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The increase in infrastructure requirements of modern urban societies has led to repair, retrofitting or demolition
of existing buildings producing enormous amounts of construction and demolition waste (CDW). Processing and
recycling of fine fractions from CDW is an area of research with growing interest, primarily due to the mineralogy
of such waste fines that make them potential candidates to be utilised within binder systems (cement-based or
alkali-activated). The utilization of fine waste from CDW recycling in cementitious binders necessitates a deeper
understanding of its physical, mineralogical, and chemical composition in order to enhance confidence in its
application. Therefore, this study focuses on characterisation and developing a suitable treatment for CDW
derived silt for its use as a binder precursor. To achieve this, the physical, chemical, mineralogical and pozzolanic
properties of CDW derived silt were studied and mechanochemical activation (high energy milling) and thermal
activation (calcination) were adopted to enhance its reactivity. The findings from XRD, FTIR, elemental
composition, and examination of microstructure of treated and untreated samples collectively revealed alter-
ations in the mineral phases and morphology resulting from the treatment processes. The reactivity of the
activated samples was evaluated by examining their solubility in an alkaline environment using ICP-OES and
measuring their heat of hydration using adapted R3 tests. It was determined that the samples calcined at 750°C
exhibited a higher heat of hydration and a greater concentration of soluble silicon (Si) and aluminium (Al) in
sodium hydroxide solution.

1. Introduction report by the United Nations Environment Programme (UNEP), global

CDW generation is expected to double by 2025, reaching an estimated

Construction and demolition waste (CDW) refers to the waste
generated during the construction, retrofit, and demolition of buildings
and infrastructure. It is a significant source of waste generation world-
wide, accounting for a substantial percentage of the total waste gener-
ated in many countries. Rapid urbanisation and upgrade of national
infrastructures are responsible for the vast amounts of CDW. In the year
2016, the European Union (EU) alone generated about 374 million
tonnes and according to the European Commission, CDW accounts for
approximately one third of total waste generated within the EU [1]. At
the same time the equivalent amount for the UK was 66.2 million tonnes
[2,3]. Future projections are not encouraging either. According to a
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2.2 billion tonnes per year [2].

Past studies explored the possibility of reuse of CDW in construction
as coarse aggregates and fine aggregates in the manufacture of concrete
[3-5]. This approach faces a significant number of technological chal-
lenges; at the same time the processing of such wastes to produce ag-
gregates is always associated with production of silt, powder waste and
other forms of waste which cannot be used in construction directly [6,7].
Processing of fine fractions from CDW is an area of research and
development with growing interest, primarily due to the mineralogy of
such waste fines that makes them good potential candidates to be uti-
lised within binder systems (cement-based or alkali-activated).
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Fig. 1. Process of silt formation in the CDW recycling plant which was used for
sampling in this study.

However, these fine fractions are typically of low reactivity, and this
necessitates the implementation of processing techniques that will yield
these by-products suitable for cementitious action [8]. There is some
work in this domain, but it is still an emerging area of research and
development that calls for widespread and more systematic studies
[9-13]. Developing upcycling procedures for this waste stream will not
only create environmental benefits by reducing landfilling of
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CDW-derived silt but will also benefit the cement manufacturing in-
dustry by providing alternative and more environmentally friendly
binder compounds.

Silt is defined as a loose granular substance resulting from natural
erosion or from splitting of larger rock and sand particles [14]. The
unified soil classification system grades silt between 0.002 and
0.063 mm and the Krumbein phi scale defines silt as particles within a
size range 0.0039-0.0625 mm [14]. Some studies also considered in-
dustrial wastes and by-products of this particle size range as silt [15-17].
There are also investigations that assessed the possibility of geo-
polymerisation of silt waste originating from CDW recycling.
Naturally-occurring silt contains minerals such as quartz, feldspars,
chlorites micas and carbonates along with clay minerals and is similar to
mineral wastes like mine tailing, fly-ash and GGBFS [18-20] [21,22]. It
was observed that the composition of the silt makes it suitable for alkali
activation when used alone or in combination with fly-ash or silica fume.
Compressive strengths in the range of 15 MPa to 40 MPa were achieved
by varying the NaOH molarity from 4 to 10 and a curing temperature of
60°C.

The present study focuses on characterisation of CDW generated silt
to assess its potential for upcycling within cementitious binder systems.
To achieve this, mechanical, chemical and thermal treatments were
deployed for processing the silt.

Fig. 2. Colorimetric comparison of silt, cement, silica fume and fly ash.
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Fig. 3. Experimental methodology process followed in this study.
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Fig. 4. Heat treatment adopted in the study (CT 750 and 850 indicates samples calcined at the temperatures 750 °C and 850 °C respectively).

2. Materials
2.1. Silt

The silt used in the study was collected from a construction waste
recycling plant located in Hertfordshire, UK. The plant processes ag-
gregates generated from construction and demolition waste which are
washed, and this wash water is treated in a thickener tank with a floc-
culant (typically aluminium or iron salts). The silt settled in the thick-
ener tank is mixed with lime solution. The reason for this is that the lime
solution reacts with any clay present in silt and enhances solid sedi-
mentation and facilitates better drainage in the filter. The mixture is
filled in filter press and clear water is drained away. The filter is left with
silt in the form of filter cakes. The process adopted [23] is summarised
schematically in Fig. 1. The material obtained from the plant had a few
lumps which, prior to any testing, were broken, and oven dried at 80°C
for 24 h, sieved through 600 pm sieve and used for further tests. The
drying regime (temperature and duration) was selected based on trials
until the material attained constant weight.

Fig. 2 shows a visual comparison of silt (STR), cement, fly ash and
silica fume. The silt in its raw form is a brown powder denoted as 5YR 6/
4 as per Munsell scale whereas fly ash, cement and silica fume were
denoted as N4, N5 and 4PB5/3 respectively [24].

2.2. Chemicals and reagents

In this study, laboratory-grade chemicals and reagents were used.
For dissolution studies, sodium hydroxide solution of the required
molarity was prepared using deionized water and sodium hydroxide
pellets of 98 % extra pure grade from Acros Organics. For the pozzolanic
activity (R3) tests, 85 % extra pure potassium hydroxide flakes, 98 %
pure calcium hydroxide, and 99 % pure granular potassium sulphate
from Acros organics were used, along with calcium carbonate precipi-
tate in powder form procured from Fisher Scientific.

Concentrated hydrochloric acid (Fisher Scientific), of a specific
gravity of 1.18 and a concentration 37 %, was used to prepare a 1 M
solution to adjust the pH of the leachate for studies on dissolution. To
create this 1 M solution, concentrated HCI was diluted with deionized

water. During analytical studies, isopropyl alcohol was used for
dispersion and cleaning to prevent contamination (SEM, TEM, ICP,
XRD). For benchmarking, commercially available fly ash and silica fume
were used. For calibration purposes during dissolution studies, Si and Al
ICP standard solutions (Reagecon Diagnostics) with concentration
1000 mg/mL in HNOs were used. Rietveld analysis performed to
quantify the amount of the amorphous phase present in the silt using
anatase from Thermo Scientific with a purity of 98 + % as an internal
standard.

3. Experimental methodology

Following the identification of the mineral phases present in the silt,
the activation methods and the associated parameters were chosen.
Following activation, the treated silt was characterized and compared to
the characteristics of raw silt (referred to as STR in this study) to better
understand the changes in properties with treatment.

To prevent lumps and achieve sample uniformity, the raw silt was
oven dried at 80°C for 24 h and sieved through a 600 pm sieve. The
oven-dried sample was used for the additional tests covered in Sections
3.1 to 3.5 after being stored in airtight containers and placed in a vac-
uum chamber. The samples were further ground using a mortar and
pestle to a size finer than 150 m to prepare it for tests that called for finer
samples. Fig. 3 depicts a summary of the experimental design used in
this study.

3.1. Particle size

A laser particle size and particle distribution instrument (HELOS/KF
with RODOS dry dispersion) was used to measure the particle size dis-
tribution of the unprocessed and ball-milled samples. A lens (R5) that
covers the size range between 0.5 and 875 um, was used for this test.

3.2. Microstructural analysis and mineralogy

Morphology and microstructure of the samples were studied using
JSM-5700F, JEOL scanning electron microscope (SEM) run at 20 kV.
The powder samples were dispersed on carbon tape and sputter coated



S. Maruthupandian et al.

Construction and Building Materials 493 (2025) 143163

YT r— v

vy
10 100

Particle size, Microns

(@)

(O D50 (microns)
@ D90 (microns)

o

O 23 Q24

aTR
i STedn
100 STEWS0
- GTOHWI0
80 -
o
£
w«
7]
@
a
s 60 -
S
c
@
e
@
G 40+
20 =
0 v v v v "l v
01 1
80
o
70
60
E
2 50 -
2 !
E
o 40 4
>
- 36
S &
3 304
]
20 -
Oes
10
Qzo
0 1 T I

40 60 80

100

Grinding ime (minutes)

(b)

Fig. 5. Particle size analysis of milled and as received CDW derived silt (a) Particle size distribution of samples before and after milling and (b) Decrease in Dgo and

D5 values with increase in milling time.

with gold. To determine the elements present, EDAX energy-dispersive
X-ray microanalysis was also carried out. Based on tests, an accelera-
tion voltage of 15 kV and a spot size of 47 pm were chosen to produce a
clear image. In this study, the average of two EDAX spot analyses is
reported.

JEOL JEM-1400F transmission electron microscope (TEM) at
200 kV, was used to observe physical and morphological changes in the
individual particles resulting from the applied treatment. Samples for
TEM were prepared as follows: 1 g of silt sample was mixed with

isopropyl alcohol in a test-tube until it formed a colourless suspension.
This suspension was subjected to 20 kHz ultrasonication for one minute.
Using a micropipette, a drop of this dispersed sample was mounted on a
holey carbon grid. The isopropyl alcohol was allowed to completely
evaporate by drying the grid at 27°C for three hours in an environment
chamber.

Panalytical Zetium WDXRF (Wavelength Dispersive X-ray Fluores-
cence) and Panalytical SuperQ software, was used to determine the
oxide composition of the silt. The data was calibrated using the WROXI
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Oxide composition of graphite mine tailing used in the present study in comparison with oxide composition of as-received silt used in this study, benchmark silt from

literature (for comparison purposes), fly ash, silica fume, GGBFS and cement.

Oxides As-received silt Silt - Benchmark Fly ash [31] Silica Fume [31] GGBS[31] Cement [32]

[22,30]
SiO, 56.87 54.00-98.00 48.20-51.90 94-98 33.00-37.00 19.30
Al,O3 10.16 7.90-12.40 26.00-30.10 0.1-0.4 8.00-35.00 3.70
Fe,03 5.53 4.60-5.80 5.50-11.30 0.02-0.15 0.50-2.00 4.10
NayO 0.45 0.80-1.30 1.0-3.70 0.1-0.4 0.28
MgO 1.25 0.30-0.70 0.3-0.9 6.00-14.00 2.10
K0 1.67 2.00-3.30 0.20-0.70 0.88
CaO 21.00 3.00-18.40 2.10-4.20 0.08-0.30 34.00-43.00 63.20
SO3 1.39 0.10-0.90 0-0.10 0.80-2.00 4.00
TiO, 0.71 0.60-0.80 0.29
BaO 0.48
Mn30y4 0.06 0.10 0.30-1.10
V205 0.02
ZnO 0.02
ZrO, 0.04
Cry03 0.00
CuO 0.00
NiO 0.02
P.Os 0.29 0.17
PbO 0.00

samples.

Fig. 6. Appearance of silt before and after activation. Note: CT refers to
calcined CDW derived silt and BM refers to ball milled CDW derived silt.

(wide-ranging oxides) standard to calculate the oxide concentration in
weight percentage.

To study the mineralogy, X-ray diffractometry was carried out using
a Bruker D8 Advance X-ray diffractometer (XRD) with Cu-K radiation at
a wavelength of 1.540549 A and an energy of 8.04 keV. Silt samples
were sieved through a 150 pm sieve prior to XRD analysis to remove
large particles causing any preferential orientation and to produce a
smooth surface. A glass plate was used to strike off the excess fine
powder and create a flat, smooth surface after it had been spread out on
the XRD sample holder. The XRD results were analysed using HighScore
Plus X-ray diffraction software [25].

To determine the phase composition and functional groups, FTIR
studies were carried out. A Shimadzu IRSPIRIT infrared spectrometer
equipped with LabSolutions IR Spectrum software was used. In this
study, 16 scans between 4000 cm™! and 600 cm™! were performed on
each sample. Silt passing the 150 pm sieve was used for the FTIR

To assess the efficiency of the calcined temperature and correlate
with the rest of the experimental observations the as-received CDW
derived silt samples passing the 600 pm sieve were investigated ther-
mogravimetrically. For this purpose, a TGA 8000 thermogravimetric
analyser by Perkin Elmer was used in nitrogen environment between
50 °C and 1100 °C at a heating rate of 10 °C per minute. The evolved
gases were continuously analyzed using Spectrum Two FTIR Spec-
trometer (LiTaOs Detector). For each sample, 4 scans were performed
between 4000 cm ™! and 600 cm ™! using the LabSolutions IR Spectrum
software.

3.3. Activation of silt

3.3.1. Mechanical activation

The materials were milled to reduce their size and activate them
mechanically. A Fritsch Pulversiette 6 planetary ball mill was used for
the milling. The XRD analysis of the raw silt revealed the presence of
minerals with a Mohs hardness range of 2-7. To prevent wear and tear of
the balls and jar and subsequent contamination of the material, grinding
media with hardness higher than the material was chosen. A tungsten
carbide grinding jar and balls with a hardness of 9 on the Mohs scale
were used.

According to the literature [26], after 20 min of milling, the integral
intensity of crystalline peaks would decrease and after 80 min, the
crystallinity of quartz, albite (plagioclase), and muscovite would also
decrease [26]. Based on this information, milling times of 30 min
(MTBM30), 60 min (MTBM60), and 90 min (MTBM90) were adopted in
the present study. The amount of kinetic energy imparted during milling
is directly proportional to the diameter of the balls raised to the power of
four. As the maximum particle size of the material used for grinding is
anticipated to be less than 600 um after sieving, the largest suitable size
of 10 mm balls was used to optimize the diameter and impart maximum
collision energy (kinetic energy) [27]. A ball to powder ratio of 2.5 was
adopted.

3.4. Thermal activation

Based on the minerology and observations from past literature, the
calcination temperatures were chosen. The calcination temperatures
were selected to be 750°C and above because the initial XRD showed the
presence of calcite and illite. It has been previously reported that,
heating above 900°C results in the formation of new crystalline alumino-
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Fig. 7. SEM images of samples used in this study. (a) STR; (b) STCT750; (c) STCT850 (c) Inner image — appearance of crack during calcination in STCT850; (d)
STBM30; (e)STBM60; (f) STBM9O (f) Inner image - A few large sized particles observed after milling contributing to selective grinding in STBM90. Note: CT refers to

calcined CDW derived silt and BM refers to ball milled CDW derived silt.

silicate mineral phases, which may negatively affect the reactivity of
activated silt [28]. Hence, calcination temperatures of 750°C, and 850°C
were adopted to decompose the crystalline phases. The samples calcined
at these temperatures are referred to as STCT750, and STCT850,
respectively.

Calcination was performed using a tray-shaped fused alumina cru-
cible with internal measurements of 217 mmx 95 mm x 60 mm and a
wall thickness of 16 mm. The material was evenly distributed in the
crucible to a height of 15 mm to ensure even heating of the sample. To
accommodate the thermal expansion of the crucible and avoid fracture

from thermal shock, a ramp up rate of 300°C/hour was used. To ensure
complete calcination, the samples were kept at the predetermined
temperature for two hours. To prevent thermal shock (to the samples,
the crucibles and the heating elements) caused by rapid cooling, the
samples were left to cool down to room temperature in the furnace.
Fig. 4 depicts the entire calcination cycle.

3.5. Dissolution of Si and Al

Si and Al availability for condensation and gel formation in an alkali-
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R

Fig. 8. TEM images of untreated and processed silt samples. (a) STR; (b) STCT750; (c) STCT850; (d) STBM30; (e) STBM60; (f) STBM90. Note: CT refers to calcined
CDW derived silt and BM refers to ball milled CDW derived silt.
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Table 2
Elemental composition of the raw and the treated silt samples.

Sample ID Image Elemental Composition
STR Element Weight (%) Atom (%)
o 52.96 69.21
Na 0.57 0.52
Mg 1.19 1.02
Al 6.90 5.35
Si 19.76 14.71
S 1.43 0.94
K 1.25 0.67
Ca 11.34 5.91
Fe 3.78 1.42
STCT750 Element Weight (%) Atom (%)
o 35.38 53.10
Na 0.44 0.46
Mg 0.97 0.965
Al 7.60 6.76
Si 22.54 19.27
S 2.32 1.74
K 2.27 1.40
Ca 24.11 14.44
Fe 4.375 1.885
STCT850 Element Weight (%) Atom (%)
o 48.02 66.61
Na 0.70 0.67
Mg 1.64 1.50
Al 7.54 6.20
Si 16.19 12.79
S 2.01 1.39
K 0.75 0.42
Ca 7.74 4.28
Fe 15.42 6.13
STBM30 Element Weight (%) Atom (%)
o 37.78 56.24
Na 0.52 0.54
Mg 1.14 1.12
Al 8.29 7.32
Si 20.57 17.45
S 2.51 1.87
K 2.04 1.25
Ca 15.86 9.43
Fe 11.31 4.83
STBM60 Element Weight (%) Atom (%)
o 45.29 63.55
Na 0.75 0.73
Mg 1.36 1.26
Al 6.85 5.70
Si 17.64 14.11
S 3.14 2.20
K 1.95 1.11
Ca 13.22 7.41
Fe 9.82 3.95
STBM90 Element Weight (%) Atom (%)
o 44.36 62.18
Na 0.79 0.77
Mg 1.24 1.14
Al 7.35 6.11
Si 19.72 15.75
S 2.50 1.75
K 1.66 0.95
Ca 14.93 8.36
Fe 7.46 3.00
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activated system is well indicated by their solubility in NaOH. It is
possible to determine the suitability of activated tailing for alkali-
activated binders by determining the solubility of Si and Al.

The solubility tests were conducted with 8 M NaOH. 50 g of alkaline
solution was added to 1 g of material and mixed with a magnetic stirrer
for 6 h. A 45 um pore size filter paper was used to filter the solution after
stirring. Deionized water was used to dilute this filtrate at a ratio of 1:50.
To stop the ions from settling, this diluted leachate was acidified to a pH
of 2 using 1 M HCL. The quantity of Si and Al leached into the alkaline
solution from the mineral waste were determined using an Inductive
Coupled Plasma Optical Emission Spectrometer (ICP-OES) equipped
with a sea spray nebulizer and SPS3 autosampler.

3.6. Pozzolanic activity (adapted R3)

A rapid, relevant and reliable (R3) test was used to evaluate the
pozzolanicity (chemical reactivity) of the treated silt. The test is per-
formed in a simulated cementitious matrix environment following the
general guidelines outlined in ASTM C1897 (2020). A solution of po-
tassium hydroxide and potassium sulphate was prepared and added to a
mixture of mineral waste, calcium hydroxide, calcium carbonate.

As recommended, the heat of hydration from the first 75 min after
mixing were not taken into consideration to allow the calorimeter
temperature to stabilize [32-34]. To minimize the difference in tem-
perature all the materials and the containers used were conditioned at
60 °C for 24 h prior to the start of the procedure. Cumulative heat, at the
end of seven days, per gram of material was reported. The higher heat of
hydration indicates a higher degree of reactivity.

An I-Cal HPC - High Performance Calorimeter, was used to record the
heat of hydration of this mixture over the course of seven days at a
constant temperature. However, the test was performed at a modified
temperature of 60 °C instead of 40 °C. Due to the low reactivity
observed in STR samples, the heat of hydration results for these samples
in the R3 test were rather low when the test was performed at 40 °C; this
resulted in heat flow values indistinguishable from system noise. It has
been reported [29] that the latent hydraulic reaction and pozzolanic
reactions in the presence of calcium hydroxide can be activated by in-
crease in temperature. Therefore, the test temperature was increased
from 40 °C to 60 °C consequently enhancing the reactivity of non-
reactive and less reactive materials [29]. Nevertheless, it is important to
note that performing the test at an elevated temperature results in a
reduction in the recorded heat of hydration [29].and this makes it
difficult to compare the results to R3 test values obtained from

10

literature. To address this, in addition to the mineral waste samples, for
benchmarking purposes the R3 test was performed at 60 °C for silica
fume and fly ash which are known for their reactivity in cementitious
systems.

4. Results and discussion
4.1. Particle size distribution

The findings of the particle size analysis of STR and the CDW derived
silt after milling are reported in Fig. 5(a) and (b). The figures show that
the silt used in the study was a fine material with 90 % of particles being
finer than 75 pm. It can be observed from Fig. 5(a) that the STR was
uniformly graded, and the particle size decreased with milling. How-
ever, the effect of milling on the reduction of particle size was less
prominent after 30 min of milling. As presented in Fig. 5(b), the Dy and
Dgg values decreased by 52 % and 82 % respectively after 30 min, while
a decrease of 66.7 % and 86 % were recorded after 60 min, and 72 %
and 85.5 % after 90 min of milling. It is also apparent that the particle
size of finer size particles slightly increased with milling after 60 min
indicating agglomeration of particles.

4.2. Chemical composition, microstructure, and mineralogy

The chemical composition of the as received silt is shown in Table 1.
Silica and calcium oxides are the major oxides present in the as-received
material. Silts typically do not contain such large amounts of CaO but
the use of lime in the treatment process adopted in the CDW plant
resulted in a high percentage of CaO in the waste silt. The silica content
was found close to that of fly ash and the calcium oxide content was
about 10 % less than GGBS. It also contains about 10.2 % alumina and
5.5 % ferric oxide. The other minor contents present include oxides of
potassium, magnesium, and sulphur in the range of 1.25 - 1.67.

A visual observation indicated that STR samples were brown col-
oured and calcined samples turned to brick red colour. This can be
attributed to the oxidation of Fe present in the material. An image of
treated and raw silt presented in Fig. 6.

The SEM images of the silt microstructure are presented in Fig. 7(a)
to (f). The as received CDW derived silt (STR) was crystalline with
particles of varying size. The large sized particles were rounded,
whereas smaller particles were flaky or needle-like. It can be inferred
that the rounded particles could be quartz, the needle-like particles are
composed of calcium carbonate in aragonite form [33] and the flaky
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Fig. 11. FTIR spectra of silt before and after activation. (a) calcined samples, (b) ball-milled samples. Note: CT refers to calcined CDW derived silt and BM refers to

ball milled CDW derived silt.

particles are irregular shapes of phyllosilicates [34]. This observation is
in line with the results of other studies where a similar mineralogy was
reported [21,22,33,34].

The calcination of silt affected the physical morphology of the par-
ticles. The changes are apparent in Fig. 7(a) to (c). As the temperature of
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calcination increased from 750°C to 850°C the needle-like structures
disappeared due to decomposition of calcium carbonate during calci-
nation, supporting the assumption that the observed mineral is calcium
carbonate. There is also evidence of the formation of cracks in the ma-
terial because of calcination. The appearance of cracks or flocculant
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Table 3
FTIR absorbance bands and assignments.
Wavelength (cm™") Assignment Reference
667-795 Si-O-Si symmetrical streching [42,39,
42]
950-1200 Asymmetric streching of Al-O and Si-O [43,44,
45]
1600 — 1700 Bending vibration H-O-H [41,45]
1620, 1680 Gypsum
3500, 2100-2200 Triple covalent C bonds [46]
599.28, 1091, 1643, C-OH, C-H, CO, C-C, OH bonds
3060 and 3091 corresponding to oxidation reduction of
graphite
2200-3600 Stretching and bending of O-H" [44,45,
47]

appearance of particles after calcination are consistent with the findings
of Zhao et al. [35] in their calcined materials [35]. Micrographs of the
ball-milled ST samples are presented in Fig. 7(d) to (f). The average
particle size decreased when compared to the STR samples with the
exception for some large-sized particles. This can be attributed to the
selective grinding due to difference in the grindability index of different
minerals and the large particles could be composed of quartz which is of
higher hardness [36].

Individual crystals were observed using TEM as shown in Fig. 8(a) to
(f). The primary particle observation indicated that the silt particles
were polycrystalline. Silt particles appeared to have softer edges and
irregular shape. It can also be observed that the particles appear to have
been composed of smaller particles with internal voids. Samples
STCT750 and STCT850 exhibit formation of necking as shown in Fig. 8
(c). This could be due to primary crystallites forming solid bridges
during the calcination process [37]. The milled samples STBM30,
STBM60 and STBM90 appeared with rounded edges.

The results of EDAX analysis are presented in Table 2 and show that
Si, Ca, Al and Fe were the major elements present. There was no sig-
nificant change in the elemental composition because of the adopted
treatment process.

The X-ray diffractograms (Fig. 9) indicated that the silt samples were
highly crystalline. The phases and their corresponding COD reference ID
[25] identified from XRD analysis are as follows: Haematite
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(96-101-1268), K-Feldspar (96-155-7002), Gypsum (96-500-0040),
Orthoclase (96-900-0163), Ferrosilite (96-900-0356), Hornblende
(96-900-1227), Feldspar (96-900-3089), Anhydrite (96-900-4097),
Microcline (96-900-4192), Albite (96-900-9664), Illite
(96-900-9666), Quartz (96-900-9667), Chlorite (96-901-0166),
Muscovite (96-901-2887), Phlogopite (96-901-3832), Calcium car-
bonate (96-901-6707). The peaks corresponding to calcium carbonate
disappear upon calcination and this is also confirmed by the Rietveld
quantification given in Fig. 10, where the calcium carbonate percentage
decreased from 15.5 % in STR to 2.2 % in STCT750 and 0.86 % in
STCT850. Similarly, dehydroxylation of illite occurs upon calcination
and there is reduction in the amount of illite from 15.3 % to 2.59 % at
750 °C and from 15.3 % to 0.97 % at 850°C. The increase in the amount
of haematite was associated with the dehydroxilation of illite. The iron
in illite usually exists as both Fe?>* and Fe>*; the Fe?" (or FeO) form
oxidized to haematite as reported in previous studies [20,38]. The
dehydroxylation of illite also led to formation of amorphous silica and
alumina and then the traces of iron present in the illite oxidises to form
haematite The milling of samples did not lead to any significant changes
to the phase quantities or to formation of new phases.

The FTIR spectra for silt samples before and after activation are
shown in Fig. 11 (a) and (b). The peaks have been assigned based on the
literature and is given in Table 3.

According to the data presented in Table 3, the peaks observed at
657 cm ™! and 773 cm ™! are indicative of symmetrical stretching of Si-
O-Si bonds. This can be designated to quartz, and these peaks remain
without undergoing any substantial changes following activation. The
peaks associated with the asymmetric stretching of Al-O and Si-O,
located at 950 cm ™!, become combined with the prominent peak at
1025 cm™!, and are only discernible in calcined samples after the
decrease in intensity of the 1025cm™! peak. This observation as
depicted in Fig. 11 (a) reveals an asymmetrical peak at 950 cm™! in
calcined samples, accompanied by the formation of a shoulder in the
spectral region corresponding to a wavenumber of 1250 cm™!. The
observed peak at 1025 cm ™! can be attributed to the in-plane stretching
of Si-O bonds in illite [39] In calcined samples, this peak is observed to
broaden, which can be attributed to the dehydroxylation process of illite
where the crystal structure shifts from an ordered to disordered orien-
tation. This observation is supported by the observed reduction in the
quantity of illite as determined through XRD analysis. The peak
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Fig. 13. FTIR spectra of evolved gases during TG analysis.

observed at 1428 cm ™! can be attributed to the presence of C-O bonds in
calcite [40]. This peak is not observed in calcined samples indicating the
decomposition of calcite and is consistent with the results obtained from
XRD analysis. The peaks at wavenumbers 1558 cm ™! and 1653 cm ™ are
indicative of the bending vibrations of the H-O-H bond. The peaks
observed in the range of 2000-2450 cm™! and 3300-3700 cm ™! corre-
spond to the bending and stretching vibrations of the H-O-H molecule
[39] However, the spectra exhibit a flattened appearance in this region
for calcined samples, suggesting the occurrence of dehydration in gyp-
sum and dehydroxylation in illite and a range of OH species from other
phases removed during calcination. The peaks at 1620 cm™?,
1680 cm_l, 3526 cm ™! and 3402 cm™! corresponding to gypsum [41]
disappear with calcination as observed in Fig. 11 (a). This observation is
further supported by the results of XRD analysis where the illite and
gypsum peaks disappear upon calcination and Rietveld analysis in-
dicates changes in quantities of these phases.

In Fig. 11 (b) the FTIR spectra for ball milled samples demonstrated a
decrease in relative peak intensities of approximately 38 % after the
milling process. The peaks at 657 cm ™! and 773 cm ™! indicate Si-O-Si
bonds of quartz and remain without any significant alterations after
milling. The peaks associated with the asymmetric stretching of Al-O
and Si-O, located at 950 cm ™' combined with the prominent peak at
1025 cm™! which corresponds to the in-plane Si-O bonds of illite [39].
The peak at 1428 cm™! corresponding to C-O bonds in did not show any
significant changes upon milling. The peaks at wavenumbers 1558 cm ™!
and 1653 cm™! are indicative of the bending vibrations of the H-O-H
bond. The peaks observed in the range of 2000-2450 cm™! and
3300-3700 cm ™! correspond to the bending and stretching vibrations of
the H-O-H molecule and peaks at 3526 cm ™ and 3402 cm ™! correspond
to gypsum [39]. These peaks remain unchanged even after the milling
process.

The relative weights and the differential weights of the STR sample
between 50 °C and 1100 °C are given in Fig. 12. The weight loss be-
tween 100 °C and 140 °C corresponds to partial dehydration of gypsum
to form hemi-hydrate, while the loss between 140 °C and 200 °C cor-
responds to dehydration of hemi-hydrate to form anhydrite. The steep
weight loss between 625 °C to 700 °C is attributed to the decomposition
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of dolomite (CaMg(CO3)2) [48,49]. Leading to 700 °C, dolomite de-
composes to MgO and mildly crystalline calcium oxide which then reacts
further, similar to CaCO3 decomposition, leading to the formation of
more calcium oxide and CO». This second part occurs at lower temper-
ature than the decomposition temperature of pure calcite (around
800 °C) due to the poor crystallinity of CaO. Weight loss continues
beyond 700 °C, where the calcite starts decomposing. These observa-
tions are in line with the chemical analysis (Table 1) and XRD results
where the reduction in percentage of calcite was observed with calci-
nation. The thermal decomposition of illite occurs at around 800 °C.

The analysis of the evolved gases in Fig. 13 shows emission of water
and CO; during calcination. The evolved gas analysis at a temperature of
675 °C shows a stronger CO- peak at 2000 — 2500 cm ™! confirming the
decomposition of calcite. The water is loss associated with the dehy-
dration of gypsum and clay minerals.

4.3. Pozzolanic activity

The heat of hydration of the silt samples is given in Fig. 14. The
findings of R3 tests in previous studies [29,50] suggest that the initial
high heat of hydration that is followed by slower or almost no heat of
hydration is a typical trend of a highly reactive supplementary cemen-
titious material. It can be observed from Fig. 14 that the behaviour of
silica fume fits this description. In addition, a gradually increasing heat
of hydration is typical of a slow reactive pozzolan such as fly ash.

Results in Fig. 14 (a) and (b) show that STR, STBM60 and STBM90
are almost inert. Though STCT750 and STBM60 were having a heat of
hydration lower than fly ash and silica fume, they performed compar-
atively better than the other samples. This signals that in these two cases
a degree of pozzolanicity is expected. The heat of hydration of fly ash
was about 2.4 times that of STCT750 and 2.6 times that of STBM60.
Similarly, the heat of hydration of silica fume was about 1.8 times that of
STCT750 and 2 times that of STBM60. These observations are in line
with heat of hydration measurements reported in the literature on
similar CDW derived fine materials intended for cementitious action
[10,12].
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4.4. Dissolution of Si and Al

The solubility of Si and Al in 8 M NaOH is obtained from ICP-OES.
This gives an indication of Si and Al available for formation of hydra-
tion products in an alkaline environment and hence the value is directly
proportional to the reactivity of the material in an alkali activated
cement or in a binder system [30]. The results of the test are reported in
Fig. 15 and show that STCT750 had a higher solubility, 9 mg/L of Si and
1.05 mg/L Al than the other samples (3.3 - 4.5mg/L of Si and

0.36-0.45 mg/L). This signals that the silt samples calcined at 750°C
(STCT750) shall have more Si and Al available in the matrix for reaction
in case of alkali activation.

5. Conclusions
The present study evaluated the possibility of upcycling CDW

derived silt that exists in the form of filter cakes. These filter cakes were
generated while filtering the wash water during the processing of CDW
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in a dedicated plant facility. This paper presented characterization
studies of raw and activated silt. The findings of the study showed that
the silt was mainly composed of silica and calcium oxide. The mineral
composition of the raw silt was studied, and the phases present sug-
gested a possibility of activation by calcination and high energy milling.
The activation process altered the morphology and performance of the
material. The silt calcined at 750 °C performed better than the other
samples.

The results of the pozzolanicity tests showed that silt calcined at 750
°C had higher heat of hydration suggesting that it can be used as a
supplementary cementitious material. In addition, it exhibited better
dissolution of Si and Al making it more suitable for use in alkali activated
cements as a source of Si and Al

The findings of the study are encouraging for use of silt in a
cementitious binder. It also indicated that mineralogical composition is
the most important factor in the determination of the activation methods
and the feasibility of further use of the material. Thus, from the study, it
can be recommended that a case specific mineralogical study should be
performed to assess the feasibility of further use and selection of suitable
activation methods.
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