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ARTICLE INFO ABSTRACT

Keywords: This research has investigated the structural changes and pozzolanic activity produced in acid activated smectite
Calcined clays clay. The activation treatment used HCl at different concentrations, using different times and at a range of
Pozzolans

temperatures. X-ray diffraction, Fourier transform infrared spectroscopy and scanning electron microscopy
coupled with energy dispersive X-ray spectroscopy were used to determine the acid dissolution mechanism and
characterise the activated clay mineral structure. Acid activation causes dehydroxylation of smectite clay, fol-
lowed by leaching of octahedral cations. This results in the formation of a silica-rich amorphous phase that
exhibits substantial pozzolanic activity compared to the same clay sample that had undergone calcining treat-
ment at 850. The optimum sample was activated for 8 h using 5 M HCI at 90 °C. This was 93 % amorphous.
Mortar prisms prepared with 25 % replacement of Portland cement by acid activated smectite produced 93 %
compressive strength of plain Portland cement mortar.

Low-carbon cement
Supplementary cementitious materials

1. Introduction

The use of supplementary cementitious materials (SCMs) has been
receiving worldwide attention as an option for lowering the CO2 emis-
sions associated with production of Portland cement (PC). Calcined
clays have been extensively researched to form SCMs because clays are
geologically abundant, and calcining is a relatively simple, proven and
low-cost technology. However, the energy requirement for calcining and
the associated CO; emission remains a disadvantage of thermally acti-
vated clays. Attempts to mechanically activate clay minerals have been
successful [1], but these methods also require high energy consumption
[2], and the reactivity of the resulting clay minerals is often not com-
parable with thermally calcined clays [3]. As a result, research that aims
to produce SCMs from clays using low-temperature processing methods
is of outmost importance.

The reactivity of calcined clays is due to a dehydroxylation reaction
that occurs at temperatures between 650 and 900 °C [4]. This produces
amorphous aluminosilicates which can react with Ca(OH), in cement
paste and contribute to strength enhancement [5]. This research ex-
plores whether dehydroxylation and amorphization can be achieved by
acid treatment as protons penetrate the clay mineral layers and attacks
the structural -OH. Previous research has shown that acid treatment
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releases the central atom from octahedral sites and removes Al from
tetrahedral sheets, resulting in the gradual transformation of tetrahedral
sheets into a poorly ordered SiO, framework [6]. The acid activation
also increases the specific surface area (SSA) due to partial destruction of
the clay mineral layered structure [7]. Therefore the final reaction
product of various acid activated clay minerals can be amorphous,
porous, protonated and hydrated silica [8]. This resembles the structure
of reactive calcined clays and thus the pozzolanic activity of acid acti-
vated clay minerals needs investigation.

The effect of acid activation has been investigated on various clay
minerals such as kaolinite, illite and sepiolite [9]. However, the term
‘acid-activated clays’ has been mainly used for partly dissolved ben-
tonites and acid-activated bentonite has been a standard product for
many decades [10]. The dominant mineral phase in bentonite is smec-
tite, a 2:1 hydrous phyllosilicate with octahedral sheets ‘sandwiched’
between two tetrahedral sheets. Exchangeable interlayer cations such as
Na*, Ca®*, Mg?" and H' provide a large chemically active surface area
[11]. Acid activated bentonites are widely used as catalysts in applica-
tions such as oil discolouration and landfill leachate treatment, where an
optimal porosity to achieve maximum adsorption properties is desired
[12]. Acid treatments have been extensively studied to improve the
absorbency and catalytic properties of smectite clays [13,14]. However,
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Table 1
Mineral composition calculated through XRD Rietveld analysis and XRF oxide
composition of the clay sample and PFA.

Clay” PFA
Phase composition (wt%)
Montmorillonite 73.3 -
Hematite 16.6 -
Magnesioferrite 6.6
Calcite 1.8 -
Quartz 1.6 11.5
Mullite - 13.1
Amorphous - 75.4
XRF composition (wt%)
SiO, 41.84 58.05
Al,03 15.52 20.35
Fey,03 13.80 8.90
CaO 3.84 2.84
MgO 2.99 1.73
K»0 0.12 1.88
Na,O 0.04 2.31
TiO, 1.90 0.89
Lor’ 14.7 1.78

# Rietveld quantitative analysis of crystalline phases in the clay sample.
b Loss on ignition.

no research has focused on the potential of acid-activated smectite
(AAS) clays to act as pozzolanic materials and be used as low-carbon
SCMs in concrete.

This paper explores, for the first time, the pozzolanic activity of AAS
clays. Changes in the chemical composition, crystal structure and
amorphous content of smectite clay subjected to acid treatment were
determined using X-ray diffraction (XRD), Fourier Transformed Infra-
Red (FTIR) spectroscopy and scanning electron microscopy. The per-
formance of acid-activated smectite clay in a blended cement system
was compared with that of cement paste and mortar containing pulv-
erised fuel ash (PFA).

2. Material and methods
2.1. Materials

A sample of smectite-rich London clay was obtained from a clay
deposit site (Tarmac Cement Ltd). CEM I 52,5N Portland cement (Blue
Circle-ProCem) and PFA (Cementos Tudela Veguin, SAU) were used in
the blended systems. To compare acid and thermal activation treat-
ments, a calcined sample of the smectite clay was prepared at 850 °C in
an electric furnace with 1 h of dwell time. The chemical composition and
mineralogy of the materials were determined using X-ray fluorescence
(XRF) and XRD, and the data is given in Tables 1 and 2 respectively. The
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2.2. Acid activation

Acid activation treatment is usually conducted with 0.5-2 N HCl or
H2S04 for 3-30 min to avoid a complete decomposition of clay minerals
and the output solid often contains substantial amounts of parent min-
erals [8,15]. Since smectites have minimal pozzolanic activity, the in-
tensity of acid treatment was increased until collapse of the clay mineral
structure was observed. The as-received clay sample was dried at 105 °C
to a constant weight and ball milled to give a 45 pm residue of <50 %
prior to the acid treatment. The acid treatment was performed on
batches of 10 g of clay with HCl at a liquid to solid (L/S) ratio of 5 ml/g.
Table 3 shows the acid treatment conditions used in this study. Variables
include treatment duration (1 h to 21 days), temperature (20 °C, 90 °C),
acid concentration and agitation. Acid treatment at 90 °C was conducted
on a magnetic stirrer and under reflux to minimise the liquid loss. After
treatment the suspension was centrifuged at 2500 rpm for 3 min to
separate the solids. The solid fractions were washed with de-ionized
water at 10-15 1/kg L/S ratios using a vacuum filtering system until a
wastewater with a near neutral pH of 6-8 was achieved. The filtrate was
then dried at 105 °C to a constant weight. The acid treatment procedure
is shown in Fig. 1.

2.3. Characterisation methods

To determine the mineralogy, <2 pm clay fraction samples were
prepared for XRD analysis by centrifugation following the protocol that
has been previously described [16]. These were subjected to ethylene
vapour treatment at 60 °C for 8 h and heat treatment at 400 °C for 1 h to
aid clay mineral identification. Fig. 2 shows the XRD analysis of the
resulting clay samples. The expansion of the (001) reflection from 14.7 A
to around 16.2 A followed by its collapse at 400 °C confirmed the
smectitic nature of the clay sample [17].

XRD Rietveld analysis was used to quantify the clay mineral phases
and follow the acid activation in terms of the amorphous content of the
output solid. The amorphous content (Waap) was measured using an
internal standard method [18] by spiking the samples with 50 wt%
Al,O3 (APC pure, UK) using the following formula:

1— Wg/Wis

Wiy =
AMT100 — W

x 10* (@)

where (Wfs) is the actual weighed amount of the internal standard ma-
terial in the mix and (Wjg) is the weight percentage of the internal
standard determined from Rietveld refinement [19]. XRD data was

Table 3
Acid activation treatment conditions.

K X X R Sample Treatment duration Temperature °C Activating agent
crystalline phases in the clay sample were montmorillonite (73.3 %), 9 .
. . . . . s 1D 1 day 20 HCl5M
hematite (16.6 %), magnesioferri .6 %), with minor ntiti f
e .at te (16.6 %), magnesioferrite (6.6 %), wit or quantities o - 7 days 2 el 5 M
calcite and quartz. 21D 21 days 20 HCL 5 M
1H90 1h 920 HCI5M
1HC90 1h 20 HCI concentrated.
8H90 8h 90 HCI5M
Table 2
XRD Rietveld analysis of the CEM I 52.5N Portland cement.
Phase name Chemical formula Quantity % Space group Lattice parameters
a b c o B Y
Alite CazSiOs 63.0 Clml 12.24 7.08 9.30 - 116.11 -
Belite f CaySi0, 13.4 P2;/n 5.52 6.78 9.33 - 94.37 -
C3A cubic CazAl;0¢ 8.4 Pa-3 15.25 - - - - -
Brownmillerite CayAlg ssFeq 4505 10.7 12mb 5.34 14.62 5.53 - - —
Anhydrite CaSO4 2.6 Amma 7.00 7.02 6.24 - - -
Portlandite Ca(OH), 1.9 P-3ml 3.58 - 4.90 - - -
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Fig. 2. XRD analysis of the clay fraction of the smectite sample showing a shift
in (001) reflection to lower d-spacing after treatment with ethylene glycol and
its collapse after heating at 400 °C.

recorded using a Rigaku Miniflex diffractometer with a Bragg-Brentano
focusing geometry using Cu-Ka radiation (A = 1.5418 A) at 40kV and 15
mA in the 20 range of 3° to 45° with the scanning speed of 2°(26)/min
and step size of 0.02°260. Samples were rotated at 10 rpm. The Rietveld
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refinement was performed using PDXL 2.8.4 software. Changes in
chemical composition of clay particles were determined using SEM with
EDS (JEOL JSM-6460 equipped with an Oxford Instruments Xplore EDS
detector with 15 mm? sensor size). The specimens were mounted by
sprinkling the clay particles onto double-sided carbon tape on a SEM
stub and then coated with a conductive layer of carbon. EDS data were
acquired at 20 kV accelerating voltage and a working distance of 8.5
mm.

FTIR spectroscopy was used to study modifications in the clay min-
eral structure subjected to acid dissolution. The IR spectra were recorded
on a Bruker Alpha P FTIR spectrometer with platinum ATR (Attenuated
Total Reflection) in the range of 4000-400 cm ! by 32 scans at the
spectral resolution of 4 cm™!. The data was processed and analysed
using OPUS software.

2.4. Assessment of pozzolanic activity

The pozzolanic activity of the AAS clay samples was assessed by a
direct method using a modified Chapelle test [20]. The total quantity of
Ca(OH);, fixed by the pozzolan was measured according to the method
described in BS 8615-2:2019. 1 g of AAS clay and 2 g of CaO were added
to an Erlenmeyer flask containing 250 ml distilled water. CaO was
prepared by heating CaCO3 (Sigma Aldrich) to 1000 °C for 1 h. The flask
was connected to a condenser and kept at 85 °C for 16 h while being
continually stirred. The flask content was then mixed with 250 ml of
sucrose solution for 15 min and filtered (Whatman 42, 2.5 pm nominal
pore size) and the filtrate then titrated against 0.1 N HCl using
phenolphthalein as indicator. The total quantity of fixed Ca(OH)3 in mg
was calculated using:

Vi—-V, 74

—x1 2
m ><56><000 2

mg Ca(OH), =2 x

where V; and V; are the volume (ml) of HCI at the endpoint of titration
of the blank and test samples respectively.

The effect of AAS clay in cement paste in terms of its ability to react
with Ca(OH); and on the hydration products was followed by XRD. PC
blends with 25 wt% AAS at w/b ratio of 0.5 were prepared and stored in
sealed 20 ml plastic containers at 20 °C for 28 days. Hydration was
stopped using solvent exchange with isopropanol [21] and the solvent
was replaced every 24 h for 3 days, followed by another 3 days drying in
a vacuum desiccator. The samples were then ground using a McCrone
mill prior to XRD analysis.

2.5. Mortar compressive strength

Mortar prisms of 160 x 40 x 40 mm with 25 % AAS clay as PC
substitution at binder to sand ratio of 1:3 and water to binder ratio of 0.5
were prepared according to BS EN 196-1. The compressive strength of
prisms halves were determined after 28 days of curing in water and
compared with 100 % PC and 75 % PC:25 % PFA at the same age.
Particle size distribution of the PC, PFA and AAS clay samples used in
mortar strength testing was determined using a Mastersizer 2000 laser
granulometer (Malvern Instruments) with a Scirocco 2000 dry disper-
sion unit. Fig. 9 shows the particle size distribution of PC, PFA and the
8H90 AAS clay sample.

3. Results
3.1. Characterisation of AAS

3.1.1. XRD

Fig. 3 shows the XRD data of the smectite clay sample subjected to
acid treatment. Increasing the duration of the acid treatment at 20 °C
from 1 day to 21 days had little effect on structural distortion of the
smectite clay. When the treatment was performed at 90 °C the effect of
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Fig. 3. XRD analysis of the smectite clay sample subjected to acid activation treatments showing a gradual dissolution of montmorillonite (001) basal plane and
formation of an amorphous phase appearing as the “hump” in the region of between 20 and 30°2 theta. The identified peaks were m: montmorillonite, h: hematite, q:

quartz and d: diopside.
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Fig. 4. FTIR analysis of AAS showing a shift in Si-O stretching band to higher wave numbers attributed to vibrations of amorphous silica with a three-

dimensional framework.

increasing the activation time from 1 h to 8 h was more pronounced. The
data shows that as the intensity of the acid treatment increases the
d spacing of (001) basal reflection shifts from 14.7 A (6.04 2°(20)) in the
raw sample to around 11.5 A (7.70 2°(20)). This can be attributed to
leaching of the interlayer cations (Ca?* and Mg?*") and partial proton-
ation of interlayer space [11]. The intensity of the (001) reflection also
reduced with acid treatment and completely collapsed in the 8H90
sample. The complete disappearance of the clay basal and prismatic
reflections in this sample was accompanied by the formation of an
amorphous phase in the region of 20-30°2-0 [22]. This is related to the
dissolution of the octahedral sheets and the subsequent release of the
structural cations [23,24]. The intensity of (020) reflection remained
unaltered in acid activated clays because structural changes occurred
predominantly in the interlayers affecting basal rather that prismatic
planes. Protons can attack the octahedral sheet at the edge of the layer or
deplete cations in the interlayer through ion exchange [25]. This
mechanism exposes the tetrahedral layer and initiates the deposition of
amorphous silica as indicated by the formation of an amorphous ‘hump’

in the XRD data. The diffraction attributed to impurities such as quartz
became more apparent in acid activate clays, however some quartz and
diopside were precipitated while hematite peaks weakened with
increasing treatment intensity.

3.1.2. FTIR

Fig. 4 shows the FTIR spectra of AAS samples. The —~OH stretching
region in the raw as-received sample only shows a weak band at 1635
cm’l, associated to the —OH stretching modes of AI(OH)Si groups, [26].
It was observed that the -OH band weakened in 1D sample and dis-
appeared in 8H90 due to the leaching of octahedral cations Al** and
Mg3*, and protons penetrating into the smectite layers attacking the
structural OH groups [24]. The depletion of iron from the octahedral
sheet can be assigned to the disappearance of the vibration band at 993
cm™! however, this overlaps with changes in vibrations of montmoril-
lonite and therefore not very well resolved [27]. Changes in the struc-
ture of tetrahedral sheets were reflected in the shift in Si-O stretching
band at around 1033 cm ™! to a new position close to 1083 em . The



B. Ayati et al.

MnO,

100 1 FeZOSI I l - —
90 -
TiO,
80 Ca0
K,0
70 ?
60 -
Sio,
50 -
40 1
30 -
20 - ALO,

MgO
0._. € | -

As-received 1D 7D 21D 1H90

%

THC90 8H90

uMgO ALOs  ®Si0. EK.0 CaO TiO.  ®MnO: ®Fe0s

Fig. 5. EDS chemical composition of AAS samples calculated as the averaged of
approximately 100 spectra acquired from the surface of clay particles. The data
was normalised to 100 %.

appearance of absorption bands near 1080 and 800 cm ! have been
attributed to Si-O vibrations of amorphous silica with a three-
dimensional framework [28]. The decrease in the intensity of
(H-O-H) bending vibrations of water molecules at 1635 cm~! and
(Al-Al-OH) of octahedral Al in montmorillonite at 916 cm ™' also indi-
cated the decomposition of smectite mineral structure with the increase
in the acid treatment intensity [29].

3.1.3. SEM/EDS

Fig. 5 shows the chemical composition of AAS samples obtained from
SEM/EDS analysis. The data was averaged from approximately 100
spectra acquired from the surface of clay particles as shown in Fig. 6 and
presented as normalised oxide wt%. The results showed decreasing
trends in the concentrations of MgO and Al,O3 with increase in acid
activation intensity. The highest dissolution of cations was measured in
8H90 sample, where the concentration of MgO and Al;O3 dropped by
86 % and 81 % respectively. This confirms that the leaching of interlayer
cations causes the structural changes in the octahedral sheets observed
in the XRD and FTIR analyses. The increase in the cation dissolution rate
resulted in the 8H90 clay particles being composed of 91 % SiOs. This
observation also confirmed the silica-based nature of the amorphous
phase formed. EDS analysis confirmed the removal of calcite and he-
matite impurities in treated samples, while the concentration of TiOy
remained unchanged. No trace of residual chloride in AAS samples was
detected. SEM images showed no significant morphological changes in
clay particles after the acid treatment.

a) As-receieved
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3.2. Pozzolanic activity

Fig. 7 shows the results of the pozzolanic activity test as mg Ca(OH),
bound per mg AAS plotted against the amorphous content measured by
the XRD Rietveld internal standard method. It was observed that AAS
samples showed some pozzolanic activity even after mild acid treat-
ment. All the treated samples exhibited >600 mg/g pozzolanic activity,
the BS 8615-2 requirement for high reactivity natural calcined pozzo-
lana for use in combination with PC. The data reveals correlation be-
tween the pozzolanic activity, and the amorphous content generated due
to the acid activation. The highest pozzolanic activity of 1117 mg/g and
the highest amorphous content of 93 % were measured in sample 8H90.
Calcining the same sample of smectite clay at 850 °C produced a lower
pozzolanic activity (369.6 mg/g). The calcined sample had 70 %
amorphous content indicating that the amorphous phase generated
during the calcining process may have a different structure and thus
reactivity compared to those generated during acid activation.

3.3. XRD analysis of blended PC

Fig. 8a—c shows the XRD analysis of hydrated PC pastes with 25 %
AAS clay after 28 days. The distinct peak of ettringite (Ett) at 9.1°26 was
visible in all the samples (Fig. 8a). The intensity of ettringite peak
increased with the extent of acid activation. From the carboaluminate
phases, hemicarboaluminate (Hc) was observed to be more stable in
pastes with clays treated at lower activation intensities (1D, 7D and
21D), while monocarboaluminate (Mc) was dominant in clays treated at
higher intensity (1H90C and 8H90). It must be noted that unlike

100 7 ocCal850
=

90 1 ®1D
—_~ 2=0.4583 .
S w0 RI=04583 .
E 70 A m7D o ) —X%—
% 60 - ®2ID e -
= i
S 5071 x1H9
1]
3 40 {
< X 1THC90
5 304
2 +8H90
E 204

10 1

0 : . . . . .
0 200 400 600 800 1000 1200

Ca(OH)./AAS (mg/g)
Fig. 7. The amorphous content generated during acid activation treatment and

calcining at 850 °C (Cal850) plotted against pozzolanic activity test reported as
mg Ca(OH), bound per g AAS.

b) 8H90

Fig. 6. SEM micrographs of (a) as received smectite clay showing typical positions of EDS spectra, and (b) AAS subjected to 8 hour treatment in 5 M HCl at 90 °C

showing no significant detectable change in the clay morphology.
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Fig. 8. XRD patterns at 28 days of hydration for reference PC and 25 % AAS
blends a) Ett: ettringite, Ms: monosulphoaluminate, Mc: monocarboaluminate,
Hc: hemicarboaluminate, b) CH: portlandite and c¢) C-S-H gel.

calcined clays, AAS clays do not directly contribute to the formation of
AFm and Aft phases in blended systems because AAS clay cannot supply
extra alumina from pozzolanic reactions [30,31]. The pozzolanic reac-
tion of AAS clays and portlandite (CH) in blended systems was investi-
gated by XRD analysis as shown in Fig. 8b. It was evident that CH
consumption increased in the presence of clays subjected to a more
extensive acid treatment. The intensity of the CH peaks decreased
drastically in the paste sample containing 25 % 8H90 AAS indicating a
strong pozzolanic activity after 28 days hydration. The consumption of
CH in pastes was accompanied by an increase in the intensity of C-S-H
peaks as shown in Fig. 8c. This indicates that the amorphous content in
AAS clays was responsible for the pozzolanic reactions because other-
wise it would have diluted the system and caused a decrease in the
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Fig. 9. Particle size distribution of PC, PFA and 8H90 AAS sample.
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Fig. 10. Compressive strength at 28 days of PC mortar prisms with 25 % PFA
and AAS subjected to 8 hour treatment in 5 M HCl at 90 °C. Error bars show 95
% confidence interval.

intensity of the C-S-H phase.
3.4. Compressive strength of mortar with AAS

To investigate the contribution of hydrated AAS clays to the
compressive strength of cementitious systems, prisms with PC and 25 %
8H90 (the sample with highest pozzolanic activity) were prepared.
These were compared to 100 % PC and PC with 25 % PFA.

The mean particle size of all three components was in a close range as
shown in Fig. 9. Fig. 10 shows the compressive strength data. Mortar
prisms with 25 % 8H90 AAS clay produced a compressive strength of
58.3 MPa. This was below the strength of plain PC mortar (63.0 MPa)
but higher than those measured for cubes containing 25 % PFA (49.5
MPa).
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4. Discussions

Acid activation of smectite clay using HCl produced a significant
amount of amorphous phase. All characterisation methods indicate a
mechanism for acid activation involving protons entering the smectite
layers, attacking the structural OH groups and leaching out the
exchangeable hydrated cations. The resulting dehydroxylation gradu-
ally released the central atoms from the octahedral site and this trans-
forms the tetrahedral sheets to a three-dimensional silica based
amorphous phase, the amount of which was closely related to the in-
tensity of acid activation in terms of duration and temperature. The
formation of the amorphous phase has been reported to increase the
structural porosity [32]. This can provide additional surface for nucle-
ation during the early hydration stages and contribute to the compres-
sive strength of the blended systems.

The amorphous phase formed by acid activation treatment had a
higher pozzolanic activity compared to that formed during calcining
treatment at 850 °C. Attention must be paid when associating the
pozzolanic activity measured as the consumption of Ca(OH); to the
exact performance in a blended system. This is because protonated sites
in the structure of AAS clays can absorb Ca?" ions and cause over-
estimation of the pozzolanic activity [33]. However, there was strong
evidence that the amorphous phase formed in AAS clays contributed to
the formation of C-S-H and compressive strength development.

The intrinsic reactivity of the amorphous phase is mainly determined
by the chemical composition and the degree of polymerisation [34]. This
is the case for the glass phase generated at high temperature where the
presence of alkali or earth alkali ions acting as network-modifying ions
can disrupt the silica network and result in higher reactivities [35]. The
reactivity of calcined smectite clay has been attributed to changes in the
local environment of the Al atoms in the octahedral sheet due to the
structural dehydroxylation [36]. A similar mechanism seems to be
occurring in AAS clays and this explains the reactivity of the amorphous
phase generated. However, further analysis of the amorphous phase
structure is needed to describe the hydraulic and basicity properties of
AAS clays.

The acid activation treatment for smectite clays may represent a low
carbon alternative to high temperature calcining treatment for produc-
ing supplementary cementitious materials. The findings of this study
show the potential for acid activation to produce a pozzolanic material
with a higher reactivity compared to its calcined from. HCl is relatively
cheap (USD 145/MT - chemanalyst.com) and vastly available in Western
Europe (5.7 million tonnes per annum), either from direct synthesis or as
a by-product of other chemical engineering processes such as vinyl
chloride and polyurethane production [37]. However, HCl is a strong
highly corrosive acid, and this represents a drawback compared to the
calcining technology. The highest reactivity was observed in sample
8H90 which was subjected to 8 h of acid treatment. This also compares
unfavourably to calcining where the treatments are usually conducted in
<1 h [38]. The use of 5 M HCl is the greatest contributor to embodied
carbon in this sample. The treatment at lower acid/solid ratios and
multiple recycling of the reagent could reduce the embodied carbon to
below that for calcined clays (0.26 kg CO2eq — Ecoinvent version 3.7.1).

This research has demonstrated the potential for AAS clays to be used
as reactive pozzolans. Acid activated clays have been extensively used as
catalysts with many industrial applications. However, their use as SCMs
has not previously been reported prior to this work. Optimisation of
various aspects of the technology is of outmost importance. Further
research is required to fine tune the treatment process and better un-
derstand the structure and hydration mechanisms of AAS clays. This
would allow the incorporation of AAS clays in cementitious systems at
higher substitution levels and production of pozzolanic materials by
activating other types of clay minerals.

Cement and Concrete Research 162 (2022) 106969
5. Conclusions

This research has shown, for the first time, that treating smectite clay
with strong acid generates a material with pozzolanic activity. It was
found that acid treatment causes dehydroxylation reaction followed by
the leaching of exchangeable cations and Al from octahedral sheets
producing a reactive silica based amorphous phase. The AAS clays
exhibited a higher pozzolanic activity compared to calcined smectite.
Activating the smectite sample with 5 M HCI for 8 h at 90 °C generated
93 % amorphous phase with clay particles composed of 91 % silica and
1117 mg/g pozzolanic activity. The performance of the optimally acid
activated smectite in PC paste revealed a near complete consumption of
portlandite, and formation of additional C-S-H phase. Mortars with 25 %
substitution level of acid activated smectite clay achieved compressive
strengths of 58.3 MPa compared 63.0 MPa produced using 100 % PC.
The results demonstrate the capability of acid treatment to provide a
new generation of potentially low-carbon supplementary cementitious
materials to the construction sector. Further understanding of activated
clay mineral structure and optimisation of the treatment process are
needed.
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