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The durability of new binders in construction is one of the keys for further applications. The acid attack resis-
tance of alkali-activated mortars (AAMs) was tested. A test proposal was developed, and the selected AAMs
(precursors: blastfurnace slag, vitreous calcium silicoaluminate, fly ash and spent FCC catalyst) were analyzed in
terms of acid neutralization capacity (ANC), mass loss at a constant pH= 2, and mass loss of the cubes immersed
in 1 molar nitric acid solution. The results were compared to the mortars prepared with ordinary Portland
cement. The ANC values were generally higher when the calcium content of the binder increased. The attacked

mortars were characterized by thermogravimetry and microscopy techniques. The proposed test, based on three
complementary experiments, allows the analysis of AAMs stability and the identification of more resistant sys-

tems to acid attack.

1. Introduction

Current construction needs require large amounts of binders with
good physico-mechanical performance and the slightest possible envi-
ronmental impact. today, alkali-activated binders (AABs) are one of the
best possible options.

Alkali-activated binders, also called geopolymers by some authors,
are composed of an aluminosilicate raw material (precursor) in an
amorphous state and a highly concentrated alkaline activator (usually
alkali silicate-hydroxide solution). The reaction yields a three-
dimensional inorganic polymer network (N-A-S-H gel, or is alternately
mixed with C-A-S-H gel when calcium is present in the system), which
contributes to the high compressive strength of the hardened product
[11.

Traditionally, AABs are prepared from metakaolin (MK), fly ash (FA)
or ground granulated blast-furnace slag (GGBS) as aluminosilicate-
source materials [2,3]. The use of waste in AAB systems has several
advantages. First, it provides a sustainable solution for disposing of
waste material that would otherwise be sent to landfills. Second, it re-
duces the need to produce Portland cement, which is a significant source
of carbon dioxide emissions.

Research [4,5] has shown that the properties of the AABs made with
FA can be affected by factors like the type and amount of employed
activator, curing temperature and time, and the particle size and
chemical composition of FA. Therefore, optimizing the production
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process is important for obtaining the desired properties. The FA/acti-
vator mixture is heated and allowed to react, which leads to the for-
mation of N-A-S-H (sodium aluminosilicate hydrate) gel [6]. This gel can
have a three-dimensional gel-like structure, which typically comprises
similar chains of linked tetrahedral units to the structure of zeolites. The
exact gel structure can vary depending on the specific FA composition,
the type and concentration of the alkali activator, and the reaction
conditions [7].

GGBS can be easily activated because it possesses hydraulic reac-
tivity. A low concentration of NaOH and/or sodium silicate is usually
required for good GGBS activation [8]. The C-A-S-H (calcium alumino-
silicate hydrate) gel formed from the activation of blast furnace slag in
AABs is similar to the C-S-H (calcium silicate hydrate) gel that is pro-
duced in Portland cement-based materials. However, the C-A-S-H gel
contains a higher proportion of aluminum and has a slightly different
atom arrangement structure than the C-S-H gel. The C-A-S-H gel is
formed by the reaction among the calcium, silicon and aluminum oxides
present in the blast furnace slag and the alkaline activator. The alkaline
activator provides the necessary hydroxide ions to initiate the reaction
and promotes blast furnace slag dissolution [9].

There are many examples of geopolymers prepared from various
industrial or agricultural byproducts or waste materials. For example,
Tashima et al. [10] developed a new geopolymeric binder based on fluid
catalytic cracking catalyst residue (FCC). They obtained a compressive
strength of 68 MPa for a mortar with a 1.19 SiO3/Nay0 molar ratio (in
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Table 1

Chemical composition of the employed materials (*LOIL Loss on ignition).
Oxide (%) CaO SiOy Al,O3 Fe,03 MgO SO3 NaO K>O Other Lor*
OPC 63.98 18.54 3.74 2.78 2.14 4.41 0.37 1.11 0.96 1.95
GGBS 40.15 29.89 10.55 1.29 7.43 1.93 0.87 0.57 1.15 —
VCAS 23.51 57.90 12.92 0.47 2.88 — 0.74 0.13 1.20 0.25
FA 3.84 49.91 25.80 13.94 1.06 1.00 — 2.47 — 1.97
FCC 0.11 47.76 49.26 0.60 0.17 0.02 0.31 0.02 1.23 0.51

the activator reagent) cured for 3 days at 65 °C. The same authors
proposed vitreous calcium aluminosilicate (VCAS) derived from glass
fiber waste to act as the precursor to prepare an AAB, which provides
compressive strength close to 89 MPa after curing 360 days at room
temperature [11].

One fundamental aspect of using these binders is their durability,
specifically in acidic environments. Binders based on Portland cement
clinker normally well resist acidic environments [12]. Geopolymeric
concretes must be able to maintain their properties against the possible
attacks of external agents, such as acids, alkalis, chlorides, sulfates, at-
mospheric CO5, among others. Specifically acid attack on concrete can
occur in various scenarios, as in industrial or agricultural environments,
and also in urban activity. Ordinary Portland cement- (OPC) based
materials are very susceptible to being attacked by acids due to their
high calcium content and the significant solubility of portlandite, Ca
(OH)y [13]. The acid neutralization capacity of OPC at pH 6 is 18
mmol/g [14], but is lower for blended cements (e.g. 10 mmol/g for the
blast furnace slag/OPC 1:4 system). Calcium aluminate cement (CAC)
and high ye’elimite calcium sulfoaluminate cement (CSA-HY) hydrates
are more reactive to acid: Damion and Chaunsali [15] demonstrated that
the mass loss and consumed sulfuric acids for these hydrated pastes were
significantly higher than that for OPC. However, CSA-HY and CAC
performed better than OPC with citric acid at pH 3, probably due to the
presence of portlandite in hydrated OPC.

Numerous studies confirm that geopolymers are more resistant to
acid attack than OPC [16,17]. Mass loss and strength loss are the pa-
rameters that are commonly used to determine durability after
immersing mortar or concrete specimens in acidic solutions. Malli-
karjuna and Kireety [18] studied the behavior of GGBS+FA geopolymer
mortars during attacks with sulfuric and nitric acids. They concluded
that the tested mortars were less resistant to sulfuric acid than to nitric
acid, and the most resistant was that containing only FA. The calcium
content of a binder seems fundamental for its behavior against acids: the
higher the calcium content, the less durability [17,18].

The same conclusion was reached by Mellado et al. [19], who
determined the acid neutralization capacity (ANC) of powdered samples
of OPC pastes and geopolymer pastes synthesized from GGBS, FA, FCC
and ceramic waste (CW) as precursors. They generally observed that the
ANC values were directly related to the calcium content of samples, and
the same trend was noted for the mass loss of the monolithic paste
samples immersed in nitric acid at pH 2.

A study [20] that compared the resistance of FA-based geopolymers
against the action of H,SO4 and HNOg revealed that the mortar structure
remained intact after coming into contact with HoSO4, while the HNO3
solution slightly yellowed. In addition, the specimens with a lower Nay,O
content lost their alkalinity more quickly than those with higher NayO
contents in both attack types.

Lloyd et al. considered that the commonly used mass loss measure to
determine resistance to acid attack in mortars was insufficient for
showing their behavior in a "real environment", and could even lead to
systematic errors [21]. The authors claimed that corroded depth was a
more sensitive and accurate measurement, and provided more appro-
priate information about mortars’ behavior against acid attacks.

Many of the previous studies on the ANC of cementing systems have
been carried out on pastes. In the present study, the influence of sand in
terms of the acid resistance of cementitious systems was analyzed.

Analysis of the presence of additional interfaces (sand/paste) contrib-
utes to our understanding of the durability of alkali-activated systems.
The studied mortars are related to either some microconcretes with
quartz as a microaggregate or durable concretes for slabs designed for
acidic environments in industrial structures. This paper presents a study
of behavior against acid attack by HNO3 under the different conditions
of the selected alkali-activated mortars (AAMs) prepared from GGBS,
VCAS, FA and spent fluid catalytic cracking catalyst of petroleum (FCC).
Different methods were tested to assess the durability of these mortars in
drastic acid attack situations and to make a comparison to the OPC
control sample. First, the powdered samples of the prepared mortars
were left at controlled 7, 4 and 2 pH values to calculate their ANC ac-
cording to the specifications of Standard EA NEN 7371: 2004 [22]. After
this test, adjusted modeling equations were obtained and proposed to
analyze ANC versus time to predict mortars’ behavior against acid
attack. A thermogravimetric analysis (TGA) characterization of the
attacked samples was also carried out. Additionally, variation in the
mass versus time of mortar sheets was recorded by leaving them
immersed in HNOg solutions at a constant pH 2. In this case, adjusted
modeling equations were also obtained to describe the mass loss evo-
lution versus time for these mortars. Optical microscopy and field
emission scanning electron microscopy (FESEM) characterizations were
also done on the attacked samples. Finally, another test was carried out
by immersing cubic mortar specimens in HNOj3 solutions at pH 0 and
recording both the mass variation of specimens and pH variation of the
solution versus time.

2. Experimental section
2.1. Materials and apparatus

Table 1 shows the chemical composition of the OPC and raw mate-
rials used as the precursors of AABs (determined by X-ray fluorescence).
OPC and GGBS were supplied by Cementval (Puerto de Sagunto, Spain),
VCAS by Vitrominerals (Tennessee, USA), FA by Balalva (Onda, Spain)
and FCC by BP Oil (Grao de Castelldn, Spain). The density (g~cm_3) and
fineness (mean particle diameter) of precursors were: OPC (3.15
g-em3and 17 pm), GGBS (2.87 g-cm > and 26 pm), VCAS (2.61
g-em 3and 12 pm), FA (2.69 g-cm Sand 21 um), and FCC (2.48
g-cm2and 17 um) To prepare the mortar specimens, siliceous sand was
used, which complied with the specifications of Standard UNE-EN
196-1. Sodium hydroxide pellets (98% purity, supplied by Panreac SA
Spain) and sodium silicate solution (water glass; 28% SiO, 8% NayO
and 64% H50, provided by Merck-Spain) were employed to prepare the
activating solutions. Nitric acid (65% purity; supplied by Panreac SA,
Spain) was utilized to prepare the attacking solutions.

ANGCs (at pH 7, 4 and 2) and the mass loss versus time (at a constant
pH of 2) studies were conducted in an 805 Dosimat Plus automatic
titration system (from Metrohm) coupled to a Delta-DO9765T pH
transmitter (from LabProcess).

The TGA characterization of samples after the ANC test was done in a
TGA 850 Mettler-Toledo thermobalance using sealed and pin-holed 100
pL-aluminum crucibles in a nitrogen atmosphere within the 35-600 °C
range at the 10 °C/min heating rate, and were compared to the corre-
sponding unattacked samples.

The deterioration of the surface and subsurface regions of the mortar
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Table 2
Mix compositions of the alkali-activated mortars (*SiO,/Na,O is the molar ratio
in the activating solutions).

Alkali- Water/ [Na*] (mol/ Si0y/ Water glass/
activated precursor ratio kg of NaO precursor ratio
mortar (g/8) solvent) (mol/mol) (g/8)

GGBS 0.40 7 1.56 0.469

VCAS 0.40 10 0.0 0

FA 0.40 13 1.12 0.625

FCC 0.45 10 1.17 0.563

sheets after immersion in HNO3 solution at a constant pH of 2 for 120 h
was studied by optical microscopy (Leica MZ APO) and FESEM (Jeol
JSM-6300, the Aztec 3.3 SP1 software).

2.2. Preparing specimens

To prepare the OPC mortar samples, the sand/cement ratio was set at
3 and the water/binder ratio at 0.5. Mortar specimens (40 x40x160
mm?) and (40 x40 x40 mm?) were cured at 23 + 2 °C at high relative
humidity (RH ~ 100%) for 28 days.

The activating solutions were prepared at least 1 h in advance and
were left to cool to room temperature prior to use. Then they were mixed
with precursors and sand to prepare mortars with a sand/precursor ratio
of 3. Table 2 summarizes the composition of the prepared AAMs. The
GGBS and FCC mortars were cured in the same way as the OPC mortars,
while the VCAS and FA specimens underwent a previous curing process
at 65 + 2 °C (RH ~ 100%) for 7 days before being placed inside the
humid chamber (23 + 2 °C; RH ~ 100%) for a 21-day period until 28
curing days.

2.3. Testing samples

For the ANC tests, mortar fragments were ground in an agate mortar,
sieved to a particle size of < 125 ym and dried at 65 °C for 2 h. After
cooling in a dried atmosphere, 1 g was weighed, placed in a beaker and
50 mL of deionized water were added to it. The sample was maintained
in suspension with the help of a magnetic stirring device with the rod
spinning at 300 rpm. After 10 min of stirring, the test started by adding
HNO3 solution (1 M) from the dosimeter at a flow rate of 4 mL/min until
PH reached the selected value of 7, 4 or 2. The added HNOj3 solution

12,0
11,0

10,0
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volume of versus time was recorded until pH remained constant for
longer than 15 min with no acid addition by means of the automatic
titration system. All the tests were carried out in triplicate. The total
number of measured ANC curves was 45 (5 mortars x 3 tested pH values
x 3 repetitions). After finishing tests, the resulting suspensions were then
filtered at low pressure with paper filters (11 um pore size). The
resulting solid was analyzed by TGA.

The mass loss of mortars versus reaction time was performed with the
same device used in the ANC studies. Mortar sheets of 40 x 40x10 mm?®
were obtained from the monolithic specimens of 40 x 40x160 mm®.
Sheets were suspended in 200 mL of deionized water with the help of a
fishing line to allow liquid to surround them on all sides. pH was allowed
to remain constant at 2 by adding HNO3 (1 M) solution from the
dosimeter. At the predetermined times, sheets were removed from so-
lution and weighed. The added acid volume was also recorded versus
time. The assay duration was 120 h per mortar type and was carried out
in duplicate. Then the attacked mortars of the freshly fractured speci-
mens were examined by optical microscopy and immediately revealed
with phenolphthalein to observe the acid attack front. Finally, FESEM
studies were carried out on the samples impregnated with epoxy resin,
cut, polished and coated with carbon. Elemental mappings (EDS) of the
polished cross-sections were also performed.

Studies on the mass loss of the cubic specimens (40 x40x40 mrn3) at
an initial pH of 0 were done by immersing six samples in 2.5 L of HNO3
solution (1 M) and recording their mass variation and the pH variation in
the solution versus the reaction time. Specimens were placed inside a
suitable container supported on glass rods to allow so they were all
completely immersed and surrounded by liquid on all sides. At the
predetermined times, cubes were removed from solution and weighed.
The pH value of solution was also recorded. The test lasted up to 60 days.
After this time, specimens compressive strength was measured and
compared to the compressive strength for the pristine mortars ( a me-
chanical strength test was performed in an universal test machine
following the procedures described in Standard UNE-EN 196-1, using
six cubes per measurement).

3. Results and Discussion
3.1. ANC studies

By way of example, the experimental ANC test results (expressed as
mmol of H™ per gram of mortar) for the OPC and VCAS mortars at pH 7,

90
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I
5
g 7,0
E
(6]
> 6,0
<
5,0
. -A-pH2 (1) —pH2(2) -e-pH2(3)
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Fig. 1. ANC results for OPC at pH 2, pH 4 and pH 7 (three curves are represented because the test was done in triplicate).
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Fig. 2. ANC results for VCAS at pH 2, pH 4 and pH 7 (three curves are represented because the test was done in triplicate).
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Fig. 3. ANC results for the OPC and alkali-activated mortars at pH 7, 4 and 2
(the %CaO content in binders is also shown).

4 and 2 are shown in Fig. 1 and Fig. 2.

For pH 2, the stabilization time was always shorter than 20 min. For
pH 4 and 7, a time longer than 90 min for OPC, 80 min for GGBS, 70 min
for VCAS, and 25 min for the FA and the FCC samples, were required.

Fig. 3 shows not only the average final values of the three ANC
(expressed as mmol of H' per gram of mortar) tests per sample, but also
the % CaO content of the binders used to prepare mortars.

For each binder type, the ANC values were higher at pH 2 than at pH
4, and these were higher than at pH 7. This is logical because more acid
was required to neutralize the alkalinity of the initial medium (pH > 12)
and to reach a lower pH value. It was also noted that, except for FCC at
pH 2 and 4, the ANC values correlated proportionally to the calcium
content in the binder. The OPC mortars consumed the biggest acid
volume.

The ANC values for the OPC samples were 7.83, 9.06 and
11.16 mmol H'/g for pH 7, 4 and 2, respectively. Portlandites high
solubility, and the presence of the largest quantities of hydrated
calcium-based products (silicates and aluminates), were responsible for
this samples least resistance to acid attack.

The GGBS mortars had an ANC value at pH 7 (3.71), which was much
lower than that of OPC, and the same behavior was observed at pH 4
(6.13). At pH 2, the value was similar: 10.61 mmol H*/g of mortar.

Table 3
Experimental results of ANC and the parameters of the fitting equations of ANC
versus time (R2 is the determination coefficient).

Mortar pH  Final ANC Yo Ay t Ay ty R?
(mmol HT/
g)
OPC 4 9.06 9.02 -9.25 1.47 -2.92 19.46  0.99
7 7.83 7.74 278 2859 -414 194 0.97
GGBS 4 6.13 6.21 -1.95 40.82 -1.81 286 1.00
7 3.71 371 -1.80 1.08 -1.36 16.95  0.99
VCAS 4 3.39 340 -1.23 2071 -1.27 1.24 0.98
7 2.51 2.73 -0.50 3.79 -1.31 55.26 1.00
FA 4 1.75 1.79 -092 0.44 -0.30 5.75 0.99
7 1.09 1.15 -0.28 11.54 — — 0.95
FCC 4 1.83 1.86 -0.47 6.56 -1.24 0.47 0.99
7 0.69 0.69 — — — — 1.00

These results demonstrate that the resistance to acid attack for the
extreme conditions (pH 2) of both binders (OPC and GGBFS) was
similar, while the hydration product of GGBS (C-A-S-H gel) was more
resistant than that in the OPC system (C-S-H) under softer conditions
(pH 4 and 7).

At pH 7, the VCAS, FA and FCC mortars followed the general trend:
less calcium content and a lower value for the resulting ANC. However,
FCC provided an abnormally high value of 7.03 mmol H'/g at pH 2. We
attributed this anomalous behavior to the N-A-S-H gel that formed
during FCC hydration when decomposing after this intense acid attack.
However in VCAS and FA (also with low calcium contents), the N-A-S-H
gel remained stable, perhaps due to the different water/binder ratio
used to prepare them: the FCC mortar was more susceptible to a very
high acidic medium compared to the FA mortar (0.40 water/binder
ratio). Such behavior was attributed to the higher water/binder ratio
used to prepare the FCC-based mixture (0.45, see Table 2). Then with the
OriginPro8 program (© OriginLab Corporation, Northampton, Massa-
chusetts, USA), a fit equation was obtained for ANC versus the time
curves at pH 7 and 4 of the tested materials (at pH 2, there was no fit
because of the few experimental points for some systems). The equation
that was best fitted to describe the ANC behavior of mortars versus time
is as follows:

y=yo+Ae™" +Ae /"

where y is ANC expressed as mmol H'/g and x is the test time in
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Fig. 4. Fitting curves of ANC versus time at (a) pH 7 and (b) pH 4.

minutes. Table 3 shows the values of the parameters corresponding to
these curves for the mortars tested at pH 4 and 7. The shape of these
curves is depicted n Fig. 4.

3.2. Thermal analysis

After finishing the ANC tests, the resulting suspensions were then
filtered at low pressure. The resulting solids were washed with acetone
and dried at 65 °C for 1 h. They were submitted to a TGA and compared
to the corresponding unattacked samples.

Fig. 5a represents the first derivative (DTG) curves for the OPC
mortars. Three main zones can be identified on the DTG curve corre-
sponding to the control sample: the first one (centered at 150 °C) is
attributable to the overlapped peaks of C-S-H and ettringite de-
hydrations; the second one (centered at 220 °C) corresponds to the
dehydration of aluminates (C-A-H) and/or silicoaluminates (C-A-S-H);
the third one (centered at 555 °C) is due to portlandite decomposition
(loss of water). The total mass loss was 9.96% for this sample. After acid
attack, the magnitude of all the peaks for samples lowered. In addition,
the peak corresponding to CSH decomposition moved toward a lower
temperature with a drop in pH. The peak at 555 °C was slight at pH 7
and practically disappeared at pH 4 and 2, which indicates that por-
tlandite was completely leached during tests and C-S-H was partially
decomposed, but more intensely when pH lowered.

The DTG curves for the GGBS mortars appear in Fig. 5b. The fact that
no peak corresponded to portlandite on all the curves was remarkable
(the peak at 580 °C for the sample treated at pH 2 was attributed to the
carbonation products [23] that formed while handling the powdered
sample). The peak related to C-S-H/C-A-S-H also moved toward lower
temperatures, which suggests that this cementing phase was strongly
affected by acid attack.

Fig. 5¢c shows the DTG curves for the VCAS sample, whose behavior
was similar to GGBS, but the peak related to C-S-H (probably a mixture
with N-A-S-H/C-A-S-H) was more marked at pH 4, which indicates the
greater stability of these cementing phases.

The same peak centered at 150 °C is seen in Fig. 5d for the FA
sample. In this case however it is worth mentioning the lower TGA mass
loss values at pH 7 (5.10%) and pH 4 (5.79%) than in the other samples.
Given the precursors nature, the main formed hydrate was N-A-S-H [1].
In addition, the TGA mass loss at pH 2 was 3.85%, which was higher
than in the previous samples. These results show the great stability of the
N-A-S-H gel in the FA sample against acid attack, which remained after
leaching at pH 2.

Finally, the DTG curves for the FCC mortars can be seen in Fig. Se.
this samples behavior against acid attack was similar to FA, and a peak
was observed at 150 °C. It was attributed to the presence of N-A-S-H at
pH 7 and 4. However for the pH 2 test, (the most drastic condition), the
N-A-S-H gel had completely decomposed, which is in accordance with
ANC behavior.

To conclude, at pH 7 and 4 we can affirm for all the tested mortars
that the first DTG peak moved to values lower than 150 °C because
under these acid conditions, hydration products partially disintegrated
and silica/alumina gels with significant water content were produced.
Water molecules were weakly bound to the amorphous SiO3/Al,03
structure, which caused their evaporation at a lower heating tempera-
ture. Except for FA, the DTG curves for the attacked samples at pH 2
reflected that the main hydration products had almost completely
decomposed.

3.3. Studies into mass loss versus consumed acid at pH 2

Mass loss and consumed acid were monitored for 120 h for each
monolithic mortar specimen (40x40x10 mm?® in size). pH was left
constant at 2 by adding 1 M HNOs solution from the dosimeter. At the
predetermined times, sheets were removed from solution and weighed.
An added volume of acid was recorded versus the reaction time.

As in the previous ANC studies, fit equations were obtained for mass
(as %) versus time (as h), and for the HNO3 added volume (as mL) versus
time (as h). The equation that was best fitted to describe the behavior of
mortars is as follows:

y=a-+bx*

where y is mass (%) or the HNO3 added volume (mL) and x is the test
time (h).

Table 4 shows the experimental final values of mass (%), the HNO3
added volume (mL), and the parameters corresponding to these fitted
curves. The shape of these curves appears in Fig. 6 and Fig. 7.

The greatest mass loss and the largest HNO3 added volume corre-
sponded to the OPC system (2.54% and 42.95 mL, respectively), with
the lowest values for FA (0.91% mass loss and 17.10 mL of added acid)
when the test ended. GGBS behaved similarly to OPC, but consumed a
slightly smaller HNO3 volume (34.29 mL) and its mass loss was slightly
less (2.10%). The mass loss for VCAS and FCC was 1.5% and 1.4%,
respectively, and the HNO3; added volumes were 19.82 mL and
24.45 mL, respectively.

When looking at the results obtained in this study, a certain corre-
lation between the calcium content of the binder and acid attack resis-
tance apparently appeared, except for FCC. This could be because the
formed N-A-S-H gel (FCC cannot form C-A-S-H, because this precursor
does not contain calcium) was unstable against highly acidic media. FA
also forms N-A-S-H gel, but the presence of a certain amount of calcium
or iron possibly favors the chemical stabilization of gel [24].

3.4. Optical microscopy studies
Fig. 8 shows the photographs obtained by optical microscopy of the

surface and of cross-section of the tested mortars (after 120 h of acid
attack at pH 2). The newly obtained cross-sections were sprayed with
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Fig. 5. DTG curves for the unattacked and attacked mortars: a) OPC; b) GGBS;
¢) VCAS; d) FA; e) FCC.

Table 4
Experimental results of mass (%) and the HNO3 added volume and parameters
of the fitting equations versus time (R2 is the determination coefficient).

Material ~ Mass HNOj3 volume a b c R?
(%) (mL)
OPC 97.46 - 100.33 -0.327 0.453 0.9935
- 42.95 0 4.972 0.4504  0.9985
GGBS 97.90 - 0 100.028 -0.0045 1.00
- 34.29 0 5.633 0.377 0.9917
VCAS 98.50 - 100.45 -0.593 0.249 0.9819
- 19.82 0 3.400 0.368 0.9979
FA 99.09 - 100.07 -0.056 0.598 0.9007
- 17.10 0 4.229 0.292 0.9746
FCC 98.60 - 0 100.40 -0.0038  0.9915
- 24.45 -19.57 21.976 0.154 0.9925
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Fig. 6. Fitting curves of mass versus time for the mortars immersed in HNO3
solution at a constant pH of 2.
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Fig. 7. Fitting curves of the HNO3 added volume versus time for the mortars
immersed in HNOj solution at a constant pH of 2.

phenolphthalein solution to visualize the degree of acid attack
penetration.

The surface of the OPC specimen (Fig. 8a) showed areas attacked by
the acid (light brown due to iron oxide precipitation) corresponding to
the binder. Loss of paste was observed and the aggregate crumbled when
handled. On the cross-section of this mortar, the attack front was less
than 1 mm, which left the inside of the sample intact.

The surface of the GGBS sample (Fig. 8b) displayed some micro-
cracks due to paste degradation, but its texture was more compact than
that of the OPC mortar and it was not light brown (due to its low iron
content). On the cross-section, there was no significant acid attack front.

The VCAS sample did not display any acid attack front on its cross-
section (Fig. 8c), but the external face had a well-defined network of
cracks of varying dimensions, some of which were 0.5 mm long. Most of
the cementing phase remained among sand particles.

The FA surface (Fig. 8d) showed a network of longer cracks than
those observed for the VCAS mortar (even 1 mm), but were much
thinner and looked quite compact. Internally, there was no appreciable
attack to exposure at pH 2. No significant loss of cementing phase was
observed, which agrees with the results of the ANC values and the mass
loss analysis.

Finally, the appearance of the attacked surface in the FCC sample
(Fig. 8e) was similar to VCAS, but with fewer cracks that were longer
(1 mm long). In this case, the acidic medium caused paste to shrink,
which was when cracks formed. For this sample, there was no evidence
for acid attack on the cross-section.

We conclude from this study that acid did not penetrate too much
(except for OPC) into cementitious matrices, probably due to the short
test time and the presence of the siliceous aggregate that did not allow
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Fig. 8. Photographs taken by optical microscopy of (a) OPC, (b) GGBS, (c) VCAS, (d) FA and (e) FCC from the surface (left column) and a cross-section (right column)
of the monolithic specimens attacked by HNO3 at pH 2 for 120 h.

aggregate corrosion to considerably progress. samples. The elementary mappings (oxygen was omitted for the calcu-
lated percentages. Only Ca, Si, Al and Na were considered) on the pol-
ished mortar cross-sections of these samples are shown in Fig. 9 and
3.5. FESEM studies Fig. 10.

The OPC profile showed (Fig. 9) aggregate particles (sand) and the Si
This study was conducted only on the attacked OPC and FCC
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Fig. 10. Chemical elements profile (only Na, Al and Si) for the FCC mortar
(monolithic mortar specimen attacked by HNO3 at pH 2 for 120 h).

percentage was maximum, while the Ca percentage range was 60-90%
and the Si range was 10-40% when there was paste. These values
demonstrated the presence of the C-S-H gel. Attack slightly progressed
minor, c.a. 900 pm (the zone in Fig. 9 where Ca came close to 0%, and
the main element was Si from the aggregate or silica gel formed by C-S-H
decomposition via Ca leaching). Within 1000-1500 um range from the
surface, at some points Si was 100% due to the presence of quartz
particles.

Al Si and Na can be seen on the FCC profile (Fig. 10),. This means
that the N-A-S-H gel was present in the paste surrounding the aggregate
particles, while lack of Al and Na and the maximum Si percentages imply
the presence of aggregates. Along the analyzed profile, the positive
values for the three chemical elements appear together, which suggests
that the N-A-S-H gel was not attacked by acid, and Na was not leached
from the gel. De-alumination and dealkalination processes did not take
place under these conditions, unlike what Wang et al. [25] reported
under stronger conditions for N-A-S-H.

3.6. Mass loss studies for the mortars immersed in nitric acid (initial
concentration of 1 M)

In this study, the remaining mass behavior of the mortar specimens

Table 5
Experimental results of the remaining mass of the cubic specimens (%) and
parameters of fitting equations versus time (R2 is the determination coefficient).

Material ~ Remaining mass at the end the test (%) a b R?

OPC 90.6 -1.924  96.082  0.9989
GGBS 93.3 -0.922  95.656  0.9939
VCAS 89.3 -1.325 94531  0.9883
FA 96.2 -0.747  99.362  0.9887
FCC 61.6 -3.497 72785  0.9582

exposed to a very aggressive environment was analyzed. The cubic
specimens were immersed in 1 M HNOs solution (initial theoretical pH
of 0). The mass variation of specimens and the pH of solution were
recorded over time. Six samples were tested per mortar type, which gave
the corresponding average values of the remaining mass (as a %) and
pH. As in previous studies, a fit equation for mass (in %) versus time
(days) was obtained. The equation that best fitted to describe the
behavior of mortars is as follows:

y=ualnx+b

where y is mass (in %) and x is the test time (days). Table 5 shows the
final experimental values of the remaining mass (%) and the parameters
corresponding to these fitted curves.

Fig. 11 depicts the corresponding curves for the mass variations
versus time for the tested mortars. Fig. 12 shows the variation in pH of
solution versus time.

As seen in Fig.- 11, the mortar that underwent the most mass loss
was FCC: 25% of its mass ws lost during the first 24 h of testing, which
was a much higher percentage than those corresponding to the other
mortars. This matches previous results, which found that when the pH of
the medium dropped, FCC displayed worse behavior. This indicates that
its hydration products lost stability as the acidic conditions of the me-
dium increased. The mortar with the least mass loss was FA, with only
3.8% at the end of the test.

Fig. 12 shows the variation in pH versus the test time of the analyzed
materials. It was noteworthy that OPC obtained the highest final pH
value (2.77), but was not the sample with the greatest mass loss.What
this, evidences is that the Ca*2/OH" ions were transferred from the
matrix to the acid medium by neutralizing it. The mass loss in OPC did
not further advance because the neutralization of the medium prevented
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Fig.- 13. Mortar samples after being immersed in nitric acid solution for 60 days (initial pH 0); (b) cross-sections of the specimens revealed with phenolphthalein.
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Fig. 14. Compressive strength of the pristine and attacked mortars. The values at the top correspond to the percentage of mechanical strength loss (the attacked FCC

mortar was not measured because of the high mass loss that occurred).

the reaction from progressing. This agrees with its high ANC, which was
measured in the first section of this research. The samples with GGBS
and VCAS also were well able to neutralize the acidity of the medium
with good chemical stability for the cementing gels. The FA sample
displayed the greatest stability against the high acidity of the tested
medium, which corroborates the strong chemical stability of the N-A-S-
H gel present in this geopolymer type. Conversely, FCC showed more
acid consumption during the neutralization process, and its mass loss
was marked when the nature of the cementing gel of the N-A-S-H type
was not taken into account Probably, with this very acidic medium, de-
alumination progressed [25] and the gel became unstable.

The greatest mass loss and change in the aspect of mortars occurred
on the first 7 days of immersion in acid solution, but then they hardly
changed until the end of the experiment at 60 days. The aspect of
specimens after the test ended appears in Fig. 13a. The reddish color of
the OPC sample was due to the presence of Fe"> compounds. The OPC
and GGBS samples displayed intense surface deterioration due to their
higher Ca content. The FCC sample underwent the most deterioration
and the greatest mass loss. The FA sample had the best visual appear-
ance, which is consistent with its least mass loss. For each tested mortar,
a cubic specimen was selected, cut in half and revealed with phenol-
phthalein to observe the acid attack front (Fig. 13b). The results were as
follows: OPC 4.5 mm, GGBS 3.25 mm and FA 9.8 mm, measured from
the specimen surface. The FCC and VCAS samples showed no pink color
when revealed with the indicator, probably because the initial pH
(before acid attack) was below 10.

Finally, the compressive strength of the attacked mortars was
measured and compared to the compressive strength of the unattacked
mortars. Fig. 14 shows the results of these measurements (average of
three samples) and indicates the percentage of loss of strength between
the pristine mortars and those attacked. It was verified that lower me-
chanical strength loss corresponded to the FA mortar (33.68%), which is
indicative of the good stability of the N-A-S-H gel against acid attack.

4. Conclusions

Alkali-activated mortars (AAMs) were tested for acid attack by nitric
acid solutions. The following conclusions are drawn:

a) The ANC values are generally higher when the calcium content of the
binder increases. This behavior demonstrates the greater stability of
the alkali-activated system compared to the OPC mortar. Only the
FCC mortar behaves worse at pH 2 because the reaction products
could contain some reactive phases at such a low pH.

b) A mathematical model is proposed to fit acid consumption (mmol
H'/g of mortar) versus the testing time.

c) The stability of the alkali-activated system is corroborated by a TGA
of the samples at the end of the ANC test. The N-A-S-H gel is present
in many cases after acid attack, whereas the C-S-H and C-A-S-H gels
are decomposed.

d) Mortar sheets show less mass loss upon an acid attack at pH 2 for the
alkali-activated systems, especially for those with low calcium con-
tent in the precursor. This behavior agrees with ANC trends.

e) A strong acid attack by immersion in 1 M nitric acid solution is very
aggressive for all the tested samples: a marked drop in mortar
compressive strength is recorded. However, the FA system shows the
best behavior because of high N-A-S-H gel stability.

The proposed test, based on three complementary experiments (acid
neutralization capacity, mass loss in mortars subjected to constant a pH
of 2 and mass loss of the mortar cubes immersed in 1 M nitric acid) al-
lows the analysis of AAMs'stability and the identification more resistant
systems to acid attack.
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