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ABSTRACT

Alkali activated materials (AAM) are being investigated as an alternative binder that could be
more eco-efficient than Portland cement. The effect of olive-stone biomass ash (OBA) on the
activation of blast furnace slag (BFS) was studied. The mechanical behaviour of mortars in
which OBA was replaced, or added to, BFS were compared to those found for BFS mortars
activated with potassium hydroxide (KOH) and sodium hydroxide (NaOH) solutions in the
range of 4-12 mol-kg™. The results showed the high efficiency of OBA as activating reagent

because it provided similar, or higher, strengths when compared to the alkali hydroxide
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activating solutions. The microstructural characteristics of the new binding OBA/BFS systems
were assessed by x-ray diffraction (XRD), thermogravimetric analysis (TGA), field emission
scanning electron microscopy (FESEM) and mercury intrusion porosimetry (MIP). These
systems showed lower mean pore diameter and scarcer formation of zeolite structures when
compared to KOH/BFS systems. These promising results demonstrated the viability of the use

of these type of ashes as activating reagents in AAM.

Keywords: Conservation, Alkali activated material, Blast furnace slag, Olive-stone biomass

ash, strength development

1. INTRODUCTION

Currently, cementing materials resulting from alkaline activation of alumino-silicate precursors
are becoming a well-known alternative to Portland cement. They are overcoming the limitations
of Portland cement in terms of mechanical and durability performance, and also minimize
environmental impacts, such as CO, emissions and energy consumption [1]. These materials

are denominated as alkali-activated materials (AAM) or geopolymers [2-4].

In general, the raw materials used as source of alumino-silicates are blast furnace slag (BFS)
[5-6], metakaolin [7] or fly ash [8-9]. In the last few years, some industrial and agricultural
wastes have been investigated, and some of them have shown the ability for alkali-activated
procedures in simple or combined systems, such as fluid catalytic cracking catalyst FCC residue
[10], ceramic waste [11-12], bottom coal ash [13] and sugarcane waste-derived ash [14], among

others.
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However, there are fewer examples in which wastes have been used in the preparation of the
activating solution. This is a critical subject, because the environmental impact relates to its
synthesis. The commercial reagents for preparing solutions used to activate the precursor are
produced with natural raw materials and involve industrial processes with high energy costs

and high CO- emission, especially the alkali silicates [15-16].

In order to minimize this impact, several studies have been done [15-20]. Gao et al. [15]
reported the use of nanosilica from olivine for preparing alkali activating reagents for the
activation of slag-fly ash blends. In some cases, the goal was to supply soluble silicate by
dissolution of the rice husk ash [16-20]. The reagent for producing the dissolution was
commercial sodium hydroxide, and the results indicated the feasibility of its use. However, very
few studies were reported in which AAM was prepared with raw materials (precursor and

activating solution) and were derived exclusively from waste (100%-waste AAM).

Recently, an alkaline sodium hydroxide waste solution from an aluminium cleaning mould
process was studied [21]. In this study, the waste was used to supply the alkali activating
solution on different precursors, and the results were promising for its use in the industry of

geopolymers.

In this context, olive-stone biomass ash (OBA) comes up as a promising alkali source for
preparation of AAMs. It has a significant amount of potassium and when mixed with BFS,
showed promising properties, such as compressive and flexural strengths of the mortar [22].

Also, ashes from maize stalk and maize cob were used for activating metakaolin [23].

During the production of olive oil, two types of waste are generated, a liquid (waste water) and
asolid phase (Figure 1). The liquid phase, "alpechin™ (wastewater from olive oil mills), contains

a large number of solid residues, oil, grease and polyphenols. It is a highly contaminant material
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[24-27] because of its acidity and high chemical (DQQO) and biochemical (DQO) oxygen
demands. The solid waste (SW) phase is a paste formed by a mixture of pulp, bark, olive stone
and residual oil, called "orujo”, "alpeorujo”, "orujillo” or "cake". This SW has a high
concentration of organic matter, oil and grease, and is rich in calcium and potassium [28-30].
It is a contaminant material, has a strong smell and high moisture content. It can be used as an

energy resource, such as for biofuel, animal feed and soil fertilizer [24, 31-32].

The amount of the SW and its physical-chemical characteristics depend on the production
process used for the oil extraction. It has been estimated that in 1000 kg of olive oil production,
1500 to 4000 kg of SW are generated. In addition to the type of process, changes in yield and

contamination of the waste can occur [29-30, 32-33].

The world production of olive oil expected for 2016/2017 is estimated to be 2.7 Mt, and 92%
will be produced in the Mediterranean area and 48.3% in Spain [34]. Considering the average
residue generation rate, where solid waste/olive oil = 2.5, it is possible to expect the generation

of 4.9 Mt of SW in Spain.

To be used as a biofuel, the SW must be dried. In addition, the stone can be segregated to
generate a by-product with a higher calorific value about 4490 kcal/kg [35]. The combustion of
these solid waste phases generates ashes (Figure 1): a general olive waste ash (OWA) and a
specific olive-stone biomass ash (OBA) [25]. The chemical characteristics of these ashes
depend on many factors, such as SW composition, combustion temperature and the presence of
contaminants (Table 1). The estimated amount of ash generated in the burning process from

dried SW is about 12% by mass [36].
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The reuse of these ashes in the preparation of concrete and mortars has been widely reported
[36-39]. The studies with OWA were done with concrete and mortars, using it as a replacement

material for Portland cement, fine filler material and sand [36-39].

Specifically, Eisa [39] found a reduction in the compressive and flexural strengths of concrete
when OWA was used as a replacement for Portland cement. Al-Akhras et al. [36], obtained a
more durable material at high temperatures when OWA was used as a replacement for Portland
cement. It was also more resistant to the alkali-silica reaction, when OWA was used as a
replacement for sand [38]. The authors explained the improvement in the performance of the

material due to a possible pozzolanic and filler effects of OWA.

traditional olive oil olive oil
oroduction | |
waste water
solid waste ]
"""" solid waste from pulp, bark, stone
............. p'r:!‘:l.n"in'g"""'"""". rEEEEaEEEEEEEEEEEEEEEaEEsEEEEnEEEEEnn..——.
residual olive oil
production
drying
R b |omass [ solid waste
P T e ta TR Te e T T TTT pulp' bark’ stone
[
biomass
................ frreeeeee
[ I ]
[ solid waste ] [ solid waste ] [ solid waste ] solid waste
wood pulp, bark, stone pulp, bark stone
burning burning burning
Olive waste ash Olive-stone ]
(OWA) biomass ash (OBA)

Figure 1. Scheme of the production of olive oils, generation of wastes and their ashes by
combustion.

Al-Akhras and Abdulwahid [37] used OWA as a replacement for Portland cement and sand in

mortars. The mortars they produced showed a decrease in the workability with the increase of

5



106  OWA content. Also, they observed an increase in the compressive and flexural strengths when
107  sand was replaced with OWA, and a decrease when Portland cement was replaced by it. Cruz-
108  Yusta et al. [40] analysed the effect of OWA as a replacement for Portland cement and as a
109 filler material. The authors concluded that a replacement of up to 10% of Portland cement is
110  feasible without major changes in strength, and showed a low pozzolanic activity of the
111  material, as well as its filler effect.

112 The first study of OBA was carried out by Font et al. [22]. The ash was characterized and it
113  showed a high amount of K>O (32.16%) and CaO (27.77%). They also noted the high alkalinity
114  in water suspension (pH=13.5) and the presence of crystalline phases, such as portlandite,
115 calcite, anorthite and kalicinite. These characteristics show that the material can be a potential
116  source of alkalis in AAMs. In this first study, the potential of OBA in alkaline activation was
117  assessed in BFS mortars and three types of mixtures (BFS/water, BFS/KOH and BFS/OBA).
118  The results showed: a) the BFS was alkali activated by the OBA, b) the AAM matrix produced
119  with OBA was stronger than the matrix produced with KOH and c) a filler effect in the matrix
120  was observed.

121 To better understand of the behaviour of OBA in AAM, this study analysed the binary system
122 composed by blast furnace slag (BFS) and olive-stone biomass ash (OBA) to evaluate the
123  alkaline reactive potential of OBA. A comparison in mechanical behaviour and microstructural
124  parameters was carried out in order to assess the role of OBA, and the effect of the percentage
125 of OBA, in the prepared BFS-based mixtures.

126

127  Table 1. Reported chemical compositions for OWA and OBA.

\}\?:ste SiO2 | CaO | Al,O3 | Fe203 | Na2O | K2O | MgO | P20s | SO3 | LOI | REF
OWA - wood 2.70 15230 | 1.40 | 210 | 0.10 | 1.50 | 2.70 | 1.50 | 2.60 | 32.06 | 35

8.10 | 32.80| 1.60 | 0.70 | 290 [ 19.90| 2.40 | 8.50 | 2.10|20.90 | 35




9.20 4340 | 150 | 190 | 2.70 | 12.70 | 2.80 |12.70|1.70 | 11.20 | 35
10.00 | 44.20 | 1.20 | 1.00 | 2,60 | 7.20 | 3.50 | 17.00 | 6.80 | 6.40 | 35

10.24 | 4147 2.02 | 0.88 | 3.67 | 25.16 | 3.03 | 10.75 | 2.65 - 41
11.84 | 54.82 | 260 | 1.38 | 0.16 | 9.26 | 4.36 | 3.40 - | 11.73] 42
OWA - bark 32.70 | 1450 | 8.40 | 6.30 | 26.20 | 430 | 420 | 2.50 | 0.60 - 43
OWA - pulp, | 22.26 1293 | 410 | 199 | 0.12 | 42.79| 5.84 | 6.09 | 3.73 - 41
bark and stone | 33.00 | 18.14 | 16.66 | 6.50 | 2.50 | 11.20 | 10.00 - 293 | 3.52 | 40
OWA - pulp 2530|4240 | 7.40 | 460 | 045 | 3.30 | 3.20 - 3.70 | 9.50 | 36
and bark 25.80 14290 | 850 | 570 | 0.25 | 0.33 | 3.20 - 3.80 | 9.50 | 37
25.80 | 42.90 | 850 | 5.70 | 0.25 | 0.33 | 3.20 - 3.80| 9.50 | 38
31.47 |1 13.66 | 645 | 697 |2743 | 1.77 | 448 | 33.33 | 1.98 44

OBA - stone 15.00 | 28.70 | 3.10 | 2.30 | 4.10 | 19.90 | 4.20 | 11.60 | 2.50 | 8.30 | 35

21.40 | 33.00 | 440 | 790 | 0.60 | 2.70 | 3.70 | 2.30 | 4.40|18.70| 35
10.70 | 22.00| 2.70 | 1.70 | 3.40 | 24.70 | 3.00 | 14.70 | 3.50 | 13.30 | 35

20.40 | 3290 | 440 | 260 | 430 |12.70 | 480 | 11.10 480 150 | 35
21.48 119.97 | 595 | 425 | 1577|1644 | 3.84 | 9.71 | 2.30 - 41
533 | 27.77] 0.70 | 3.45 | 0.78 | 3212 | 513 | 2.68 | 1.67 | 18.90 | 22
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2. MATERIALS AND METHODS.
2.1 Materials

The materials used in this experiment were blast furnace slag (BFS), olive-stone biomass ash

(OBA), kephalite (KPH), potassium hydroxide (KOH) and sodium hydroxide (NaOH).

Blast furnace slag (BFS) was used as a precursor in all mixtures. It was supplied by Cementval
(Puerto de Sagunto,Valencia, Spain). The particle size distribution is shown in Figure 2. It had

26.0 um mean particle diameter and its chemical composition is summarized in Table 2.

Olive-stone biomass ash (OBA) was supplied by Almazara Candela - Elche, Spain. It was
produced in the combustion of olive-stone to produce heat. The resulting ash was collected
from the bottom of the furnace. The received sample was dried at 105°C for 24 hours and was
immediately ground into a ball mill in order to homogenize the material, increase its fineness
and improve its dissolution rate in water. It presented 27.4 pm mean particle diameter, and the
particle size distribution is shown in Figure 2. Its chemical composition is summarized in Table

2. The XRD pattern showed the main crystalline phases (Figure 3) as portlandite (Ca(OH>),
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PDF card 040733), calcite (CaCO3, PDF card 050586), anorthite (CaAl>Si.Og, PDF card
411486) and kalinicite (KHCO3, PDF card 120292). Also, quartz (SiO2, PDF card 331161),
silvite (KCI, PDF card 411476) and gismondine (CaAl,Si20s.4H.0, PDF card 200452) were
detected. The size and shape of ground OBA particles are depicted in Figure 4. In general,
OBA particles were porous and irregular, and some particles presented a smooth surface (these

were identified as unburned olive-stone particles).

Kephalite (KPH) is a pure crystalline andalucite (Al2SiOs, 63% in Al,O3 and 37% in SiOz by
weight) which is used as inert material because of its low solubility in an alkaline medium (the
solubility in boiling 4M KOH solution for 4 hours was less than 5%). The particle size

distribution is shown in Figure 2, and its mean particle diameter was 31.1 um.

Commercial potassium hydroxide (KOH, 85% purity, pellets) and sodium hydroxide (NaOH,

98% purity, pellets) were supplied by Panreac S.A.

Table 2. Chemical compositions for BFS and OBA.

Oxide composition (%)
Si0; CaO Al,03 Fe:0O3 Na2O MgO KO P20s SOz others LOI

Materials

BFS 30.53 40.15 1055 129 087 743 057 026 193 089 553

OBA 533 27.77 0.70 345 0.78 5.13 3212 268 1.67 0.95 18.90
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166  Figure 3. X-ray diffraction pattern of OBA (Key: P, portlandite; C, calcite; A, anorthite; K,
167  kalinicite; Q, quartz; S, silvite; G, gismondine).
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Figure 4. FESEM micrographs for OBA: a) 5000x; b) 2000x. Arrows indicate the presence of
unburned olive-stone particles.

2.2 Methods

The methodology applied to evaluate the reactive potential of OBA, as an alkaline source to
activate BFS, included the analysis of mechanical properties and microstructural characteristics
obtained in mortars and pastes. Alkali activated samples were produced with different mass
ratios of BFS/OBA. The control mortars and pastes were produced with BFS/KOH, BFS/NaOH

and BFS/KOH+KPH.

Mortars were prepared with w/b = 0.4 (water/binder, being the binder the quantity of BFS in
control mortars) and a/b = 3 (aggregate/binder) ratios. The fresh mixture was poured in three
prismatic 40x40x160 mm3 moulds and they were demoulded after 4 hours in a thermal bath
(65°C). The specimens were cured for 7 days at 65 °C. Three values for flexural strength (Rf)
and six values for compressive strength (Rc) were obtained for each mixture according to UNE

196-1 [45].

Alkaline activation of BFS was assessed by a family of mortars produced with BFS/KOH and

BFS/NaOH in different concentrations. These mortars were noted as BFS/KOH-xM and

10
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BFS/NaOH-xM, where “x” is the molality (mol.kg™) value of the alkaline solution (x = 4, 6, 8,

10, 12 and 14 mol.kg*; the symbol M will be used in the manuscript for simplicity).

The filler effect was controlled by means of mortars produced with BFS/KOH+KPH. Two types
of mortars with 4M KOH were synthetized, one with KPH 20% addition (Ad) respect to BFS
and the other with 20% replacement (Rp) of the BFS. They were named as KPH-Ad20-4M and

KPH-Rp20-4M, respectively.

BFS/OBA mortars were produced by blending both solids. An addition series (Ad) was
prepared, where a given percentage of OBA was added by mass with respect to BFS content,
and a replacement series (Rp) was prepared by the substitution by mass of BFS by OBA. They
were named as OBA-Ady and OBA-Rpz respectively, where “y” is the addition content of OBA

(y =5, 10, 15, 20 and 25%) and “z” is the replacement by OBA (z = 15, 20, 25, 30 and 35%).

The pastes used in these analyses were prepared with w/b = 0.4 and were moulded in a plastic
container, sealed and cured for 7 days at 65 °C. The microstructure of the hydrated products in
the pastes was evaluated by: a) powder X-ray diffraction (XRD), carried out by a Bruker AXS
D8 Advance, from 10° to 70° 20, and with Cu Ko radiation at 40 kV and 20 mA; b)
thermogravimetric analysis (TG/DTG), using a TGA850 Mettler Toledo thermobalance with a

temperature range of 35-600 °C, heating rate of 10 °C min™

in an N2 atmosphere with
75mL-min gas flow; c) field emission scanning electron microscopy (FESEM) by an ULTRA
55-ZEISS (the powdered sample of OBA was not covered by any material and the pastes were
covered by carbon) and EDS with 6-8mm work distance and extra high voltage of 20kV; and

d) mercury intrusion porosimetry (MIP) by means of an AutoPore IV 9500 by the Micromeritics

Instrument Corporation, that measured pores in the range of 91.26 um to 5.5 nm.

11
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For TG/DTG and XRD, 5 types of pastes were analysed: P-BFS/KOH-xM (x = 4 and 8 M), P-
OBA-Adx (x = 20 and 25 %) and P-KPH-Ad20-4M. For FESEM and porosity studies, 4 types

of pastes were analysed: P-BFS/KOH-xM (x = 4, 8 M) and P-OBA-Adx (x = 10 and 25 %).

3. RESULTS AND DISCUSSION
3.1 BFS activated by KOH and NaOH

The effect of KOH and NaOH solutions on the hydration of BFS was evaluated by the
mechanical and microstructural performance of mortars and pastes. Samples were prepared by
means of alkali activating solutions with different concentrations of KOH and NaOH. The
mechanical properties evaluated in mortars included the compressive (Rc) and flexural (Rf)
strengths. In Table 3, the mechanical properties are summarized, while in in Figures 5 and 6 a

comparison of the compressive and flexural strengths of the mortars is shown respectively.

The KOH series showed a nonlinear behaviour with alkali concentration and a maximum Rc
value was found for [KOH] equal to 8M. For this mixture, the Rc value reached 25.56 MPa.
The lowest values were found for [KOH] equal to 4M and 14M (in the 14-15 MPa range),
whereas Rc values in the range 19-21 MPa were obtained for the rest of the KOH mortars. A
similar trend was found for Rf, where the highest strength value of 3.90 MPa was obtained for

[KOH] equal to 6M.

The NaOH series showed similar behaviour to the KOH series. The Rc values increased for
[NaOH]=12M and decreased for [NaOH]= 14M. The maximum value was 31.11 MPa, and the
lowest was 17.57 MPa. For Rf, the trend was the same, as it increased from 3.95 MPa for
[NaOH]= 4M to 6.05 MPa for [NaOH]= 12M, and decreased to 5.12 MPa for [NaOH]= 14M.
In general, the strengths for the sodium series were slightly higher than for KOH series. Taking

into account the chemical nature of OBA, which was richer in KO than in NazO, the systems

12
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prepared with OBA may be initially compared to those obtained with KOH, although
comparisons will be done also to the NaOH series, to assess the equivalency among the ash and

the commercial alkaline reagents.

By means of the MIP data on the corresponding pastes (Table 4), it was possible to observe the
reduction in the porosity with the increase of the KOH concentration, from 47.16% (P-
BFS/KOH-4M) to 23.74% (P-BFS/KOH-8M), as well as the reduction of mean pore diameter
(from 48.2 nm to 22.9 nm). These characteristics confirmed the refinement of the pore network,
showing the increase in the compactness for P-BFS/KOH-8M, and consequently the higher

mechanical strength [46].

Table 3. Mechanical properties (compressive, Rc ; flexural, Rf) of mortars cured for 7 days at
65°C.

Mechanical properties
Mortars Rc (MPa) Rf (MPa)
BFS/KOH-4M 14.55 +0.70 3.38 +0.15
BFS/KOH-6M 20.31 +0.32 3.90 +0.02
BFS/KOH-8M 25.56 +0.73 3.73 +0.53
BFS/KOH-10M 20.77 +0.64 2.32 +0.18
BFS/KOH-12M 19.31 +0.67 2.35 +0.14
BFS/KOH-14M 14.94 +0.66 1.79 +0.07
BFS/NaOH-4M 17.57 +£0.59 3.95 +0.34
BFS/NaOH-6M 24.07 +0.38 5.64 +0.25
BFS/NaOH-8M 26.90 *+0.67 5.82 +0.71
BFS/NaOH-10M 27.90 +0.64 4.35 +0.36
BFS/NaOH-12M 31.11 £1.46 6.06 +0.30
BFS/NaOH-14M 26.04 +0.79 5.12 +0.57
KPH-Ad20-4M 15.31 £0.60 3.80 +0.35
KPH-Rp20-4M 11.88 +0.54 3.41 +0.09
OBA-Rp15 16.27 +0.72 3.14 +0.05
OBA-Rp20 26.01 +0.81 6.47 +0.55
OBA-Rp25 29.42 +1.01 6.30 £0.16
OBA-Rp30 31.25 +1.00 6.04 +0.35
OBA-Rp35 27.81 +0.33 576 £0.16

13
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255

256
257

OBA-Ad5

OBA-Ad10
OBA-Ad15
OBA-Ad20
OBA-Ad25

8.59 +0.25
16.13 +0.22
21.47 +0.61
34.74 £1.51
38.38 +1.29

2.64 %0.09
3.85 +0.23
3.47 +0.47
6.88 +0.62
7.01 +0.44

Table 4. Mercury intrusion porosimetry data for P-BFS/KOH-xM and P-OBA-Adx pastes.

Description Unit
P-BFS/KOH-  P-BFS/KOH- P-OBA- P-OBA-
4M 8M Ad10 Ad25
Mean pore diameter nm 48.20 22.92 16.74 11.87
Volume cm?®/g 0.29 0.10 0.20 0.12
Surface area m?/g 411 6.43 17.42 18.35
Total porosity % 47.16 23.74 42.85 29.67
KOH/NaOH molarity
amM 6M 8M 10M 12M  14M
45 L L 1 I
40
35
30 - —e— OBA-Adx
25 —e— OBA-Rpx

== BFS/KOH-xM

= t==BFS/NaOH-xM

5%

contents of OBA

10% 15% 20% 25% 30% 35%

Figure 5. Compressive strength behaviour of mortars.
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Figure 6. Flexural strength behaviour of mortars.

Thermal analysis (TG/DTG) for the KOH family registered several mass loss events in the 35-
600°C range (Table 5 and Figure 7). The first one occurred around 140 °C and indicated the
loss of combined water from the main hydrated products, C-S-H and (C,K)-S-H. The second
event showed two peaks in the DTG curve at 200 °C and in the 238-259 °C range, which were
related to dehydration of C-A-S-H and (C,K)-A-S-H. The third peak, at about 390 °C, was
associated to the presence of hydrotalcite. Similar results were reported by other researchers [8,
47-48]. The total mass loss increased with the concentration of KOH, from 12.73% (P-
BFS/KOH-4M) to 20.78% (P-BFS/KOH-8M). This indicated that the amount of hydration

products in P-BFS/KOH-8M were higher than in P-BFS/KOH-4M. This growth was expected,

due to the increase of KOH content available to activate the BFS.
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Table 5. Thermogravimetryc data for selected alkali-activated pastes.

Mass loss (ML, in %) in the temperature range (°C)

Total

Paste 0-200 (ML-1)  200-350 (ML-2)  350-600 (ML-3)  mass loss (%)
P-BFS/KOH-4M 6.11 4.41 2.21 12.73
P-BFS/KOH-8M 11.78 5 4 20.78
P-KPH-Ad20-4M 3.77 4.01 1.82 9.6
P-OBA-Ad20 5.52 3.3 2.49 11.31
P-OBA-Ad25 8.78 3.47 2.39 14.64
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Figure 7. Selected DTG curves for pastes P-BFS/KOH-4M, P-BFS/KOH-8M, P-KPH-Ad20-4M, P-OBA-

Ad20 and P-OBA-Ad25.
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The microstructure of hydrated products is shown in Figures 8(a) and (b) for P-BFS/KOH-4M,
and Figure 8(c) and (d) for P-BFS/KOH-8M. Both presented a dense matrix with microcrystals
and amorphous rounded particles. Microcrystals in P-BFS/KOH-8M were more common,
presenting a twined platelet-like microstructure (Figure 8(d)). EDS analyses were carried out
to compare the composition of the cementing gel in both pastes. Gels analysed in 4M and 8M
pastes contained similar SiO> content (21.6+2.1% vs 23.5+2.3%), Al>Os content (6.8+0.8% vs
7.37+1.4%) and CaO content (28.9+2.1% vs 25.3+£7.9%). However, the K>O content was very
different: 33.0+3.6% for 4M and 27.1+1.7% for 8M. The higher percentage for the gel formed
in 4M KOH paste suggested that less gel was formed, and the main part of the potassium was
incorporated into the hydration products. In this way, a part of the BFS did not react, as
suggested by the low value of mass loss in thermogravimetric analysis (Table 5) and the weak
strength development (Table 3). In contrast, the higher KOH concentration for the P-
BFS/KOH-8M system activated more BFS, producing more hydrates. That is why the

potassium content in the formed gel was lower.
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Figure 8. FESEM micrographs of BFS pastes activated with KOH solution: a) General view for P-
BFS/KOH-4M matrix; b) Detail from the above micrograph; c) General view for P-BFS/KOH-8M; d)
microcrystals in P-BFS/KOH-8M.

3.2  BFS activated by OBA

The effect of OBA on BFS reactivity was assessed by the mechanical strength and
microstructure evolution for mortars and pastes produced with different contents of OBA (BFS
replacement by OBA or OBA addition to BFS). Table 3 also summarizes the values of Rc and
Rf strengths, and Figures 5 and 6 show the behaviour of the corresponding mortars cured at

65°C for 7 days.

The replacement series, OBA-Rpz, also showed a nonlinear strength behaviour with
replacement percentage (Figures 5 and 6). Rc increased up to 30% of OBA content (Rc=31.25
MPa) and decreased for 35% (Rc=27.81 MPa). The minimum Rc value was found for 5% of

OBA content (Rc=16.27 MPa). A similar trend was described for Rf development, in this case
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316  being 20% replacement the optimum (Rf=6.30 MPa)- Despite the lower content in BFS for
317  OBA replacement series, the strength development was good, and strength performance for
318  z=20-35% was higher than that found for the KOH series. This means that the effectiveness of
319 OBA as an activating reagent largely surpassed KOH. Most likely, the combined effect of
320  potassium and calcium present in OBA makes BFS more reactive. The OBA replacement series
321 had a similar trend to that observed for the NaOH series, and reached strengths that were
322  comparable. Thus, the 12M NaOH and OBA-Rp30 systems reached optimum strengths (31.11
323 and 31.25 MPa respectively). Also, 6M NaOH and OBA-Rp20 were similar. Fittings of
324 compressive strength (Rc, in MPa) versus activation solution parameter (NaOH concentration

325 [NaOH], or OBA replacement [OBA-Rpz]) were calculated as follows by Eqns. (1) and (2):

326 Rc=11.592 * Ln[NaOH] + 2.201 (1)

327 Rc=21.577 * Ln[OBA-Rpz] - 40.741 )

328  From these equations, a relationship for the equivalency between NaOH concentration and

329  OBA replacement can be calculated (Figure 9).
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332 Figure 9. Equivalences between the NaOH concentration and % of OBA replacement, in BFS mortars.
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The addition series (BFS content was maintained constant and OBA was added in different
percentages with respect to BFS), OBA-Ady, showed a continuously increasing strength up to
25% content of OBA (Figures 5 and 6). The maximum values for Rc and Rf were found with
25% of OBA (Rc=38.38 MPa and Rf=7.01 MPa), and the minimum values were found with
5% of OBA (Rc=8.59 MPa and Rf=2.64 MPa). Compressive strength depended linearly on the

OBA addition (OBA-Ady), as shown in Eqgn. (3):

Rc = 1.564 * [OBA-Ady] + 0.405 (3)

Equivalency analysis for compressive strength revealed that Rc values using NaOH solutions
(range from 17.57 to 31.11 MPa) were reached by using OBA addition percentages between
10.97% and 19.63%, according to Eqn. 3. The higher OBA addition percentage produced better
mortars in terms of strength. Based on the reference family mortars activated with KOH and
NaOH, it is clear that mortars produced with the addition of OBA, in amounts of 20% and 25%,
presented compressive strength values higher than those developed by the reference series,
which reached their maximums in 8M for KOH (Rc=25.56 MPa), and in 12M for NaOH

(Rc=31.11 MPa).

The results of MIP tests (Table 4) showed a significant reduction of porosity and mean pore
diameter with the increase of OBA contents from 10 to 25%. Thus, P-OBA-Ad10 paste had
42.85% total porosity and P-OBA-Ad25 had 29.67%. This explained the large differences in
strength (16.13 MPa vs. 38.38 MPa). Also, the lowest mean pore diameter value was found for
P-OBA-Ad25 (11.9 nm). This means that the microstructure of the activated material became
more refined with increasing OBA addition, justifying the increase of mechanical strengths in

the corresponding mortars.
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Comparing the series P-BFS/KOH-x with P-OBA-Ady, a significant change in the total
porosity was not observed (P-BFS/KOH-8M vs. P-OBA-Ad25, 23.74% vs 29.67%). However,
the mechanical strengths of the corresponding mortars showed strong differences: BFS/KOH-

8M (Rc = 25.56 MPa, Rf = 5.81 MPa) and OBA-Ad25 (Rc = 38.38 MPa, Rf = 7.01 MPa).

The gain in strength for the OBA series could be attributed to the nature of the hydrated
products. Also, the filler effect of the OBA may be taken into account: OBA was not dissolved
totally in water, and consequently a filler effect (more fine particles in the mortar matrix) could

play an additional role.

3.2.1. Analysis of the filler effect

The filler effect of the OBA was assessed considering the behaviour of the mechanical strengths
of mortars produced with an inert material. Kephalite (KPH, andalucite) presented a similar
fineness to OBA (Figure 2). Two types of mortars, KPH-Ad20-4M (addition of 20% KPH by
mass respect to BFS content, and activated with 4M KOH solution) and KPH-Rp20-4M
(replacement of 20% BFS by KPH, and activated with 4M KOH solution), were tested. The
strength values are summarized in Table 3 and the behaviour depicted in Figure 10. They were
analysed the values for: a) replacement (BFS/KOH-4M, KPH-Rp20-4M, OBA-Rp20) and b)
addition (BFS/KOH-4M, KPH-Ad20-4M, OBA-Ad-20). The replacement series showed that
the inert-containing mortar yielded 11.88 MPa, which is slightly lower than the corresponding
BFS/KOH sample (+18% less strength). This means that KPH contributed as an inert material.
The addition series showed that inert-containing mortar yielded 15.31 MPa, slightly higher than
the corresponding BFS/KOH sample (=5%). This behaviour suggests that, despite having the

same BFS content and a larger quantity of fine particles, the filler contribution to strength
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development was practically negligible. Considering the filler effect as a function of the
fineness (PDS), and the similarity of PDS curves for KPH and OBA (Figure 2), it is suggested
that the filler effect did not contribute significantly to the strength gain of the mortars produced
with the OBA. The large strength gain observed when comparing the KOH activated sample
and OBA activated sample in the replacing (=79% gain) and addition (*138% gain) tests is

attributed to the contribution of OBA to the hydration of BFS.

300 4

Figure 10. Filler effect assessment from compressive strength values.

3.2.2. Hydration products in BFS/OBA activated systems

TG/DTG results for KPH and OBA pastes are shown in Figure 7 and Table 5. The total mass
loss for P-KPH-Ad20-4M was lower (=25%) than that found for P-BFS/KOH-4M, which was
attributed to the dilution effect produced with the addition of the inert material. The temperature

DTG peaks were very similar, when comparing curves in Figure 7.

DTG curves for OBA containing pastes showed a large peak at 124-126°C, which indicated that
the nature and amount of hydrates were slightly different than those observed in the KOH

activated BFS-pastes. However, the total mass loss (Table 5) for the OBA containing pastes
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was significantly lower than that found for KOH pastes. For example, P-BFS/KOH-8M showed
20.73% total mass loss, while P-OBA-Ad25 had only 14.71%. This behaviour suggests that
despite the lower amount of combined water, the mechanical properties and chemical nature of

the hydrates formed in the activation of BFS in the presence of OBA is different than expected.

Results from XRD analyses on selected pastes are shown in Figure 11. The differences between
KOH and OBA activated pastes are clear. Both BFS pastes activated with KOH (4M and 8M)
showed calcite, hydrotalcite (MgsAl.CO3(OH)16.4H20, PDF card 140191) and K-I zeolite
(K2Al2Si>0g-3.8H20, PDF card 180988) as main crystalline products. Most likely, the calcite
presence was because it was in the BFS composition; the rest of products were formed from the
hydration processes. Additional zeolitic phases were formed in these KOH pastes. Potassium
gismondine (K2A21Si>0g-3H20, PDF card 110188) was identified in the XRD pattern of 4M
KOH activated paste and katoite (CazAl2(SiO4)(OH)s, PDF card 380368) was identified for the
8M activated paste. Also, in this last paste, potassium carbonate hydrate (K.CO3-1.5H.0, PDF

card 110655) was found, and its presence may be due to the carbonation of unreacted KOH.

OBA containing pastes (10 and 25% addition of OBA to BFS) also showed calcite as the main
crystalline product in the XRD patterns, due to the presence of this phase in BFS and in OBA.
However, the main crystalline compound formed under the activation by OBA was hydrotalcite.
No presence of katoite and K-I zeolite was observed suggesting that evolution of zeolitic
structures were not developed. This behaviour is in agreement with the better mechanical
strength found for OBA containing systems. In the 10% and 25% OBA pastes, small amounts
of fukalite (CasSi20s(CO3)(OH)2, PDF card 290308) and potassium carbonate hydrate,

respectively, were found.
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Figure 11. X-ray diffraction patterns for P-BFS/KOH-4M, P-BFS/KOH-8M, P-OBA-Ad10 and P-OBA-Ad25
(Key: C, calcite; Z, zeolite K-I, H, hydrotalcite; M, potassium gismondine; L, larnite; T, katoite; B,
potassium carbonate hydrate; F, fukalite).

The microstructure of the hydrated products in pastes was analysed by FESEM in Figure 12 (P-
OBA-Ad10) and Figure 13 (P-OBA-Ad25). P-OBA-Ad25 presented a more compact
microstructure than P-OBA-Ad10, and their microstructures were slightly different from the
reference pastes (P-BFS/KOH-xM, see Figure 8). Two different gels were observed in pastes
with OBA: a dense one and a compact one. The morphology of the microcrystals (denser
phases) was different that that observed for reference pastes, suggesting that these differences

may be responsible of the different mechanical behaviour of the corresponding mortars.

The mean chemical composition values were obtained by averaging 8-10 EDS data sets (see
Table 6). The SiO content in OBA containing pastes (29.17 + 3.39 for 10% OBA, 28.91 £ 1.61

for 25% OBA) was significantly higher than those found for KOH activated pastes. The same
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behaviour was found for Al,Os and CaO contents. The CaO content was significantly high,

reaching values from 34 to 41%, suggesting that calcium from OBA also reacted with the BFS.

The K20 content was significantly lower, ranging less than a half of the percentage found in

KOH activated pastes. All these differences indicated that the activation of BFS was more

complete in the presence of OBA.

Table 6. Chemical composition (EDS analysis) for studied pastes.

Oxide (% | p_Brg/KOH-4M | P-BFS/KOH-8M | P-OBA-Ad10% | P-OBA-Ad25%
by mass) ° °
NazO 2.45 % 0.59 164 +1.07 018 +0.37 0.60 £ 0.42
MgO 3.39 +0.79 4.15+1.22 5.27 + 0.64 7.47 +1.38
Al;0s 6.76 + 0.80 737 +141 8.73 +1.09 9.61+1.11
SiO; 21.61 + 2.14 23.50 + 2.35 20.17 + 3.39 28.91 + 1.61
SOs 0.92+1.14 5.27 + 2.45 3.93 +1.20 407 +1.28
K20 32.09 + 3.64 27.16 + 1.70 11.23 + 2.64 14.91 +3.27
Ca0 28.94 + 2.08 25.28 +7.93 41.19 +3.03 34.04 + 1.54

Figure 12. FESEM micrographs of BFS pastes activated with 10% OBA (P-OBA-Ad10): a) general view,
b) detail from the above micrograph, c) magnification of the above one, showing porous and dense
particlesand d) detailed view of the nature of the different formed gels.
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Figure 13. FESEM micrographs of BFS pastes activated with 25% OBA (P-OBA-Ad25): a) general view,
b) detail from the above micrograph, c) magnification of the above one, showing porous and dense
particles and d) another view of the two types of gel.

4. CONCLUSIONS

The ash obtained from the combustion of olive-stone biomass (OBA) was tested as an activator
reagent for blast furnace slag (BFS), and compared to the effect of typical activating solutions
of KOH and NaOH (in the range 4-14 mol-kg™). The chemical composition of OBA showed
high percentages of K>O and CaO, which become interesting for preparing BFS activated
systems. The effect of OBA on the strength development of BFS-based mortars was very
significant for both partial replacement of BFS and addition to BFS. The compressive strength
of mortars with 20-35% replacement of BFS by OBA yielded higher values than those obtained
for BFS-KOH systems. An equivalency between NaOH concentration in the activating solution

and OBA replacement in the activation of BFS was found (e.g.: 4M NaOH was equivalent to
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15.8% OBA replacement and 8M NaOH to 27.8% OBA replacement). The addition of 25% of
OBA enabled reaching a value of 38 MPa in compressive strength. The effect of OBA on the
microstructure was studied, and the main features to highlight were the reduction in the mean

pore diameter in the BFS activated paste and the very limited formation of zeolitic phases.

This study demonstrated the viability of using OBA in the activation of BFS and the reduction
in the consumption of commercial chemical reagents for AAM preparation. This allows a more

sustainable AAM.
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