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Study of alinite cement hydration by impedance spectroscopy
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Abstract

Two types of alinite cements, Mg-alinite and Zn-alinite, were synthesized using the reagent grade chemicals. Their hydration behavior
was compared with ordinary Portland cement (OPC) using impedance spectroscopy (IS) and >°Si nuclear magnetic resonance (NMR)
spectroscopy. The bulk resistance in the IS spectra and the intensity ratio of the hydrous ( O; and Q5) to anhydrous ( Qo) phases in the NMR
spectra were estimated as the extent of hydration. The results obtained from both techniques were consistent each other. Mg-alinite had a

comparable hydration rate to OPC and Zn-alinite exhibited faster hydration kinetics than Mg-alinite.

© 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The reuse of industrial waste materials in cement man-
ufacture has been established from the viewpoint of envir-
onmental protection and resource recycling [1—3]. Based on
the use of waste products and low energy consumption, a
new class of cement that is emerging is a chlorine bearing
alinite [4—7]. The clinkering temperature for alinite was
reported to be as low as 1000—1100 °C and its hydraulic
properties were comparable or even superior to ordinary
Portland cement (OPC) [4,8]. Also, alinite clinker has easy
grindability compared to OPC resulting in a substantial
energy saving for grinding [7]. Alinite has a comparable
or even higher capacity of isomorphic substitution than alite
(3—4%) [9—-11]. The hydration products of alinite have a
capability to fix heavy metals in the crystal lattice, which
can be used to immobilize hazardous waste materials [5].
However, the likelihood of reinforcement corrosion by free
chloride upon alinite hydration limits its applications, such
as nonreinforced concrete products, marine structures, soil
stabilization and oil-well cements [5,6,12—14]. In addition,
little attention has been paid to the chemical synthesis of
alinite and its hydration behavior.
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In the past decade, impedance spectroscopy (IS) and
nuclear magnetic resonance (NMR) spectroscopy have
become promising techniques for probing cements and
concretes. Cement paste is electrically conductive due to
its interconnected pore network filled with an aqueous phase
containing mobile ions such as Na*, K™ and OH ™~ [11].
Since earlier work by McCarter et al. [15], the IS technique
has been used to monitor the microstructural evolution,
particularly the pore structure, in cement-based systems
[15—22]. Several equivalent circuit models have been pro-
posed to extract the physically meaningful parameters from
the electrical responses of cement-based materials such as
pore structure, pore size distribution and degree of hydration
[23-25].

The main component of hydrated cement pastes is a
calcium silicate hydrate (C—S—H) gel, which is a poorly
crystalline material with a structure and composition that
varies considerably [26]. NMR spectroscopy provides
information about the local structure for both crystalline
and amorphous materials [27] and has been used extensively
to study the hydration of cements and related compounds
[28-32]. *°Si and ?’Al nuclei are commonly used to
determine the local structural environment changes during
the hydration of silicate or aluminate cements. In addition,
the "H cross polarization technique is especially useful for
discriminating the signals from hydrous and anhydrous
atomic environments. Thus, 2981 MAS NMR combined with
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Fig. 1. XRD patterns of (A) OPC, (B) Mg-alinite and (C) Zn-alinite.

CP MAS NMR has the potential for quantitatively deter-
mining the extent of hydration in cement-based materials.

In this study, Mg- and Zn-substituted alinite clinkers
were synthesized using reagent grade chemicals and their
hydration behavior was investigated using IS, XRD and *Si
MAS NMR. The hydration kinetics of alinite cements were
compared with those of OPC.

2. Experimental procedures

Two types of alinite cements were synthesized based on
the formula reported by Neubauer and Pollmann [12]; Mg-

alinite (CajoMgo 800.2[(S104)3.4(Al04)0.602Cl]) and Zn-
alinite (Calozno'gD0.2[(Si04)3.4(A104)0_602C1]) (D: a lattice
vacancy). The reagent grade chemicals, CaO, SiO,, Al,Os3,
MgO, CaCl, and ZnO, were used as the starting materials.
The raw materials were mixed in isopropyl alcohol, ball-
milled for 24 h and then dried in an oven for 24 h. The dried
mixtures were calcined at 1300 °C for 3 h. To minimize
chlorine loss, a double crucible method was employed
during calcination [12]. The hydration kinetics was com-
pared with the commercially available OPC (LH Cement,
Korea; 61.6% C=Ca0, 21.2% S=Si0,, 5.4% A=Al0;,
3.2% F=Fe,03, 3.6% M=MgO).

The specimens for the impedance measurement were
prepared by hand mixing in an ambient atmosphere with a
water to cement ratio of 0.4. The cement pastes were cast
into the annular portion of the test fixtures similar to the one
used by Christensen et al. [18] and the samples were stored
in a sealed plastic container with a 100% relative humidity.
The impedance measurements were performed using a SI
1260 impedance/gain-phase analyzer (Model No. SI 1260,
Solartron, Farnborough, UK), and data acquisition was
made over the frequency range from 100 Hz to 30 MHz
at intervals of 10 points per decade.

The kinetics of the cement hydration was also inves-
tigated by XRD and *°Si MAS NMR. For the measure-
ments, the cast samples were demolded after a fixed curing
time, and hydration was stopped by immersing the crushed
samples in methanol for a week and then drying them in a
N, atmosphere. The XRD and NMR measurements were
then carried out on the dried cement pastes. °Si MAS NMR
spectra were recorded at 79.50 MHz on Bruker DSX400
solid-state NMR spectrometer with a magnetic field of 9.4 T
and a spin rate of 12—13 kHz.

3. Results and discussion

XRD patterns of OPC, Mg-alinite and Zn-alinite cements
are shown in Fig. 1. OPC consisted of C5S, C,S, C3A and
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Fig. 2. Impedance spectra of OPC paste as a function of hydration time.
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Fig. 3. Impedance spectra of Mg-alinite paste as a function of hydration time.

C4AF, and the phase compositions were estimated to be
42.7%, 28.6%, 9.0% and 9.8%, respectively, according to
Bogue’s calculation [11]. It is generally agreed that MgO is
essential for alinite formation [12,33]. Recently, Neubauer
and Pollmann [12] reported that alinite does not have a fixed
chemical composition and is more like a solid solution.
Furthermore, it has been reported that alinite has a compar-
able or even higher capacity for isomorphic substitution
than alite and Mg® " is known to be replaceable by Ni**,
Co®", Cu®" and Zn*" [9]. Indeed, the XRD patterns
showed that single-phase alinite was successfully obtained
in both Mg- and Zn-substituted samples after sintering at
1300 °C for 3 h, with the exception of a minor amount of
C,S in Mg-system (Fig. 1(B)). The specific surface area
measured by BET was 1.0, 0.29 and 0.35 m%/g for OPC,
Mg-alinite and Zn-alinite, respectively.

The Nyquist plots (imaginary versus real impedance) of
OPC, Mg-alinite and Zn-alinite cement pastes are shown in
Figs. 2—4, respectively. The frequency increased from right
to left along the impedance curve and it is evident that there
were two well-distinguished arcs except for the very early
hydration. From the similar impedance spectra obtained in

this study, the series Ry—(R;C1)—(R,C,) model was pro-
posed (Fig. 5) [16—18]. According to the equivalent circuit
analysis, the low frequency arc (related with R, and C,)
represents the electrode—cement interface phenomenon and
the high frequency arc (related with R, and C)) is associated
with bulk effects. Many impedance studies have reported an
offset resistance (Rp) in cement hydration [15-21]. How-
ever, the explanation of the offset resistance is still contro-
versial [18—21,25]. The R, values in OPC and Mg-alinite
pastes increased continuously at early hydration until the
appearance of a high frequency arc (Figs. 2 and 3) indic-
ating that R, did not originate from the electrode but was
bulk-related [18]. In this study, the bulk resistance of the
cement pastes was determined from the intersection of low
and high frequency arcs with the real impedance axis, which
corresponds to the Ry+R; value in the equivalent circuit
model shown in Fig. 5.

At early hydration (1 day), the high frequency arc was
not well defined and only the low frequency arc was
observed in OPC and Mg-alinite pastes. Zn-alinite paste
exhibited both low and high frequency arcs even after 1-day
hydration suggesting fast hydration compared to OPC and
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Fig. 4. Impedance spectra of Zn-alinite paste as a function of hydration time.
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Fig. 5. Equivalent circuit model for the cement pastes.

Mg-alinite. As the hydration process progressed, the high
frequency arcs appeared and the diameter of these arcs
increased in all samples. However, the high frequency ends
(Ro) were relatively unchanged if extrapolated to the real
impedance axis after the high frequency arcs were formed.
They were in the range of 40—45 ().

Fig. 6(A) shows the bulk resistance of the pastes as a
function of the hydration time. The bulk resistances were
observed to increase rapidly at earlier stage of hydration and
change slowly at later stage in all the samples. OPC and
Mg-alinite exhibited a similar bulk resistance with hydration
time while Zn-alinite had a higher bulk resistance. The
increase in the bulk resistance is associated with the hydra-
tion product formation and free water consumption. The
conductivity (inverse of resistivity) of the cement pastes is
expressed as

0= O-Od)capB (1)

where o, is the conductivity of the aqueous phase in the
pores, cap 18 the volume fraction of the capillary pores and
B is a connectivity factor. All three factors change with time
for a given paste [21,34]. It is not appropriate to directly
relate the bulk resistance to the degree of hydration in
different cement systems without detailed information for
each factor. However, a simple comparison based on the
bulk resistance values indicated that Mg-alinite has a
hydration rate comparable to OPC and Zn-alinite shows
superior hydration kinetics compared to OPC. As observed
in previous reports [15,18], the frequency at the intersection
of low and high frequency arcs (cutoff frequency) varied
with hydration time and type of cements (Fig. 6(B)). The
frequency ranged from 10 to 200 kHz, and OPC, Mg-alinite
and Zn-alinite pastes had similar frequencies for the same
hydration time.

In addition, the centers of the high frequency arcs were
depressed below the real axis (see Figs. 2—4). This non-
Debye behavior was attributed to the spread of the relaxa-
tion time for the ions in the pore liquid [15] and was
suggested to be related to the pore size distribution in the
pastes [18,21]. The depression was more significant in Mg-

alinite and Zn-alinite pastes implying a broad pore size
distribution. Furthermore, the high frequency arcs of Zn-
alinite pastes after 42- and 61-day hydration appears to have
two contributions, which might reflect that Zn-alinite at later
stage of hydration becomes electrically more heterogeneous
compared to OPC and Mg-alinite. As an alternative explana-
tion proposed by Ford et al. [35] in the aged OPCsilica
fume specimen with steel electrode, one of the two con-
tributions (low frequency side) could be assigned to the
imperfect electrode contact due to the preferential drying
and/or shrinkage cracking. Thus, the low frequency contri-
bution in Zn-alinite was excluded by the deconvolution
analysis and the results were inserted using the filled circle
in Fig. 6(A). The relatively abrupt increase in the Ry+ R,
values after 42-day hydration was reduced as marked arrows
and smoothly connected with other data although overall
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Fig. 6. (A) Bulk resistance and (B) cut-off frequency as a function of
hydration time in OPC, Mg-alinite and Zn-alinite pastes. The inserted filled
circles were the deconvoluted values by removing the contribution from the
imperfect electrode as proposed by Ford et al. [35].
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tendency in Zn-alinite was not changed. However, further
studies are required to identify the reasons and confirm the
above interpretations.

The degree of hydration in OPC, Mg-alinite and Zn-
alinite was further investigated by both XRD and *’Si MAS
NMR for the comparison with the results from IS. The XRD
patterns of the pastes hydrated for 28 days are shown in
Fig. 7. The main hydration products were C—S—H gels and
Ca(OH), in OPC, Mg- and Zn-alinite, and unhydrated
cements still remained in all the pastes. The weak intensity
peaks of the Friedel’s salt-like phase were also observed in
the alinite pastes. The composition of the Friedel’s salt-like
phase has been proposed to be C3;A-CaY,-10H,O (Y=1/
2CO5 , (OH) ", Cl7) [12]. The peak intensity of the
unreacted alinite in Zn-alinite paste was weaker than that
in Mg-alinite indicating a fast hydration rate in Zn-alinite.
However, it was difficult to compare the degree of hydration
with OPC directly.

The 2°Si MAS NMR spectra for the pastes hydrated for
28 days are shown in Fig. 8. The hydrates of OPC exhibited
two broad peaks at — 71.5 and 79 ppm and a weak shoulder
at — 84 ppm (Fig. 8(A)). The chemical shift of —71.5 ppm
( Qo) was assigned to unhydrated OPC and both — 79 (Q,)
and — 84 ( Q,) ppm peaks were to the hydrates because they
were cross-polarized. OPC mainly consisted of C3;S and
C,S. C5S is known to have seven NMR peaks between
—68.9 and —74.5 ppm, and C,S has one peak at about
— 71 ppm [31]. However, the O, peak in this spectrum was
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Fig. 7. XRD patterns of the hydrated pastes cured for 28 days: (A) OPC, (B)
Mg-alinite and (C) Zn-alinite.
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Fig. 8. 2°Si MAS NMR spectra of the hydrated pastes cured for 28 days:
(A) OPC, (B) Mg-alinite and (C) Zn alinite.

less well resolved probably due to the presence of impurities
in OPC. The absence of O; and Q, in the hydrates of OPC
indicated that the predominant species in the C—S—H gels
were dimers. In the hydrates of Mg- and Zn-alinites, two Q
peaks were observed at — 71 and — 75 ppm. It was reported
that alinite has one unique Si position in an isolated
tetrahedron [36]. Therefore, the peak at — 75 ppm could
be assigned to alinite and the weak peak at — 71 ppm could
be assigned to C,S although C,S was not well identified in
the XRD patterns. Similar hydration products (Q; and O-)
were detected in the alinite pastes.

The degree of hydration was estimated by the intensity
ratio of the NMR peaks, {(Q;+02)/(Qo+ Q01+ 05)} x 100
[32]. It was 47%, 41% and 61% after 14-day hydration for
OPC, Mg-alinite and Zn-alinite, respectively, and changed
to 63%, 45% and 66% after 28 days, correspondingly. The
hydration kinetics of Zn-alinite was much faster than that of
Mg-alinite with OPC being somewhere in between. These
results generally agree with those obtained from IS. How-
ever, the details were slightly different such that Mg-alinite
was close OPC after 14-day hydration and Zn-alinite was
close to OPC after 28 days by NMR although Mg-alinite
was always like OPC by IS. Additional information using
other techniques such as conduction calorimeter will help to
explain the differences and provide the better representative
values to describe the hydration kinetics. In addition,
calcium chloride is known to accelerate the hydration of
Portland cement [11]. The CI~ ion exsolution from the
alinite pastes was significant, but the C1 ~ concentrations in
Mg- and Zn-alinite were approximately same, that is, 1200
ppm (~ 0.034 mol/l) after 14 days [37]. Thus, the effect of
free chlorine was not enough to explain the different
hydration kinetics in Mg- and Zn-alinites.
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4. Summary

The hydration of Mg-alinite and Zn-alinite cements was
investigated using IS and *°Si MAS NMR spectroscopy. In
impedance spectra, the bulk resistance of Zn-alinite cement
was substantially larger than that of OPC, while Mg-alinite
cement was similar to OPC. XRD and NMR further con-
firmed the fast hydration of Zn-alinite cement.
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