- present at substantial concentrations in concrete pore
erals alite (3CaBiO, containing substituted Mg,  electrolytes, to promote pitting corrosion of embedded
A%t Fet and other metal ions) and belite (substi- steel [10].

tuted 2CaGBi0,), to yield cementitious products. The  In a study of the pore solution phase chemistry of
replacement of cement clinker by pozzolanic materi-metakaolin-cement pastes with controlled additions of
als is advantageous in reducing the total energy costodium chloride, the presence of metakaolin was shown
and carbon dioxide emission [7]. Modified cements in-to enhance the extent of chloride binding exhibited by
corporating metakaolin have several characteristics thahe solid hydration products but the mechanism of this
make them potentially attractive for the production of effect was not determined [11]. The investigation, by
high performance concretes and cement-based compo®TA and MAS NMR, reported herein, was undertaken
ites but they have yet to be used extensively except ito elucidate the solid phase hydration products formed
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in metakaolin-cement systems in the presence and aloess which is reported to have minimal effect on the
sence of sodium chloride. solid phase [12, 13]. Samples were de-moulded and
broken into portions of approximately 5 mm diameter
which were immersed in ten times their own volume
2. Experimental of propan-2-ol and subjected to ultrasound. After ten
2.1. Sample preparation minutes the supernatant liquor was decanted away and

The chemical compositions of the minerals used in thigePlaced with fresh propan-2-ol. The process was re-
investigation are presented in Table I. The mineralogPeated five times. Sample portions were then dried in
ical composition of the metakaolin, hereafter referred® Pumped vacuum desiccator after remaining in their
to as MK501, is listed in Table II. The specific sur- final solvent washings overnight. Dried samples were
face area of MK501 was 12%g~2. In order to pro- Storedin a desiccator containing a self-indicating silica

duce a consistent fineness of powder all materials wer@€! and ‘Carbosorb,” a self-indicating carbon dioxide
sieved to 15Qum. Samples containing ‘internal’ chlo- absorbent. The dried samples were prepared for analy-
ride ions were prepared by dissolution of the requirecsiS by DTA and MAS NMR by grinding and sieving to
quantity of sodium chloride in the mix water prior to 150 pm.
mixing. Distilled water was used for mixing. All ce-
ment paste samples were prepared at a total water:solids
ratio (by mass) of 0.5 (according to the mix propor-2.2. Differential thermal analysis (DTA)
tions shown in Table Ill). Blended cement paste samDTA data were obtained from a Stanton Redcroft 673-4
ples were produced by partial replacement of the OP@ifferential Thermal Analyser using a calcined alumina
with MK501. The sample mixes were cast into plasticreference. Samples were heated at a rate «€ 20in*
cylinders, 49 mm diametex 80 mm, compacted by toa maximum temperature of 98D. A glossary of the
vibration, sealed, rotated about their longitudinal axessymbols used to depict the presence of the different
for 24 hours to minimise segregation and stored at22 solid phases in the DTA curves shown in Figs 1-4 is
2°C for periods of 1, 7, 36 and 100 days.

Dehydration of the specimens by solvent exchange
was carried out to stop the hydration process prior tc C
analysis. This was the favoured method of pore solu

tion removal as it is an inexpensive and effective pro-
TABLE | The chemical analyses of OPC and MK501 (weight %)
Compound OPC MK501
CaO 65.3 0.4
Si(e) 20.6 54.2 T
Al,03 5.3 40.8
Fe0s 2.6 0.6
SO3 3.0 0.3 AFm
MgO 1.2 0.2
K20 0.8 2.1 A
NaO 0.1 0.1
Cl 0.02 —
P,Osg — 0.1
TiO2 — 0.04
Mn,03 — 0.04
L.O.I 0.8 1.0 100 DAY
%
TABLE Il Mineralogical composition of MK501
36 DAY
Constituent Proportion
Mica Trace T/E
Quartz Trace
Feldspar 3.0 wt% 7 DAY
Amorphous Remainder
MY

TABLE IIl Mix proportions of OPC paste samples for solid state
analysis . . ; . i ;

120 170 330 510 760 930
% MK501 % Chloride W:S ratio Age (days)

TEMPERATURE °C

0 0,1.0 0.5 1,7, 36,100
20 0,1.0 05 1,7, 36, 100 Figure 1 DTA traces of the hydration products of ordinary Portland

cement.




TABLE 1V DTA glossary [1-3, 14, 15]

Symbol Cement constituent Temperatur€)
T Calcium silicate hydrate gel 115-125
E Ettringite, 3Ca®Al,03-3CaSQ.32H,0 130-140
AFm Al,03-Fe,03-mono phases 185-200
G Hydrated gehlenite,
2Ca0Al03:Si0,-8H20 180-210
A Tetracalcium aluminate hydrate,
4Ca0AIl,03-13H,0 253-266
F Friedel's salt,
3CaO0Al,03-CaCh-10H,0 130 and 310-335
X ‘Exothermic trough’ —
C Calcium hydroxide, Ca(OH) 515-550
\Y Calcium carbonate, CaGO 750-800
D Deuvitrification of the glassy phase 800-950

listedin Table IV. The reported temperature ranges ove
which the characteristic thermal transitions for eact
mineral occur are also tabulated [1-3, 14, 15]. The
Friedel's salt transition at 13C in OPC is obscured
by that of calcium silicate hydrate gel. Transition tem-
peratures vary with technique, instrument configuratior
and heating rate but the relative peak positions gene
ally remain unchanged.

AFm
T
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C
A\
100 DAY
36 DAY
A
X
T/E 7 DAY
N
1 DAY
120 170 330 510 760 930
TEMPERATURE °C

Figure 2 DTA traces of the hydration products of a blend of 80% ordi-
nary Portland cement and 20% metakaolin.
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Figure 3 DTA traces of the hydration products of ordinary Portland
cement with 1.0% chloride ion addition.

2.3. Magic angle spinning nuclear magnetic

resonance spectroscopy (MAS NMR)
AllNMR spectra were obtained using a Bruker AC 300
multinuclear spectrometer. MAS silicod®gi) spec-
tra were measured at 59.65 MHz with rotor speeds of
4.0 and 4.2 kHz. Aluminium?(Al) spectra were mea-
sured at 78.20 MHz with rotors spinning at 4.8 and
5.5 kHz.2°Si and?’Al chemical shifts were referenced
to tetramethylsilane and the aluminium hexaquo-ion
[AI(H ,0)6]%*, respectively. The convention of positive
§ to low field is used. Th&°Si spectra were obtained
using a relaxation delay time of 50 s; this was found to
be sufficiently long to eliminate saturation effects [16].
Aluminium spectra were obtained using a relaxation
delay time of 0.1 seconds.

Rochaet al. [17] utilised 2’Al NMR in an inves-
tigation of the rehydration of metakaolin to kaolin-
ite. Signals corresponding to 6-, 5- and 4-co-ordinated
aluminium were observed in the metakaolin spectrum,
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The presence of hydrated gehlenite, 2CG€@0;-
Si0;-8H20, in the metakaolin-blended sample after
one day indicates the occurrence of pozzolanic reac-
tion as early as 24 hours into hydration (Fig. 2). Fol-
lowing the 24 h hydration period, similar quantities
of calcium hydroxide (in the form of portlandite) are
seen to be present in both sample-types irrespective of
their metakaolin content (1 day DTA curves shown in
Figs 1 and 2). After seven days a relative reduction in
the magnitude of the calcium hydroxide peak of the
blended sample is observed. This reduction in calcium
hydroxide content and the presence of hydrated gehlen-
ite indicate that the extent of pozzolanic reaction is sig-
nificant after one week into the curing period. Compar-
ison of the calcium hydroxide peaks of the blended and
unblended samples in Figs 1 and 2 illustrates the extent
of pozzolanic reaction after the various curing periods.
After a 36 day curing period very little calcium hydrox-
ide remains in the blended sample.

The DTA data for each of the 36 and 100 day samples
are similar indicating that the majority of the hydration
chemistry occurs before 36 days. This conclusion is
T/E supported by the findings of a pore solution investiga-

tion which revealed little change in the pore solution
compositions (of both the blended and unblended sam-
AFm ples) between 36 and 100 days [11].
Fig. 3 shows the effect of additions of sodium chlo-
ride on a number of constituents of the solid phase
C of OPC. Primarily, the formation of Friedel’s salt,
3Ca0Al,03-CaCb-10H,0, begins to occur at some
1 DAY point between one and seven days.

Hydrated gehlenite is absent from the DTA data
of the metakaolin-blended samples which contain in-
ternal chloride ions (Fig. 4) This suggests that the
presence of chloride ions diverts the hydration of
calcium aluminate species which would otherwise par-

TEMPERATURE °C ticipate in the formation of hydrated gehlenite. AFm
(Al,03-Fe;03-mono) phases are of the general formula
F?gure 4 DTA traces of the hydration produgts of a blend of SQ% or- [Cap(Al,Fe)(OH)s]. X.xH,O whereX denotes one for-
dinary Portland cement and 20% metakaolin with 1.0% chloride ion . . . .
addition. mula unit of an anion carrying a single charge or half
that of a doubly charged anion [18]. AFm phases are
based upon hexagonal structural elements in which the
principal layer, [CaAl(OH)g]*, alternates with inter-
obtained using a rotor speed of 4-5 kHz. At this fre-layers containing< anions and water molecules. Sim-
guency overlap of some spinning side bands with theple AFm structures are stacked such that octahedral
main transition may occur. interstices are formed by three water molecules from
each of the adjacent layers. In tetracalcium aluminate
hydrate each cavity contains an Ohbn and a wa-
ter molecule. Friedel's salt is formed when—Cbns
3. Results and discussion occupy each of these octahedral interlayer cavities be-
3.1. Differential thermal analysis tween the AFm principal layers. Friedel’s salt is also
The common features of all samples (Figs 1—4) are cafformed when Ct ions from the pore solution are ex-
cium silicate hydrate, CSH, gel (occurring in the regionchanged for OH ions in the interlayer interstices of
of 120°C), calcium hydroxide (at around 5800), and  tetracalcium aluminate hydrate and its derivatives [19].
vaterite x-calcium carbonate, which is centred around There is little restriction on the separation between
760°C). CSH gel, one of the major strength renderingadjacent layers which allows large anions to be present
components of hydrated cement, is a product of rein the interlayer sites. The crystallographic data for hy-
action of the calcium silicate phases, alite and belitedrated gehlenite indicates that it is an AFm phase with
present in anhydrous cement and is known to be one ain interlayer aluminosilicate anion of probable compo-
the products of pozzolanic reaction of metakaolin, cal-sition [AISiO3(OH),-4H,0]~ [18]. It is therefore rea-
cium hydroxide and water [1-3]. Calcium hydroxide is sonable to assert that the calcium aluminate phases
mainly liberated from the hydration of alite and vaterite which would normally participate in the formation
is present as a consequence of atmospheric carbonatiasf. hydrated gehlenite may be engaged in Friedel's
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salt formation in chloride-contaminated metakaolin- Tetrahedral
blended specimens. It is also suggested that the AFr
layer system of hydrated gehlenite, despite the bulky
interlayer anion, confers chloride binding capacity on
the structure. This postulate is supported by evidenct
from X-ray diffraction analysis of phases in the system
Al,Si>O7 : Ca(OH) : H,0 : NaCl [20].
An unusual feature of the DTA curves of samples

containing both metakaolin and sodium chloride is the b '\
presence of large exothermic troughs which appear ir WNV. %

the same region as the calcium hydroxide peaks. Th¢ MW«W‘{V’ i
presence of the exothermic trough is undoubtedly re- “V’M/\,
lated to the combined effect of metakaolin and sodium f\‘ﬁ

%
chloride on the solid phase but does not necessaril: MW‘%
represent a discrete phase in the matrix. ,‘W}:J

T T

120 80 ppm 40 Y

3.2. Nuclear magnetic resonance
spectroscopy

Previous investigations have shown that the major fea-
ture in the?®Si MAS NMR spectrum of anhydrous OPC
is a resonance with between—71 and—72 ppm cor- rate phase (4Ca@l,03-Fe,03) present in anhydrous
responding to a &silicon environment [21-23]. (In  cement clinker is paramagnetic and it is questioned if
the @ notation, Q refers to a silicate tetrahedron and this material is detectable in the experiment.
represents the number of adjacent tetrahedra to which The assignment oi®Si and?’Al resonances to the
it is bridged via oxygen.) This signal is believed to species from which they have arisen is based on es-
arise from the superposition of resonances from aliteablished chemical shift range catagories for miner-
and belite. Pure 3CaSi0; is reported to give rise to als and cements [30-33]. TR&Si spectra of OPC at
between six and nine resonances in the regi@8.5 various stages of curing, shown in Fig. 6A to D, in-
to —74.5 ppm whereas 2Ca8iO, exhibits a maxi- dicate the increase in thel@° (i.e. the signals ini-
mum at around-71.5 ppm [24—26]. The presence of tially at —79 and—71 ppm) ratio as hydration pro-
‘impurities’ and paramagnetic species in OPC (2.6%ceeds. Following 36 days, in addition to the signals at
FeO3) broadens the lines so that the individual reso-—71 and—79, a new resonance at85 ppm, corre-
nances cannot be resolved. TH8i MAS NMR spec-  sponding to @ silicate species is discernible and per-
trum of metakaolin has also been well documented andists in the 100 day spectrum. Th&/Q" ratio after
consists of a single broad resonance at arofind 100 days hydration is 0.5, which indicates that the av-
—101 ppm corresponding to a*Qesonance arising erage chain length of the siloxane chains of CSH gel,
from amorphous opseudeamorphous silica [17, 27]. after this time, is approximately 3. An average chain
The aluminium spectrum of metakaolin has been foundength of 3 units is consistent with that of other speci-
to contain three resonances corresponding with 4-, 5mens of similar composition and age [34].
and 6-coordinate aluminium environments [17, 21], al- The resonance centred aroundO1 ppm in Fig. 7A
though the presence and relative proportions of thesis assigned to amorphous silica 4)Qof metakaolin.
speciesis dependant on the origin of the precursor kaoli€omparison of the two such signals in Fig. 7A and B
nite [27, 28]. demonstrates the reaction of the silica species of

The 2’Al NMR spectrum of anhydrous OPC, used metakaolin as hydration proceeds and the pozzolanic
in this study, in which there are two sharp resonanceseaction takes place. The depolymerisation of the sil-
in the tetrahedral region and a very broad underlyingca (Q*) is denoted by the ‘spreading’ of the signal
resonance, is shown in Fig. 5. The coordination enthrough the @ range into the ® and G regions of
vironment of aluminium in anhydrous OPC clinker is the spectrum. Depolymerisation occurs as the siloxane
variable; anhydrous clinker which contains both oc-linkages between the silicate species are cleaved in the
tahedral and tetrahedral sites and that which containkighly alkaline conditions associated with the cemen-
tetrahedral sites alone is reported [25, 27]. Researchet#ious system. This process continues until some point
have assigned the tetrahedral Al signal to aluminiurmup to 36 days into hydration, by which time all of the
species in tricalcium aluminate and tetracalcium alusilica derived from the metakaolin has reacted. No fur-
minoferrite [27]. However, work of Skibstest al.[29]  ther significant changes are detectable?®§i NMR
provides compelling evidence for the view that the twobetween 36 and 100 days.
sharp resonances in the tetrahedral region arise from The mechanism of pozzolanic reaction of metakaolin
Al for Si substitution in the alite and belite phases; differs from that of finely divided silica which has been
the very broad resonance underlying the sharp signalshown to break down directly in the formation of gnd
arises in all probability from the tricalcium aluminate Q? hydrated products [34, 35]. The time-scales of the
phase which may be broadened due to paramagnetfozzolanic reactions of silica and metakaolin, in similar
impurities, e.g. iron(lll). The tetracalcium aluminofer- states of division, are, however, comparable [34, 35].
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Figure 5 2’Al NMR spectrum of anhydrous ordinary Portland cement.
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Figure 6 2°Si MAS NMR spectra of the hydration products of ordinary Portland cement after 1, 7, 36 and 100 days.

The presence of the reactive’ @htermediate during the hydrated product relative to thé §licon species of
the pozzolanic reaction of metakaolin may arise fromthe unreacted clinker is notably greater for the blended
sites of superior reactivity afforded by the interface ofcement (Figs 6 and 7). This effect is particularly pro-
the silicate and aluminate layers within the metakaolinrnounced in the 1 and 7 day samples containing 0%
structure. and 20% metakaolin (Figs 6 and 7, spectra A and B)
The relative increase in the intensities of @hd @  and indicates that the initial rate of hydration of the
signals with curing time of thé®Si NMR spectra of metakaolin-blended OPC paste is greater than that of
samples containing 20% metakaolin, shown in Fig. 7jts unblended counterpart; there is also a more rapid
demonstrates the progression of hydration. Throughoulevelopment of the €silicon signal at-86 ppm. This
hydration the proportion of &and @ silicon species of initial accelerating effect has also been observed by
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Figure 7 2°Si MAS NMR spectra of the hydration products of a blend of 80% ordinary Portland cement and 20% metakaolin after 1, 7, 36 and 100
days.

Pieterseret al. [22] and has been attributed to the ef- Comparison of Figs 5 and 8A to D, which show the
fective increase in water:cement ratio of blended ce?’Al MAS NMR spectra for anhydrous and hydrating
ments. After 100 days hydration the’/Q* ratio of  cement respectively, indicates a change in environment
the blended samples is considerably higher than thaif the aluminium species present in cement on hy-
of the unblended OPC paste suggesting a longer thagration. Initially 4-coordinate aluminium species are
average silicate chain length. However, an estimate gpresent in the anhydrous cement. However, as little as
average silicate chain length was made impossible b4 h into hydration essentially all of the 4-coordi-
the poor resolution of the €and @ signals. nate species appear to have been transformed into
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Figure 8 27Al NMR spectra of the hydration products of ordinary Portland cement after 1, 7, 36 and 100 days.

6-coordinate species. Some 4-coordinate aluminiungFig. 8B to D) and is indicative of a change in the chem-
may still exist which has been masked by the spin4cal environment of the aluminium species.
ning side bands from the 6-coordinate species, but this An interesting feature of thé’Al spectra of 20%
seems unlikely since the spinning side bands on eithametakaolin-blended samples presented in Fig. 9 is the
side of the 6-coordinate signal are of similar intensity. rapid disappearance of the 5-coordinate aluminium
After one day of hydration the chemical shift value species. After a curing period of 7 days a negligible con-
for the 6-coordinate aluminium species is 13 ppmcentration of 5-coordinate aluminium remains. Rocha
(Fig. 8A). This value differs from those of the more et al. [17] used?’Al NMR to assess the hydrother-
mature samples which occur at around 7.5 to 8 ppnmal rehydration (at 15% and 200C) of metakaolin



@A) (B)
20% Metakaolin - 20% Metakaolin
1 day 7 days
QOctahedral Octahedral
5 Co-ord.
Tetrahedral
} Tetrahedral

X

AN M
hat M‘M\M N,

A

150 100 50 0 -50 -100 -150 150 100 50 0 -50 -100 -150
ppm ppm
(D) ©)
20% Metakaolin 20% Metakaolin
100 days 36 days
QOctahedral Octahedral
Tetrahedral
Tetrahedral
X X
o\
X \
- X/ "‘"//\\u,/x\’
Mot / ™ o
150 100 50 0 50 -100 -150 150 100 50 0 -50 -100 -150
ppm ppm

Figure 9 2’Al NMR spectra of the hydration products of a blend of 80% ordinary Portland cement and 20% metakaolin after 1, 7, 36 and 100 days.

to kaolinite and discovered that the signal from the28] and the research reported here the 5-coordinate alu-
5-coordinate aluminium decreased at a significantlyminium species is seen to be the initially reactive site.
faster rate than that of the 4-coordinate aluminium; alsdrhis is unsurprising since the symmetry of that environ-
Akram and McWhinnie [28] have found that it is the mentis lower than those of the other aluminium species
5-coordinate aluminium sites which are reactive wherpresent. The fate of the 5-coordinate aluminium species
metakaolin is used as a component of moulds for theannot be ascertained by NMR alone as the integrals of
casting of metals. Hence, in previous investigations [17resonances from quadrupolar nuclei in low symmetry
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environments are not in linear relation to the concenReferences
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silica which breaks down directly to form!Qnd G

products [34, 35]. The accelerating effect of metakaolirsi.

has been observed B38i MAS NMR and was denoted
by a comparative increase in the intensity of the reso-
nances arising from Yand @ species compared with

that of @ species for metakaolin-blended specimensgs

particularly during the early stages of hydration.
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