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ABSTRACT: This study proposes using two types of binders based on fly ash (FA) as primary raw material
and a calcium source such as ground granulated blast furnace slag (GBFS) or Portland cement (OPC) for the
production of eco-efficient pre-fabricated materials. These binders are denoted FA/GBFS (70/30) and FA/OPC
(80/20). A mix of commercial sodium silicate and sodium hydroxide was used as a traditional activator (SN),
and the mix of rice husk ash (RHA) and NaOH as an alternative activator (RN). The results show the possibil-
ity of obtaining a binary cement (FA/GBFS-RN) with compressive strength up to 38 MPa after curing for 28
days and 65 MPa after curing for 360 days. The hybrid binder (FA/OPC-RN) reported 30 MPa and 61 MPa at
the same age of curing. Additionally, FA/GBFS-RN reports reductions in the environmental and health impacts
of up to 75% compared to systems made with sodium silicate and sodium hydroxide. Based on the results, FA/
GBFS-RN paste was selected as the optimal material for producing masonry blocks and pedestrian pavers,
which met the Colombian standards.
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RESUMEN: Materiales cementantes activados alcalinamente para la fabricacion de bloques y adoquines peatona-
les con baja huella de carbono. Propiedades mecanicas y andlisis LCA. Este estudio propone el uso de dos tipos
de aglomerantes basados en ceniza volante como materia prima principal (FA) y una fuente de calcio, tal como
escoria de alto horno (GBFS) o cemento Portland (OPC) para la produccion de materiales prefabricados ecoefi-
cientes. Los cementantes se denominaron FA/GBFS (70/30) y FA/OPC (80/20). Como activadores se emplearon,
uno tradicional que consistio en la mezcla de silicato de sodio con hidroxido de sodio (SN) y uno alternativo,
correspondiente a la mezcla de ceniza de cascarilla de arroz (RHA) e hidréxido de sodio (RN). Los resultados
muestran la posibilidad de obtener un cementante binario (FA/GBFS-RN) con resistencias a la compresion de
hasta 38 MPa a los 28 dias y 65 MPa a 360 dias. El cementante hibrido (FA/OPC-RN) reporté 30 MPa y 61
MPa a la misma edad de curado. Adicionalmente, FA/GBFS-RN reporté reducciones de hasta un 75% en el
impacto ambiental y de salud en comparacion con los sistemas fabricados con silicato de sodio e hidroxido de
sodio. Basados en los resultados, la pasta (FA/GBFS-RN) fue seleccionada para la produccion de bloques de
mamposteria y adoquines peatonales, los cuales cumplieron las normas técnicas colombianas.

PALABRAS CLAVE: Cenizas volantes; Cenizas de cascarilla de arroz; Cemento alcali-activado; Analisis de ciclo de
vida; Elementos prefabricados.
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1. INTRODUCTION

At the global level, pre- and post-consumption
wastes are being reincorporated into manufactur-
ing processes using the circular economy strategy,
which focuses on reducing the use of natural materi-
als and minimizing waste generation. Alkaline acti-
vation can be used to promote a circular economy
in the field of construction materials, as alterna-
tive cementitious materials can be manufactured
with low environmental impacts. This technology
makes it possible to use industrial and agro-indus-
trial wastes as raw materials, which reduces the use
of non-renewable natural resources, minimizes the
impact of quarry and inappropriate land use, and
reduces landfill volumes. Alkaline-activated mate-
rials have attracted attention because, in addition
to their mechanical properties and high chemical
resistance, they can, in some cases, be less expensive
to produce than traditional construction materials.
Additionally, depending on the type of precursor
and activator, they can generate low environmental
impact compared to conventional materials based on
Portland cement. Habert and Ouellet-Plamondon
(1) reported that concrete based on alkali-activated
cements could contribute to reducing by a factor
of 4 the CO, emissions associated with the con-
crete production. However, other environmental
categories were detected to have negative impacts,
although the authors consider that these categories
are less critical for the construction industry. These
results can be considered an opportunity for manu-
facturers acquiring international certifications such
as Cradle to Cradle®, LEED®, BREEAM, among
others, are awarded credits if waste is used as a raw
material and if environmental and health impacts
are reduced with respect to traditional materials.

FA is a coal combustion product obtained from
boilers and thermoelectric plants. The annual
worldwide production is about 750 to 800 Mt (2-4).
China, India, and the USA are the largest consumer
of coal, and consequently, the biggest generators of
FA. Depending on the country, the consumption of
FA varies from 3% to 90% (2). Although FA can be
used in diverse applications (cementitious materi-
als, bricks, geopolymers, zeolites, recover of metals,
catalysts, glass-ceramics, soil stabilization, road con-
struction, aerogels, and others), it is estimate that
more than 60% of FA produced globally is disposed
of in landfills (3, 4).

Most studies have examined high-quality fly
ash (FA) with lower amounts of unburned carbon
in order to produce construction elements based
on alkaline activation technology. Palomo and
Fernandez-Jiménez (5) manufactured fly ash-based
concrete blocks like those produced with Portland
cement. In other study, the same authors (6) fabri-
cated monoblock railway sleepers from an alkaline
cementitious material composed of 100% fly ash.

Kishan and Radhakrishna (7) used a binary mix-
ture of fly ash and blast furnace slag to produce
masonry blocks, and Arioz et al. (8) used fly ash to
form bricks using a pressure method. In general, the
previously mentioned studies used sodium silicate
and sodium hydroxide as alkaline activators, caus-
ing the carbon footprint of the material to be similar
to or, in some cases, lower than that of traditional
materials such as Portland cement which is made
with natural raw materials.

Considering that the manufacture of sodium
silicate is energy-intensive and generates CO, emis-
sions, in the last years, the studies have focused on
the search for alternative activators. Industrial by-
products and wastes have been studied, such as rice
husk ash (RHA) (9), waste glass (10), diatomaceous
earth (11), silica fume (12), among others.

Rice husk ash obtained at 600°C was used to
produce sodium waterglass with different molar
ratios Si0,/Na,O (0.31-1.25), which were used as
activators of metakaolin-based geopolymers (13).
The maximum compressive strength (36 MPa at
28 d) was obtained with a molar ratio of 1.25.
The lower strength of the other proportions was
attributed to the reduction of the soluble silica in
the mixtures (13). Luukkonen et al. (12) evaluated
RHA and microsilica (MS) as solid activators of
one-part alkali-activated blast furnace slag mortar,
although the alkali-solubility of RHA and MS is
lower than that of sodium meta silicate, the com-
pressive strength reported were 32 and 34 MPa at
28 days. Mellado et al. (14) evaluated the emissions
of a geopolymer mortar produced with a fluid
catalytic cracking catalyst (FCC) and proved that
the use of RHA-derived waterglass led to reduced
CO, emission by 50% compared to the geopoly-
mer mortar prepared with commercial waterglass.
Tchakoute et al. (15) compared the compressive
strength of a MK-based geopolymer binder using
sodium waterglass from RHA (83% SiO, amor-
phous) and glass waste with molar ratio SiO,/Na,O
equal to 1.5. The maximum compressive strength
was measured in a geopolymer binder activated
with glass waste; this is attributed to the presence
of calcium ions, which contributes to the forma-
tion of a high cross-linking geopolymer. In another
study, Tchakoute et al. (16) use sugar cane bagasse
ash to produce waterglass, which was used as an
activator of MK-based geopolymer. The compres-
sive strength obtained after 28 days of curing was
31.4 MPa, value comparable to those obtained
with RHA in previous studies (13). Passuello et al.
(17) based on a life cycle analysis (LCA) reported a
reduction of more than 70% in the Global Warming
Potential (GWP) and approximately 60% in other
impact categories when is used RHA compared to
a commercial silicate in the production of geopoly-
mers. In general, the different reports agree that
sodium silicate from RHA is a viable substitute for
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the commercial sodium silicate, with advantages
such as its availability and the potential reduction
of environmental impact (18).

The objective of this study was to demonstrate
the feasibility of using an alkali-activated mortar
to produce masonry blocks and pedestrian pavers
that meet the technical standards required in the
Colombian construction industry. Additionally, the
study proposes to reduce the environmental impact
of the alkali-activated binders by using precursors
and activators from by-products and wastes gener-
ated in the local industries. The fly ash (FA) used
as primary raw material came from a thermoelec-
tric power station, it has a high unburned content
(14.96%) being classified as a low-quality fly ash.
An agro-industrial waste, rice husk ash (RHA), gen-
erated in a combustor that uses rice husk as fuel,
was used to prepare an alternative alkali-activator.
Ground granulated blast furnace slag (GBFS) and
ordinary Portland cement (OPC) were used as cal-
cium sources. Two types of activators were used,
a commercial sodium silicate and an alternative
sodium silicate produced mixing RHA and sodium
hydroxide. The compressive strength of the binary
(FA/GBFS) and hybrid (FA/OPC) pastes was tested
at ages up to 360 days, and the life cycle analysis
(LCA) methodology was employed as an eco-crite-
ria to determine the optimum cementitious binder
to be applied as a base to fabricate an eco-efficient
mortar to manufacture construction elements.

2. MATERIALS AND EXPERIMENTAL
PROCEDURE

2.1. Materials

FA and GBFS were used as precursors to manu-
facture alkaline-activated binders and mortars. The
FA and GBFS used in this study were industrial by-
products supplied by a thermoelectric plant and a
Colombian steel factory, respectively. FA and GBFS
were subjected to a conditioning process by grinding
in a ball mill to reduce its particle size. Table 1 shows

TABLE 1. Chemical composition of the raw materials.

Chemical

compound (% wt) FA GBFS OPC RHA
SiO, 54.30 32.32 20.20 96.02
Al O4 21.74 14.65 7.00 0.20
Fe,04 4.55 1.11 4.80 0.20
CaO 0.81 47.37 58.40 0.00
TiO, 1.01 0.51 - 0.00
K,O 1.42 0.40 - 0.00
S 0.61 0.81 - 0.00
MgO 0.61 1.01 - 0.00
LOI 14.96 1.82 9.60 3.57
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the chemical composition of the FA, GBFS, and
OPC used to produce the binary and hybrid bind-
ers. The chemical composition of the precursors
was determined using X-ray fluorescence analysis
by a Malvern Panalytical Axios™"" spectrometer.
It is worth noting the high content of unburned
carbon (14.96%) contained in the fly ash (FA). The
particle size distribution was carried out in a laser
particle size analyzer (Malvern Mastersizer, 2000).
The particle size distribution of the raw materials is
shown in Figure 1. The average particle size D[4,3]
of FA and GBFS was 19.50 ym and 17.79 um,
respectively.

A commercial sodium silicate (SS) and an alter-
native activator based on RHA as silica source were
used as the activators in this study; in both cases,
sodium hydroxide (NaOH: analytical grade, 99%
purity, Merck) was used to adjust the proportion of
sodium in the alkaline solution. The chemical com-
position of the industrial SS was 32.4% SiO,, 13.5%
Na,0, and 54.1% H,0O. The RHA used in this study
is an agro-industrial by-product obtained from the
burning of rice husks used as biomass fuel. RHA
has a high silica content (96%), as shown in Table 1;
however, applying the method developed by Mehta
(19), only 36% of the silica in RHA is considered
reactive or soluble in an alkaline medium (NaOH
solution). The low percentage of soluble silica is due
to the lack of control in the combustion process.
The average particle size of RHA (D[4,3]) after the
grinding treatment for about 15 minutes in a plan-
etary ball mill, was of 5 um; this material shows a
bimodal curve (Figure 1).

The alternative alkaline activator (NaOH+RHA)
was obtained mixing the silica source (i.e., RHA)
with a sodium hydroxide solution, in order to obtain
a molar ratio SiO,/Na,O or solution modulus (Ms)
equal to 1.5 in the FA/OPC-RN geopolymer and
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FIGURE 1. Particle size distribution of the raw materials.
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TABLE 2. Binders and their respective molar ratios.

Molar ratio of the

My binder
Alkaline SiO,/ SiO,/ Na,O/
Systems activator Na,O ALO; SiO,
FA/GBFS- SN SS + NaOH 1.2 5.4
FA/OPC- SN 1.5 6.0 0.2
FA/GBFS-RN RHA + NaOH 1.2 54
FA/OPC- RN 1.5 6.0

1.2 in the FA/GBFS-RN geopolymer (Table 2). These
molar ratios were also used in mixtures activated with
SN. This means that the purpose was to replace the
total amount of SiO, from commercial sodium silicate
with silica from RHA. It should be noted that the con-
tribution of SiO, from RHA was considered as 96%,
taking into account the chemical composition listed in
Table 1. The solution modulus (Ms) used in this study
are in accordance with those used by Tchakoute et al.
(13) to produce MK-based geopolymers and activated
with waterglass from RHA. The alkali activators RN
and SN were stored at room temperature for one day
before its use. The pH of the activator solutions SN
and RN was in the range of 12.2 to 12.7.

2.2. Methods

Two types of binders were produced, a binary
binder FA/GBFS with a 70/30 proportion and a
hybrid binder FA/OPC with an 80/20 proportion;
each mixture was activated with the two alkaline acti-
vators (SN and RN). The SiO,/Al,O; and Na,O/SiO,
molar ratios and solution modulus Mg (SiO,/Na,O)
used to prepare each binder are presented in Table 2,
where RN corresponds to the mixture of RHA and
NaOH, and SN corresponds to the solution mixture
of commercial SS and NaOH. The mix proportions
were calculated using the chemical composition of
precursors and activators in order to obtain the molar
ratios specified in Table 2. The liquid/solid ratio (L/S)
where L represents the water content added and the
provided by the activator, and S includes the precur-
sors and the activator anhydrous, varies depending on
the workability of the paste. FA/GBFS-SN, FA/OPC
SN and RN type were prepared using a L/S of 0.35,
FA/GBFS-RN was prepared with L/S of 0.42.

The cementitious paste was elaborated, mixing
all the components in a Hobart mixer for approxi-
mately 10 minutes; the resulting paste was poured
into cubic moulds of 20 mm per side. The specimens
were cured in a chamber at room temperature with a
relative humidity greater than 90%.

The prefabricated elements (blocks and pavers)
were manufactured following the same steps men-
tioned above, the solid precursors FA/GBFS were

mixed with the alkaline activator (RN) for about
five (5) minutes to make a binder. Afterward, river
sand was added to the binder to make a mortar;
the mixing process continued to complete 10 min-
utes. The blocks were cast in a manual compression
machine “Cinva-Ram machine” used to make soil-
cement blocks, and the pavers were manufactured in
a vibratory compactor machine. Both elements were
kept covered with a plastic film to avoid water release
from the material; all the elements were cured in a
climatic chamber at controlled conditions (25°C and
90% H.R). The sand used was from the river with a
maximum particle size of 1.18 mm (mesh No 16).
The L/S ratio for blocks and pavers was 0.45 and
0.38, respectively.

Microstructural analysis, physical, and mechani-
cal tests were performed as follow:

- The microstructure of the alkaline activated
pastes at the ages of 28 and 360 days was char-
acterized using a JEOL JSM-6490LV scanning
electron mlcroscope (SEM) under a high vac-
uum (3x10°° torr), and the SEM was fitted with
an Oxford Instruments 7573 Inca PentaFETx3
detector. The chemical elemental analysis was
conducted using energy-dispersive X-ray spec-
troscopy (EDX). The samples before the test
were coat with gold Wlthout polishing.

- Solid-state NMR: *Si NMR experiments
were measured on a Bruker 400 NMR
Ultrashied AVANCE II equipment (spectrom—
eter equipped with a solid probe), The *Si
magic-angle spinning (MAS) measurements
were carried out at frequencies of 79.5 MHz,
and a spin speed of 5 KHz.

- The compressive strength of the pastes was
tested at different ages of 28, 180, and 360 days
using a Universal INSTRON model 3369 com-
pression testing instruments. The displacement
speed was 1 mm/min, and 2 cm X 2 cm X 2cm
cube samples were used. Three specimens were
tested for each mixture and curing age.

- The tests performed on the blocks were density,
water absorption and compressive strength,
these were determined according the NTC 4026
standard, which applies for both structural and
non-structural masonry units. The strength
test was performed using an ELE international
Soiltest press with a multi-channel data logger;
the two channels corresponding to CT 930 and
CT6200A had a maximum load capacity of
2000 kN and 200 kN, respectively. Three speci-
mens were evaluated for each test.

- The pavers were evaluated based on the techni-
cal requirements defined by the NTC 2017 stan-
dard; these requirements include absorption
and flexural strength tests. The abrasion resis-
tance of the material was determined accord-
ing to the procedure described by NTC 5147.
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The flexural strength of the paver was tested
using a Universal INSTRON 3369 press that
was equipped with specialized cells for this test.
Three specimens were evaluated for each test.

3. LIFE CYCLE ASSESSMENT (LCA)
METHODOLOGY

The LCA focused on six principal categories
associated with environmental impacts and human
health: the global warming potential (GWP 100;
kg-CO,-eq), the acidification potential (AP; moles
of H™-Eq), the eutrophication potential (EP; kg-N),
the ozone depletion potential (ODP; CFC-11:
eq), the photochemical oxidation potential (POP;
NO,-eq), and respiratory effects (RE; PM2.5). The
functional unit used in this study was 1 ton of binder
(FA/GBFS-SN, FA/GBFS-RN, FA/OPC-SN, and
FA/OPC-RN); the proportions of each material
were calculated according the mix design (Table 3).
The paste with the lowest environmental impact
GWP and REs was selected to produce the con-
struction elements, masonry blocks and pedestrian
pavers.

The cradle to gate model was used to limit
the LCA study; environmental inventories down-
loaded from the Ecoinvent 3.2 database were
analyzed using OpenLCA 1.6.3 software. The six
above-mentioned categories were measured using
the TRACI method in OpenLCA. The Ecoinvent
model selected was an allocation cut-off system
model, which was selected since it considers
by-products to be recyclable.

The process used to produce alkaline activated
pastes includes the following inputs: the raw materi-
als, electricity, fuel, and water. Meanwhile, the out-
puts of this process include the following elements:
air emissions, water emissions, soil emissions, and
the product (i.e.,, 1 ton of binder). The life cycle
phases considered included the material extrac-
tion, conditioning of the raw materials, and product
manufacturing processes.

Figure 2 shows the initial raw material (i.e., waste
or natural sources) and the manufacturing stages

TABLE 3.

Eco-efficient alkaline activated binders for manufacturing blocks ¢ 5

included in the LCA inventory to produce the FA,
GBFS, and OPC. According to Habert et al. (20),
FA, GBFS, and RHA were considered residues
because they do not have applications or commer-
cial value. These three waste products comprise
LCA inventory conditioning stages that include
grinding, crushing, and drying. OPC production
involves limestone extraction, conditioning pro-
cesses, clinkerization, and a final grinding step.

Figure 2 also shows the raw materials and pro-
cesses used to produce the activators, alternative
activators, and commercial SS. Sodium silicate can
be manufactured by two routes: a hydrothermal
“wet process” or a pyrometallurgical “liquid fur-
nace” process. According to the SS supplier, this
study used the liquid furnace route; values were
extracted from Ecoinvent 3.2 inventory database.

The cementitious paste manufacturing process
is shown in Figure 3. The process includes the
homogenization of the raw materials (FA/GBFS
and FA/OPC), addition of the alkaline activators,
mixing, casting, and curing.

Table 3 shows the mass input values for each
binder, and these values were used to measure the
six impact categories.

Table 4 shows the category impacts for the elec-
tricity of the medium voltage (kWh) used during the
conditioning of the raw material; these impacts are
also included in the input values.

4. RESULTS AND DISCUSSION

4.1. Effect of the silica source on the
microstructure and compressive strength
of FAIGBFS and FA/OPC systems

Figure 4 shows the microstructure of the four
studied systems: FA/GBFS-SN, FA/GBFS-RN,
FA/OPC-SN, and FA/OPC-RN, after 28 and 360
days of curing. Based on the SEM images, at the
age of 28 days of curing, all samples exhibit a
non-uniform surface; there were found dense and
uneven areas, microcracks from drying shrinkage
process, and some unreacted particles (marked

Input values for each binder used in the LCA.

(kg material/ton binder)

Raw materials Items (kg) FAI/GBFS-SN FAIGBFS-RN FA/IOPC-SN FA/IOPC-RN
Precursors/ cementitious FA 399.77 372.14 449.36 438.40
material GBFS 171.33 159.49 - -

OPC - - 112.34 109.60
Alkaline activators NaOH 48.89 88.14 37.24 88.83

SS 263.11 - 308.99 -
Alternative source of silica RHA - 84.42 - 103.90
Water Water 116.90 295.80 92.06 259.26
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FIGURE 2. Manufacturing stages included in the LCA inventory of FA, GBFS, OPC, RN and SS.
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FIGURE 3.

TABLE 4. Energy category impacts and input values.

Input values (kWh)
Crushing

Category impacts for ~ Drying grinding Homogenization
energy consumption process  process process
AP 0.19
EP 9.24 x 107
GWP 0.73 2 ) ,
ODP  235x 10° 2.72x10" 3.65x10° 7.99x10°
POP  1.50 x 107
RE 1.95 % 107

Acidity potential (AP); Eutrophication potential (EP); Global
warming potential (GWP); Ozone depletion potential (ODP);
Photochemical oxidation potential (POP); Respiratory effect
(RE).

with a star) from FA which are characterized by
having a spherical shape. Based on the observa-
tions, it is assumed that many of the unreacted par-
ticles are dissolved at the age of 360 days, becoming
part of the reaction gels.

temperature Cementitious paste

Cementitious paste manufacturing process.

At the age of 28 days, RN systems have a more
porous and uneven microstructure compare to SN
type systems, which have a smoother and denser
appearance. These results indicate that the disso-
lution of the particles in SN binders has a higher
reaction degree than RN binders at an early age. At
the age of 360 days, all the systems show a denser
and a similar surface. It is worth noticing RN sys-
tems show a low reaction degree at an early age; at a
more extended time, it reaches a comparable micro-
structure than SN. This performance agrees with the
mechanical behaviour shown in Figure 6.

Elements such as Si, Al, Na, Ca, and O, were
detected by EDX (area marked in red) on both sys-
tems FA/GBFS and FA/OPC. Independent of the
activator RN or SN, the chemical elements with
the higher participation on the selected area were O
(28-43%), Si (14-29%) and Ca (3-33%); the elements
with the lower participation were Na and Al. The
presence of the above-mentioned elements allowed
authors to infer the co-existence of reaction prod-
ucts with Si-O-Al-Na bonds and Si-O-Ca-Al-Na
bonds arrangements. On the other hand, EDX anal-
ysis also indicates the presence of carbon (C) in a
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Element | Spot1
% wt
G 8.2
] 28.3
Na
Al 9.50
Si 20.2
Ca 33.8
Total 100

20kv  X2,000 10pm

b)

Element | Spot 1
% wt
C 23.4
(0] 43.7
Na 6.95
K 0.72
Al 4.63
Si 14.8
Ca 4.86
‘ Fe 0.94
20kV  X2,000 10pm Total 100

X2,000 10pm

d)

X2,000 10pm

Element | Spot 1
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C
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Al 4.32
Si 29.44
Ca 10.30
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Total 100
Element | Spot 1
% wt
C 21.0
o 437
Na 6.5
K 1.5
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Si 17.8
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20kV  X2,000 10pm Total 100

FiGUrRe 4. SEM images of the alkaline-activated pastes: a) FA/GBFS-SN, b) FA/GBFS-RN, ¢) FA/OPC-SN, and d) FA/OPC-RN.

high percentage from 8-23%; it is assumed to come
from the high content of unburnt material in FA,
which has a LOI of 14. 96% (shown in table 1).
Figure 5 shows the *’Si MAS NMR spectra of
FA/GBEFS (SN (a) and RN (b)) and FA/OPC (SN
(c) and RN (d)) alkali-activated binders. Table 5

includes the percentages of participation of each
silicate unit for each curing time 28 and 360 days.
The values were calculated from the deconvolution
of each spectrum following the Gaussian adjust-
ment function; the regression coefficient (R?) varies
between 0.96 to 1.
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FIGURE 5. 2’Si MAS-NMR spectra of binary and hybrid binders at 28 days and 360 days.
a) FA/GBFS-SN, b) FA/GBFS-RN, ¢) FA/OPC-SN and d) FA/OPC-RN.

TABLE 5. Percentage of participation of silicate units in each binder.

Percentage (%)
FAIGBFS-SN FAIGBFS-RN FA/OPC-SN FA/OPC-RN
Units 28 days 360 days 28 days 360 days 28 days 360 days 28 days 360 days
Q! 0.0 0.0 0.0 0.0 0.0 0.0 1.2 0.0
Q'(1A1) 9.8 0.0 7.5 2.3 0.0 0.0 2.5 1.8
Q'2Al) 0.0 0.0 14 7.4 9.2 0.0 19.1 11.9
Q'(3Al) 4.1 38.3 10.8 12.8 0.0 5.6 9.9 19.7
Q'(4Al) 36.1 0.0 0.0 0.0 46.6 17.5 0.0 34
Q’(1Al) 454 61.7 75.8 68.5 41.5 76.9 432 63.2
Q' 0.0 0.0 0.0 9.1 2.7 0.0 24.1 0.0
Q° 4.6 0.0 4.6 0.0 0.0 0.0 0.0 0.0

Based on the results from SEM images and Garcia-Lodeiro et al. (24), who also observed a
NMR spectra, it is confirmed the co-existence of sodium aluminum silicate hydrate gel (N-A-S-H),
two types of gels in the binary and hybrid systems. calcium sodium aluminum silicate hydrate gel (C,N)-
These results are in agreement with Gao et al. (21), A-S-H), and a modified calcium (aluminum) silicate
Wang and Scrivener (22), Mejia etal. (23) and hydrate gel (C-(A)-S-H) in alkali-activated Ca-rich

Materiales de Construccion 70 (340), October—December 2020, €232. ISSN-L: 0465-2746. https://doi.org/10.3989/mc.2020.17419


https://doi.org/10.3989/mc.2020.17419

systems based on fly ash, ground blast furnace slag
and Portland cement. N-A-S-H and (C,N)-A-S-H
gels results from the activation of FA, the latter in
presence of a calcium source; and (C-(A)-S-H) is
generated from the activation of GBFS and OPC
in the presence of FA. In the traditional hydration
of OPC, the final product is a C-S-H gel with a 2D
structure that does not contain aluminium.

The spectra on Figure 5 and the values included
in table 5 show that SN activator promotes the for-
mation in similar proportions of N-A-S-H, (C,N)-
A-S-H and calcium gels and C-(A)-S-H at an early
age (28 days), the sum of all Q* (1Al, 2Al, 3Al,
and 4Al) resulted in the participation of 50% and
55%, where (%4(4A1) units have the lower participa-
tion; units Q7 (1Al) represents 45 and 41% in FA/
GBFS-SN and FA/OPC-SN respectively. On the
other hand, the activator RN leads to the forma-
tion of C-(A)-S-H gels represented by Q*(1Al) units
over a N-A-S-H or (C,N)-A-S-H gels at the age of
28 days, the calculated percentage fluctuated from
76% to 43% for FA/GBFS-RN and FA/OPC-RN
respectively. Probably due to the low reactivity of
silica in rice husk ash, the alkaline solution initially
attacks secondary sources rich in calcium, promot-
ing the formation of calcium gel. From the results, it
is proposed that silica from RHA reacts slowly com-
pared to the soluble silica present in sodium silicate.

The NMR spectra associated with binary and
hybrid SN and RN type systems show at the age
of 360 days, a decrease of the intensity and area
of the signals related to Q*(4Al) units; also it is
observed increase of Q*(3Al) percentage compared
to the binders at 28 days. This behaviour states that
gel (C,N)-A-S-H is enriched in silica over time and
decreases the amount of aluminium tetrahedrons
in the structure of the tectosilicate. It is inferred
that the aluminium species are probably bound in
the 2D structure of gel C-(A)-S-H, increasing the
cross-linking and the central units Q*(1Al) of the
chain. Additionally, it was found that and age of
360 days of curing, Q*(1Al) units in all the bind-
ers (FA/GBFS-SN and RN; FA/OPC-SN and RN)
increase its participation occupying around of 60%
to 70%, these results allow to assume that C-(A)-
S-H gel, at extended ages has the majority occupa-
tion in the cementitious matrices.

On the other hand, at the age of 360 days, a dis-
solution of the unreacted species Q*(0Al) from FA
and RHA, Q" and Q' units from slag and Portland
cement, was observed. Wang and Scrivener (22) sug-
gest that the dissolution of the species increases the
length of the C-(A)-S-H gel chains and densify the
structure.

Figure 6 shows that, at an early curing age
(7 days), the compressive strength of the pastes is
between 20 and 38 MPa. For systems with added
GBFS, the type of silica source did not have a sig-
nificant effect on the mechanical performance of

Eco-efficient alkaline activated binders for manufacturing blocks ¢ 9
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FIGURE 6. Compressive strength of
the alkaline-activated pastes.

the resulting materials for short aging durations;
the difference between the compressive strength of
SN and RN was only 2 MPa; for the pastes with
added OPC, the difference between the compressive
strength of the SN and RN systems was approxi-
mately 9 MPa. For both FA/GBFS and FA/OPC
systems, the use of RN as alkali activator led to
achieved low compressive strength compared to
SN systems. This effect can be attributed to the low
content of soluble silica present in RN. Previous
studies have reported that FA/GBFS binary sys-
tems prepared using RHA as a source of silica and
higher quality ash have compressive strengths simi-
lar to those reported in this study (i.e., 35 MPa for
materials after 7 days of curing) (23).

After 28 days, the pastes made with the SN
activator (SS + NaOH) had higher compressive
strengths than the pastes made with the RN acti-
vator (RHA + NaOH). The FA/GBFS-SN system
cured for 28 days had a strength that was 96% of
the compressive strength of the FA/GBFS-SN
pastes cured for 360 days. On the other hand, the
compressive strength of FA/OPC-SN at 28 days
was 64% of the final strength at 360 days. This
behavior indicates that GBFS reacts more quickly
in the alkaline medium than OPC, even though
the proportion of OPC is only 20% compared to
the 30% of GBFS in the systems studied. In the
RN systems, the reactive silica present in the RHA
(36%) participates in the reaction in the early stages
of aging (i.e., 7 and 28 days).

For extended periods of aging (i.e., 360 days),
the FA/GBFS-RN and FA/OPC-RN systems have
strengths of 65 MPa and 61 MPa, respectively, which
are up to twice the strength reported by these mix-
tures at 28 days. Geraldo et al. (25) reported a sig-
nificant evolution of the compressive strength from
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28 to 90 days when MK-geopolymers are activated
using sodium silicate based on RHA. It should be
noted that in the SN systems, the high content of sol-
uble silica imparts the material with high strengths of
up to 85 MPa at the same curing age. The strengths
of FA/GBFS-RN and FA/OPC-RN at 360 days were
13% and 28% lower than SN-activated specimens. A
study using silica sources as RHA (88% SiO,) and
microsilica was developed by Luukkoven et al. (12),
the authors demonstrated that silica availability in
the alkali-activated blast-furnace slag mortar affects
compressive strength over time. However, their
results were 32-34 MPa at 28 d; these values are com-
parable to those obtained in the present study.

Passuello etal. (17) evaluated the replacement
of SS for RHA in geopolymers based on calcined
kaolin sludge and reported comparable compressive
strength (<5%  difference). These values coincide
with the results reported by Bouzon et al. (26) and
Villaquiran-Caicedo (9), who evaluated the com-
pressive strength of geopolymer mortars based on
fluid catalytic cracking catalyst (FCC) and alkali-
activated pastes based on metakaolin, respectively.
The results reported for the authors were approxi-
mately 41 MPa at 7 days of curing (9, 26). Bernal
etal. (27) studied alkali-activated slag binders
activated with silicate obtained from the chemical
reaction between NaOH and RHA; these pastes
reported higher compressive strength than those
produced with commercial sodium silicate. It should
be noted that all the studies mentioned have used
RHA obtained at controlled conditions (600°C),
which allowed high percentages of soluble silica
(>60%). On the contrary, in the present study, RHA
is from an industrial combustor and has 36% of sol-
uble silica in NaOH.

4.2. Effect of the silica source on the life cycle analysis
of the FA/GBFS and FA/OPC systems

Table 6 shows the five categories analyzed in
the LCA study and the impact values associated
with each raw material; these values are given for

1 kg of material. Because FA and RHA are classi-
fied as “waste,” no inventory of the environmental
impacts produced by them exists, and for this rea-
son, FA and RHA are not included in the table. The
only values that can be used to calculate the total
binder impact of FA and RHA is the energy con-
sumed while preparing FA and RHA; this energy
was shown in Table 4.

The values shown in Table 6 are associated with
the emission inventories of the raw materials, show-
ing the materials with the most significant individual
environmental impact; the results show that NaOH
is the component with the highest adverse incidence.
In general, the values in Table 6 show that, in the
alkaline-activated materials, the alkaline solution
is the most polluting component. Other authors,
such as Passuello et al. (17), Petrillo et al. (28), and
Tempest et al. (29), have also shown the alkaline
solution to be the most polluting component of
alkaline-activated materials. SS is produced by a liq-
uid furnace process and requires the use of natural
resources and high temperatures of approximately
1300°C (Figure 2). On the other hand, sodium
hydroxide is produced by electrolysis in a diaphragm
cell. Both processes release large amounts of CO,
into the atmosphere and require large amounts of
energy. With regards to calcium sources, the envi-
ronmental impact of OPC is higher than that of
GBES because of the process used to extract the
natural raw materials, the high energy used during
the clinkering process, and the CO, emissions gener-
ated in the same process.

Figure 7 shows the impact of each raw material
(represented as a percent) in the four designed bind-
ers (Table 3). Because the impact percentages of
FA, RHA, and GBEFS are lower than that of water,
which has an impact percentage between 0.1% and
0.01% (represented by the thin red bar at the top of
the columns), the bars assigned to these materials
are not visible.

The total impact percentage of the SS in the FA/
GBFS-SN and FA/OPC-SN systems for all catego-
ries was between 70% and 86%, with the exception

TABLE 6. Category impact values for each raw material.

Category impacts per 1 kg

of material Raw materials and category values
Units GBFS OPC NaOH SS Water

AP moles of H-Eq 0.03 0.10 0.37 0.35 1.78 x 10™
EP kg N 1.13 x 10° 9.64 x 107 2,73 x 10 3,22 %10 1.01 x 107
GWP kg CO,-Eq 0.073 0.90 1.33 1.17 6.51 x 10™
oDP kg CFC-11-Eq 4.60 x 107 2.14 x 10° 7.09 x 107 5.60 x 10°® 2.86 x 10™
POP kg NOx-Eq 1.66 x 10™ 1.37 x 107 2.91 x 10° 2.46 x 107 1.51 x 10
RE kg PM, s-Eq 2.67 x 10 497 % 10" 3.48 x 107 1.70 x 107 1.63x 10°

Acidity potential (AP); Eutrophication potential (EP); Global warming potential (GWP); Ozone depletion potential (ODP);

Photochemical oxidation potential (POP); Respiratory effect (RE).
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being the ozone depletion potential (ODP) cate-
gory, which contributes to between 29 and 37% of
the impact. In this category, sodium hydroxide has
a higher impact, between 57% and 70%, due to the
raw materials used to produce NaOH; these mate-
rials are rich in chlorinated compounds. The emis-
sion of chlorofluorocarbon gases (CFCs), which
threaten the ozone layer during the manufacturing
process of NaOH, also contributes to its impact. In
the SN systems, NaOH only contribute to between
8% and 27% of the impact, which depends on the
impact category because the amount of NaOH is
lower than that of SS in the system (Table 3); how-
ever, in the FA/GBFS-RN systems, NaOH has an
impact percentage close to 99% due to the absence

GWP

100

Percentage (%)
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of a silicate. When OPC is incorporated as the cal-
cium source, the environmental footprint increases.
Figure 8 shows the total results of the impact cat-
egories evaluated for each binder. It is observed that,
except ODP, the mixes using RN (RHA+NaOH) as
activator have lower impacts in AP, GWP, EP, POP
and RE. RN systems reduce the environmental
impact by 50% to 75% compared to SN systems
However, the ozone depletion potential (ODP)
increased up to 34% in RN-activated specimens. In
this study, the paste with the greatest impact was FA/
OPC-SN, which had a GWP of 514.18 kg:CO,-eq.
Specially, GWP is reduced up to 61%; this coin-
cides with Habert et al. (20), who demonstrated that
replacing traditional SS with alternative sources

S T S
LA DAY T Q""q‘?'ﬁv,;:ﬁ

m0OPC m55 mNaOH wmwater

FIGURE 7. Percentage of impact per raw material for each binder.
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of silica substantially reduces the global warming
potential of the product. The environmental results
reported in this article agree with those reported by
Passuello et al. (17), who worked with an alkaline-
activated kaolin sludge residue and used RHA as
the silica source, authors also concluded that using
RHA decreases the environmental impact in several
categories. (AP, GWP, EP, and POCP). Villaquiran-
Caicedo and Mejia de Gutiérrez (30) reported that
the global warming potential emissions were reduced
by 47.45% when is replaced 100% SS by RHA in the
activator in metakaolin-based geopolymers.

Comparing the sources of calcium in in the sys-
tem evaluated (OPC and GBFS), the Figure 8 shows
that the systems manufactured with FA/GBFS show
a reduction between 11% and 42% in all the impact
categories, which makes FA/GBFS less impact-
ful than the FA/OPC systems. Therefore, from an
environmental perspective, OPC is not a suitable
alternative source of calcium. In this case, GBFS is
a better alternative source of calcium, which is an
industrial by-product.

The mechanical tests and life cycle analysis
indicate the feasibility of replacing a traditional
silica source with RHA without significantly affect-
ing the mechanical performance of the material.
The construction material produced using these sys-
tems has added value from the perspective of envi-
ronmental sustainability and human health.

For construction materials to be deemed sustain-
able and certified by Cradle to Cradle®, LEED®,
among other, waste (including fly ash, slag, and
RHA) must be used as the main component of the

materials produced, and the impact categories men-
tioned in this study should be reduced by at least
20% compared to traditional materials. Previous
studies show that, in most cases, alkaline-activated
materials have less impact in the GWP category
compared with OPC-based construction materi-
als; Robayo-Salazar et al. (31) reported a 44.7%
reduction in the GWP of concretes made with
alkaline-activated natural pozzolan (210.90 kg CO,
eq/m’) compared to a traditional concrete based on
Portland cement (381.17 kg CO, eq/m’). Bricks pre-
pared with alkaline-activated materials composed
of red clay brick waste had GWP reductions of up
to 73% compared to ceramic bricks produced from
clay (32).

4.3. Viability of using an alkali activated binary
mortar to produce masonry and paver elements

Based on the results obtained in the life cycle
assessment and considering the GWP and RE cat-
egories, the FA/GBFS-RN paste was selected as the
optimal material for producing the block and paver
construction material because it had the lowest
GWP (117.06 kg:CO,-eq) and RE (0.30 kg PM, s-eq)
impact among the four systems studied. The propor-
tions of the mix design of the masonry blocks and
pedestrian pavers are included in Table 7.

Figure 9 (a) shows the manufactured block. The
masonry element has an excellent finish, the dimen-
sions of the produced block were 30 cm X 15 cm
X 11 cm, and the wall thickness between the holes
and the surface was 4 cm. Figure 9 (b) shows the

TABLE 7. Proportions of the mix design of the masonry blocks and pedestrian pavers.

kg of material

Element FA GBFS NaOH Sand Water
Masonry Block 1750 750 414.7 2500 1490.3
Pedestrian paver 1750 750 414.7 2500 1258.5

FIGURE 9. a) Masonry block and b) pedestrian paver composed of FA/GBFS-RN mortar.
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TABLE 8. Mechanical and physical properties of the materials after curing for 28 days.
Material Property Specification Results
NTC 4026 Compressive strength (MPa) 13 16.7+0.72
Block Density (kg/m’) Between 1680 and 2000 1894 + 16.90

Absorption (%) 12 8,1x1.14
Pedestrian paver  Flexural strength (MPa) 4.2-5 43+0.88
NTC 2017 Absorption (%) Maximum 7 6.63 £0.25
Track length (mm) Maximum 23 204+ 1.3

geometry of the pedestrian pavers; according to
standard NTC 2017, the pedestrian paver is classi-
fied as type 2 with an I-shape. The dimensions of the
paver were 20 cm X 13 cm X 9 cm, and the inscribed
rectangle was 20 X 9 cm (where the nominal length/
nominal width ratio was 2.2).

According to the requirements established by
Colombian technical standards NTC 4026 and
NTC 2017, the masonry block and the pedestrian
paver were mechanically and physically evaluated,
and the specifications are presented in Table 8.
The Colombian standard classifies blocks as either
structural or non-structural, depending on the com-
pressive strength. According to this criterion, the
masonry material developed is classified as a struc-
tural block with a medium weight (1894 kg/cm’) and
high compressive strength (16.7 MPa). The paver
meets the NTC 2017 requirements. The paver sur-
face showed good wear performance, demonstrating
that this material can be placed in high-traffic areas
with little risk of wearing. Additionally, the absorp-
tion percentage indicates a good response when
exposed to the elements.

The results obtained for the block are compara-
ble to studies conducted by Palomo and Fernandez-
Jiménez (33), who manufactured blocks from an
FA/OPC hybrid. Robayo-Salazar et al. (32) devel-
oped blocks meeting Colombian technical stan-
dards (NTC) from a hybrid system composed of
brick waste and 10% Portland cement, and the
compressive strength achieved by this hybrid sys-
tem was equivalent to that of the FA/GBFS-RN
binary mixture block, which was 16 MPa. Higher
compressive strengths were reported by Kishan and
Radhakrishna (7), who activated a binary mixture
of FA/GBFS using as activator SS/NaOH to pro-
duce masonry blocks and reported a compressive
strength of 25 MPa after 28 days of curing. On the
other hand, Suksiripattanapong et al. (34) designed
a block with municipal sludge and alkaline-activated
FA, and the strength was 20 MPa after thermal cur-
ing at 75°C.

It is worth noting that few publications have
reported manufacturing alkaline-activated pedes-
trian pavers composed of wastes or alkaline-acti-
vated by-products. Robayo-Salazar et al. (32) used

a mixture of brick waste and Portland cement and
obtained a flexural strength and water absorption
of 4.42 MPa and 6.5%, respectively. Kumar and
Kumar (35) developed pavers for pavement from an
FA/red sludge system and reported a compressive
strength of 30 MPa.

5. CONCLUSIONS

The results obtained in this study show the fea-
sibility of using FA with a high unburned carbon
(14.96%) as a precursor and RHA generated as a
by-product in a combustor (36% soluble silica) as a
silica source to replace commercial SS in alkaline-
activated materials. The compressive strength of
the FA/GBFS-RN and FA/OPC-RN systems after
curing for 28 days was 38 and 30 MPa, respectively,
while after curing for 360 days, the compressive
strength of the FA/GBFS-RN and FA/OPC-RN
systems increased to 65 and 61 MPa, respectively.
These values indicate that FA/GBFS-RN is a suit-
able binder for manufacturing mortar-based prefab-
ricated materials.

NMR analysis leads to identified that SN, activa-
tor promotes the formation at an early age (28 days)
of (C,N)-A-S-H, N-A-S-H and C-(A)-S-H gels in
both analyzed systems (FA/GBFS and FA/OPC).
RN systems at the same age exhibited an opposite
behavior, it leads mainly to the formation of C-(A)-
S-H gel represented by Q*(1Al) units. At extended
ages (360 days) SN systems show a decrease of
Q (4Al) and an increase of Q* (3Al) units this behav-
ior states that N-A-S-H gel is transformed into
(C,N)-A-S-H, this latter is enriched in silica over
time, decreasing the amount of aluminum tetrahe-
dronsin the structure of the tectosilicate. At the same
age, it was detected i in all the binders an increase of
the percentage of Q*(1Al) units from 60 to 76%, it
is assumed that the aluminum species from Q*(4Al)
and Q*(3Al) are reorganized and bound in the 2D
structure of the C-(A)-S-H gel, 1ncreasmg the cross-
linking and the central units Q°(1Al) of the chain.

Finally, a reduction between 50% and 75% of
the environmental and health impact categories
was identified when an alternative activator pre-
pared mixing RHA and NaOH was used in the
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manufacture of alkali-activated binders based
on FA. The optimal paste (i.e., FA/GBFS-RN)
reported GWP and RE values of 117.06 kg-:CO,eq
and 0.30 kg PM2.5-eq, respectively. The feasibility
of producing eco-efficient prefabricated blocks, and
pavers that meet the requirements of the Colombian
Technical Standards (NTC) was demonstrated.
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