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7  Abstract

8  Recently, the potential of using seawater as well as sea sand in the manufacture of geopolymer

9 concretes was investigated in several studies. Promising features in the chloride binding capacity
10  of alkali activated cements have been observed in these experimental works. However, the
11  mechanism of chloride binding in alkali activated cements has not yet been fully understood. In
12 other words, the chloride binding mechanism in blended precursor systems (e.g., slag/volcanic
13 ash) has not yet been addressed comprehensively. To this end, this study investigated effects of
14  the sodium chloride on the microstructural and mechanical properties of alkali activated volcanic
15  ash (VA) and ground granulated blast furnace slag as well as Portland cement pastes. In this line,
16  unconfined compressive strength (UCS), scanning electron microscopy (SEM)-EDS-Mapping,
17  FTIR, and XRD tests were conducted. Furthermore, effects of curing temperature on the binding
18  capacity of chloride in alkali activated cements were examined in both elevated (HT) and room
19  (RT) temperature conditions. The VA was replaced by slag at 0, 50, and 100 wt.%. Based on the
20  results, samples containing 100 wt.% slag showed the highest mechanical strength in both curing
21 conditions. Besides, addition of sodium chloride from 0 to 10 wt.% did not significantly affect the
22 strength of samples containing 100 wt.% volcanic ash in both curing conditions. On the other hand,
23 in HT condition, mechanical strength of samples containing 50 and 100 wt.% slag, as well as

24  Portland cement pastes increased with increasing sodium chloride from 0 to 2.5 wt.%, and further
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addition of sodium chloride by up to 10 wt.% led to a reduction in their strength. However,
compressive strength of samples containing 50 and 100 wt.% slag, as well as Portland cement
samples, decreased with the addition of sodium chloride from 0 to 10 wt.% in RT condition.
Microstructural investigations were conducted, aiming to find the mechanism controlling the
reactions. It was found that (N,C)-A-S-H and C-S-H gels were the dominant factor in the

solidification and encapsulation of chloride ions in slag-based samples.

Keywords: Portland cement; Volcanic ash; Alkali activated materials; Ground granulated blast

furnace slag; Sodium chloride; Curing condition.

1. Introduction

The existence of chloride ions in cement pastes could enhance the concerns related to the issue of
rebar corrosion and undetermined durability of ordinary Portland cement (OPC) concretes [1].
Chloride ions that have penetrated the concrete can exist as either free or bound chloride ions [2].
Free chloride ions are able to diffuse through the pore solution of the concrete to reach the steel
reinforcement bars and initiate steel corrosion [2]. However, the majority of the bound chloride do
not contribute to the steel reinforcement corrosion [2]. In OPC concrete, the chloride ions can be
chemically bound in AFm-type phases through the formation of Friedel’s and Kuzel’s salts as well
as physically adsorbed onto the outer surfaces of calcium silicate hydrate (Caz-Si04.H20O or C-S-
H) gel by Van Der Waals [3-7]. Chloride ions might be a restriction for the application of the
cementitious material in reinforced concrete, even though the application prospects in soil curing
or plain concrete will have been broadened [8]. Different chloride concentrations could affect the

hydration mechanism and mechanical properties of OPC pastes in various ways [9-12]. The
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dissolved chloride ions led to form additional unhydrated cement and less amorphous calcium
silicate hydrate (C-S-H), which might be responsible for the slightly lower compressive strength

of OPC mortar [10].

Alkali activated materials (AAMs) have been developed as sustainable alternative materials for
OPC in the construction industry [13, 14]. It has additionally been mentioned that the carbon
footprint of AAMs is much lower than that of OPC mixes [15-17]. Calcium silicate hydrate (C-S-
H), calcium aluminosilicate hydrate (C-A-S-H), as well as sodium aluminosilicate hydrate (N-A-
S-H) gels are the main products of alkali activated cements that were affecting the mechanical
strength and chloride binding capacity of the matrix [18]. In alkali activated cements, the parameter
[CT)/[OHT] in the pores of the matrix as well as the parameter of the chemical composition of the
gel C-(N)-A-S-H are both effective in chloride binding [19]. In another point of view, the physical
and chemical properties of aluminosilicate precursor, alkali activator solution, and curing
condition are the dominant factors in chloride binding capacity of alkali activated cement [20]. In
previous studies, ground granulated blast furnace slag (GGBFS), metakaolin, and fly ash showed

promising chloride binding ability, while silica fume did not offer suitable performance [21].

From an overall perspective, there are various opinions on chloride binding mechanisms in alkali
activated cements. Some researchers believe that Friedel’s salt (C3A-CaCl2-10H20) was not
formed in the process of exposing alkali activated cement to chloride ions [12, 22, 23]. While,
Friedel’s salt was observed in sodium carbonate activated slag exposed to chloride ions [24]. In a
study, sodium chloride was used as an activator for alkali activated fly ash pastes [25]. In another
study, the use of seawater for the production of alkali activated fly ash-based cements was
investigated [26]. In this study's alkali activated fly ash-based cement, about 86.8% of the chloride

contained was encapsulated by the alkali activation process [26]. Due to the complexity of the
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chloride ion function in alkali activated cements, it was theoretically predicted that the sodium
ions not consumed in the alkaline activator reacted with the chloride in the structure and caused
the formation of sodium chloride and deposits on N-A-S-H gel. The lack of Friedel’s salt formation
in alkaline activated cements containing fly ash was due to the formation of zeolite phases and the

formation of N-A-S-H gel [27].

Previous research has shown that solidification/binding capacity of chloride ions in alkali activated
slag cements depends mainly on the chemical phases (e.g. Layered double hydroxides (LDHs) and
C-(N)-A-S-H gel) formed in these types of cements [1, 28]. The type and concentration of these
phases depend on the chemical properties of slag, type and concentration of activator, temperature
and alkalinity of the reaction [1, 28, 29]. Previous studies have shown that the formation of C-S-
H gel due to hydration of slag led to reduced porosity and consequently a denser structure and
ultimately reduced chloride ion mobility in slag-based concretes [30-32]. Also, C3A phase in the
chemical composition of slag has the ability to absorb chloride ions and form Friedel’s salt.
Furthermore, the presence of a significant amount of magnesium ions in the chemical composition
of slag led to the formation of hydrotalcite phase [33]. This phase belongs to the LDH family,
which is able to absorb chloride ions from its environment due to its ion exchange capacity [34].
The results of XRD analysis showed that in alkali activated slag in the presence of chloride ion,

Friedel’s salt and hydrotalcite phase were formed simultaneously [33, 35].

In the preparation of fly ash-based alkali activated cements, ground granulated blast furnace slag
(GGBFEFS or slag) is usually used as an alternative to fly ash to increase the initial strength of the
samples by increasing the amount of calcium [36-39]. Similar results were observed in previous
research [37, 38, 40]. Furthermore, adding slag to the mix design also reduced the penetration of

chloride ions into the samples [39]. Another study found that the presence of slag reduced the
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ductility of the specimens and as a result increased their stiffness and showed better resistance to
deformation caused by maximum stress [41]. Chloride binding in alkali activated slag/fly ash paste
was generally dependent on the physical adsorption of the reaction products and the chemical
binding was not significant [22]. This study showed that C-A-S-H gel has the ability to absorb
chloride physically without changing its chemical structure, while N-A-S-H porous gel has the
ability to absorb chloride on the surface and pores of its cavities and sodium chloride precipitates
after evaporation of water. In this study, slag was replaced by different percentages of volcanic
ash (VA) (0, 25, 50 and 75 wt.% of the total weight of aluminosilicate precursor). The addition of
fly ash increased porosity and permeability to chloride ions due to the formation of porous N-A-
S-H gel. Meanwhile, slag-based samples (containing C-A-S-H gel) had better resistance to
chloride ions than fly ash-based samples. In another study, the chloride binding capacity of N-A-
S-H gel was higher than that of C-A-S-H gel [42]. Addition of fly ash to alkali activated cements
led to greater physical adsorption of N-A-S-H gel due to greater contact surface area [43]. The
effect of slag/fly ash ratio, Na>O concentration, silica modulus of activator and water/precursor
ratio on chloride binding capacity of alkali activated slag/fly ash pastes was investigated [27]. It
was observed that chloride ion chemical binding occurred in alkali activated slag samples. In other
words, Friedel’s salt was found only in samples containing 100 wt.% slag and its amount increased
with increasing chloride ions. Chloride binding in alkali activated cements containing 100 wt.%
slag was mainly due to the physical adsorption of C-A-S-H gel as well as the formation of Friedel’s
salt. With the addition of 20 wt.% and 40 wt.% fly ash and the formation of sodium aluminosilicate
(N-A-S-H) gel, the chloride binding capacity in alkali activated slag/fly ash pastes was improved,

but Friedel’s salt was not observed in these samples. However, by adding more fly ash (60 wt.%
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and 80 wt.%), the amount of chloride ion binding was decreased as the amount of C-A-S-H as well

as N-A-S-H gels were decreased.

In alkali activated cements, the curing condition had a significant impact on compressive strength
development. In this line, the results of a study on the mechanical and microstructural properties
of fly ash/slag based alkali activated cement pastes showed that alkaline activation of Class F (low
calcium) fly ash (FA) was not effective at ambient temperature [44]. In this study, the replacement
of FA with different proportions of GGBFS (30, 50 and 70 wt.%) resulted in development of total
amorphous phase content and consequently mechanical properties of paste specimens. In a study
to investigate the role of curing conditions in chloride binding capacity in alkali activated fly ash
paste, four types of curing conditions, including normal, oven, steam, and microwave, and three
NaCl content (1, 2 and 4 wt.% of aluminosilicate precursor) were studied [20]. The results of this
study showed that the application of temperature in steam curing condition accelerated the
activation dissolution reactions, helped to form N-A-S-H gel and thus accelerated the geopolymer
reactions that strengthen the chloride binding. However, in normal temperatures, many fly ash
particles remained unreacted. Therefore, the application of temperature caused a denser structure
of the geopolymer and reduced the porosity and ultimately increased the strength of the samples.

Previous studies showed promising features in the chloride binding capacity of alkali activated
cements. However, the mechanism of chloride binding in alkali activated cements has not yet been
fully understood. In other words, the chloride binding mechanism in blended precursor systems
(e.g., slag/volcanic ash) has not yet been addressed comprehensively. To this end, the present
manuscript fills gaps between the available literature and sheds light on both mechanical and
microstructural behavior of alkali activated volcanic ash and slag pastes elaborating the intensity

of their crystalline phases using the analysis of corresponding XRD patterns in both room and
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elevated temperatures. Chemical bonds structures and the variation of the amorphous bonds are
further addressed using FTIR spectroscopy. SEM-EDS-mapping analysis is another part of the
present study aiming at the evaluation of geopolymers' matrixes. Hence, effects of various
affecting parameters including curing condition, sodium chloride content, and precursor type on
the mechanical (in terms of unconfined compressive strength) and microstructural properties of
alkali activated and Portland cement pastes under the effect of both hydrothermal and room curing

temperatures are comprehensively investigated.

2. Materials and methods
2.1. Binders characterization

The raw materials used were ground granulated blast furnace slag (GGBEFS or slag) supplied by
Sepahan Cement Company and Portland cement (OPC) from Tehran Cement Company. The
volcanic ash (VA) was obtained from Taftan region, Iran. The chemical compositions of the VA,
slag, and OPC are shown in Table 1. Fig. 1 shows the particle size distribution of the VA, slag,
and OPC assessed through laser diffraction method. Fig. 2 shows the SEM micrographs of the VA,
slag, and OPC. Fig. 3 shows the XRD pattern of the VA, slag, and OPC.

NaCl powder was used in this study was purchased from Merck company with CAS number:

1.06404.1000 and 99.5% purity.

Table 1. Chemical composition of VA, slag, and OPC.

Oxide Si02  CaO ALOs; Fe0; KO NaxO MgO TiO2 SrO  SO; P:0s MnO L.OI
composition
VA [wt.%] 53.89 896 2031 344 191 515 142 050 007 026 022 - 3.79
GGBFS [wt.%)] 3486 36.59 13.93 0.20 1.01 - 6.04 191 0.08 2.70 - 1.45 1.19
OPC [wt.%] 1842 6146 5.23 3.60 0.88 - 273 036 0.09 4.10 - 0.19 2.90

L.O.I=Loss on ignition
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Fig. 3. The XRD spectra of the VA, slag, and OPC.

2.2. Alkali activator preparation

90

The alkali activator was prepared by mixing sodium hydroxide (NaOH) pellets of 99% purity

(Merck company-CAS number:1.06482.1000) with distilled water and commercial sodium silicate

(Na2Si103) solution. The Na>SiOs solution used in this study has a chemical composition of

S10,=33.5%, Na,O=14.5% and H,0=52% (by mass) with a silica modulus ratio (SiO2/ Na,O) of

2.31. After the Na>SiO3 and NaOH solution were mixed using the laboratory's mixing equipment,

the alkaline activator solution was allowed to rest for 24h before mixing with the precursors.

2.3. Sample preparation
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VA and slag were selected as calcium aluminosilicate precursors of alkali activated pastes, and
OPC was used as a reference binder. The alkali activator was prepared by mixing NaOH solution
and commercial Na>Si03 solution.

To prepare alkali activated pastes, after premixing the raw materials for 1 min, the prepared alkali
activator solution was added to the specified amounts of precursors and mixed for 5 minutes by
hand mixing. OPC pastes were prepared through mixing distilled water with given amounts of
Portland cement. The process of mixing was performed according to ASTM C305-14 [45].
Water/cement ratio was kept constant for both alkali activated/Portland cement systems to ensure
suitable homogeneity and workability. This ratio was 0.28 and 0.35 for Portland cement and alkali
activated specimens, respectively. Previous studies investigated the effect of Na>O concentration
and silica modulus on the mechanical strength of alkali activated volcanic ash and slag pastes [46].
In this line, Na;O content was 8 wt.% of binder and silica modulus was 1.5 for alkali activated
specimens. In alkali activated specimens, the VA was replaced by slag at 0, 50, and 100 wt.% to
study the effects of different replacement levels on the mechanical and microstructural properties
of alkali activated pastes, Table 2. To investigate the effect of NaCl on mechanical strength of
cementitious systems, NaCl was mixed with binder in dry state (0, 2.5, 5, and 10 wt.% of binder),
Table 2. In the next step, the fresh homogenous pastes were cast into cubic Teflon molds of the
size 20%20x%20 (£0.3 mm) mm for the uniaxial compressive strength test. A plate vibrator was used
for densification of pastes for 60 seconds. After casting, for alkali activated and Portland cement
pastes, the molds were placed in a plastic container with a nearly constant relative humidity (RH)
of 95 + 2% and temperature of 25 + 2 °C for 24h. When the 24h period was finished, specimens
were taken out of molds. Both of alkali activated and Portland cement specimens were cured using

two different curing regimes: 1) In a humid container with RH=95 + 2% and elevated temperature
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(50 £ 2 °C) for 24h. 2) In a humid container with RH=95 + 2% at room temperature (25 + 2 °C)
for 7, 28 and 90 days. Summary of the test schedule is given in Table 3. The Portland cement

mechanical tests were done for benchmarking purposes.

Table 2. Mixture proportion of cementitious systems.

Series w/C Slag replacement (wt.%) NaCl content
(wt.% of binder)

Alkali activated 0.35 0, 50, 100 0,2.5,5,10

Portland cement 0.28 - 0,2.5,5,10

Table 3. Summary of the test schedule.

Series Curing condition Curing time
Alkali activated HT" 24 h after 1 day precuring
Alkali activated RT¥ 7,28, 90 days
Portland cement HT 24 h after 1 day precuring
Portland cement RT 7,28, 90 days

* Temperature = 50 + 2 °C, relative humidity = 95 + 2%
¥ Temperature = 25 + 2 °C, relative humidity = 95 = 2%

2.4. Mechanical properties

Uniaxial compressive strength (UCS) test was performed by means of a universal testing machine
with a 50 kN load cell attached and constant strain rate of 0.5 mm/min according to ASTM C109
[47]. Three specimens were utilized in each measurement, and the average of the measured

compressive strengths was reported.

2.5. Microstructure characterization

The particle size distributions of VA, slag, and OPC, shown in Fig. 1, were determined through

laser diffraction method by a laser particle size analyzer (CILAS 1190).

The chemical compositions of the VA, slag, and OPC, shown in Table 1, were analyzed by using

X-ray fluorescence (XRF) spectroscope (PANalytical Axios mAX).
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Microstructural characterization was carried out on RT-90 days and HT cured alkali activated paste

specimens.

The X-Ray Diffraction (XRD) patterns measurement was carried out to examine the crystalline
phases in the pastes using a D8 ADVANCE (Bruker company, Germany) using Cu Ka radiation
(k = 1.54056 A), operated at 40 kV and 30 mA with a step size of 0.04 deg and a scanning rate of
0.15 deg s! in the 20 range of 10-90°.

Fourier transform infrared (FTIR) spectroscopy analysis was conducted using a Perkin Elmer
System series 2000 spectrophotometer (Spectrum RXI) in a wave number range of 450 to 4400
cm’! with a resolution of 2 cm™! to identify the functional groups of alkali activated cements.
Scanning electron microscopy (SEM) was used to observe the specimens’ morphology using the
FEI ESEM QUANTA 200 device together with elemental mapping spectroscopy (EDS Silicon

Drift 2017).

3. Results and discussion

3.1. Unconfined compressive strength (UCS) test results
3.1.1. UCS in HT curing condition
Fig. 4 presents the effect of NaCl addition on compressive strength of alkali activated and Portland

cement specimens in HT curing condition.

The replacement of volcanic ash with slag from 0 to 100% by weight of the precursor led to an
increase in mechanical strength (Fig. 4a-c). Similar results were observed in previous research [36-
39]. The inclusion of slag may aid in the completion of the reaction, resulting in increased strength.
As aresult of the increased Ca and Si contents provided by slag and sodium silicate materials, high

compressive strength is found, which is caused by the lesser availability of pores, which influences
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compact structure [44]. Noteworthy, samples containing 50 and 100 wt.% slag showed higher

strength than Portland cement samples.

In samples containing 100 wt.% volcanic ash (VA-based samples), with increasing the percentage
of sodium chloride from 0 to 10 wt.%, the mechanical strength of the samples was almost constant.
While in samples containing 50 and 100 wt.% slag, with increasing the amount of sodium chloride
from 0 to 2.5 wt.%, the mechanical strength was increased, and further sodium chloride by up to

10 wt.% reduced the strength of the samples.

Previous research showed that NaCl was found to act as an accelerator or retarder for alkali
activated slag mortars [8, 12]. The results showed that NaCl at low levels (up to 4 wt.%) act as an
accelerator but as a retarder at the high concentrations [12]. A certain amount (2 wt.% of the
binder) of NaCl was added into the slag composite matrix geopolymer to increase its early strength
(3-day) and late strength (28-day) [8]. In other words, NaCl can be employed as an activator
because the sodium ions in it can offer a more alkaline environment for slag hydration, and the
chloride ions can also participate in the reaction to generate some crystals [25, 48, 49]. On the
contrary, the strength of the samples began to decline as the amount of NaCl in the mixture

increased from 2 wt.% to 4 wt. % [8].

Previous research showed that the application of temperature improved the physical and chemical
absorption of chloride ions in the alkali activated cement gel structure [20, 50]. Because with
increasing temperature, the level of N-A-S-H gel for adsorption of chloride ion increased.
However, the rapid evaporation of the alkaline activator in oven curing condition caused
microstructural cracks and dry shrinkage, which led to the cessation of the geopolymer process

and the reduction of mechanical strength compared to steam curing condition. On the contrary, in
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steam curing condition, the presence of steam prevented the shrinkage process from drying out,

and the strength of the samples was not reduced.
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Fig. 4. Effect of NaCl addition on compressive strength of a) alkali activated (100 wt.% VA), b)
alkali activated (50 wt.% VA+50 wt.% slag), c¢) alkali activated (100 wt.% slag), and d) Portland
cement pastes in HT condition.

3.1.2 UCS in RT curing condition

Fig. 5 shows the effect of NaCl addition on compressive strength of alkali activated and Portland

cement specimens in RT curing condition.

In RT condition, replacing volcanic ash with slag showed similar trend as in HT condition.
Furthermore, samples containing 50 and 100 wt.% slag showed higher strength than Portland

cement pastes.
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The strength of VA-based samples was almost constant over time. In other words, at low curing
temperatures, VA-based samples required a long curing time to sufficiently and efficiently dissolve
the aluminosilicate elements and complete the polycondensation process to achieve appropriate
compressive strength. In addition, the extended curing time can bring about greater homogenous
microstructure, perfect dissolution of aluminosilicate gel, and consequently the huge quantity of
reacted particles. The mechanical strength of geopolymer concrete samples made from fly ash (low
in calcium) showed that room temperature was unsuitable for curing of these samples because the

strength development was prolonged [51].

While in samples containing 50 and 100 wt.% slag and Portland cement pastes, the humidity in
the environment led to a significant increase in mechanical strength. In samples containing
Portland cement, the presence of moisture contributed to the hydration reaction which increased

the strength of the samples over time [10].

In VA-based samples, with increasing the percentage of sodium chloride from 0 to 10 wt.%, the
strength of 7-day and 28-day samples was increased slightly, while the strength of 90-day samples

was declined gradually.

In samples containing 50 and 100 wt.% slag, increasing the amount of sodium chloride from 0 to
5 wt.% decreased the strength of 7, 28 and 90 day samples and added NaCl up to 10 wt.% not

affected the mechanical strength considerably.

In Portland cement specimens, the strength of 7-day samples (short-term strength) was increased
with the increasing amount of sodium chloride (up to 5 wt.%) and the further increasing amount
of sodium chloride up to 10 wt.%, declined the mechanical strength. Similar results have been

observed in previous research [9, 10]. In comparison, the 90-day (long-term) strength of Portland
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296  cement pastes was decreased with the addition of sodium chloride (up to 5 wt.%) and then

297 remained almost constant.
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302

303  3.1.3 The effect of curing condition on UCS
304  Fig. 6 shows the effect of NaCl addition and curing condition on compressive strength of pastes

305  simultaneously.

306  The strength of cured samples in HT condition (after 1 day) was almost comparable to that of
307 samples cured at RT (after 90 days). Curing conditions provided a vital contribution to the
308 compressive strength development of alkali activated cement pastes. In general, high curing

309 temperature in HT condition enhanced reactivity of aluminosilicate precursors in alkaline
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environments earlier than RT condition [52, 53]. In other words, increasing the curing temperature
facilitated the dissolution of silica and alumina bonds in alkaline environments, which led to
increased formation of geopolymeric bonds and thus higher strengths [53, 54]. Some previous
research showed that the thermal curing process is necessary for alkali activation of aluminosilicate
raw materials [55-57]. However, geopolymerization reactions of raw materials rich in calcium

content occurred at ambient temperature [58].

In HT curing condition, the presence of temperature and humidity simultaneously contributed to
the hydration process of slag and Portland cement particles. Therefore, the rate of strength
development for samples containing slag or Portland cement in this curing condition was much
higher than in the RT condition. Furthermore, in samples containing slag, heat treatment increased
the rate of dissolution, hydrolysis, and polycondensation of the alkali activated cement in the early

stages of curing.

The geopolymerization process requires structural water (crystalline water), which creates an
environment for the dissolution and hydrolysis of precursors and enables the transfer of ions [14,
20, 59]. Besides, there is another water in the system called physical water (free water), which
negatively affects mechanical strength. Free water is used only due to increased workability in the
system [14, 20, 59]. The reason for the similar strength of samples containing volcanic ash in both
curing conditions was that the high humidity of the environment prevented the evaporation of free
water of the geopolymer [14, 20, 59]. Therefore, the alkalinity of the matrix increased slowly. As
a result, it slowed down the geopolymerization rate in both dissolution and hydrolysis stages, and

the compressive strength increased slowly.

In both curing conditions, samples containing 100 wt.% slag were leading at compressive strength,

followed by samples containing 50 wt.% slag, Portland cement, and 100 wt.% volcanic ash.
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Therefore, it can be seen that the addition of slag or the addition of CaO in the precursor led to
higher mechanical strength of alkali activated cement than Portland cement against the addition of

chloride ions in both curing conditions.

As can be seen, the addition of sodium chloride from 0 to 10 wt.% did not significantly affect the
strength of VA-based samples in both HT and RT conditions. However, in HT condition, the
mechanical strength of samples containing 50 and 100 wt.% slag as well as Portland cement pastes
increased with increasing sodium chloride from 0 to 2.5 wt.%, and further addition of sodium
chloride by up to 10 wt.% led to mechanical strength reduction. The previous research showed that
NaCl at low levels (up to 4 wt.%) act as an accelerator but as a retarder at the high concentrations
for alkali activated slag mortars [8, 12]. On the other side, in RT condition, the strength of samples
containing 50 and 100 wt.% slag as well as Portland cement samples decreased with the addition

of sodium chloride from 0 to 10 wt.%.
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Fig. 6. Effect of NaCl addition and curing condition on compressive strength of alkali activated
(100 wt.% VA, 50 wt.% VA+50 wt.% Slag, 100 wt.% Slag) and Portland cement pastes in a) HT
condition and b) RT (90 days) conditions.

3.2. Microstructural analysis
3.2.1. XRD analysis

The crystalline phases of alkali activated cement pastes were identified using the XPert High Score

software, Fig. 7.
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The intensity of peaks obtained in VA-based samples was stronger than slag-based samples, which
could be due to the crystalline structure of volcanic ash compared to slag [60-62]. Because slag is
a material with an amorphous phase, it is easier to activate it at ambient temperature than volcanic
ash, while a large part of volcanic ash is crystalline phase, and it requires higher temperatures
around 50 °C to 100 °C to activate [60-62]. In addition, the CaO/SiO> content of volcanic ash is
significantly lower than that of slag, meaning that volcanic ash contains a small amount of CaO
but is rich in silica and alumina, whereas in the case of slag it is the opposite [60-62]. In general,
if more reactive calcium is present in the chemical composition of the precursor, pozzolanic
reactions occur more rapidly especially in existence of water. Another possible reason for the
strength increment due to the increase in slag is that the reaction of slag and alkaline solution is an

exothermic process, which in turn improves the geopolymerization process [63].

Alkaline activation of slag formed both calcium silicate hydrate (C-S-H) and calcium
aluminosilicate hydrate (C-A-S-H), meanwhile, alkaline activation of volcanic ash produced
sodium aluminosilicate hydrate (N-A-S-H). NaxO-CaO-Al;03-Si02 or (N,C)-A-S-H gel was
formed by activating the combination of slag and volcanic ash. Combining high calcium precursors
with low calcium ones caused the simultaneous and synergistic formation of C-A-S-H and N-A-
S-H gels, strengthening the mechanical properties of matrix. (N,C)-A-S-H gel is a mechanically
strong gel made of a combination of crystalline and amorphous structures with a high

concentration of silica which caused better microstructural density of the samples [64-67].

As shown in the Fig. 7, after the geopolymerization reactions, the type of crystalline phases of
alkali activated cements remained almost the same compared to the raw materials. However, the
intensity and type of the amorphous phase were considerably altered. Origin Pro software was

used to compare the crystallinity index (CI) of the samples, Fig. 8. The results showed the amount
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of crystalline phase in VA-based samples cured in RT condition was higher than samples cured in
HT condition. While in slag-based samples, the amount of amorphous phase was higher in RT
curing condition. It can be concluded that the addition of slag to the samples led to a growth in the
amorphous phase and a reduction in the crystalline phase, which has been observed in previous
studies [68]. This has caused the compressive strength of the samples to undergo a rise with
increasing slag content in the precursor. In another point of view, the amount of crystalline phase
in VA-based samples increased by adding NaCl under HT curing condition, while ambient
temperature showed the opposite trend. Therefore, the reason for the similar mechanical strength
of VA-based samples with various sodium chloride contents in HT condition can be attributed to
the compaction of the crystalline structure of these samples. In samples containing slag, the amount

of crystalline phase increased with the addition of sodium chloride in both curing conditions.

The XRD pattern of VA-based samples in both curing conditions and two states with and without
NaCl was similar to raw volcanic ash. However, the decrease in intensity of some crystalline peaks
due to the formation of amorphous phases was due to the addition of an alkaline activator. By
adding sodium chloride, some of the crystalline peaks decreased in intensity compared to the
sample without NaCl, and some of the other peaks increased in intensity. This has prevented the
reduction of mechanical strength by adding sodium chloride to the samples. Chabazite-Ca zeolite
and N-A-S-H gel were clearly visible in samples containing volcanic ash. Besides, sodium chloride
(halite phase) was detected in samples containing sodium chloride [1]. Sodium aluminum silicate
hydrate (N-A-S-H) with card number 00-038-239 was the same as zeolite Y phase. This phase
became more intense as the amount of sodium chloride increased. Previous studies showed that
N-A-S-H gel did not have much effect on the chemical adsorption of chloride and absorbed more

chloride ions by surface adsorption [1].
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In slag-based samples, (N,C)-A-S-H and C-S-H gels were visible in their XRD patterns which play
a significant role in increasing the mechanical strength of samples compared to samples without
slag [69]. Also, these gels were the main factor in the solidification and encapsulation of chloride
ions in their dense structure. Friedel’s salt and also sodium chloride phases were also observed in
samples containing sodium chloride. In samples containing 100 wt.% slag, amorphous geopolymer
gels were formed in RT curing condition, while in HT curing condition, the structure tended to
crystallize. Noteworthy, low content of MgO in slag, as well as insufficient pore spaces for
hydrotalcite precipitation may lead to nuance formation of hydrotalcite phase which was not

detected in XRD analysis [1].

In general, the elements magnesium, calcium and aluminum in slag led to the formation of ClI-
hydrotalcite or (Mg-Al LDH) and also the formation of Cl-hydrocalumite or (Ca-Al LDH) [70].
Both hydrotalcite and hydrocalumite compounds have an LDH structure that encapsulated chloride
anions in their interlayer structure. High content of CaO in slag played a significant role in Ca-Al-
LDH formation that resulted in Friedel’s salt [1, 71]. Recent studies investigated the effect of
metakaolin and limestone as additives to alkali activated slag pastes to enhance binding chloride
capacity through Ca-Al-LDH and consequently Friedel’s salt formation [1, 71]. Physical
adsorption of chloride ions can occur by the double electrical layer on the outer surface of LDHs

with a positive charge.

In Portland cement, the chemical adsorption of chloride ions depends on Friedel’s salt. Meanwhile,
the adsorption mechanism of chloride ions in alkali activated slag includes physical adsorption by

C-S-H gel and chemical adsorption by Cl-hydrocalumite and Cl-hydrotalcite [70].
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421  (N,C)-A-S-H gel and C-S-H gel were also detected in samples containing both volcanic ash and
422  slag. Friedel’s salt also played an important role in the chemical adsorption of chloride ions in

423  these samples.
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Fig. 8. Crystallinity index (CI) of the alkali activated (100 wt.% VA), alkali activated (100 wt.%
slag), and alkali activated (50 wt.% VA+50 wt.% slag) in HT and RT conditions.

3.2.2. FTIR analysis
FTIR spectroscopy has been performed to further investigate changes in amorphous bonds. This
analysis shows the chemical structure of the bonds based on the amount of vibration made by the

bond, Table 4.

Table 4. Characteristic FTIR bands of the alkali activated cements.

Wave number (cm™) Assignment
450-490 Asymmetric bending vibration (Si-O-Si and Si-O-Al)
550-750 Symmetric bending vibration (Si-O-T (Si or Al))
770-800 Symmetric stretching vibration (Si-O-Si)
860-890 Stretching vibration (Al-O, Si-O)
900-1100 Asymmetric stretching vibration (Si-O-T (Si or Al))
1410-1440 Stretching vibration (O-C-O)
1600-1700 Bending vibration (H-O-H, -OH)
2300-2400 Stretching vibration (H-O-H, -OH)
3000-3500 Stretching vibration (H-O-H, -OH)

Fig. 9 shows the FTIR spectra of alkali activated cement pastes in both RT and HT conditions.
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In general, the bands observed in the range of 450-1100 cm™' were related to aluminosilicate bonds

in phases N-A-S-H and C-A-S-H.

The lower the wave number and the deeper the peak, the higher the density of the bond. In all
alkali activated specimens and in both curing conditions, the presence of sodium chloride led to a
deeper wave peak and a reduction in wave number in the range of 450-1100 cm™ compared to the
samples without sodium chloride. This can indicate higher density of N-A-S-H and C-A-S-H gels,
resulting in a higher density of the geopolymer structure and ultimately increased mechanical
strength of the samples. It can also be concluded that the addition of sodium chloride changed the
chemical structure of geopolymer cements and strengthened the hypothesis of sodium chloride

encapsulation by the geopolymer structure observed in the XRD results.

In RT curing condition, the waves observed in the range of 450-1100 cm™!, which are related to
aluminosilicate bonds, were more intense in samples containing slag (50 and 100 wt.% slag) [72-
74]. However, in HT curing condition, these peaks were more intense in samples containing
volcanic ash (without slag). Also, from comparing Figs. 9b and 9c with Fig. 9a, it can be seen that
as the amount of slag in the samples increased, the intensity of the waves increased dramatically
in the range of 450-1100 cm™ (deeper peaks), which indicated N-A-S-H and C-A-S-H gels were

denser and improved the mechanical strength of samples, which was consistent with XRD results.

The bands in the range 550-750 cm™ indicated the presence of an amorphous aluminosilicate

structure in all samples [75].

The bands in the range of 1600-1700 cm™ were related to crystalline water, and the bands in the
range of 2300-2400 cm™! and 3000-3500 cm™! were related to physical water [72-74]. These water

molecules were present on the surface or inside the geopolymer cavities. The bands observed in
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the range of 1600-1700 cm™, as well as in the range of 2300-2400 cm™' and 3000-3500 cm™!, were
significantly intensified by alkaline activation of aluminosilicate precursors. This was true for both
volcanic ash and slag samples. This indicated more water uptake by the geopolymer structure and
possibly the presence of water-hydrated compounds in the system [76]. On the other hand, for the
samples containing sodium chloride, the intensity of these peaks was higher, which could be due
to the better formation of geopolymer gel in these samples, which had an effect on the mechanical
results and prevented the mechanical strength reduction due to the addition of sodium chloride. In
other words, the presence of a stronger O-H bond means higher water absorption and ultimately
higher alkaline conditions in the environment, due to which a higher pH is created in the
environment. In this line, the hydration of the products was well done, which increased the
mechanical properties. Previous research has shown that the O-H bond formed between 3000-3500
cm’! can be related to the C-S-H bond, which indicated that the stronger the peak, the stronger the
bond [72-74]. Comparing Figs. 9b and 9c¢ with Fig. 9a, it can be seen that by increasing the amount
of slag, the peaks formed in the range of 1600-1700 cm™ and also in the range of 2300-2400 cm’!
and 3000-3500 cm™' have deepened and this has led to improved mechanical strength compared to

samples without slag.

The bands observed in the range of 1410-1440 cm™ were related to the carbonates formed due to
the reaction of alkaline metal hydroxides in the geopolymer with COz in the air [72-74]. As the
amount of slag and the amount of sodium chloride increased, the amount of bond formed increased.
In ambient temperature curing condition, since the specimens were in direct contact with air, the
amount of carbonate bond formation was higher between 1410-1440 cm™!. Therefore, in ambient
temperature curing condition, the intensity of this peak was higher than corresponding samples in

hydrothermal curing condition.
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The bands in the range of 860-890 cm™! were related to the Al-O or Si-O bond [72, 73]. This bond
was more clearly visible in samples containing slag and the reason for the increase in strength in
samples containing 50 and 100 wt.% slag can be due to this bond. The peak of Al-O or Si-O
bonding in the range of 860-890 cm™ in hydrothermal curing condition was more severe than the

ambient temperature curing condition.

In ambient temperature curing condition, the peaks formed due to hydroxyl bonds (O-H) were
more intense in samples containing slag (50 and 100 wt.% slag) (Figs. 9b and 9c). While these
peaks were more intense in samples containing volcanic ash (without slag) in HT curing condition.
Therefore, hydrothermal curing condition was more suitable for samples containing volcanic ash
consistent with XRD results. Because in hydrothermal conditions, both water and temperature
factors that were suitable for the formation of geopolymer structure were present at the same time,

and this issue strengthened the geopolymer structure and the formation of hydroxyl bonds (O-H).
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Fig. 9. FTIR spectra of the a) alkali activated (100 wt.% VA), b) alkali activated (100 wt.% slag)
c) alkali activated (50 wt.% VA+50 wt.% slag), in HT and RT conditions.

3.2.3. SEM-EDS-Mapping analysis
Scanning electron microscopy (SEM) images have been used to examine changes in the structure

of the geopolymer matrix.

In Fig. 10, the microstructure of VA-based samples in HT curing condition had a denser structure
than ambient temperature condition, and also samples containing sodium chloride had a denser
structure than samples without sodium chloride. In samples containing 50 and 100 wt.% slag (Figs.
11 and 12), the addition of sodium chloride in both curing conditions resulted in structural cracks,
possibly due to the formation of Friedel’s salt. The results of previous studies have shown that the
presence of slag can reduce the diffusion rate of chloride ions and increase the formation of
Friedel’s salt [8, 28]. Also, due to the increase in volume due to the formation of Friedel’s salt,
large cracks were formed in the samples, which led to a decrease in mechanical strength in high

amounts of sodium chloride [8].

Comparing the Figs. 11 and 12, more microcracks were observed in the alkali activated samples
containing 50 wt.% VA and 50 wt.% slag than slag-based samples. These microcracks might be
formed as a result of the formation of two or more types of gels in the microstructure, which are
not integrated together, therefore, the compact microstructure cannot form. Thus, samples
containing 100 wt.% slag showed higher compressive strength than samples containing 50 wt.%

slag.

As observed in the XRD results, the addition of slag to the samples led to an increase in the

amorphous phase and a decrease in the crystalline phase, which has been observed in previous
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studies [14]. This has caused the compressive strength of the samples to increase with increasing
slag percentage. In SEM images, the change in morphology of the gels formed in the samples
containing slag (Figs. 11 and 12) compared to the samples without slag (Fig. 10) is clearly visible.
Numerous flakes were arranged into solid structures in VA-based alkali activated samples, Fig.
10. While, a small number of granular bodies that came into contact with each other were
suspended in a lamellar matrix, Figs. 11 and 12. It can be attributed to a large amount of silicate
hydration products such as C-S-H, N-(C)-A-S-H and C-A-S-H formed by the hydration reaction

of slag.

Comparing the Figs. 10-12, the amount of slag hydration products increased with increased slag
content. These products filled the pores and caused the cementitious matrix to become denser
which led to a mechanical strength development in slag-based alkali activated samples. Previous
studies have shown that the formation of C-S-H gel due to hydration of slag leads to reduced
porosity and consequently a denser structure and ultimately reduced chloride ion mobility in slag

concretes [30-32].

When volcanic ash was activated, the predominant gel was N-A-S-H, the most well-known type
of geopolymer gel. When the slag replaced 50 wt.% of the volcanic ash, the gel type moved to a
gel with a small amount of calcium, N-(C)-A-S-H. In other words, some sodium ions were replaced
by calcium ions. In a similar study performed by combining 75 wt.% fly ash with 25 wt.% slag,
the occurrence of this gel was confirmed [22]. Finally, when the slag completely replaced the

volcanic ash, the predominant gel was C-A-S-H.
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Fig. 10. The SEM images of the VA-based alkali activated samples in RT condition (90 days

curing), a) without NaCl, b) with 10 wt.% NaCl and HT condition, ¢) without NaCl, d) with 10

wt.% NaCl.
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Fig. 11. The SEM images of the Slag-based alkali activated samples in RT condition (90 days
curing), a) without NaCl, b) with 10 wt.% NaCl and HT condition, c¢) without NaCl, d) with 10
wt.% NaCl.

35



567

568
569
570

571

572

573

574

575

576

Effects of sodium chloride on the mechanical strength of alkali activated volcanic ash and
slag pastes under room and elevated temperatures

Fig. 12. The SEM images of the alkali activated samples cotaining 50 wt.% VA and 50 wt.%
slag in RT condition (90 days curing), a) without NaCl, b) with 10 wt.% NaCl and HT condition,
¢) without NaCl, d) with 10 wt.% NacCl.

From the EDS results, Figs. 13-15, it can be seen that at points where the elemental analysis values
were close to the aluminosilicate precursors, the reaction did not occur well. These particles
remained unreacted (Figs. b, d, f and h) resulting in a reduction in mechanical strength. Also, the
porosity created in the sample due to the rapid evaporation of water from the sample led to a

decrease in the strength of the samples. In general, the presence of calcium, aluminum, silicon and
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sodium indicated the formation of N-A-S-H gel, C-A-S-H gel and also (N, C)-A-S-H gel. The
presence of large amounts of sodium and calcium indicated the formation of more of these gels.

The high Si/Ca ratio in VA-based alkali activated samples indicated the predominance of N-A-S-
H gel, which is consistent with XRD results. As the amount of slag increased, C-S-H and C-A-S-
H gels prevailed and the Si/Ca ratio decreased. The simultaneous formation of these two gels
caused the structure to thicken and thus increased the strength in the samples containing slag,

which is completely consistent with the results of XRD and FTIR analysis.

Theoretically, C-A-S-H gel had a positively charged surface in alkaline environments, and the
higher the positive charge, the greater the ability to absorb OH™ ions and chloride ions [27]. The
higher the Si/Ca ratio, the lower the adsorption capacity of this gel as the positive charge of this

gel decreased.

The higher the CI/Al ratio in the EDS of the reactive zone (geopolymer gel), the more chloride
ions were encapsulated in the gel and the solidification process has taken place. In samples
containing sodium chloride, the amount of chloride in elemental analysis increased significantly,
especially in the reactive sections, which is consistent with the results of XRD analysis and FTIR
analysis. With the obtained results, the hypothesis of physical adsorption of chloride ion on
geopolymer gels as well as the hypothesis of chloride ion encapsulation in geopolymer matrix are

strengthened.
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604

605  Fig. 13. EDS analysis of the VA-based alkali activated samples in RT condition (90 days curing),
606 a,b) without NacCl, ¢,d) with 10 wt.% NaCl and HT condition, e,f) without NaCl, g,h) with 10
607 wt.% NaCl.
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Si/Ca 2.16 1.55 0.57 0.90 0.61 0.86 1.47 1.11
Cl/Al 0.085 0.12 0.016 0.62 0.014 0.17 0.55 0.81

Fig. 14. EDS analysis of the slag-based alkali activated samples in RT condition (90 days
curing), a,b) without NaCl, c¢,d) with 10 wt.% NaCl and HT condition, e,f) without NaCl, g,h)
with 10 wt.% NaCl.
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Region
Parameter b c d . f p h
Si/Ca 0.72 1.03 0.79 0.81 1.44 0.79 0.88 0.7

Cl/Al 0.013 0.033 0.023 0.17 0.015 0.038 0.025 0.31

Fig. 15. EDS analysis of the alkali activated samples cotaining 50 wt.% VA and 50 wt.% slag in
RT condition (90 days curing), a,b) without NaCl, c,d) with 10 wt.% NaCl and HT condition, e,f)
without NaCl, g,h) with 10 wt.% NacCl.

According to Figs. 16 and 17, the appropriate formation of N-A-S-H gel in the structure of VA-
based alkali activated samples was linked to a generally uniform distribution of sodium, aluminum,
and silicon elements. In slag-based samples, the concentration of calcium increased significantly,

indicating the formation of C-S-H gels as well as C-A-S-H gels.

In samples containing sodium chloride, the chloride ion density increased significantly and its
relatively uniform dispersion indicated its adsorption by geopolymer gels, complying with the

XRD and FTIR results.
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Fig. 16. Elemental Mapping analysis of the VA-based alkali activated samples in HT condition,
a) without NaCl, b) with 10 wt.% NaCl.
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Fig. 17. Elemental Mapping analysis of the slag-based alkali activated samples in HT condition,
a) without NaCl, b) with 10 wt.% NaCl.

4. Conclusions
Generally, samples containing 100 wt.% slag showed the highest compressive strength, followed
by samples containing 50 wt.% slag, Portland cement, and 100 wt.% volcanic ash in both curing

conditions.

The addition of sodium chloride from 0 to 10 wt.% did not significantly affect the strength of
samples containing 100 wt.% volcanic ash in both HT and RT conditions. However, in HT
condition, the mechanical strength of samples containing 50 and 100 wt.% slag as well as Portland
cement pastes increased with increasing sodium chloride from 0 to 2.5 wt.%, and further addition
of sodium chloride by up to 10 wt.% led to mechanical strength reduction. On the other side, in
RT condition, the strength of samples containing 50 and 100 wt.% slag as well as Portland cement

samples decreased with the addition of sodium chloride from 0 to 10 wt.%.

N-A-S-H gel in VA-based samples and (N,C)-A-S-H and C-S-H gels in slag-based samples were
the main factor in strength development of alkali activated cement pastes. In VA-based samples,
N-A-S-H gel became more intense as the amount of sodium chloride increased. Meanwhile, the
solidification and encapsulation of chloride ions in the dense structure of slag-based samples was

the predominant mechanism in chloride adsorption.

Addition of slag in the precursor led to the higher mechanical strength of alkali activated cement
than Portland cement against the addition of chloride ions in both curing conditions. Besides, high
content of CaO in slag played a significant role in Ca-Al-LDH formation that resulted in Friedel’s

salt.
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In Portland cement pastes, the chemical adsorption of chloride ions depends on Friedel’s salt.
Meanwhile, the adsorption mechanism of chloride ions in alkali activated slag includes physical

adsorption by C-S-H gel and chemical adsorption by Cl-hydrocalumite and Cl-hydrotalcite.
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