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THERMALLY TREATED ZEOLITE

Th. Perraki' *, G. Kakali* and E. Kontori'

'National Technical University of Athens, Min. Eng. Dept., 9 Heroon Polytechniou St., 15773 Athens, Greece
*National Technical University of Athens, Chem. Eng. Dept., Labs of Inorganic and Analytical Chemistry, 9 Heroon
Polytechniou St., 15773 Athens, Greece

The pozzolanic reactivity of thermally treated zeolites was studied on the basis of the Chapelle test combined with X-ray diffraction
(XRD) and Fourier Transform (FTIR) spectroscopy, as well as thermogravimetric analysis (TG/DTG) and differential thermal anal-
ysis (DTA). The raw zeolite samples are from the Pentalofos area, Thrace, NE Greece. Their main mineral constituent is ‘heulandite
type-1I”, an intermediate type of the heulandite-clinoptilolite isomorphous series. Calcination of the samples was carried out up to
400, 500, 600, 700 and 1000°C for 15 h. The changes were recorded using the above methods. The deformation of the zeolite crystal
lattice starts at about 400°C and proceeds as the temperature of thermal treatment rises. The thermal treatment of zeolite at 400°C

improves its pozzolanic reactivity and accelerates the reaction with Ca(OH),.
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Introduction

Zeolites, a type of natural pozzolanic material, have
been used in producing blended cement and concrete.
They are framework aluminosilicate minerals with a
cage-like structure that offers large (internal and ex-
ternal) surface areas. The high surface area is the base
of high reactivity. Both clinoptilolite and heulandite
are monoclinic zeolites (C2/m group) with the follow-
ing unit cell parameters: a=17.70 A, h=17.94 A,
=742 A, B=116° 24 and a=17.62 A, b=17.91 A,
c=7.39 A, B=116° 18, respectively [1, 2], character-
ized by large intersecting open channels of ten- and
eight-membered rings of tetrahedra. Clinoptilolite
and heulandite are distinguished on the basis of the
Si/Al ratio. Si/Al >4 characterizes clinoptilolite while
Si/Al<4 characterizes heulandite.

Zeolitic tuffs, mixed with lime, have been
widely used in construction since Roman times. Now-
adays, there is a lot of discussion concerning the
pozzolanic activity of natural zeolites and their incor-
poration in blended cements. It is generally consid-
ered that zeolite contributes to concrete strength
mainly through the pozzolanic reaction with Ca(OH),
[3-8]. According to ASTM C595, a pozzolan is de-
fined as ‘a siliceous and aluminous material which in
itself possesses little or no cementitious value but in
presence of moisture chemically reacts with calcium
hydroxide at ordinary temperature to form com-
pounds possessing cementitious properties’ [9]. The
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pozzolanic properties of zeolites are due to the reac-
tive SiO, and Al,O3, which can react with Ca(OH),
and be converted into C—S—H-gel and hydrated
aluminate phases. The pozzolanic activity is an index
of the extent of the pozzolan—Ca(OH), reaction, and it
is a primary factor in assessing the suitability of the
different materials as pozzolans [10].

Thermoanalytical methods (TG/DTG, DTA and
DSC) have been widely used for the evaluation of the
pozzolanic activity of various materials [11-15].

Cement is a system composed of numerous min-
erals that react with water at different rates giving
hydration products of different composition and
crystallinity. Calcium hydroxide is one of the
hydration products and precipitates from the satu-
rated, high pH, pore solution. When a cement-water
mixture comes in contact with a zeolite the alumino-
silicate network of the last starts decomposing under
the attack of OH™ in a high pH solution according to
the following Eqgs (1), (2).

=Si-0-Si=+60H —>2[SiO(OH);]" (1)
=Si-O-Al=+70H —[SiO(OH);] +[Al(OH).] (2)

The depolymerised species, such as [SiO(OH);]
and [AI(OH),], enter the solution and react with Ca®",
forming hydrated calcium aluminosilicate compounds,
very similar to those formed during the hydration of ce-
ment [16]. As a result of the pozzolanic reaction in the
presence of zeolite the amount of C—S—H increases, the
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micro-structure of hardened paste is significantly im-
proved and the performance of the cement and concrete
is positively affected.

Upon heating, zeolites undergo a series of chem-
ical and structural changes (loss of water, modifica-
tion of cage dimensions etc.) until they are largely
converted to an X-ray amorphous material. It was
suggested that the thermal behaviour of the zeolite
framework is related to the Al concentration.
Clinoptilolite (Si/Al>4) is thermally stable at temper-
ature in excess of 450°C, while heulandite (Si/Al<4)
undergoes structure collapse below 450°C.

In this paper, we study the pozzolanic activity of
thermally treated zeolites in order to find out if the
structural deformation of the mineral affects its reac-
tivity. The positive effect of structural deformation on
the pozzolanic activity has been recorded in the case
of other aluminosilicate materials, the most known of
which is kaolinite. Kaolinite, although not a
pozzolanic material as it is, turns out to be one of the
most reactive pozzolans after thermal treatment.
Zeolites were chosen because their thermal treatment
is accompanied by a structure collapse which is
expected to improve their reactivity.

Experimental
Materials

Zeolites from the Pentalofos area, Thrace, NE Greece,
are examined in order to study their pozzolanic activ-
ity after their thermal treatment up to 400, 500, 600,
700 and 1000°C, for 15 h. The chemical composition
of the zeolite is shown in Table 1.

Mixtures of zeolite and chemical grade Ca(OH),
(mass ratio 1:1) were mixed with water in order to
prepare pastes. A water-to-solid ratio (W/C) of 0.6
was retained for all pastes and deionised water was
used. The pastes were put in plastic containers, sealed
hermetically and wet-cured at 20°C. Samples hy-
drated for periods of 2, 7, 28 and 90 days were sub-
jected to acetone and isopropyl ether treatment and
then dried for 24 h in vacuum. The hydrated samples
were ground to pass through a 54 um sieve.

Techniques

The zeolites used were studied by means of X-ray dif-
fraction (XRD), Fourier Transform (FTIR) spectros-
copy, thermogravimetric analysis (TG/DTG) and dif-
ferential thermal analysis (DTA). These techniques

Table 1 Chemical composition of zeolite (% mass/mass)

were also applied in order to identify the products of
the pozzolanic reactions.

X-ray powder diffraction patterns were obtained
using a Siemens D-5000 diffractometer, CuK,, radia-
tion (A=1.5405 A), operating at 40 kV, 30 mA. The IR
measurements were carried out using a Fourier Trans-
form IR (FT-IR) spectrophotometer (PerkinElmer
880). The FTIR spectra in the wavenumber range
from 400 to 4000 cm™' were obtained in air atmo-
sphere using the KBr pellet technique. The pellets
were prepared by pressing a mixture of the sample
and dried KBr (sample:KBr approximately 1:200) at
8 tons cm ~.

Differential thermal analysis (DTA) and
thermogravimetric analysis (TG/DTG) were obtained
simultaneously using a Mettler Toledo 851 instru-
ment. The samples were heated from 20 to 1200°C at
a constant rate of 10°C min™' in an atmosphere nitro-
gen (free of carbon dioxide), flowing in 50 cm® min .

Chapelle test is a quick test for the evaluation of
the pozzolanic activity of a material. 1 g of sample is
added in 200 mL of distilled water followed by the
addition of 1 g of Ca(OH),. The mixtures were then
boiled for 16 h and the free Ca(OH), is determined by
means of sucrose extraction and titration with a HCI
solution. Free Ca(OH), was also measured in the
Ca(OH),—zeolite pastes after varying time of curing.

Results and discussion

Characterization of the raw and thermally treated
zeolites

From the combined study of the raw and thermally
treated zeolites by XRD, DTA, TG, DTG and FTIR it
is concluded that:

+ According to the XRD study, the main mineral con-
stituent is ‘heulandite type-II’, based on the intensi-
ties of the =8.99 A (020) and d=3.98 A (004) reflec-
tions. Furthermore, after heating of the raw material
up to 400°C for 15 h, these characteristic reflections
became weaker, while after heating up to 500°C for
the same time, they entirely disappeared (Fig. 1), in-
dicating that deformation of the crystal lattice starts
before 400°C and is completed at ~500°C. Feldspars,
micas, quartz, cristobalite and smectites contribute in
minor amounts. After the calcination of the raw
zeolites up to 1000°C for 15 h, the only reflections re-
mained are those of cristobalite (¢=4.09, 2.51 A) and
feldspars (¢=3.20 A). The TG/DTG curves (Fig. 2)
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Table 2 Mass loss of zeolite at different temperature ranges (% mass/mass)

25-100°C 100-200°C 200-300°C 300-400°C 400-500°C 500-600°C 600-1000°C
3.96 4.01 2.32 1.72 0.95 0.62 0.52
5 vibration, depends on the Al/Si ratio and is signifi-
cant for estimating the AI" content in the
L 3 5 . crystalline framework (determinative for the Al at-
- A

oms per formula unit). Besides, the exact position

w c of the vibration at 597 cm ' indicates, also, the
‘11 presence of ‘heulandite type-1I’, considering that
° w \ ) 5 clinoptilolite gives a peak at 602 cm ' and
heulandite gives a peak at 594 cm™' [19]. The vibra-

tions in the region 1600-3700 cm ™' are assigned to
the presence of zeolite water. The isolated OH
stretching (~3620 cm™') is attributed to interaction
of the water hydroxyl with the cations. The other
bands are attributed to the hydrogen bonding of the
Fig. 1 XRD patterns of raw and theormal treated samoples water molecule to surface oxygen (~3440 cmﬁl)
a-raw, b—400°C, ¢ -500°Cand d - 1000°C 1 - Ze- and to the bending mode of the water (~1640 cm ).
olite, 2= Muscovite, 3 - Feldspars, 4 - Quartz, » The FTIR spectra of the thermally treated samples

5 — Cristobalite, 6 — Smectite . . .
(Fig. 3) shows the following changes: After heating
up to 400°C, the 3447, 1638, 1045 and 466 cm ! vi-
brations, significantly decrease while the vibra-
tion at 597 cm ', disappears. This is attributed to a
heat-collapsed structure with an identical tetrahe-
DTG dral framework topology, but strongly altered
T-O-T angles [20]. After heating up to 500, 600
and 700°C, the bands at 3447, 1638, 1045 and 466
TG cm ', further decrease. After heating up to 1000°C,
further decrease of the bands at 1045 and 466 cm ™',

is observed.

DTA

«~Endo

100 200 300 400 500 600 700 800 900
Temperature/°C

Fig. 2 TG/DTG and DTA curves of a representative zeolite
100700°C
sample from Pentalofos 5

/
show a continuous mass loss during heating up to & \l / /
700°C, due to the loss of the hygroscopic water and “ k\/

3620 I

the loss of the water residing in the channels and the

T/%

cavities of the zeolite framework. The great endo- 3440

thermic reaction at ~100°C, as well as the dehydra- 5

tion rate of the zeolite, in the temperature range from 20

100 to 400°C (Table 2), are characteristic of the

‘heulandite type-1I, taking into consideration that the 0 1

dehydration rate for the clinoptilolite type zeolites is 4000 3000 1500 1000 500 370
much higher [17, 18]. On the other hand, as the tem- cm™!

perature rises, amorphous or strongly disordered Fig. 3 FTIR spectra of raw and thermal treated zeolites
phases can be formed between the subsequent crys-

talline phases during their transformation at higher The above changes indicate that the deformation
temperatures. These transformations are recognized  of the crystal lattice starts at about 400°C and pro-
by the exothermic effects at about 880°C. ceeds as the temperature of thermal treatment rises.

* Inthe FTIR diagram of the raw sample (Fig. 3), the
band at exactly 1045 cm™' confirms that the zeolite  pyz-olanic activity (Chapelle test)

is ‘heulandite type-II’ as it appears in a position be-
tween clinoptilolite (1059 cm™') and heulandite =~ Table 3 presents the amount of Ca(OH), consumed

(1022 cm™"). This band is due to the T-O stretching ~ Per gram of raw and. thermally treated zeolite, d.uring
the pozzolanic reaction (Chapelle test). According to
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Table 3 Reacted Cs(OH), g/g zeolite (Chapelle test)

Sample Ca(OH), (g/g zeolite)
Raw zeolite 0.555040.005
Zeolite treated at 400°C 0.6075+0.005
Zeolite treated at 500°C 0.5793+0.005
Zeolite treated at 600°C 0.5604+0.005

Chapelle test, 0.555 g of Ca(OH), are consumed per g
of raw zeolite. The thermal treatment of zeolite seems
to improve its reactivity, as the amount of reacted
Ca(OH); increases as the temperature rises. The zeo-
lite treated at 400°C has the higher reactivity (0.61 g
Ca(OH), per g of zeolite).

Hydration of zeolite—Ca(OH) , mixtures

The hydrated zeolite-Ca(OH), pastes were examined by
means of XRD, FTIR and TG-DTG, after curing for 2,
7,28 and 90 days. The first two techniques were applied
in order to identify the hydrated compounds while the
third one was applied to evaluate the reaction rate be-
tween Ca(OH), and zeolite. Figure 4, presents some rep-
resentative TG and DTG curves of zeolite—Ca(OH),.
The following three peaks are observed:

* An endothermic peak in the temperature range
100-300°C related to the dehydration of calcium
aluminosilicate hydrates. It clearly increases with
hydration time.

* An endothermic peak in the temperature range
400-550°C, attributed to the Ca(OH), decomposi-
tion. This peak decreases with increasing hydration
time, indicating the progress of pozzolanic reaction
(consumption of Ca(OH), by zeolite).

* An endothermic peak at the temperature 680—750°C
attributed to the CaCO; decomposition. The carbon-
ation of the paste is an accidental event that may take
place during the preparation of the paste or during the
grinding of the paste previous to the TG measure-
ment. The mass loss in the range 600-700°C, if any,
corresponds to the CO, of CaCO; and must be con-
verted to the equivalent Ca(OH),.

10mg}$\ \\“‘J"”< ——————
¢ T ———
200 400 600 800 1000
200 400 600 800 1000
Temperature/°C

Fig. 4 TG-DTG curves of zeolite—Ca(OH), pastes after a—2,
b—7and c— 28 days hydration
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Fig. 5 Ca(OH); content in the zeolite—Ca(OH), pastes in rela-
tion to the temperature of thermal treatment and the
curing time

Figure 5, presents the amount of the Ca(OH),
that has remained in the paste, in relation to the tem-
perature of thermal treatment of zeolite and the curing
time of the pastes. For all the pastes, it is obvious that
the consumption of Ca(OH), increases with the time.
As it is shown, the zeolite treated at 400°C shows the
higher reactivity. These results are in good agreement
with the results of the Chapelle test.

The products of the pozzolanic reaction

Usually, the products of the pozzolanic reaction be-
long to the heulandite group (CaAlSi;O,5-6H,0) and
it is difficult to be distinguished from the compounds
of the unreacted zeolite. However, the increased
background in the 20 range 25-35° and the small
peaks at d:2.283 A and d:3.110 A, in the XRD pattern
of zeolite-Ca(OH), mixture, indicate the formation
of  calcium silicate hydrates (probably
CaSi30,,°H,0) and prove the decomposition of the
zeolitic structure and the participation of the zeolite in
the pozzolanic reaction [21].

The above remarks are also confirmed by the FTIR
spectra of the zeolite—Ca(OH), pastes (Fig. 6). The in-
crease of the vibration intensities at 1640 and 3450 cm
indicates the formation of calcium silicate hydrates,
while the disappearance of the peak at 525 cm ' and the
shift of the peak at 1045 cm’' towards lower
wavenumber, indicate the deformation of the zeolitic
lattice due to the pozzolanic reaction. It must be noted
that the same hydration products have been found in the
mixtures of raw zeolites and cement [21]. It seems that
thermal treatment of zeolite does not alter the kind of the
products of the pozzolanic reaction. The above remarks
were also confirmed by the XRD and FTIR measure-
ments in the solid residue of Chapelle test.

All the above measurements and observations lead
to the conclusion that the thermal treatment of zeolite at
400°C improves its pozzolanic reactivity. This effect is
attributed to a heat-collapsed structure with strongly al-
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Fig. 6 FTIR spectra of hydrated zeolite—Ca(OH), pastes after
28 days hydration. a — raw zeolite-Ca(OH), paste,
b — thermally treated at 400°C zeolite—Ca(OH), paste,
¢ — thermally treated at 500°C zeolite—Ca(OH), paste

tered T-O-T angles. The high temperature dehydration
results a heat-collapsed structure, characterized by a
change in cell dimensions, because the dominant chan-
nel cations migrate to sites closer to the channel wall.
These changes have been previously reported [20]. As a
result, the structure is less stable and therefore more re-
active. However this effect is not as strong as in the case
of other aluminosilicate materials (e.g. kaolinite). It
must be noted that the high reactivity of metakaolinite is
also connected to the change of AI’" coordination from
octahedral in kaolinite to tetrahedral in metakaolinite
(tetrahedral A" is generally more reactive than octahe-
dral AI’") [22]. The increase of the reactivity of zeolite
at 400°C is due to the initial deformation of its structure.
The deformation also proceeds at higher temperature
but the reactivity does not further increase. This may be
due to the correlation between the reactivity and the ca-
pability of cation exhange. As it is known, materials
containing zeolites, capable of cation exchange, are
more reactive than those containing vitreous constitu-
ents [10]. The thermal treatment of zeolite at high tem-
perature increases the fraction of amorphous phase but
also reduces the ion exchange capability of the material.

Conclusions

* A complete mineralogical characterization of raw
and thermally treated zeolites, from the Pentalofos
area, Thrace, NE Greece, was performed using a
combination of techniques. The main constituent of
the raw material is ‘heulandite type II’. Feldspars,
micas, quartz, cristobalite and smectites are minor
constituents. All the changes recorded during the
thermal treatment indicate that the deformation of
the crystal lattice starts. The above changes indi-
cate that the deformation of the crystal lattice starts
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at about 400°C, and proceeds as the temperature of
thermal treatment rises.

e The thermal treatment of zeolite at 400°C,
improves its pozzolanic reactivity and accelerates
the reaction with Ca(OH),, but further calcination
has a negative effect.

+ Hydrated calcium aluminosilicate compounds were
identified as the products of the reaction between
calcined zeolite and Ca(OH),. There are no indica-
tions that the thermal treatment of zeolite alters the
products of the above reaction.
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