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Abstract
A solid enriched with NaA zeolite was synthesized from a coal fly ash, and the so-obtained zeolitized material was used 
as ion exchanger for purifying aqueous solution containing cadmium cations. Mechanical strengths and drying shrinkage 
measured on cement mortars containing not more than 10 wt% of the zeolitized product showed that the cement proper-
ties remained unaltered, being similar to those corresponding to mortars where non-zeolitized starting fly ash was used in 
the mortar formulation. SEM analyses of fractured mortars show zeolitized fly ash particles strongly anchored inside the 
microstructure, the particle surfaces being densely covered by hydration products. To analyze the viability of final disposal 
for the cadmium sludge obtained after ion exchange, a leaching test was performed on cement pastes containing 10 wt% of 
cadmium-exchanged zeolite (Cd-ZFA10) showing that the present methodology is an effective procedure for the immobi-
lization of the heavy metal.
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Introduction

Heavy metals are becoming one of the most serious environ-
mental problems because of their accumulation in aquatic 
organisms and in agricultural crops with severe implications 
for the food chain. The main heavy metals from anthropo-
genic sources, such as industrial activities, are chromium, 
nickel, zinc, cadmium, copper, lead, and mercury. They are 
directly discharged into the environment; their persistence 
and null biodegradability affect the air, soil and water [1].

Particularly, cadmium has been classified as possible car-
cinogen and nephrotoxicant by US EPA. Cadmium enters the 
human body through vegetables, animal products and drink-
ing water, exposing human health to severe risks. The ferti-
lizer industry and the mining and metallurgical (nonferrous) 
sectors contribute significantly to cadmium pollution [2].

A wide range of treatments for removing heavy metals 
in aqueous solution is known. Among them, chemical pre-
cipitation is widely used in the industry because of its low 
cost and effectiveness. Other technologies based on an ion-
exchange process, adsorption and membrane filtration have 
been developed and thoroughly studied for the treatment of 
hazardous metal wastewater.

Cadmium removal from aqueous solution by many differ-
ent materials has been studied. Recent developments propose 
adsorbent materials such as fluor-hydroxyapatite composites 
[3], copper oxide nanoblades [4], sulfonated magnetic nano-
particle [5], dithiocarbamate functionalized pyrrole-based 
terpolymers [6], polyethylenimine-functionalized mesocel-
lular silica foam [7], TMU-16-NH2 metal organic framework 
[8], natural clays [9, 10], synthetic polymers [11], among 
others.

Synthetic zeolites exhibit good ion-exchange capacities 
for heavy metal cation removal under different experimen-
tal conditions at laboratory scale [12–14]. Zeolite could be 
synthesized from conventional raw materials or using alter-
native sources of  SiO2 and  Al2O3 such as some industrial 
wastes generated by different energy production processes 
[15–20]. In particular, the synthesis of zeolites from fly ash 
is receiving increasing attention since it allows obtaining 
a product with valuable technological applications using 
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inexpensive raw materials and a concomitant reuse of a dif-
ficult disposal waste.

More than 600 million tons of fly ash are produced annu-
ally around the world [21, 22]. A percentage is used as road 
bases to improve lands and to treat mud in residual waters 
[23, 24]. Statistical data confirm that approximately 20% of 
fly ash is used to replace a part of cement in concrete pro-
duction due to its pozzolanic and cementitious properties. 
Nowadays, it is necessary to develop new recycling tech-
nologies because over half of the fly ash is disposed of in 
dumping sites [25].

In this work, preactivated coal fly ash was hydrothermally 
treated for obtaining a solid powder enriched in NaA zeolite, 
and the zeolitized product was treated by ionic exchange 
to get the Cd ions as the counterbalancing cations for the 
anionic zeolite framework. The Cd-containing product 
was incorporated in Portland cement mortars to analyze 
its influence on the mortar textural properties. The flexural 
and compression strengths at 28 days were measured, and 
finally leaching tests of the heavy metal were performed to 
verify the viability of this process for  Cd2+ immobilization 
in cement matrices.

Materials and methods

Fly ash and zeolite A synthesis

A fly ash from the thermoelectric power station at San Nico-
lás, Buenos Aires, Argentina, was used. According to the 
XRD analysis, the fly ash was composed by mullite  (Al4.52 
 Si1.48O9.74) 17.2 wt%, Quartz  (SiO2) 5.5 wt%, Hematite 
 (Fe2O3) 1.5 wt%, Calcite  (CaCO3) 1.6 wt%, and an amor-
phous phase, 74.2 wt% [26]. For this study, particles with 
a size fraction between 60 and 100 µm were selected by 
sieving.

Prior to the hydrothermal synthesis, the fly ash was acti-
vated by alkaline fusion using 50 wt%  Na2CO3, according 
to the methodology described in [15]. Before heat treat-
ment, the ash/carbonate mixture was sonicated. After 5 min 
of mixing, the solids were calcined under static conditions 
at 800 °C for 12 h. Pretreatment conditions, synthesis mix-
ture compositions and maximum conversion in zeolite A are 
detailed in Table 1.

The alkali-activated ash was placed in contact with 
the synthesis mixture in a 250-mL polypropylene reactor. 
The reaction mixture was prepared by mixing appropriate 
amounts of NaOH (Carlo Erba p.a.) and deionized water. 
To obtain NaA zeolite as the main product,  NaAlO2 com-
mercial solution (36.5%  Al2O3, 29.6%  Na2O, 33.9%  H2O) 
was added as extra aluminum source. The starting mixture 
composition is detailed in Table 1. The sample was mixed 
with a magnetic stirrer for 30 min, aged at room temperature 
for 48 h, and placed in a conventional air oven at 100 °C. 
The reaction was carried out for 5 h to obtain the maximum 
conversion towards NaA [26]. The solid product obtained 
was washed and dried in a conventional air oven at 110 °C. 
The product obtained after 5 h of reaction time contained 
65% of A zeolite, 22–27% of amorphous phase and a small 
fraction of other crystalline compounds (Table 1).

Physicochemical characterization

The structural characterization of crystalline materials (start-
ing fly ash and the one resulting from hydrothermal syn-
thesis) was carried out by XRD. The diffraction patterns 
were obtained in a PANalytical X´Pert PRO 3373/00 (40 kV, 
40 mA, Cu Kα by Ni filter, step width 0.02°). The types 
of zeolite and other crystalline phases obtained were deter-
mined by comparing diffraction profiles with published data 
[27]. The Rietveld method [28] and the program “FULL-
PROF” [29] were used for the quantitative determination 
of the crystalline components (Table 1). Scanning electron 
microscopy (SEM) imaging and energy-dispersive X-ray 
(EDX) mapping were done using a Philips 505 microscope 
equipped with an EDX spectrometer. The specific areas 
corresponding to fly ash and zeolitized fly ash (ZFA) were 
estimated using the controlled humidity method, and IRAM 
1624 was applied for density determination. Compared 
to coal fly ash, the product containing zeolite A resulted 
slightly denser and more hydrophilic than coal fly ash 
(Table 2).

After the synthesis, SEM micrographs (not included) cor-
responding to ZFA showed rounded particles about 2–50 µm 
in size. The spheres presented a surface fully covered by 
cubic crystals (typical morphology of NaA) of 3–5 µm of 
arista.

Table 1  Pretreatments, 
synthesis mixture compositions 
and maximum conversion in 
zeolite A

a Estimated by XRD analysis. The product also contained 1.0% of low carnegieite, 2.2% of nepheline, 4.6% 
of hydroxysodalite, and around 22–27% of amorphous fraction

Zeolitized fly ash Pretreatment Activation solution (g) NaA conversion 
(%)a

Calcination (h) Na2CO3 (wt%) H2O Al2O3 Na2O Time (h) %

ZFA 12 50 88.8 0.438 3.10 5 65
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Cation exchange procedure

The cadmium-exchanged ZFA (Cd-ZFA) was obtained by 
contacting, under stirring, 3 g of ZFA with 1 L of solution 
containing 130 mg/L of  Cd2+. The solution was obtained 
by dissolving  CdCl2∙H2O (Biopack, p.a.) in demineralized 
water. The pH was adjusted at 5.4 to avoid cadmium hydrox-
ide precipitation; the contact time was 150 min. Samples of 
the suspension were collected at predetermined times and 
the liquid was separated from the solid by filtration. The 
solid phases were oven-dried at 110 C. The concentration 
of cadmium in the starting and remaining liquid phases was 
determined by atomic absorption spectroscopy (AAS) [30].

Cement mortar preparation and mechanical tests

Ordinary Portland cement (CPN50 type) and natural sili-
ceous sand were used, the water/cement/sand ratios being 
0.40:1:3. Considering the effects of mineral additions on 
the water demand, a naphthalene-based superplasticizer was 
incorporated to obtain workable mixtures without affecting 
the mixture proportions. Table 3 shows the EDX analysis of 
FA, ZFA, and Portland cement. Considering FA, the semi-
quantitative  SiO2/Al2O3 molar ratio = 3.87 indicated that an 
extra source of alumina should be used for adjusting the 
batch synthesis composition to the molar ratios appropriate 

for obtaining NaA. It was observed that the  SiO2/Al2O3 ratio 
decreased in ZFA due to NaA crystallization (theoretical 
 SiO2/Al2O3 ratio in A zeolite is 2) (Table 3).

As shown in Table 3, the cement composition corre-
sponds to an ordinary Portland cement. This cement was 
used instead of other types of cements (i.e., those incorpo-
rating calcareous filler or other mineral additions such as 
blast furnace slags) to avoid interactions with the studied 
FA and ZFA.

Two series of mortars incorporating different contents 
of FA (MFA5, MFA10, and MFA20) or ZFA (MZFA5, 
MZFA10, and MZFA20) as cement replacement (5, 10, and 
20 wt%) were prepared. In addition, a reference mortar with-
out mineral addition (MP) was also made.

Fresh mortars were characterized by the slump (using 
a height cone of 150 mm with the same geometric propor-
tions as the Abrams cone) and unit weight (UW). Two sets 
of samples were cast: prisms of 40 × 40 × 160  mm3for flex-
ural and compression strength measurements, and prisms 
of 30 × 30 × 220  mm3 to evaluate the drying shrinkage. The 
specimens were compacted by external vibration, selecting 
the time of vibration in agreement with the measured slump. 
The samples were removed from the molds after 1 day.

The compression and flexural strengths were evaluated 
after 7, 28, and 90 days. In this case, mortars were cured in 
water at 23 °C until test age. For drying shrinkage measure-
ments, the mortars were cured in water at 23 °C for 8 days 
and then exposed to dry room air conditions (22 °C and 55% 
HR) for 6 months.

The crystalline phases were characterized by XRD as is 
described in “Cement mortar preparation and mechanical 
tests”. In case of mortar structure analyses, the studied sam-
ples were collected from the exposed area obtained after 
mortar fracture.

To evaluate the ZFA capacity for heavy metal immobili-
zation, an additional series of three cement pastes was pre-
pared: a reference paste (PR) using a water/cement ratio 0.40 
and two pastes incorporating 10% of cadmium-exchanged 
ZFA (PCd-ZFA10) or zeolitized fly ash (PZFA10) as cement 
replacement. Cement pastes instead of cement mortars were 
selected for avoiding sand interference in SEM observations. 
Prisms 30 × 30 × 220  mm3 in size were cast; the samples 
were removed from the molds after 1 day and cured in water 
at 23 °C up to the age of testing. For comparison with the 
mortar series, flexural and compression tests were performed 
at 28 days. SEM analyses and a leaching test were also done 
using the broken material. All tests were carried out in trip-
licate, and the results were averaged.

Leaching test

The leaching test was performed on PCd-ZFA10 following 
US EPA standard method 1311. The extraction solution was 

Table 2  Physical properties of fly ash and zeolitized fly ash (ZFA)

Sample Density (g cm−3) Specific 
surface 
 (m2 g−1)

Fly ash (FA) 2.20 25
Zeolitized fly ash (ZFA) 2.35 306

Table 3  Chemical analysis of FA, ZFA and Portland cement (wt%)

Compound FA ZFA Portland cement

SiO2 62.8 43.6 21.51
Al2O3 27.4 31.3 3.37
Na2O 0.8 19.7 0.07
K2O 0.7 – 1.01
CaO 1.8 2.3 64.78
MgO – 1.2 0.77
TiO2 1.4 0.5 –
Fe2O3 3.4 1.4 3.54
SO3 – – 2.21
Loss on ignition – – 2.44
Insoluble residue – – 0.54
Na2Oeq – – 0.73
Other compounds 1.7 – –
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prepared using 5.7 cm3 of glacial  CH3CH2OOH dissolved 
in distilled water up to 1 L volume. The paste was ground, 
and the fraction less than 1 mm was selected. The sample 
was put in contact with the extraction fluid, and the mixture 
was transferred to a glass container and submitted to stirring 
in a rotary shaker at 30 rpm for 18 h.  Cd2+ in the remaining 
liquid was determined by AAS.  Cd2+ in the curing water 
was also measured to evaluate the possible occurrence of 
cadmium leaching during the curing process [31]. The test 
was carried out in triplicate and the results were averaged.

Results and discussion

Properties of fresh mortars

The properties of fresh mortars are listed in Table 4. The 
content of chemical admixture was varied to achieve enough 
workability without modifying the water content. As 
expected, the superplasticizer requirement increases in MFA 
and mainly in MZFA mortars as the zeolite addition content 
increases. The greater water and superplasticizer demand 
of MZFA can be associated with the very high specific sur-
face (see Table 2) and also with the hydrophilic nature of 
zeolite A crystals. Some reduction can also be seen in the 
unit weight of MZFA mortars, which can be attributed to a 
decrease in compactness.

Mechanical tests

The evolution of flexural and compression strengths up to 90 
days is shown in Table 5. As expected, the strength increases 
with time, with the strength gain being greater in the case of 
MFA mortars. MZFA mortars show lower values than MFA, 
which is attributed to a lower pozzolanic activity of MZFA 
and less compactness of these mortars. A comparison of the 
flexural/compressive strength ratios (see Table 5) shows that 
they decrease as the strength increases, as is well known. 
The lower values correspond to the reference mortar (with-
out mineral additions), which can be explained considering 
that the pozzolanic reactions consume calcium hydroxide 
improving the transition zone properties and then the tensile 
capacity.

Figure 1 presents the strength results as relative val-
ues referred to the results obtained at 28 days. The greater 
increase in the strength occurs between 7 and 90 days in the 
case of MFA mortars, which is more evident as the FA con-
tent increases. The strength evolution is smaller in MZFA 
mortars; it is possible that the more crystalline structure of 
ZFA will lead to a lower pozzolanic activity. The relative 
values are not so different than those observed in the refer-
ence mortar without additions.

From Table 5 it can be seen that MZFA mortars show 
lower strengths than the reference or MFA mortars; however, 
it must be emphasized that a compressive strength close to 
40 MPa is compatible with many applications. From a prac-
tical point of view, the main advantage of ZFA addition can 
be associated with its ability to fix heavy metals (see “Cad-
mium uptake”). In these mortars, ZFA contents up to near 
100 kg m−3 of mortar were incorporated.

Table 6 presents the mechanical properties measured after 
28 days of moist curing on the cement pastes that were pre-
pared to evaluate ZFA ability to immobilize heavy metals. 
The relative values among PR, PZFA10 and PCd-ZFA10 
strengths are comparable with those found in the series of 
mortars. It can be seen that the compressive strength of PCd-
ZFA10 (28.0 MPa) is much lower than 40 MPa. However, 
it must be noted that these small samples of cement pastes 

Table 4  Fresh mortar properties

Mortar Slump (mm) Superplasticizer 
(wt%)

UW (kg m−3)

MP 30 0.6 2200
MFA5 30 1.1 2200
MFA10 55 1.5 2220
MFA20 40 1.8 2160
MZFA5 10 1.1 2040
MZFA10 10 1.5 2150
MZFA20 10 2.6 2130

Table 5  Evolution of 
compressive and flexural 
strengths in mortars

Sample Flexural strength (MPa) Compressive strength (MPa) Flexural/compressive 
strength ratio (%)

7 days 28 days 90 days 7 days 28 days 90 days 7 days 28 days 90 days

MP 6.5 8.4 9.1 44.6 61.1 73.01 15 14 12
MZFA5 5.4 6.5 6.6 28.9 38.3 40.61 19 17 16
MZFA10 5.1 6.6 6.9 27.7 38.4 43.1 18 17 16
MZFA20 5.2 5.8 5.7 24.2 28.9 36.5 21 20 16
MFA5 5.8 7.2 7.8 34.4 46.3 60.2 17 16 13
MFA10 5.2 6.6 7.9 31.1 45.8 59.3 17 14 13
MFA20 4.3 6.7 7.1 23.1 36.5 50.0 19 18 14
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were prepared to evaluate the metal immobilization capacity 
corresponding to ZFA, not to evaluate the samples strength 
capacity.

Drying shrinkage

For practical applications, drying shrinkage is an impor-
tant parameter related to the durability and susceptibility 
to cracking of Portland cement-based materials. As dimen-
sional instability increases, greater possibilities of cracking 
appear when the material is restricted in its movements. The 
increases in water requirement due to the incorporation of 
mineral additions motivate the study of this property.

Figure 2 shows the evolution of drying shrinkage cor-
responding to the series of mortars. After moist curing, the 
specimens were exposed to dry room air conditions (RH 
55%, 23 °C) for 6 months. As expected, the reference mortar 
(MP) has low values of drying shrinkage. MZFA20 clearly 
shows a great increase in shrinkage. This fact can be associ-
ated with both the increase in superplasticizer demand and 
the reduction of the mixture workability. Those factors pro-
mote a low compaction that was revealed by the low strength 
values obtained (Table 5). However, although the values of 

MZFA5 and MZFA10 are higher than those of MFA5 and 
MFA10, the differences are not significant (order variation 
of 0.02). Thus, it can be concluded that with up to 10% of 
ZFA incorporation as cement replacement there were not 
drastic changes in dimensional instability compared with 
fly ash mortars.

Microstructure

The microstructural morphology of the fractured mortars 
cured in water at 23 °C for 8 days and then exposed to room 
air conditions (22 °C and 55% RH) for 6 months was deter-
mined by SEM.

Fig. 1  Relative values of compressive (left) and bending (right) strength as a percentage of that measured at 28 days

Table 6  Mechanical properties of cement pastes

Paste Flexural 
strength 
(MPa)

Compressive 
strength (MPa)

Flexural/compres-
sive strength ratio 
(%)

PR 8.0 61.6 13
PZFA10 4.2 46.6 9
PCd-ZFA10 2.8 28.0 10

Fig. 2  Evolution of drying shrinkage
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Figure 3 shows the reference mortar (MP), MFA20 
and MZFA20 fracture areas. SEM images depict a typical 
microstructure of cement mortar mainly consisting of cal-
cium silicate hydrates (C–S–H fibrous or reticular phases) 
in which fine and long needle-shaped ettringite crystals 
are embedded (Fig. 3a), crystals of sheet-shaped calcium 
hydroxide (portlandite, Fig. 3b) are also observed.

The MFA20 image (Fig. 3c) evidences the smooth spheri-
cal fly ash particles included in the C–S–H phase as well as 
the presence of small crystals of trigonal calcium carbon-
ate (Fig. 3d). For MZFA20, as is shown in Fig. 3e, f, the 
microstructure of the fracture area appears quite different 
from those corresponding to MP and MFA20. In Fig. 3e, 
the presence of rounded ZFA particles is clearly observed, 
and ettringite crystals surrounding the ZFA particles are also 

Fig. 3  SEM images of reference mortar microstructure, MFA20 and 
MZFA20 fractured mortars. a A typical structure containing calcium 
hydrate phases with fine and long needle-shaped ettringite, b sheet-
shaped calcium hydroxide. Interfaces are marked with white squares 

in c and d for MFA20 and MZFA20, respectively. e Traces of calcite 
in MFA20. f Ettringite crystals are present as short and thick needles 
in MZFA20
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detected. Nevertheless, in this sample the ettringite crystals 
are thicker and shorter than those found in samples MP and 
MFA20 (Fig. 3f). Recent studies have reported the influence 
of superplasticizer addition on the crystal size, morphology, 
and amount of ettringite crystals formed [32]. In the present 
analysis, the increased amount of naphthalene-based super-
plasticizer incorporated into MZFA20 (2.6 wt%) to enhance 
workability could modify ettringite crystallization. Further-
more, calcite formation is clearly observed when the ash 
particles are zeolitized in MZFA20 sample (Fig. 3).

Other differences have been found when MFA and MZFA 
particle–cement paste interfaces are compared. In mortars 
containing FA, SEM images corresponding to the fracture 
area show smooth fly ash particles almost free of hydra-
tion products (Fig. 3c), indicating that hydration products 
are slightly adhered to the fly ash surface. On the contrary, 
SEM images of MZFA fractured mortars show the zeolitized 
fly ash particles densely covered by hydration products 
(Fig. 3e).

Figure 4 shows XRD analyses of samples taken from MP, 
MZFA20 and MFA20. The presence of C–S–H phase (pdf# 
10-0374) and quartz (pdf# 03-0419) was detected in all sam-
ples. The high concentration of natural sand in the mortars 
(1:3 cement/sand ratio) justifies the huge intensity of peaks 
corresponding to quartz.

Although ettringite crystals appeared in the SEM images, 
their peaks (pdf# 72-0646) are absent in all XRD patterns. 
Indeed, very low amounts of crystals are formed during cur-
ing, and their dispersion in the cement matrix could hinder 
the detection of ettringite in the X-ray analysis. Furthermore, 
ettringite could have been consumed by the reaction with 

calcium hydroaluminates to form hydrosulphoaluminate 
phases during cement hydration.

The calcium hydroxide crystals (portlandite, pdf# 
78-0315) are present in the reference mortar even after 6 
months of exposure to dry room air conditions (22 °C and 
55% HR). However, portlandite is not observed in the zeo-
lite-containing sample (MZFA20), and a new phase like cal-
cium carbonate (calcite, pdf# 86-2334) was detected. This 
was expected because the mortars remained outdoors and 
unprotected against carbonation and the MZFA20 specimens 
probably have the greatest porosity (see strength and drying 
shrinkage measurements).

The peaks corresponding to mullite and quartz present in 
the original fly ash and the diffraction maxima correspond-
ing to NaA zeolite are not found in the XRD patterns of 
MFA20 and MZFA20, respectively. These results are con-
sistent with the low content of these minerals in the prepared 
mortars. The peaks for the FA sample (not shown) would 
mainly correspond to hematite (pdf# 73-0603), quartz and 
mullite (pdf# 79-1457) [26]. Based on the same reasons, 
the signals for zeolite A (pdf # 89-8015) were absent in the 
X-ray diffraction pattern. The calculated zeolite A content 
in MZFA20 was about 3%.

Cadmium uptake

According to AAS analyses, the cation exchange procedure 
allowed the incorporation of 22 wt% of Cd in the ZFA mate-
rial (Cd-ZFA). The uptake rate of  Cd2+ using the zeolitized 
fly ash was measured at different times under the conditions 
described in 2.3. The  Cd2+ cations were quickly removed 
at the beginning of the cation exchange process (85 wt% at 
20 min). To maximize the Cd concentration in the zeolitized 
sample, the selected contact time duplicates the time needed 
to reach the beginning of the maximum plateau in the Cd 
uptake vs. time curve.

Figure 5 shows a SEM image of Cd-ZFA (Fig. 5a) and the 
corresponding SEM–EDX mapping image of Cd (Fig. 5b). 
The red dots indicating Cd are uniformly distributed on the 
external particle surface, where the zeolite crystals are situ-
ated. This result is consistent with the fact that, after cation 
exchange, cadmium cations counterbalance the negative 
charge of zeolite A framework.

Leaching test results

The leaching analysis was done using samples taken from 
the PCd-ZFA10 used previously in the mechanical strength 
test.

According to AAS results,  Cd2+ was not detected in the 
curing water of PCd-ZFA10 paste in which the sample was 
28 days immersed under static conditions. In the leach-
ing test carried out on samples from PCd-ZFA10,  Cd2+ Fig. 4  X-ray diffraction patterns of MP and MZFA20
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concentration in the liquid phase was 4 × 10−2 ppm. It is 
worthy to note that the last severe test conditions favored the 
cation leaching but the value was lower than the allowable 
limits (0.1 mg L−1) established by Resolution 336/2003 of 
the Water Authority of Buenos Aires, Argentina.

SEM image of a Cd-ZFA particle included in ground 
PCd-ZFA10 after the leaching test and the corresponding 
 Cd2+ SEM–EDX mapping image are shown in Fig. 6a, b. 
The EDX mapping shown in Fig. 6b would confirm that 
 Cd2+ remains in the zeolitic structure after the leaching test.

Additionally, the SEM image of Fig. 6a shows the sur-
face of Cd-exchanged zeolitized fly ash (Cd-ZFA) that is 
fully covered with hydration products. Zeolite cubic crystals 
cannot be seen and significant amounts of calcium carbon-
ate crystals (calcite, Fig. 6c) were detected by EDX and 
XRD analyses (not shown). Also, irregular sheet-shaped 
structures corresponding to the hydrosulphoaluminate 
 (C4ASH12) phase [33] appear due to the hydroalumination 
reaction (Fig. 6d). In this way, the incorporation of the Cd-
exchanged zeolite in PCd-ZFA10 could enlarge calcite and 
hydroaluminate formation in capillary pores. This fact could 
contribute to the increase in paste density, improving the 
resistance to leaching [34].

Conclusions

A zeolite A-rich product containing about 65 wt% of NaA 
(ZFA) was successfully obtained by alkaline fusion treat-
ment applied to fly ash (FA) discarded from a thermoelectric 
power plant. Portland cement mortars and pastes incorpo-
rating different contents of FA and ZFA were made. The 
microstructure characteristics, strength evolution, drying 
shrinkage, and leaching test results were analyzed.

As expected, increases in mortar strength between 7 and 
90 days are greater as the FA content increases; strength 
evolution is smaller in ZFA mortars, which can be associ-
ated with a lower pozzolanic activity of ZFA particles. 
Although ZFA mortars show lower strengths than FA mor-
tars, the obtained compressive strength is compatible with 
many usual applications.

The drying shrinkage increases as FA or ZFA content 
increases, the values being very high in the case of mortar 
with 20% of ZFA. Nevertheless, up to 10% of ZFA incor-
poration as cement replacement, the shrinkage is similar 
to that of FA mortars.

The high specific surface and the hydrophilic nature 
of ZFA increase the superplasticizer demand to maintain 
the workability. The increased addition of superplasticizer 
reduces ettringite formation and alters ettringite crystal 
morphology.

Fractured MZFA20 mortars show zeolitized fly ash 
particles strongly anchored inside the microstructure, 
the particle surfaces being densely covered by hydration 
products. Calcite and CSH crystal growth is enhanced in 
MZFA20 mortars.

The zeolitic material synthesized from the activated fly 
ash can remove  Cd2+ from aqueous solutions.

The leaching test of the heavy metal indicated that in 
pastes of 0.40 water/cement ratio, using Cd-ZFA contents 
lower than 10 wt%, an effective immobilization of  Cd2+ 
cations occurs. Also, the formation of new crystalline 
structures (hydrosulphoaluminate phase and increased cal-
cite content) contributes to the increase in paste density, 
reducing cation leaching. The incorporation of Cd-ZFA in 
concrete and other Portland cement-based materials can be 
considered as a valid option for cadmium disposal.

Fig. 5  SEM–EDX analyses of Cd-ZFA showing the same selected area in both pictures. a SEM image of Cd-ZFA. b Cd SEM–EDX mapping 
image corresponding to a 
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