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Adobe earthen materials, one of the oldest and most widespread forms of construction, are easily susceptible to
degradation due to their porous structure and variable composition. Effective consolidation treatments should
involve compatible materials and allow for a good penetration, to restore grains cohesion. Among all possible
alternatives for the restoration of earthen masonry, the formation in-situ of calcium silicate hydrate has been
reported as a compatible and efficient solution. In this study we report the investigation of consolidation
treatments based on ground granulated blast furnace slag (a secondary raw material from steel production)
activated with calcium hydroxide, either as bulk or nanometric particles, to allow for the consolidation of porous
structures through the formation of calcium silicate hydrate. Different dispersions were thoroughly character-
ized, and the best formulation was applied on adobe mock-up samples. The effect of the treatment revealed that
calcium hydroxide nanoparticles, synthesized through an easy and convenient process, can accelerate the acti-
vation of the slag and increase the formation of the cementitious binder, both on the surface of the treated
substrates, and into their porous matrix. These results pave the way towards the use of nano-sized alkali acti-

vators to boost the hydration of geopolymers.

1. Introduction

Adobe represents one of the most popular earthen masonry materials
[1,2], widely diffused worldwide both in the architectural contest and in
the artistic field, despite its high susceptibility to weathering [3]. Adobe
bricks are handmade silicate-based materials, produced by mixing earth
and water to a plastic consistency, eventually including some rein-
forcement fibers (sticks, straw, dung), mold casting the mixture, and
letting the water evaporate by sun drying and curing. Although there is
no universal recipe as their preparation varies according to local avail-
ability and traditions, typically the clay fraction mainly consists of
alumino-silicates, carbonates, sulfates and oxides, while the granular
soils (sand and gravel) represent the inert fraction and play an important
role in controlling the mixture workability and shrinkage [4]. The final
porosity, which in turns affects the mechanical properties, strongly de-
pends on the cohesive soil fraction and granulometry, and can range
from micrometer to millimeter scale, making the structure easily sus-
ceptible to degradation [5,6]. The prolonged action of wind and water
erosion leads to the progressive reduction of grain’s cohesion, loss of

mechanical properties, and eventually cracking and crumbling. The
damages involve the upper surface, progressively exposing the under-
lying layers to atmospheric agents. Effective consolidation treatments
must entail compatible materials and provide a good penetration and
renewal of grains cohesion, but many of the traditional products
(alkoxysilanes, synthetic or natural polymers) lack of either
physico-chemical compatibility or effectiveness [7-9]. It is worth
mentioning here that, despite the high susceptibility and wide diffusion
of adobe, there is no universally recognized standard for the reinforce-
ment of earthen masonry.

The use of calcium silicate hydrate, ((CaO)y-(SiO2)-(H20)x, C-S-H),
the main binding phase that is responsible for the mechanical properties
of cementitious materials [10], has been already explored in the cultural
heritage field for consolidation treatments. Impregnation products able
to produce C-S-H gel in-situ have been reported in the literature for the
reinforcement of different damaged porous substrates, including earthen
materials, stones, ceramics, and cementitious materials themselves [3,
11,12]. Nowadays, various cementitious materials are under investiga-
tion as alternative binders, or as supplementary cementitious materials

Abbreviations: C-S-H, Calcium Silicate Hydrate; GGBS, Ground Granulated Blast-furnace Slag; CH, Calcium Hydroxide; AC, Abrasion Coefficient; DI, Decohesion
Index; XRD, X Ray Diffraction; FT-IR, Fourier Transform Infrared spectroscopy; SEM, Scanning Electron Microscopy; SM, Supplementary Material; TP, Total Porosity.
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to partially replace Portland cement, whose production is associated
with large CO3 emissions [13]. To this purpose, the use of industrial
byproducts has been crucial for the development of sustainable
cementitious materials, towards the reduction of greenhouse gasses’
emissions, as required by the tangible climate changes claiming for ur-
gent actions [14,15]. Among the wastes used in view of their pozzolanic
properties, Ground Granulated Blastfurnace Slag (GGBS), a glassy
byproduct of pig iron and steel production, is particularly interesting
[16]. Today, GGBS is mainly used in blended cements, but it finds ap-
plications also for the stabilization of clays. In particular, GGBS has been
already reported for the preparation of sustainable unfired clay building
bricks enriched with C-S-H binder, prepared using CaO/GGBS/clay
mixtures [17-19]. This slag has a chemical composition similar to that of
Portland cement, being mainly composed by CaO, MgO, Al,O3 and SiO»,
and, when finely ground [20,21], it reacts with water to form C-S-H [20,
22,23]. Although GGBS displays cementitious properties and hardens in
the presence of water, due to its glassy nature its hydration with sole
water is very slow, and thus some activators are necessary to boost the
hydration rate [24]. At the same time, the composition of GGBS can be
very variable, depending on the starting raw materials used into the
blast furnace, which in turn influences the hydraulic activity of the slag.
The use of Portland cement or alkalis as GGBS activators is a
well-recognized method to speed up the reaction rate, promoting the
slag reactivity by increasing the pH of the system [13] Among all
possible activators, we can find various hydroxide based strong alkali,
(NaOH, Ca(OH),, KOH), silicate-based activators, acid salts,
aluminates-based activators, oxide-based activators and
aluminosilicates-based activators [24,25]. The main role of these acti-
vators relies on controlling the pH, to prevent long setting times and to
favour the formation of C-S-H, which cannot form when pH is below 9.5
[26]. According to the hypotheses reported in the literature, a thin layer
of silica gel forms on the surface of GGBS particles upon hydration,
preventing further reaction with water. The presence of strong alkalis,
such as Ca(OH),, hereinafter CH, favors the dissolution of this surface
layer, fostering the precipitation of hydration products (C-S-H), as
illustrated in Fig. 1 [24,27].

In the literature, the hydration process of GGBS is typically accel-
erated by using bulk activators, such as CH, while the effect of alkali
activators in the form of nanoparticles was never investigated so far,
even though it could be possible to exploit the high reactivity of such
nanoparticles, arising from the high surface area to volume ratio [28,
29]. For example, it has been already demonstrated that non-aqueous
dispersions of kinetically stable CH nanoparticles (nano-lime) can be
used to reinforce murals [30], exploiting the effect of the reduced size of
the particles on their reactivity, stability, and ability to penetrate
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through porous matrices [31-33]. These systems already find applica-
tion in the field of restoration. In fact, over the last three decades,
nanotechnology has strongly contributed to the development of prom-
ising solutions for the protection and consolidation of various substrates,
and nowadays dispersions of alkaline-earth metal hydroxide nano-
particles are among the best systems available for consolidation of cul-
tural heritage carbonate materials [11]. Some of the authors also
recently demonstrated that a combination of CH nanoparticles and
nanosilica can be used to accelerate the precipitation of C-S-H, suc-
cessfully employed for the consolidation of earthen masonry [3,34].

In this study, we explored the possibility of reinforcing adobe
through the precipitation of C-S-H binder gel phase from aqueous
diluted suspensions of GGBS activated with calcium hydroxide, either
bulk or nano-sized. Thus, further steps with respect to the mentioned
recent advancements are represented by: i) the employment of a by-
product for the development of environmentally sustainable formula-
tions to be used for the consolidation of porous substrates, allowing to
extend the life of vulnerable adobe constructions; ii) the use of nano-
sized alkali activators to boost the hydration of geopolymers. To assess
the effect of the particles’ size on the effectiveness of C-S-H precipita-
tion, different formulations were prepared either using nanometric or
bulk CH activator, together with fine GGBS. Nano-lime particles were
synthesized [35,36] and used either as an ethanol dispersion or dried.
All samples were thoroughly characterized by monitoring the pH evo-
lution over time and through X-Ray Diffraction (XRD), Fourier Trans-
form Infrared spectroscopy (FT-IR), and Scanning Electron Microscopy
(SEM). One of the dispersions was then selected for applications on
adobe mock-up samples, to assess its efficacy on the consolidation of
such weathering susceptible materials. Treated samples were thus
characterized by means of 2D Confocal Raman mapping to confirm the
in-situ formation of C-S-H binder gel phase. The efficacy of the treatment
in preventing the typical dusting of adobe was evaluated through
peeling and abrasion tests, and the penetration of the consolidation
treatment into the substrate was investigated by means of X-Ray
microtomography.

2. Materials and methods
2.1. Materials

A fine grade GGBS (CaO ~ 41 %, SiO; ~ 35.7 %, Al,O3 =~ 11.6 %,
MgO =~ 8.7, %, TiO3 ~ 0.6 %, SO3 ~ 0.3 %) was kindly provided by
Ecocem 1td (d;jp = 1.24 pm, dsg9 = 5.98 pm, dgo = 19.7 pm; measure-
ments were performed by means of a Mastersizer 3000 laser diffraction
particle size analyser, Malvern). Calcium hydroxide powder (96 %,

Ca(OH), Ca(OH), Si(OH), Si(OH)4 Ca2+ o
2+ + 2+
a0 Ca2+ “ OH ' S /Ca? - OH S h0
O'—S/ l 4 OH H,0 00— '/OH OH H,0 O___S/ C.
0/ i~ » 7 — 2 Ca(OH), 0/ 0= %{ OHC .
B\ Y —~ 3 Ny G
J"/ 2 Ky A o A
¢ O/O/ N X OH / /0/0/ \o\y /0\()\ OH & /O/O/ N /0\(\ OH
___\’9/. ‘i Caz+ Ca?+ LY O/< Ca2+ & 75 ><
" 7R Z OH OH / & OH f O e
y o—p 1 £ A Ca2+ H ] v O"“‘Q'Q H,0
GGBS @/O/ % Ca(OH), " ‘ GGBS u}/o/ ;HH o o . GGBS’ @/0/ o
2 2 :
o= OH O—n o= Si(OH),
_A./g,./o/f -Ca?' O - O eeO 1%
/ P o Ca(OH), O i
2oy /‘4’ 2 OH
OH /0 bH OH P/\bH Caz:
© Ca?* S Caz+
H,0 OH N OH <
,0 SiOH) C-S-H H,0

Fig. 1. Schematic design of the hydration process of GGBS in the presence of CH activator. GGBS is a latent cementitious material, and the hydration is a three-stage
process: 1) the slag particles are coated by impermeable aluminosilicate hydrates, 2) the hydroxide ions break down this layer and activate the slag hydration, Ca*"
diffuse inside and silicate anions are released, 3) the pozzolanic reaction takes place and C-S-H forms.
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Merck) was used as received. CH nanoparticles were synthesized
following a procedure reported in the literature [35,36], using metal
granular calcium (Aldrich, 99 %) and ethanol absolute (Sigma-Aldrich,
99.8 %), by a one-pot reaction in a high-pressure reactor consisting of
two steps:

Ca+Ethanol—Ca(ethoxide)s+Hy (€}
Ca(ethoxide),+H,0—Ca(OH),+Ethanol (2)

The synthesis yields an ethanol dispersion of hexagonal platelets of
about 100 nm (portlandite), which were either used as a suspension or
as dry powder. For the drying process, the nanoparticles were heated at
80 °C under nitrogen flow until the ethanol was completely removed,
and they were then characterized by means of SEM to confirm their
nanometric size and through gas porosimetry to determine the specific
surface area, SSA. The measurement was performed by means of a 3Flex
gas porosimeter (Micromeritics, Norcross, GA, USA), using nitrogen as
adsorptive gas. Before the measurements, the dried samples were out-
gassed for 60 min at 70 °C under nitrogen flow with a FlowPrep appa-
ratus, and then tested for the adsorption of Nj. The measured SSA
resulted 30 m%/g.

From the specific surface area, the average size of CH nanoparticles
was estimated by calculating the equivalent spherical diameter, or BET
particle diameter: dggr = 6/(q*Sw) = 90 nm, where q is the density of CH
(2.21 g/cm3) and Sy, is the specific surface area.

Water was purified by a Millipore Milli-Q UV system (resistivity >
18 MQcm).

KBr (FT-IR grade, Merck) for FT-IR analyses was used as received.

2.2. Preparation of the formulations

Four formulations containing micro-sized and nano-sized CH and
GGBS were prepared in glass vials, as described in Table 1. After a series
of preliminary tests, the proper concentrations of GGBS and CH were
selected, to grant a sufficient amount of SiOy and a proper alkaline
activator percentage. The resulting silicon/calcium hydroxide ratio in
the freshly prepared formulations is about 7. CH nanoparticles were
used both as EtOH dispersions, i.e., as synthesized, or after drying. As a
comparison, also bulk calcium hydroxide was either employed dried or
dispersed in EtOH. A water to solid ratio (W/S) of 40 by mass was chosen
to enable the application of the formulations on artistic substrates and
their easy penetration through the porosities. GGBS_npCH* and
GGBS_CH* formulations were prepared by mixing GGBS and CH as dry
powders with water. GGBS_npCH and GGBS_CH formulations were
prepared by adding the ethanol dispersion of CH into the GGBS water
dispersion. All the systems were sonicated for 10 min after mixing the
components.

2.3. Characterization of the formulations

2.3.1. pH measurements
The pH was tested on the water-based samples immediately after

Table 1
Composition of the investigated formulations.
FORMULATION Alkaline Ca(OH), GGBS WwW/S EtOH/S
NAME activator conc. (g/ conc. ratio ratio
L) (g/L)
GGBS_npCH* np Ca(OH), 1.3 25 40 -
GGBS_CH* bulk Ca 1.3 25 40 -
(OH),
Merck
GGBS_npCH np Ca(OH), 1.05 20 40 10
GGBS_CH bulk Ca 1.05 20 40 10
(OH)y,
Merck
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preparation and then monitored with time, to ensure that these the
formulations displayed the proper alkalinity for the GGBS to be acti-
vated [26,37]. pH measurements were performed on the supernatant
solutions, following a method previously described in the literature for
the investigations of different cement mixtures [15,38,39]. In a poly-
ethylene flask we poured about 5 mL of the freshly prepared formula-
tions. The container was sealed and constantly shaken in an orbital
stirrer. Then, at selected time intervals (0, 1, 3, 7, 14, 28 days), the
samples were centrifuged at 7500 rpm for 5 min to precipitate the
powders, and the pH of the supernatant solutions was measured at 25 °C
using a BASIC 20 Crison pH meter. The pH of a dispersion of GGBS in
H,0 was also measured as reference. After the measurement, the sam-
ples were redispersed again by means of a vortex.

2.3.2. X-Ray diffraction

X-ray diffractograms were recorded using a D8 Advance (Bruker)
with DAVINCI design, using a Cu source (emitting radiation A=1.54 A)
and operating at 40 kV and 40 mA. Data were collected on all formu-
lations in the 5-70° 26 range, using an increment of 0.04° and a time per
step of 0.3 s. To stop the hydration reaction, after 1, 7, and 28 days from
the preparation, roughly 1 mL of all dispersions was withdrawn and
freeze-dried. Peaks’ assignment was based on the Powder Diffraction
Files (PDF) of the database of the International Centre for Diffraction
Data.

2.3.3. Fourier transform infrared spectroscopy

To stop the hydration reaction, roughly 1 mL of all dispersions was
withdrawn and freeze-dried soon after preparation (0 days) or after 1, 3,
7, and 28 days of curing. FT-IR spectra were collected using a Cary 670
FT-IR instrument (Agilent Technologies), in transmittance mode,
acquiring 128 scans for each measurement, in the spectral range of
4000-400 cm !, with a spectral resolution of 2 cm ™}, and a delay time
of 30s. To allow a semi-quantitative evaluation of C-S-H production
from the alkaline activation of GGBS, the analyses were performed using
KBr pellet method. 200 mg KBr pellets containing 1 % of each freeze-
dried grinded powder were prepared, after drying KBr overnight
under vacuum at 130 °C. The spectrum of pristine GGBS was also
collected. Background spectra were collected prior to each measure-
ment. The obtained spectra were deconvoluted via multipeak fitting
analysis in the spectral region between 730 and 1330 cm™!, with
Gaussian functions and a linear baseline, using Igor Pro Software
(version 9.01, Wavemetrics Inc.), to monitor the silicate chain growth by
looking at the evolution of the relative abundances of Q, species in the
hydrating slag, where n refers to the number of bridging oxygen atoms in
the silicate systems.

2.3.4. Scanning electron microscopy

After 1, 7, and 28 days from the preparation, roughly 1 mL of all
dispersions was withdrawn and freeze-dried to stop the hydration re-
action. FE-SEM images were acquired on dry powders using a field-
emission XIGMA microscope (Carl Zeiss Microscopy). Images were
collected using the InLens detector, with an accelerating potential of
2.00 kV, at a working distance of ~ 4 mm.

2.4. Application on mock-up samples

After the characterization of the four systems, one formulation was
selected and used for consolidation tests on a porous substrate of artistic,
architectural, and archaeological interest. Handmade adobe bricks from
a contemporary construction site of the Morelos state (Mexico) were
selected and used to prepare samples with approximate dimensions of
3x3x1.5 cm® and weight of ~15-20 g. Granulometric analysis on adobe
bricks collected from the same site were classified as silty sands with low
clay percentage, according to the Unified Soil Classification System
(USCS). Soils from the Morelos region are indeed granular soils, with a
low cohesive fraction responsible for the low mechanical properties of
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the samples. The samples were prepared in two ways, i.e., by cutting an
original adobe brick from the Morelos state (Mexico) into smaller pieces,
or by grinding the original brick and mixing the obtained soil with
water, mold-casting the mixture, and curing it for 1 month. In the first
case, irregular samples with the same physico-chemical properties of the
original adobe were obtained (see also Figure S1A in the Supplementary
Material, SM): these samples were used for X-ray micro computed to-
mography and peeling test. In the second case, the grinding step pro-
duced a fine and homogeneously mixed powder that returned more
regularly shaped and less rough mock-ups (Fig. S1B in the SM), suitable
for Raman mapping and abrasion test. All adobe mock-ups were treated
by drop-casting the formulation (about 3 mL) onto the upper sample’s
surface (about 9 cmz), and air cured for 28 days.

2.5. Characterization of mock-up samples

2.5.1. 2D Confocal Raman mapping

Confocal Raman microscopy was carried out to investigate the for-
mation of C-S-H binder on the treated earthen samples, in order to
confirm that the hydration reaction properly proceeds also when the
GGBS/CH formulations are applied on degraded substrates and the
hardening occurs in-situ. Raman analysis and mapping were performed
with a Renishaw inVia Qontor confocal MicroRaman system. The in-
strument was equipped with a 532 nm laser (Nd:YAG solid state type,
50 mW, 1800 l/mm grating), front illuminated CCD camera and
research-grade Leica DM 2700 microscope equipped with a 50 X
objective (theoretical spot size 1.3 pm). Raman maps were collected in
the spectral range 150-1900 cm ™}, with an exposure time of 1s, 1
accumulation, and using a step size of 2 pm. Spectra were processed with
the Renishaw software WiRE™, corrected for cosmic rays, baseline and
noise, and then used to obtain maps. Different maps were collected in
different regions of the surface. As a reference, the spectrum of pure
dried CH nanoparticles, adobe and GGBS were also collected.

2.5.2. X-Ray micro computed tomography

X-ray microtomography was performed with a SKYSCAN 1172 high-
resolution pCT scanner (Bruker) on adobe samples, before and after the
consolidation treatment, to evaluate the penetration of the treatment
and estimate the porosity variation. Experiments were performed at
100 kV and 100 pA, at 10 W and using an Al/Cu filter, with a step size of
0.1, allowing for a theoretical resolution of ~ 13 pm. Image processing
and porosity calculation were performed with the NRecon Reconstruc-
tion Program software 1.7.4.6. For the total porosity, a volume of in-
terest was selected and used for both the 3D and 2D analyses, after
tomography reconstruction. Pristine and treated images were also
compared through overlapping with Data Viewer software 1.5.6.2,
allowing to highlight the differences between the reconstructions.

2.5.3. Abrasion test

Abrasion tests were performed on pristine and treated samples to
evaluate the surface resistance to mechanical erosion, following a
standardized procedure developed for compressed earth blocks [40,41],
adapted for our adobe samples. The test consists of brushing the block
surface at constant pressure, using a metal brush with a constant mass on
the top center of it. The mass used for compressed earth blocks was
reduced from 3 to 1 Kg for testing adobe. Each brushing cycle consists of
60 rounds of brushing per minute, and the ratio of the surface to the
quantity of the material removed gives the abrasion coefficient (AC,
cm?/mg), proportional to the abrasion resistance. For the calculation of
the AC, two brushing cycles were repeated on the same area, to get in-
formation on the cohesion properties of progressively deeper layers, and
the data here reported are the average of three tests.

2.5.4. Peeling test
Peeling tests were performed to evaluate the surface cohesion
properties, by pressing and then peeling off pieces of adhesive tape of
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specific weight and area from the samples’ surface [42]. The weight of
the material detached per unit area gives the decohesion index (DI,
mg/cm?), which is inversely proportional to the grains’ cohesion forces.
The data here reported are the average of three measurements, per-
formed on three different areas of the samples.

3. Results and discussion
3.1. Characterization of the formulations

In order to ensure the achievement of the right pH to favor the
activation of GGBS and precipitation of C-S-H, the pH of the two water
based formulations was monitored for 28 days (see Fig. 2). As already
well established, pH plays a major role in the hydration of GGBS towards
the precipitation of C-S-H binder gel phase. It has been reported that C-S-
H cannot form when pH is below 9.5 [43-45], and the dependence of
C-S-H composition and formation rate on pH conditions has been largely
investigated in the literature [25,37,45-47]. In very alkaline conditions
silica is strongly ionized and at pH > 11.5 it starts to solubilize [44,48].
At the same time, calcium hydroxide can buffer the solution at pH =~
12.5 (Ca(OH); pKa ~ 12.5 [49]), providing optimal condition for an
efficient formation of C-S-H.

According to the results reported in Fig. 2, all the investigated for-
mulations display a pH higher than 12 in the entire investigated period,
confirming the proper pH to activate the hydration of the slag by
enhancing the solubility of the water impermeable layer typically
forming on the surface of GGBS particles (Fig. 1). Looking at Fig. 2, we
can see that the pH slightly decreases during the first week of hydration
from 12.4 to 12.2, and then raises again to about 12.4, reaching a
plateau. This trend could be attributed to the combination of different
factors: i) OH" are released from calcium hydroxide, that is mostly sol-
ubilized in the investigated samples soon after preparation, being way
below its solubility point (Ksp = 4.7 x 107% at 25°C [501); i) OH acti-
vates GGBS by breaking the Si-O-Si network of the impermeable layer of
silicates that is present on the surface of the slag particles (see also
Fig. 1), the concentration of hydroxide ions slightly decreases and so
does the pH; iii) the generated HSiO3/Si0% species react with Ca®* and
C-S-H precipitates upon reaction between silanols and Ca®"; i) part of
unreacted CaO contributes to the increase of the pH after one week,
through the equilibrium CaO + H,O — Ca’* + 20H" [44,51]; v) C-S-H
dissolution and reprecipitation equilibria stabilize the pH above 12, as
previously observed for C-S-H gels of Ca/Si molar ratio > 1 [43,50]. In
the last stage of the curve the pH is mostly regulated by C-S-H dissolu-
tion, as the presence of Ca(OH), can be safely excluded considering also
the results of the XRD and FT-IR experiments reported below. Thus, we
can hypothesize that the forming binder gel could be well described by a
Ca/Si ratio of about 1.2, associated to a pH ~ 12 [50].

It is worth noting that the presence of CH in the form of nanoparticles
(sample GGBS_npCH*), leads to a slightly lower pH in the first days of
hydration (see Fig. 2). We can infer that the use of nano-CH, exposing a
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Fig. 2. pH evolution during setting of the investigated formulations.
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larger surface area than bulk calcium hydroxide, accelerates the re-
actions occurring in the system. In fact, it is reasonable to assume that
the hydroxide ions, quickly released from the nanoparticles, are
promptly consumed by the reaction with GGBS, fastening the decrease
of OH" associated with their consumption upon activation of the slag.
This hypothesis is also supported by FT-IR experiments reported below,
that indicate a lower amount of portlandite in GGBS_npCH* than in
GGBS_CH* in the formulations characterized soon after preparation, i.e.,
when C-S-H is still scarce (see also XRD results) and the pH depends on
two compelling processes: calcium hydroxide dissolution (OH™ release)
and GGBS activation (OH" consumption). As a result, the use of nano-
particles boosts the activation of GGBS and the formation of C-S-H, as
confirmed also from FT-IR and XRD analyses.

The pH of a dispersion of GGBS in water in absence of calcium hy-
droxide was measured as reference, using the same concentration of the
investigated formulations, and resulted to be about 10, confirming the
need of an alkali activator.

XRD analysis (see Fig. 3) was performed on the investigated samples
at different times of hydration, to gain information on the effect of
different alkaline activation conditions. In all formulations we observe
an evolution of the diffraction curves with time. The broad signal at ~
30° arising from GGBS (see also the curve of pure GGBS reported in
Fig. S2 in the SM) decreases with time, as it is consumed by the hy-
dration reaction. At the same time, the signals ascribed to portlandite
(18.0°, 34.1°) [44,52] decrease with time. Meanwhile, different peaks
characteristic of C-S-H appear and increase with time (peaks at 26 values
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of 29.1°, 31.8°, and 49.8°) [52-55]. The presence of some calcium
carbonate (peaks at 23.1°, 29,4°, 39.3°, and 48.6°) can be explained by
considering a partial carbonation of CH due to air exposure [56]. Other
signals are also present, ascribable to aluminate phases and to their
hydration reactions: hemicarboaluminate (21.5°) [23], and calcium
aluminate phases, like hydrogarnet (20.0°) [57-60]. Overall, the main
phase present at 28 days of reaction in all samples is tobermorite-like
C-S-H. The comparison among the different formulations shows that in
absence of EtOH (Fig. 3A and C) the precipitation of C-S-H occurs faster
than in the presence of ethanol (Fig. 3B and D). Moreover, when using
CH nanoparticles (Fig. 3C and D) the hydration reaction is boosted more
than in the presence of bulk CH (Fig. 3A and B), allowing a faster for-
mation of abundant C-S-H.

Despite that, when using nano-Ca(OH); a very small signal at 18.0°,
associated with portlandite, is still present after 28 days of hydration.
Thus, the hydration kinetics of GGBS upon CH activation was further
monitored through FT-IR analysis, to better understand the difference
among the samples, highlighted by pH measurements and XRD experi-
ments. To this purpose, spectra were collected at different times of hy-
dration and analyzed by means of deconvolution in a region of interest,
to follow the evolution of C-S-H formation. Fig. 4 shows the spectra of
the freeze-dried powders collected at 0, 1, 3, 7, and 28 days. The in-
crease of the intensities of the broad band centered at 3400 cm ™! and the
small band at 1650 cm ™}, related to O-H stretching and bending, can be
ascribed both to silanol groups and bound water [61,62], suggesting that
the hydration process is proceeding for all the samples. The
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Fig. 3. XRD patterns of the investigated samples at different hydration times: GGBS_CH* (A), GGBS_CH (B), GGBS_npCH* (C), GGBS_npCH (D). P: portlandite (PDF
00-044-1481); H: hydrogarnet (PDF 01-076-0557); Hc: hemicarboaluminate (PDF 00-060-0312); cc: calcium carbonate (PDF 01-089-1304); C: C-S-H binder gel

phase (PDF 00-006-0010).
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Fig. 4. Time evolution of the FT-IR spectra of the investigated formulations: A) GGBS_CH*, B) GGBS_CH, C) GGBS_npCH*, and D) GGBS_npCH. The blue box

highlights the region of interest to monitor C-S-H formation.

characteristic absorption peak of portlandite, centered at 3642 cm™!

(O-H stretching) [63,64], decreases over time due to CH consumption in
the pozzolanic reaction, as already observed in XRD diffractograms. A
small amount of CH is still detected after 28 days only in GGBS_CH (see
Fig. 4B), which could be regarded as the less reactive formulation. Some
CH also inevitably transforms into calcium carbonate upon reaction with
water and atmospheric CO,, as testified by the broad band at
1400-1500 cm™! (CO% asymmetric stretching, v3) and the signal at
870 cm ™! (CO%’ out-of-plane bending, v9) [63].

The signals in the 1200-400 cm ! region are particularly interesting,
being characteristic of symmetric and asymmetric stretching vibrations
of Si-O-T bonds (where T = Si or Al) [52,61,65,66], and the group of
bands between 1200 and 800 cm ™! can be used to gain information on
the precipitation of C-S-H. According to the dreierketten model (see
Fig. 5), C-S-H chains are constituted by repetitions of silica tetrahedra
(Q2 units), consisting in paired tetrahedra (Qg units) facing the CaO
interlayer, and bridging tetrahedra (Q? units), with Q! species as ter-
minal nuclei. In the investigated samples, the main band at
950-970 cm !, associated with T-O stretching modes of Q2 tetrahedra,
sharpens over time in all samples, along with the intensification of the
shoulder at 1060-1070 cm’l, related to stretching modes of Q2 tetra-
hedra in bridging configuration, typical of C-S-H phases with Ca/Si > 1
[52,67]. The shoulder at 800-830 cm™! is associated with stretching
vibrations of Q! species, i.e., dimers or ending tetrahedra, and it slightly
changes shape over time, as also illustrated in the fitting analyses re-
ported below (Fig. 5). Lastly, the region towards 1200 cm ™! is correlated
to aluminosilicate stretching vibrations of highly condensed Q° silicates,
where the bands’ positions are reported to vary with aluminum content
[66,68,69].

The small band at 670 cm ™, present in all spectra, is assigned to

Si-O-T bending, while the band at 400-500 em™! to TO, tetrahedra
deformations. These peaks slightly change their shape with time in all
samples, and can be ascribed either to the reactants (GGBS, see also
Fig. S3 in the SM) or to the products of hydration.

To gain additional information about the evolution of C-S-H binder
gel phase, the spectra were fitted in the 730-1330 cm ™ region (blue box
in Fig. 4), as previously reported for the quantitative analyses of similar
systems to study the deconvolution of the Si-O asymmetric and sym-
metric stretching bands in C-S-H gels [68]. A multipeak fitting analysis
was performed using the minimum number of Gaussian peaks necessary
for an accurate reconstruction and returned five contributions: (i)
stretching of Q1 tetrahedra at 815 cm™!, (ii) carbonate bending at
865-870 cm ™!, (iii) stretching of Q? tetrahedra in pairing position (Qﬁ)
at 950-955 cm_l, (iv) stretching of Q2 tetrahedra in bridging position
(Q%) at 1055-1060 cm’l, and (v) stretching of Q3 tetrahedra at
1150 em ™. Fig. 5 shows the curve fitting results for the GGBS_npCH*
formulation, qualitatively representative of all CH-activated GGBS
samples in the investigated conditions, reported in Fig. S4 in the SM. The
broad distribution of Q, species in the as-prepared formulations (time =
0 days) indicates a high degree of heterogeneity in the samples, origi-
nating from the dissolution of the original amorphous slag in the alka-
line solution. As hydration proceeds, Q' signal decreases, along with a
clear increase in the total amount of Q? units, indicating an enrichment
in the silicate chains (number and length) over terminal tetrahedra or
dimers, which is reported as fingerprint of the progressive
re-arrangement into the typical dreierketten chain structure of C-S-H
[70]. As a matter of fact, the C-S-H gel forming in alkali-activated sys-
tems resembles defective tobermorite crystals [71-73], in agreement
with the XRD results.

The areas of the single Gaussian curves were also employed to
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Scheme of silicon sites in C-S-H

Construction and Building Materials 439 (2024) 137285

o 0d 1d
b
2 2 3 1 2 2 3
Q' sz ! sz Q' Q'CC @, @ Q Q'CC @, @4 Q
! I HO, Y ,0H 1 |
HO,, ¥ O\\¢‘@/&\OO* OV (oH 5 5
Si si” S si" © .
o \? o \? ?/ \(‘) o No = \E
Ca C‘a Ca C‘a C‘a C‘a C;a C‘a
|
o) O O (o] [e) O O o)
Ts./ \s.{ &s./ Nsic”
HO" 0 o N o o “oH
Ho" o
800 900 1000 1100 1200 1300 800 900 1000 1100 1200 1300
-1 -1
WN (cm ) WN (cm )
3d 7d 28d
Q'CcC @, Q@3 @ Q'cC @, @, @ Q'cC @, @, @

T (a.u.)

800

900

1000 1100
WN (cm’)

1200 1300 800 900

1000
WN (cm’)

T (a.u.)

1100 1200 1300 800 900 1000

1100
WN (cm)

1200 1300

Fig. 5. Scheme of C-S-H structure, and deconvolution of FT-IR spectra of GGBS_npCH* formulation, in the Si—-O-T symmetric and asymmetric stretching vibration
region (730-1330 cm ™), showing four contributions of Q, aluminosilicate units and the contribution of calcium carbonate. Black markers represent the experimental

data; blue lines are the global fitting curves, while the Gaussian peaks obtained by

quantitatively evaluate the hydration rate of the four formulations, by
plotting the mean chain length (MCL = 2(1 +Q2p +Q2)/(Q1) [23]) as a
function of time, as shown in Fig. 6. It is reasonable to speculate that the
formation of new Q2 sites, related with C-S-H growth, is associated with
the loss of some Q3 and Q4 units of GGBS (as described in Fig. 1), favored
by the presence of strong alkali that allow the dissolution of GGBS
external layers to foster C-S-H formation. The presence of ethanol
(samples GGBS_CH and GGBS_npCH) reduces the total amount of C-S-H
gel that precipitates at the end of the investigated period of time (28
days), with respect to sole water formulations (GGBS_CH* and
GGBS_npCH* systems). Moreover, a plateau is reached after about 7
days when ethanol is present. On the opposite, when sole water is
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Fig. 6. Time plot of the mean chain length, obtained from the deconvolution of
the FT-IR spectra of the four investigated formulations and calculated as MCL =

2(1 + Qp + Qu)/(Q1)] [23].

the fitting procedure are shown as dark gray curves.

present, MCL keeps increasing during the entire investigated period,
indicating a continuous C-S-H growth. The observed behavior is due to
the fact that organic liquids with low surface tension, like ethanol, can
replace free water, which is a reactant, leading to a reduced precipita-
tion of C-S-H. In particular, it is well known that ethanol can influence
the hydration products by favoring the formation of carbonate like
phases [74-76] and AFt phases (calcium aluminate ferrite) [77]. On the
other hand, the use of nano-sized CH boosts the hydration rate at early
stages, and after 1 month a larger amount of C-S-H is produced when
using nano-CH with respect to the samples activated with bulk CH. Thus,
FT-IR analysis proved that the high surface area of nano-CH not only
accelerates and enhances the reaction rate at early stages, but also af-
fects the total amount of C-S-H at later stages, as foreseen in the previous
sections.

SEM images were collected on the investigated formulations after 1,
7 and 28 days of reaction (see Fig. S5 in the SM), to monitor the
morphological changes of the samples during hydration. The micro-
graphs confirm the formation of abundant C-S-H, characterized by a
morphology resembling nanofoils, which is expected to occur for Ca/Si
ratios around or above 1.25 [78]. This result also agrees with pH and
FT-IR experiments discussed above. Indeed, pH values measured at long
hydration times, depending on C-S-H dissolution processes, were
compatible with a binder gel phase described by a Ca/Si ratio of about
1.2 [50], while the appearance of the T-O stretching modes of the Q2
tetrahedra in the FT-IR spectra suggested the presence of C-S-H phases
described by Ca/Si > 1 [52,67]. In some samples, CH and CaCO3 can be
also identified, especially at short hydration times. The presence of
unreacted portlandite and/or carbonate phases was already evidenced
from FT-IR and XRD results, and it seems particularly abundant in the
samples prepared using bulk CH, while in the formulations prepared
with nano-CH no leftover portlandite was observed. SEM images of pure
phases were collected as comparison, and are reported in Fig. S6 in the
SM.
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Following the results obtained from the thorough characterization of
all formulations, we selected GGBS_npCH* as the most promising system
to perform preliminary applications on adobe substrates: this is the
formulation that allowed for the faster and the most abundant obtain-
ment of C-S-H.

3.2. Characterization of the selected case study

GGBS_npCH* was prepared as described in Section 2.2, promptly
applied on the surface of adobe mock-up samples (details in Section 2.4)
and air cured for 28 days. In order to evaluate the consolidation effi-
ciency of the treatment, the samples were characterized by means of
different techniques. It is worth recalling that adobe is traditionally
obtained from locally available materials, hence high variability can be
found when comparing chemical and granulometric compositions of
different earthen materials. Therefore, the selected adobe was here used
as representative of a broad class of porous earthen materials, as pre-
liminary tests on the compatibility and efficacy of the newly developed
formulation.

First, 2D Confocal Raman mapping was used to investigate the pre-
cipitation of C-S-H on adobe surface, to confirm that the selected
formulation allows for the obtainment of the desired binder gel phase
also when applying the GGBS/npCH water dispersion on the surface of
porous samples needing to be strengthen. Spectra of pristine phases were
collected as reference, as reported in Fig. S7 in the SM. According to the
results, due to their amorphous heterogeneous nature, GGBS and adobe
do not show any particularly intense signal in the range of interest. Thus,
the peak observed at 650 cm ™! in the consolidated substrates can be
attributed to the presence of C-S-H, being associated to Q? stretching of
the silicate chains [79,80]. The resulting maps are reported in Fig. 7,
where the comparison between pristine and consolidated adobe is
shown (Fig. 7A and B), together with representative spectra of the
samples (Fig. 7C). The signal centered around 650 cm™’, assigned to
C-S-H and displayed in red, was used to obtain the confocal Raman maps
reported in Fig. 7. As anticipated, the spectra collected on pristine adobe
did not show any intense signal in the investigated conditions, probably
due to the heterogeneity of amorphous phases that are present on the
surface of the mock-up samples, despite the attempt to reduce the typical
adobe roughness by using casted specimens (details in Section 2.4). On
the contrary, the spectra acquired on consolidated samples (see Fig. 7C)
display different signals in the investigated range: a peak centered at
310 em ! ascribed to Ca-O vibrations, a signal at 520 cm™! due to de-
formations of Si-O tetrahedra, a peak at 610 cm ! ascribed to Q3 sites in
the silicate chains, and peaks at 650 and 895 cm ! ascribed to Q3/Q2
and Q! symmetrical stretching of C-S-H, respectively [52,79-81]. Ac-
cording to the results, C-S-H particles precipitated quite homogeneously
on the surface of the treated adobe mock-up samples (see Fig. 7B),
indicating that GGBS/npCH formulations can be used to efficiently
consolidate earthen materials through the in-situ precipitation of this
cementitious binder.

Once established that C-S-H formed on the surface of the air-cured
adobe, we decided to investigate its penetration in the porous matrix,
to evaluate the efficacy of the consolidation treatment. To this purpose,
3D computed X ray microtomography was used to monitor the pores
variation before and after the treatment, as described in Section 2.5.2.
According to the results, the use of GGBS_npCH* formulation allows for
the consolidation of adobe, leading to a significant reduction of the
porosity of such susceptible materials (see Table 2 and Fig. 8). In fact,
the pristine mock-up sample displays a total porosity (TP) of about 10 %,
which decreases up to 5 % after the treatment. To evaluate the depth at
which the consolidation treatment has an effect, we performed an
analysis of the obtained images, and we estimated the porosity of some
sections at selected heights, both in the pristine and in the treated im-
ages (see Fig. 8B). Moreover, to visualize the changes occurring during
the treatment, ascribed to the penetration of the dispersion and forma-
tion of C-S-H, the reconstructions were compared by overlapping some
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Fig. 7. Confocal Raman maps of pristine adobe mock-up sample (A) and
treated adobe sample (B) where C-S-H signal at 650 cm ™! is displayed in red,
together with representative spectra of the samples (C).

Table 2
Total porosity estimated using X-ray micro computed tomography. Total abra-
sion coefficient and decohesion index of pristine and consolidated adobe.

Sample Total Porosity Total abrasion Decohesion index
(%) coefficient (mg/cm?)
after 2 cycles (cmz/
g)
Pristine 10 130 £21 0.75 £ 0.25
adobe
Treated 5 247 +£ 25 0.37 £+ 0.02
adobe

2D sections of pristine and treated adobe. These comparisons allowed us
to generate the so-called difference images, where one color is associated
to the common regions shared by both images (i.e., the regions where
both images display the presence of material, blue areas in Fig. 8B), and
another color is used to mark the difference between the two compared
images (e.g., the regions where one image shows the presence of ma-
terial, and the other image displays voids, purple areas in Fig. 8B). In our
case, the difference images can be used to highlight the regions reached
by the consolidation treatment, forming C-S-H, corresponding to the
areas where the treated sample displays the presence of material, while
the pristine adobe displays voids. Therefore, the regions colored in
purple in Fig. 8B correspond to the presence of C-S-H binder that filled
pores and cracks. According to the results, the treatment causes a
decrease in the porosity in all the investigated 2D sections (max
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Fig. 8. (A) Optical image of the pristine sample where some selected heights are highlighted, together with the X-ray micro tomography 3D reconstruction images of
pristine adobe before and after the treatment. (B) Difference images of 2D sections at selected heights, obtained by comparing sections of the pristine and treated
adobe. The regions filled with C-S-H after the treatment (voids in the pristine sample) are colored in purple. The white scale bars correspond to 2 mm.

investigable depth ~ 4 mm) and could be used for the consolidation of
such permeable materials. In fact, despite the expected variability of TP
values along the sample height (TPpyisine ranges from 9 % to 12 %), the
treated sample always displays lower values of porosity (TPireated ranges
from 4 % to 7 %).

Further information about the effect of the consolidation treatment
were obtained from abrasion and peeling tests, reported in Fig. 9 and
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Fig. 9. Abrasion (A) and peeling (B) tests results for pristine (not treated, NT)
and consolidated adobe (treated, T).

Table 2. These tests are particularly indicated to evaluate the consoli-
dation of adobe, since the damages that usually affect earthen-based
materials first involve their surfaces, exposed to the external atmo-
spheric agents. According to the results, the abrasion coefficient of
adobe samples almost doubled after treatment with GGBS_npCH*,
indicating that the treated samples gained an improved ability to
withstand repetitive and wearing mechanical action, like scraping and
rubbing. Fig. 9A shows the results of two abrasion cycles, indicating that
the resistance was improved not only on the actual surface, but also on
the layers below, as expected considering the X-ray micro tomography
results. The average decohesion index obtained by peeling adhesive
tapes from different areas of pristine and consolidated samples also
resulted significantly reduced after treatment with GGBS_npCH* (see
Fig. 9B). Thus, the material loss was strongly reduced after the appli-
cation of the selected formulation, and the surface cohesion was
restored. According to the results of the peeling tests, the treatment also
produced a notable reduction of the standard deviation value, as re-
ported in Table 2, highlighting a high variability of grains cohesiveness
and compactness of untreated powdery adobe bricks, which is then
flattened through consolidation. Fig. 9B also shows some pieces of ad-
hesive tape removed from pristine and consolidated adobe: in the first
case, the grains are widely and homogeneously removed from the sur-
face, while in the second case only single grains are peeled off, high-
lighting the consolidating efficacy of the performed treatment on a
highly powdery substrate.

4. Conclusions

The consolidation of adobe is an age-old problem with broad impact.
Among all possible solutions, the development of consolidation treat-
ments based on the formation of C-S-H is particularly appropriate, being
perfectly compatible with the substrates to be protected while allowing
for the in-situ formation of the reinforcing phase.

The aim of this work was to investigate consolidation treatments
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based on GGBS, a byproduct of the production of steel that is fully
compatible with earthen based materials, activated with calcium hy-
droxide, towards the development of an effective and sustainable
formulation for the reinforcement of adobe. To this purpose, different
formulations were tested, containing fine GGBS, water and either bulk or
nano-CH, in order to evaluate the effect of the granulometry of the
activator, since alkali activators in the form of nanoparticles were never
investigated so far. Taking into account that the synthesis of CH nano-
particles yields an ethanol dispersion, we decided also to test CH and
nano-CH, both as a dry powder and as ethanol suspensions. The for-
mulations were characterized by means of a multi-technique approach
at different hydration times. Combining pH experiments with XRD, FT-
IR, and SEM analyses we demonstrated that in all formulations abundant
C-S-H binder gel phase was obtained, the most effective being the one
prepared using dried nano-CH.

Following the promising results obtained from the thorough char-
acterization of the dispersions, we selected the npCH/GGBS formulation
to be applied on adobe mock-up samples, to assess its efficacy on the
strengthening of such vulnerable materials. Confocal Raman maps
confirmed the formation of abundant C-S-H binder within adobe po-
rosities and cracks, while X-ray micro tomography revealed a reduction
of the total porosity and demonstrated that the treatment can well
penetrate through adobe matrix. Abrasion and peeling tests showed that
the application of npCH/GGBS on earthen-based materials allowed for
the obtainment of a better cohesion and improved ability to withstand
mechanical action. Thus, abundant in-situ formation of C-S-H in the
porous matrix of adobe confirmed that the consolidation process
occurred. According to the results, we developed a novel formulation
based on geopolymers as green cementitious binders activated by nano-
CH for the consolidation of widespread earthen based materials. Future
developments could include the use of different nano-sized activators, as
well as the employment of this treatment for the consolidation of
different porous substrates.
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