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Abstract
This paper presents research on transport properties and alkali-silica reaction (ASR) susceptibility of mortars containing a pozzolanic waste generated in the fluid catalytic cracking (wFCC) unit
by the Portuguese oil-refinery. For this purpose, two series of mortars were prepared by partially
replacing cement with 5%, 10% and 15% of wFCC catalyst. The main difference between the two
series of mortars is the sand reactivity used in their composition. The results revealed that wFCC
catalyst blended cement mortars exhibit an increased resistance against capillary water absorption and chloride migration, as well as a considerable inhibition effect on deleterious ASR expansion. However, under the adopted experimental conditions the incorporation of wFCC catalyst in
mortars decreases their carbonation resistance.
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1. Introduction
It is generally accepted that the incorporation of pozzolanic materials (PMs) in cement based materials plays a
crucial role towards sustainable development of the construction industry by addressing environmental and performance issues in an integrated way. In fact, partial replacement of cement with PMs reduces the use of nonrenewable raw materials and energy as well as decreases the CO2 footprint in cement plants [1]-[3]. In addition,
if the surrogate material is a waste from other industry it would also contribute to mitigate solid waste disposal
of in landfills and to turn a polluting waste from one industry into a product with added-value for cement industry [4]. Furthermore, PMs, typically, lead to performance and durability enhancement due to the formation of
*
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additionally strength-providing hydrated calcium aluminosilicates (C-A-S-H) products during PMs reaction with
the Ca(OH)2 (liberated upon cement hydration) [5].
By-products such as silica fumes, fly ashes and ground blast-furnace slags have been extensively used in past
decades to replace part of the cement as PMs for different uses in construction industry [3] [6]. However, the
uncertainty about future availability of commonly used PMs concomitantly with the aforementioned environmental and technological reasons are highlighting the need of identifying additional PMs able to comply with
construction materials standards, performance targets as well as market needs. In this scope, the waste catalyst
originated in the fluid catalytic cracking (wFCC) units by oil-refinery companies [7]-[20] is being investigated.
This study focuses on this purpose.
Currently, oil-refineries worldwide generate around 500,000 metric tons/year of waste catalyst in their fluid
catalytic cracking units [21] and, therefore, it is available in significant amounts. FCC catalysts are typically
“taylor-made” for each oil-refinery based on the feed composition and desired products spectra [22]. Despite not
being a commodity, the chemical-mineralogical and physical properties—namely the particle size distribution—of a given wFCC catalyst generated in the same oil-refinery remain almost constant for some years. As
such, this by-product can be a steady supply for the construction materials industry.
The FCC catalyst is an aluminosilicate which most active phase is zeolite-Y [23]. The high pozzolanic reactivity of this by-product has been confirmed by various methods. Namely, its ability to react directly with lime
has been demonstrated through classic titrimetric methods including the Frattini-based test [12] and the Chapelle
test [11]. Whereas its ability to react with the Ca(OH)2 present in cement matrices as well as the consequent
formation of the C-A-S-H products, have been assessed by means of thermo-gravimetric analysis (TGA) [9] [17]
[19], X-ray diffraction (XRD) [18] and scanning electron microscopy (SEM) [16].
Several studies have shown that the replacement of cement with wFCC catalysts up to 15% - 20%, by mass, in
mortars and concrete enhances both their early and long term compressive strength [8] [10] [15] [18] [24]-[26].
It has also been shown that the strength of the cement-based materials is markedly enhanced for smaller grain sized
catalysts [11] [14]. In terms of durability, it has also been shown that cement replacement with up to 10% of wFCC
catalysts there is no additional contribution for the degradation of the cement based materials [7] [13] [20].
Despite of studies and above-mentioned benefits of the wFCC catalysts, to the best of the author’s knowledge,
the wastes are not yet being used by construction materials industry as PMs. The present study is part of a research project which main goal is to contribute to a better understanding of the pozzolanic reaction mechanism
leading to the development of cement-based materials incorporating wFCC catalyst generated by the Portuguese
oil-company such that large-scale industrial application can be archived in the future.
In this regards, the high pozzolanic reactivity of the Portuguese wFCC catalyst has already been confirmed by
different methods [15] [16] [24] as well as several different applications had been tested with success both in
terms of properties and compliance with the corresponding standards specifications. Namely, the results already
demonstrated that this wFCC catalyst can be used as cement main constituent for common cements manufacture
[15], as an addition for mortars [16] and concretes (both traditional and self-compacting) [25] [26] as well as in
production of alkali-activated binders [27].
In spite of good structural performance while interacting with the service environment, wFCC catalyst containing cement-based materials can undergo deleterious reactions that can have adverse consequences both on
properties and in-service lifetime. Therefore, to complement our previous studies, this paper describes research
on the effect of the Portuguese wFCC catalyst on mortar’s durability characteristics.
Since the majority of the deterioration processes involve the transport of the deleterious gases, liquids or ions
through the porous of the cement pastes matrices, testing transport processes—such as absorption, migration and
diffusion—it is crucial on the basis of durability assessment [28]. Moreover, alkali-silica reaction (ASR) has also been considered one of the biggest concerns in the design of durable cement-based materials [29]. As such,
mortars prepared with Portuguese wFCC catalyst as partial cement replacer (5% to 15%, by mass) were tested
for capillary water absorption behaviour, chloride migration and resistance to carbonation as well as ASR susceptibility.

2. Experimental Program
2.1. Materials
The binders used in this study were: commercial Portuguese Portland cement type CEM I 42.5R, according to
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European standard EN 197-1 and wFCC catalyst, generated by Portuguese refinery company PETROGAL S.A.
at Sines. Table 1 lists bulk chemical composition of cement and wFCC catalyst, obtained by X-ray fluorescence
spectrometry (using a PAN alytical model Axios equipment) and loss on ignition (LOI) evaluated following
European standards EN 196-2. The specific gravities of cement and of wFCC catalyst of 3.18 and 2.71, respectively, were determined by helium pycnometry using an AccuPyc 1330 instrument from Micromeritics. The
specific surface area of the wFCC particles of 150 000 m2/kg was determined by nitrogen adsorption at 77 K
using a Micromeritics ASAP 2000 apparatus.
The particle size distributions (PSD) of the cement and wFCC catalyst were obtained by laser diffraction. The
d50 and d90 are, respectively, the values of particles sizes below which 50% and 90% (by volume) are situated.
The d50 of cement and wFCC particles are 21.5 µm and 80.0 µm, respectively and the d90 of cement and wFCC
particles are 56.0 µm and 124.3 µm, respectively.
Two different sands were used: one unreactive sand (ur-s) and one reactive sand (r-s). The ur-s was a natural
siliceous sand normalized according to EN 196-1 standard (manufacturer: Société Nouvelle du Littoral, France).
The r-s was prepared from a pebblestone aggregate provided with minimum (d) and maximum (D) particle
dimensions of, respectively, 5.6 mm and 11.2 mm. This aggregate was crushed to obtain the grading specified in
the ASTM C 1260 standard for alkali reactivity test. After crushing and combining the different grades in the
required proportions, the properties of the resulting aggregate were determined according to EN 933-1 standard
(minimum particle dimension of 0.125 mm; maximum particle dimension of 4 mm; fineness modulus of 3.99).
In addition, an ASTM C 1260 test was conducted to assess its alkali reactivity. The alkali reactivity of the pebblestone was confirmed, as the expansion at 14 days was of 0.22% and, thus, higher than the 0.20% lower limit
for reactive aggregates specified in ASTM C 1260. Superplasticizer (SP) SikaPlast 898 and deionized water
were used in mortars preparation.

2.2. Mortar Mixtures Proportions
The experimental program included the preparation of two different series of mortar mixtures in which cement
was partially replaced with wFCC catalyst within the range of 5% to 15% (by mass) with an increment of 5%.
Plain cement mortars were also prepared as reference mortars. The main difference between the two series of
mortars consisted in the sand used in their preparation: one of the mortars series used the ur-s, whereas the other
series used the r-s in order to perform the ASR test.
Table 2 describes the mixtures proportions used in the mortars and discriminates the tests carried out with
each series of mortars.
Table 1. Bulk chemical composition of the cement and wFCC catalyst (%, by mass).
Binder

SiO2

Al2O3

Fe2O3

CaO

MgO

SO3

K2O

Na2O

Ti2O3

P2O5

Mn2O

SrO

LOI*

Cement

19.41

5.45

3.23

62.57

1.91

2.89

1.10

0.00

0.27

0.10

0.05

0.07

2.70

wFCC

39.59

52.81

0.55

0.09

0.19

0.23

0.04

0.68

0.82

0.06

0.00

0.00

1.49

*LOI—Loss on ignition.

Table 2. Mortars mixtures proportions and discrimination of performed tests.
Series of
mortars

Unreactive sand (ur-s)

Notation

Mixture
proportions1

C100

100

0

95

5

90

10

85

15

C90_wFCC10

0.5/3/1/0.005

ASR_C100

0.47/2.19/1

100

0

ASR_C95_wFCC5

0.49/2.19/1

95

5

ASR_C90_wFCC10

0.49/2.19/1

90

10

ASR_C85_wFCC15

0.51/2.19/1

85

15

1

Tests

wFCC

C95_wFCC5
C85_wFCC15

Reactive sand (r-s)

Binder (% by mass)
Cement





capillary water absorption
chloride migration
accelerated carbonation



alkali-silica reaction

Mixture proportions: for ur-s series of mortars corresponds to the w/ur-s/b/SP ratio (mass ratio of water (w) to unreactive sand (ur-s) to binder (b)
and to superplasticizer (SP)); and for r-s series of mortars corresponds to the w/r-s/b ratio: mass ratio of water (w) to reactive sand (r-s) to binder (b)).
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2.3. Methods

The capillary water absorption, chloride migration and resistance to accelerated carbonation tests were carried
out on us-r series of mortars and the alkali-silica reaction test was carried out on s-r series of mortars (Table 2).
The mortars were mixed according to the procedure described in the EN196-1 standard with an exception for the
previous mixture of the superplasticizer with water for us-r series of mortars.
The resistance to water absorption by capillary action was evaluated following the testing procedure described
in the EN 13057 standard. The procedure consisted in preparing three replicates of cylindrical specimens (∅100
× 25 mm) for each mortar mixture which were water cured for a period of 28 days. Thereafter, the specimens
were dried in an oven at 40˚C until reached a constant mass (defined as a weight change smaller than 0.2% in 2
hours). The measurements of water capillary absorption were carried out exposing one of the cylindrical faces of
each specimen to water. During the experiment, the depth of immersion of tested specimens face is 2 mm. The
water ingress was calculated by measuring the increase in the mass of a specimen at various testing periods,
namely, after 12 min, 30 min, 1 hour, 2 hours, 4 hours and 24 hours from its first contact with water. The
amount of water absorbed (kg) was normalized with respect to the cross sectional area of the specimens exposed
to water (m2).
The resistance to chloride penetration was evaluated following the testing procedure described in the NT
BUILD 492 standard. The procedure consists in preparing three replicates of cylindrical specimens (∅100 × 50
mm) for each mortar mixture which were water cured for a period of 28 days. The test steps were as follows: (i)
the specimens were vacuum soaked with a Ca(OH)2-saturated solution; and (ii) application of a 10 V electrical
potential that forces chloride ions from a 10% NaCl solution (catholyte) to migrate in to the specimens. After 24
hours, each specimen was axially split into two pieces and the freshly split surfaces were sprayed with 0.1 M
silver nitrate solution. After 20 minutes, the chloride migration depth as well as the thickness of each specimen
were measured.
The resistance to carbonation was evaluated through an accelerated carbonation test following the testing
procedure described in the EN 13295 standard. The procedure consisted in preparing three replicates of prismatic specimens (40 × 40 × 160 mm), for each mortar mixture, which were water cured for a period of 28 days followed by their cure in a chamber (Aralab Fitoclima S600) at a temperature of 21˚C and at a relative humidity of
60% for a period of 14 days. Thereafter, the specimens were kept inside the chamber exposed to an accelerated
carbonation environment of 5% CO 2. After 0, 18, 28, 56, 74 and 91 days of exposure to CO2, a slice of 15 - 20
mm thickness was broken off from each prism and the freshly broken surfaces were sprayed with 1% solution of
phenolphthalein. After 60 minutes of spraying the carbonation depth (dK) was measured (in accordance with EN
14630 standard).
The evaluation of the effect of wFCC catalyst on potential ASR was carried out on r-s series of mortars in
accordance with ASTM C1260-94 standard. Namely, this standard was followed for the test mortars proportioning as well as for mixing and molding procedure of the test specimens (three replicates of 25 × 25 × 285 mm
prisms for each mortar mixture). The only exception to the described procedure consisted in the water to binder
(w/b) ratio. In fact, although the standard specifies the use of a fixed water w/b ratio of 0.47, due to the high water absorption ability of the wFCC catalyst particles [15], it was adopted a constant flow value for all tested
mortars. As such, the flow value of the ASR_C100 mortar prepared with w/b ratio of 0.47 was assumed as the
reference value and the w/b ratios for the other mortars mixtures was adjusted in order to obtain the same flow.
The actual mixture proportioning of the mortars is included in Table 1.
Thereafter, the specimens were: (i) initially, cured in a moist cabinet (temperature 20˚C e RH70%) for 24 h;
(ii) unmolded, and (iii) cured immersed in water at 80˚C during 24 h. The length of the specimens was monitored at this point for reference (“zero reading”). Subsequently, specimens were immersed in a 1 N NaOH solution at 80˚C for a period of 28 days during which expansion was monitored.

3. Results and Discussion
3.1. Capillary Water Absorption
Figure 1 plots the water intake by capillary action on us-r series of mortars against the square root of the time of
immersion. The slope of the linear fit of these experimental results, for each mortar composition, provides the
capillary absorption coefficient, S (kg/m2·h0.5), presented in Table 3.
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1.8
Capillary Water Absorption (kg/m2)

1.6
1.4
1.2
1.0
0.8
0.6
0.4
0.2
0.0
0

1

2

3

4

5

Time (h0.5)
100C

95C_5FCC
95C_5wFCC

90C_10FCC
90C_10wFCC

85C_15FCC
85C_15wFCC

Figure 1. Water absorption by capillary action of mortars with 0% to 15% of cement replacement with wFCC
catalyst.
Table 3. Capillary absorption coefficient, S (kg/m2·h0.5) of mortars with 0% to 15% of cement replacement
with wFCC catalyst.
C100

C95_wFCC5

C90_wFCC10

C85_wFCC15

0.34

0.26

0.20

0.14

Capillary water absorption provides an indirect measure of the capillary pore volume and connectivity. Results presented in Figure 1 show that all the mortars incorporating wFCC catalyst exhibited lower water absorption than that of the reference plain cement mortar, C100. Moreover, increasing the wFCC content in the mortars
composition leads to a linear reduction in values of the capillary water absorption coefficients (Table 3) which
indicates a progressive increase in resistance to water absorption.
This revelation of lower capillary water absorption in cement based materials incorporating pozzolans is attributed to the formation of the pozzolanic reaction products C-A-S-H which lead both to the capillary pore-size
refinement and to the decrease in their interconnectivity [6]. The results are in good agreement with previous
studies using waste oil-cracking catalysts generated by other oil refineries [7] [20].

3.2. Chloride Migration
Table 4 presents chloride penetration depths, xd, obtained for us-r series of mortars as well as the non-steady
state chloride migration coefficients, Dnssm, computed using Equation (1), as described in NT BUILD 492.
=
Dnssm

0.0239 ( 273 + T ) L 
×  xd − 0.0238

(U − 2 ) t


( 273 + T ) Lxd
U −2






(1)

where: Dnssm is the non-steady state migration coefficient (×10−12 m2/s); U is the absolute value of the applied
voltage (V), in this case 10 V; T is the average value of the initial and final temperatures in the anolyte solution
(˚C); L is the measured values of specimen thickness (mm); xd is the average value of the penetration depths
(mm); t is the test duration (h), in this case 24 h.
The results included in Table 4 show that wFCC catalyst containing mortars have lower chloride penetration
depths and smaller migration coefficients compared to those of the reference mortar, C100, i.e. incorporation of
waste catalyst increases the chloride penetration resistance.
In addition, similarly to what was observed with the values of the capillary water absorption coefficients, in-
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creasing the wFCC content in the mortars composition leads to a linear reduction in Dnssm values. However, the
chloride migration is less affected by the densification of the blended cement pastes matrices promoted by the
pozzolanic reaction products than the water absorption by capillarity. In fact, the Dnssm ratios between plain cement mortar and the blended cement mortars with 5%, 10% and 15% of wFCC catalyst are, respectively, 1.08,
1.13 and 1.30 whereas the correspondent ratios for the capillary absorption coefficients are, respectively, 1.31,
1.70 and 2.43.
The increment on the chloride resistance penetration promoted by the waste catalysts generated in other oil
refineries have already been reported elsewhere [13] [20].

3.3. Resistance to Carbonation
The carbonation depths of the mortars of the us-r series of mortars after different time of exposure to an accelerated carbonation environment of 5% CO2 are represented in Figure 2.
Carbonation is a complex process that depends on several factors: environmental conditions such as CO2
concentration and humidity and on material characteristics like water to cement (w/c) ratio and type of cement.
Most of the prediction models of the carbonation process in cement based materials are based on Fick’s law for
diffusion as shown in Equation (2).
xC = k t

(2)

where: xC is the carbonation deep (mm), k is the carbonation coefficient and t is the exposure time (days) to the
CO2 environment.
However, the carbonation is not a steady state process, because as CO2 penetrates it can react with the cement
hydration products such as Ca(OH)2 and the hydrated calcium silicates (C-S-H), changing the microstructure of
the hardened cement paste. Therefore, the pore structure—size and connectivity—and the available carbonatable
compounds changes with time and, hence, the carbonation coefficient, k, is also a time dependent parameter.
Table 4. Chloride penetration depths, xd, and non-steady state chloride migration coefficients, Dnssm,
of mortars with 0% to 15% of cement replacement with wFCC catalyst.
C100

C95_wFCC5

C90_wFCC10

C85_wFCC15

xd (mm)

8.9

8.3

8.1

7.7

Dnssm(×10−12 m2/s)

10.6

9.8

9.4

8.2

12

Carbonation depth (mm)

10
8
6
4
2
0
0

10
C100

20

30

40

50
Time (days)

C95_wFCC5

60

C90_wFCC10

70

80

90

100

C85_wFCC15

Figure 2. Carbonation depths on us-r series of mortars at different CO2 exposure time (symbols:
correspond to experimental measured values; lines: correspond to fitting curves obtained from Equation (3) using the fitting parameters listed in Table 5).
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In order to accommodate the aforementioned additional complexity in the model and still keeping carbonation
coefficient as a time-independent parameter, the carbonation rate can be expressed by a power-law relationship
with time, tn (Equation (3)) in which the exponent, n, is an adjustable parameter that is able to be different of 0.5
(corresponding to the square root of time-diffusion of Equation (2)). This consists in a simple semi-empirical
approach to improve the predictions in carbonation deep owing to the larger number of degrees of freedom of
Equation (3) compared with that of Equation (2) [30] [31].
xC = kt n

(3)

The carbonation rate parameters estimated by fitting the carbonation depth experimental data to the Equation
(3) using the least-squares method are listed in the Table 5 and the corresponding fitting curves are represented
in the Figure 2.
The results included in Figure 2 reveal that the wFCC cement blended mortars are more susceptible to carbonation than plain cement mortar, C100. These results are in agreement with typical results obtained in mortars
with cement partially replaced with pozzolans [32] namely, with wFCC catalyst generated by other oil refineries
[20] [33]. The presence of the pozzolans resulting in faster carbonation indicate that the reduction of the content
of Ca(OH)2 in the cement paste matrix (consumed in the pozzolanic reaction) is not compensated by the denser
structure produced by the additional pozzolanic reaction products, C-A-S-H. The increase of curing period or the
decrease of w/c ratio [33] can approach the pozzolanic blended cement mortars behavior to that of the plain cement mortars.
Equation (3) considering the estimation of both kinetics parameters—carbonation coefficient and exponent of
the time dependence—revealed to be a good-fitting model to express the carbonation rate since the fitted curves
are in very good agreement with the corresponding experimental data (Figure 2). Results included in Table 5
show that the empirical exponent values, n, of the time dependence value may be either higher or lower than the
usually adopted value of 0.5 (Equation (2)). Furthermore, the value of n steadily increases with the wFCC catalyst incorporation in the binder whereas the carbonation coefficient, k, tends to decrease. In addition, the estimated n values lie within the range of 0.4 to 0.6 in accordance with the values obtained in studies carried out on
fly-ashes blended cement concretes [30] [31].

3.4. Alkali-Silica Reaction
The expansion results of the alkali-silica reactivity testing carried out in the r-s series of mortars are represented
in Figure 3.
These results show that the presence of wFCC catalyst in the blended mortars leads to a reduction in the ASR
expansion when compared with that of C100, the reference mortar. In fact, the average value of expansion of the
reference specimen (C100) after 14 days of exposure to the alkali solution was 0.284% and after 28 days of exposure was 0.435%. For mortars with 5%, 10% and 15% of wFCC incorporation, the expansion values after 14
days of exposure to the alkali solution were, respectively, 0.204%, 0.165% and 0.153% and the expansion after
28 days were, respectively, 0.328%, 0.259%, and 0.233%. Therefore, the results show that the presence of the
waste catalyst in the binder significantly contribute for the mitigation of ASR expansion of around 25% for the
ASR_wFCC5, 40% for the ASR_wFCC10 and 46% for the ASR_wFCC15.
The effect of the wFCC catalyst presence in controlling the ASR occurrence was expected because the most
active phase of the wFCC catalysts is the Y-zeolite which is an aluminosilicate with a crystalline structure consisting of a tri-dimensional network of tunnels and cages with a very specific surface area (SSA). In the case of
the waste catalyst under study the SSA is of 150 000 m2/kg (Section 2.1). This property, in addition with the
high cation adsorption capacity of the Y-zeolite [34] [35] make the wFCC catalyst a good adsorbent for trapping
Table 5. Carbonation rate parameters of us-r series of mortars estimated by fitting the carbonation depth experimental data to
the Equation (3) using the least-squares method.
C100

C95_wFCC5

C90_wFCC10

C85_wFCC15

k (mm/dn)

0.92

0.80

0.82

0.73

n

0.40

0.48

0.53

0.60
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0.45
0.40
0.35

Expansion (%)

0.30
0.25
0.20
0.15
0.10
0.05
0.00
0

ASR_C100

5

10

15
Time (days)

ASR_C95_wFCC5

20

ASR_C90_wFCC10

25

30

ASR_C85_wFCC15

Figure 3. Expansion due to ASR on s-r series of mortars after different time of immersion in 1 N NaOH solution.

alkalis. Therefore, the wFCC catalyst incorporated in cement matrices adsorbs part of the alkalis present and, as
consequence, mitigates the deleterious expansion due to the ASR.
Moreover, the aforementioned increasing resistance to water penetration promoted by the wFCC catalyst
(Section 3.1) also concurs for the reduction of ASR occurrence since the presence of water is an essential condition to favour this reaction.
In addition to zeolite-based materials [36], the partial cement replacement with pozzolanic materials is, typically, one of the most effective methods in controlling ASR [36]-[38].

4. Conclusions
This study examines durability parameters of mortars with up to 15%, by mass, of cement replacement with
wFCC catalyst. The following main conclusions can be drawn from the experimental results presented in this
paper:
• wFCC catalyst incorporation in cement mortars improves the resistance against both to water absorption and
to chloride migration compared to the plain cement control mortar;
• the values of both capillary absorption coefficients and chloride migration coefficients decrease linearly with
the increase in wFCC catalyst content in the mortars but the reduction is more pronounced for chloride migration coefficient values;
• the wFCC catalyst incorporation in cement mortars leads to a decrease in the resistance to the CO2 inward
diffusion which lead both to an increase in the carbonation depth and rate;
• carbonation rate data obey to a power-law relationship with time, tn, in which the exponential factor, n, lies
in the range of 0.40 to 0.60 and increases with the wFCC catalyst content in the mortars;
• increasing the wFCC catalyst content in the mortars mitigates the ASR expansion within the range of 25 to
46%. This behavior is attributed to the high ability of the wFCC catalyst particles to trap the alkali-ions reducing their availability to participate in the reaction with the aggregates.
In brief, this investigation revealed that the incorporation of wFCC catalyst in mortars improve durability parameters in terms of water absorption resistance, chloride migration resistance and ASR expansion. However,
under the adopted experimental conditions, this waste presence lead to a decrease in mortars resistance against
carbonation As such, deeper studies should be undertaken aiming to optimize the mortars mixture proportions,
namely water-to-binder ratio, as well as the curing time period and conditions that minimize or overcome this
weakness.
Therefore, beyond the significant environmental and technological benefits of using wFCC catalyst as a poz-
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zolanic material, the present study confirms that this material is also promising with respect to mortars durability.
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