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Abstract: This paper presents the characterization of a binary mixture of construction and demolition
waste (CDW) and bamboo leaf ash (BLAsh) calcined at 600 ◦C (novel mixture) and the study of its
pozzolanic behavior. Different dosages in a pozzolan/Ca(OH)2 system were employed. The aim is
the valorization of fine-fraction CDW that achieves a more reactive binary mixture and allows an
adequate use of CDW as waste, as CDW is a material of limited use due to its low pozzolanic activity.
The pozzolanic behavior of the mixture was analyzed using the conductometric method, which
measures the electrical conductivity in the CDW + BLAsh/CH solution versus reaction time. With
the application of a kinetic–diffusive mathematical model, the kinetic parameters of the pozzolanic
reaction were quantified. This allowed a quantitative evaluation of the pozzolanic activity based
on the values of these parameters. To validate these results, other experimental techniques were
used: X-ray diffraction, thermogravimetry and scanning electron microscopy. Also, mechanical
compressive strength assays were carried out. The results show an increase in the pozzolanic
activity of binary mixes of CDW + BLAsh for all the dosages used in comparison to the pozzolanic
activity of CDW alone. The quantitative assessment (kinetic parameters) shows that the binary
mixture CDW50 + BLAsh50 is the most reactive (reaction rate constant of 7.88 × 10−1 h−1) and is
superior to the mixtures CDW60 + BLAsh40 and CDW70 + BLAs30. Compressive strength tests show
higher strength values for the ternary mixes (OPC + CDW + BLAsh) compared to the binary mixes
(OPC + CDW). In view of the results, the binary blend of pozzolans CDW + BLAsh is suitable for the
manufacture of future low-carbon ternary cements.

Keywords: binary waste; pozzolanic activity; modeling; kinetic parameters; future low-carbon
cements

1. Introduction

The incessant generation of solid waste in several industries constitutes a serious
environmental and technical problem. Most of these wastes are deposited in landfills
without considering the adverse effects on the environment as they are capable of polluting
the air and water and degrading and contaminating the soil, among other adverse effects [1].
The use of waste as pozzolanic materials to substitute part of the cement helps to reduce
clinker consumption (low-carbon cement) and pollution in landfills [2–6]. Therefore, the use
of waste materials in the cementitious matrix decreases the emission of CO2 (low-carbon
cement), which is an environmental problem caused by cement production (7% of total
anthropogenic generation) [7,8].

According to the lines of implementation of a circular economy where the wastes from
one industry are used in another sector, several research projects have been carried out in
recent years to incorporate industrial residues into a cement matrix. Among these wastes
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are those of agro-industrial origin, which constitute a product of interest for the cement
industry. This is due to the great potential of these wastes to be used as additions with high
silica and/or alumina content in commercial Portland cement [9–12]. The consumption of
Ca(OH)2 (CH) in the pozzolanic reaction causes the hydrated phases that are formed in the
pozzolanic reaction to improve the performance of the concrete [13,14] and the generation
of calcium silicate hydrate (C-S-H).

At present, the construction industry is responsible for the generation of immense vol-
umes of waste, among which construction and demolition waste occupies a preponderant
place. According to Suárez-Silgado et al. [15], more than 6.5 billion tons of construction
and demolition waste (CDW) is produced each year in the world. Europe, for its part, is
responsible for the production of 800 Mt of CDW per year [16]. In Brazil, the amount of
CDW varies between 230 and 760 kg per person depending on the city [17].

The adequate management of CDW represents a valuable resource for any coun-
try’s economy.

The use of construction and demolition wastes, compared to other residues, has several
advantages, including its increasing availability, its low cost and its diverse applications,
such as the following: reutilization in construction materials [18], for the confinement of
liquid radioactive wastes [19], as pozzolans [20–23], and in the production of clinker [24]
and bricks [25]. The use of fine-fraction CDW allows for replacing other pozzolanic
materials that exist in smaller quantities and are generally more expensive. However, the
main disadvantage of its use as a fine additive in cement lies in its low pozzolanicity [26],
the increase in which is the main objective of this research.

Previous studies [27–30] highlight the possibility of using these wastes as mineral
additions with low pozzolanic reactivity in the production of cements with lower clinker
content and therefore lower carbon footprint, identifying C-S-H gel, C4AH13 and C4AcH11
(all in low proportions), in the concrete/CDW system.

The addition of high-reactivity pozzolans to CDW will improve the pozzolanic be-
havior of the mixture. Binary, ternary and even quaternary pozzolanic mixtures will be
obtained [16,31,32]. This will also allow the future production of ternary and quaternary ce-
ments with these mixed wastes. Recent studies have shown that the use of binary mixtures
of CDW with other highly reactive pozzolans in the elaboration of ternary cementitious
pastes showed good mechanical behavior, reduced the quantities of cement used and dimin-
ished CO2 emissions [26,33–35]. Binary mixtures made with CDW are reported, and they
include materials such as glass waste, natural quartz aggregates, fly ash and metakaolin as
highly reactive pozzolans [34].

However, the binary mixture of CDW with highly reactive pozzolans from calcined
agricultural waste is practically unreported in the international literature. The volumes
of agricultural waste are very high and have a low cost (their cost is well below the cost
of other pozzolans like silica fume (the most expensive pozzolan), fly ash and ground
granulated blast-furnace slag, and they have a similar pozzolanic activity to the previously
mentioned pozzolans) [36]. Therefore, its binary mixture with CDW could be very beneficial
and sustainable. The mixture of CDW with calcined pozzolans of agricultural origin is
a novel and poorly reported topic in the international bibliography. The present work
focuses on the use of one of the agricultural wastes with high pozzolanic reactivity such
as bamboo leaf ash [10,35–37] in a binary mixture with CDW for the future elaboration of
ternary cements.

Annual bamboo production in the world is estimated at 35 million hectares, mainly
in Asia, Latin America and Africa [38]. In Latin America, Brazil stands out as one of
the main bamboo producers with plantations of approximately 10 million hectares [9].
According to Scurlock et al. [39], it is possible to estimate a quantity of 25 t ha−1, which
would represent an annual production of 250 Mt of bamboo [9] which would generate a
considerable volume of leaves and other residues with suitable properties for use in new
applications. The mixture of CDW with calcined pozzolans of agricultural origin is a novel
and poorly reported topic in the international bibliography.
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Currently, the evaluation of the pozzolanic activity of materials and their binary
combinations is aimed more at the qualitative evaluation of the behavior of binary mixtures
of materials than at the quantitative aspect that consists in the computing of the kinetic
parameters of the reaction of pozzolanic mixtures with Ca(OH)2). There are few reports
about the latter aspect in the international literature [40]. The computing of the kinetic
parameters of the pozzolanic reaction (the reaction rate constant fundamentally) allows
the rigorous evaluation of the effectiveness of pozzolans as mineral additions in mortars
and concrete. Villar-Cociña et al. [41] proposed a kinetic–diffusive model that allows
the quantitative characterization of the pozzolanic activity of pozzolanic residues for all
reaction ages [42–44]. The promising results obtained in pozzolan/Ca(OH)2 systems and
binary mixtures of pozzolans in pozzolan/Ca(OH)2 systems [40,45] support the application
of the qualitative and quantitative characterization of the pozzolanic reactivity for the
binary system proposed in this work (CDW + BLAsh) and its combinations.

The objective of the present research paper is to generate knowledge on the reactivity
of recycled pozzolanic mixtures, from low-activity (fine-fraction CDW residues) and high-
activity (bamboo leaf ash (BLAsh)) components. For this purpose, some experimental
assays were performed, including assessments of chemical and mineralogical composition,
morphology, particle size distribution and pozzolanic reaction kinetics; qualitative and
quantitative analysis of the pozzolanic activity; and DRX, SEM and TG analysis after the
pozzolanic reaction, and the best dosages of the binary mix compounds for the production
of ternary cement were proposed. In cement mortars, the evaluation of the strength
resistance is in concordance with the above tests. Everything constitutes a fundamental
scientific aspect, which is to characterize and select suitable binary pozzolanic mixtures for
the manufacture of future eco-cements as alternatives to current commercial cements.

2. Materials and Methods
2.1. Materials

The construction and demolition wastes (CDWs) were furnished by the Eco-X re-
cycling company in Guarulhos, São Paulo State, Brazil. The residues are composed of
pieces of concrete from various demolitions. Different types of concrete, with unknown
dosagesand properties, are present in their composition. They are mainly composed of 98%
concrete residues and 2% ceramic residues with particle sizes in the range of 1 to 10 mm.
The construction and demolition wastes were dried in a Marconi MA035 oven (Marconi,
Piracicaba, Brazil) at 60 ◦C for 24 h. A preliminary sieving was carried out to separate the
coarse aggregate (>5 mm) from the fine aggregate (<5 mm). A 4 Tyler mesh sieve with a
4.75 mm orifice size was used for this purpose. Then, the fine aggregate was crushed in
a motorized mortar and pestle mill, brand Marconi MA590 (Marconi, Piracicaba, Brazil)
for 2 h and sieved below 45 µm using a 325 Tyler mesh sieve (Figure 1a). The particle
size (<45 µm) was selected taking into account its use in previous works [26,27] with this
residue, where good results are obtained.

The bamboo leaves were extracted from the Dendrocalamus asper species and were
collected near the University of São Paulo, Pirassununga Campus, Brazil. Figure 1b shows
the bamboo leaf ash (BLAsh) used in the current study, which showed a grayish coloration.

The bamboo leaves were initially calcined at 400 ◦C for 1 h with the objective of
removing the organic matter, in a Jung 10010 muffle (Jung, Blumenau, Brazil). They were
subsequently calcined at 600 ◦C for 2 h with a heating rate of 10 ◦C/min. At this tempera-
ture, several authors have reported the highest pozzolanic reactivity [10,35,37]. After 2 h,
the ashes were quickly removed from the muffle (fast cooling) [46]. This preserves the
amorphous phases and avoids recrystallization with a gradual decrease in the temperature.
Subsequently, the ashes were ground using a mill (Marconi MA 590) and sieved below
45 µm. The sieving process was performed using a 325 Tyler mesh sieve (Labimport,
Piracicaba, Brazil).
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For the elaboration of the mortars, high-initial-strength Portland cement CP-V ARI
of the Cauê Estrutura brand of InterCement (São Paulo-Brazil), according to the standard
ABNT NBR 5733 [47], was used.

For the pozzolanic activity test, Ca(OH)2 mixed with deionized water was used for
preparing a saturated solution of calcium hydroxide (95% purity). The solution was stirred
at 500 rpm for 20 min. Finally, the solution was maintained at rest for 30 min and filtered.

Both wastes were mixed in different proportions, and binary mixtures were prepared,
the dosages were as follows (CDW was taken as the base material, as it is the most abundant
and its use is of great interest): CDW 50% with BLAsh 50%, CDW 60% with BLAsh 40%,
and CDW 70% with BLAsh 30%. Table 1 shows the mixtures used and their designations.

Table 1. Designation of all samples.

Pozzolanic Material Designations and Dosages (%)

CDW100 BLAsh100 CDW50 + BLAsh50 CDW60 + BLAsh40 CDW70 + BLAsh30
CDW 100 - 50 60 70

BLAsh - 100 50 40 30

2.2. Methods
2.2.1. Pozzolanic Activity Method

The qualitative or quantitative evaluation of the pozzolanic activity can be performed
by several methods [48,49]. A conductometric method that has been used by various
authors in numerous scientific works [41,50–55] was used in this work. This method
has several advantages, among which we can emphasize the following: it monitors the
variation in electrical conductivity with reaction time, it allows us to study the reaction rate
of the pozzolan with CH and its relationship with reactivity, and it greatly reduces the time
needed to evaluate the pozzolanic activity of the materials.

A saturated solution of Ca(OH)2 was used, and 250 mL of the solution was mixed
with 5.25 g of the pozzolanic materials (CDW and BLAsh) (this is the proportion used by
other authors in this type of experiment). The conductivity measurements began when the
used materials were mixed with the CH solution. A Digimed DM-32 microconductometer
(Digimed, São Paulo, Brazil) was used at a constant temperature of (40 ± 1) ◦C. It is known
that there is a linear dependence (obtained through a calibration curve) [41] between the
concentration of CH in the solution and the recorded conductivity, which was applied.
For each sample, three replicates of the conductivity assay were performed, and the mean
values of electrical conductivity versus reaction time were selected.
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2.2.2. Characterization Techniques

The raw materials (OPC, CDW and BLAsh) were chemically characterized by using
an X-ray fluorescence spectrometer, brand Malvern Panalytical, model Zetium (Philips,
São Paulo, Brazil), in the STD-1 calibration (standardless), related to the detection and
quantification of chemical elements between fluorine and uranium. An X-ray tube with a
Rh anode with a power of 4 kW and xenon flux detectors (duplex) were used.

The particle size distribution of OPC, BLAsh and CDW was performed by laser granu-
lometry in a particle size analyzer with laser diffraction system Horiba, model PARTICA
LA-950-V2 (Horiba, São Paulo, Brazil) with an internal pump for aqueous dispersants,
with a detection range between 0.01 and 3500 µm. Three samples of each material were
analyzed, and isopropyl alcohol was used in the particle dispersion of the CDW and OPC
samples. In the case of ashes of agricultural origin such as BLAsh, deionized water was
used in the particle dispersion of the samples according to the established methodology.

The mineralogical characterization was carried out in a Rigaku Miniflex 600 X-ray
Diffractometer (Rigaku, Beijing, China), with a detection range of 5◦ to 65◦ and a rate of
1◦/min at a step of 0.02◦, an electric intensity of 100 mA and a voltage of 50 kV. The crys-
talline phases were identified by means of the X’Pert HighScore Plus software, version 4.9.0,
using the Powder Diffraction File database of 131,590 diffraction patterns.

Scanning electron microscopy (Philips XL-30 FEG microscope, Philips, Brussels,
Belgium, with the possibility of images of secondary and backscattered electrons, with an
integrated EDAX system) was used to view the morphology and perform microanalysis of
the samples.

Thermogravimetry tests were carried out in a simultaneous thermal analyzer of the
Netzsch brand, model STA 449 F3 Jupiter (Netzsch, São Paulo, Brazil), using a heating
rate of 10 ◦C/min, from 25 ◦C to 1000 ◦C, and a flow rate of 60 mL/min in an atmosphere
of N2. Between 40 and 50 mg of pozzolan/CH reaction products and their combinations
were analyzed.

2.2.3. Mathematical Model

A quantitative assessment of the pozzolanic activity was carried out using a kinetic–
diffusive mathematical model that allows determining the kinetic parameters of the poz-
zolanic reaction [36,37]. The model is

ξ =
Co − Ct

Co
= 1 −

0.23·exp
(
− 3t

τ

)
·
(
−1 + exp

( t
τ

))
· 1

τ

CoDer2
s

+
0.23·exp

(
− t

τ

)
· 1

τ

Cokrs
− Ccorr (1)

The parameters De, K, Co, τ and rs are the effective diffusion coefficient, the reaction
rate constant, the initial conductivity of the solution, the time constant and the initial radius
of the particle (average size rs), respectively.

Ccorr, (Co − Ct)/Co and Ct are a correction term, which represents the CH remaining
after the reaction is completed; the relative loss of conductivity; and the absolute loss of
conductivity with time for the pozzolan/CH solution, respectively

In general, chemical reactions occur in stages, with the most resistant (slowest) stages
being those that control the overall process. In the case of the pozzolanic reaction analyzed,
there are different regimes depending on the controlling (slower) stage: diffusive control
regime (second term of Equation (1)), kinetic control regime (third term) and kinetic–
diffusive control regime (both terms). More details on the model and considerations appear
in Refs. [41,55].

2.2.4. Mechanical Assessment of Blended Mortars

Cylindrical mortars were manufactured with dimensions of 50 mm × 25 mm (height–
diameter ratio) by substituting part of the Portland cement with the pozzolans CDW
(low reactivity), BLAsh (high reactivity) and their combinations. The cement/pozzolan
formulations are shown in Table 2. The samples were demolded after 24 h and kept in
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a chamber for 7 and 28 days with a relative humidity of (60 ± 2)% at a temperature of
25 ◦C. In a stainless-steel vat, the powdered materials were placed and mixed for 1 min.
Subsequently, the water was added and mixed at a low rate of 140 ± 5 rpm for 30 s. Then,
the mixing rate was increased to 285 ± 10 rpm for 1 min. The obtained mass was molded
in cylindrical molds and densified in a vibrating table in a lapse of 1–2 min. For each
formulation, 10 replicates of cylindrical mortars were made. The water/cement ratio was
determined according to ABNT NBR 16606 [56], by determining the normal consistency
of cementitious pastes in the Vicat’s instrument with Tetmajer’s probe, which should be
placed at a distance of (6 ± 1) mm from the base sheet.

Table 2. Composition and normal consistency test of the reference and blended cements.

Cements Nomenclature OPC (%) CDW (%) BLAsh (%) W/C (%) Normal Consistency
Test (mm)

Reference REF 100 0 0 34 5.2
Binary 5CDW + OPC 95 5 0 35.7 6.5

10CDW + OPC 90 10 0 38.7 5
15CDW + OPC 85 15 0 42.9 6.8
20CDW + OPC 80 20 0 46.8 6.1

Ternary CDW50 + BLAsh50 + OPC 90 5 5 40.2 5.5
CDW60 + BLAsh40 + OPC 85 9 6 45.5 4.8
CDW70 + BLAsh30 + OPC 80 14 6 50.62 4.9

A compressive strength test was performed on the universal testing machine IN-
STRON, EMIC 23-300 (Norwood, MA, USA), equipped with a 300 kN load cell, at a
constant rate of 0.5 mm/min until the rupture of the samples according to the standard
ABNT NBR 7215 [57].

3. Results and Discussion
3.1. Characterization of the Starting Materials

Table 3 shows the main elements of the materials (CDW, BLAsh and OPC). All of them
are expressed as % by mass. The CDW has a silico-calcic nature, mainly consisting of CaO
(around 40%), followed by SiO2 (26.8%), Al2O3 (9.2%), Fe2O3 (3.3%) and MgO (2.8%). Other
oxides are present in small amounts (<3.9% total). The contents of the majority oxides in
this waste are partially in line with other CDWs from different countries [58].

Table 3. Chemical composition of the CDW, BLAsh and OPC.

Material Chemical Composition (% by Mass)

SiO2 Al2O3 Fe2O3 MgO CaO Na2O K2O SO3 Cl P2O5 LOI
CDW 26.81 9.21 3.26 2.76 38.96 0.50 1.21 1.98 0.04 0.15 14.2

BLAsh 73.90 0.44 0.34 2.40 5.99 0.09 5.41 1.99 3.46 2.71 3.0
OPC 15.80 3.12 3.20 - 66.80 - 0.74 6.23 - - 3.5

The BLAsh has a siliceous nature formed by SiO2 (73.9%), followed by CaO (6%), K2O
(5.4%) and Cl (3.5%). Other oxides such as P2O5, MgO, SO3, Al2O3, Fe2O3 and Na2O are
present in small amounts (<8% total).

Regarding the chemical composition of CP V-ARI cement, it meets all the chemical
requirements established in the standard ABNT NBR 5733 [47].

The XRD pattern of the initial pozzolans (CDW and BLAsh) is shown in Figure 2,
reflecting the different crystalline–amorphous nature of the two pozzolans. This will have
repercussions on the performance and subsequent behavior of the blended cement matrices.

The CDW (Figure 2a) has a crystalline nature whose main mineralogical phase is
quartz (20.85 and 26.65 2θ, among others), followed by calcite (29.46 and 48.58 2θ) which
is related in part to the carbonation of hydrated phases of the hydrated cement (mainly
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Ca(OH)2). In smaller quantities, alite and belite phases (C3S and C2S), constituents of
Portland cement, were identified, which indicates that the CDW comes from a relatively
young concrete. Finally, the presence of albite was identified with a peak at 28◦ (2θ) and is
associated with the contamination of construction waste with other ceramic waste because
albite is a mineral that belongs to the group of feldspars, basic components of ceramics.
The amorphicity in the sample is practically not appreciated.
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Figure 2. (a) X-ray pattern of CDW; (b) X-ray pattern of BLAsh.

In the case of bamboo ash, the main crystalline phases are sylvite (KCl), calcite and
cristobalite (SiO2). The presence of sylvite is associated with the potassium concentrations
of the sample and the potassium acquired from the soil. This mineralogical phase is present
in a wide range of ashes from different biomasses (herbaceous, forestry wastes, husk
ash) [59–61]. A broad band located around 15◦–30◦ = 2θ is seen in the XRD pattern, which
demonstrates its highly amorphous nature.

The particle size distribution curves of the raw materials CDW, BLAsh and OPC
analyzed by laser granulometry are shown in Figure 3. All samples show a unimodal
distribution with a maximum particle size distribution of around 11.56 µm for BLAsh,
13.24 µm for OPC and 34.25 µm for the CDW sample. The D50 values obtained (sieve
through which 50% of the particles pass) are 10.63 µm, 12.91 µm and 23.3 µm, respectively.
There are little differences between the D50 values, which do not affect the uniformity of
the mixture [62] and have no effect on the reactivity of the mixtures of the materials.
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The presence of irregular grains both in shape and size can be observed in Figure 4,
referring to CDW (a) and BLAsh (b). In the case of BLAsh, it is possible to observe that most
of the structures do not have a defined shape, which gives it a higher chemical reactivity.
However, in CDW, it is possible to observe grains with well-defined edges in the shape
of crystals. The preparation processes of the raw material (grinding and sieving) have an
influence on the particle rupture and therefore this irregularity.
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Figure 4. Scanning electron microscopy: (a) CDW grains at 50 µm magnification; (b) BLAsh grains at
20 µm magnification.

3.2. Pozzolanic Activity: Qualitative Evaluation

Figure 5 shows the pozzolanic activity for all samples (conductivity variations ver-
sus reaction times) in the pozzolan/calcium hydroxide (CH) system: construction and
demolition waste (CDW100); bamboo leaf ash (BLAsh100); and the binary mixtures
CDW50 + BLAsh50, CDW60 + BLAsh40 and CDW70 + BLAsh30.
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It is observed that the electrical conductivity in the pozzolan/CH system decreases
with reaction time. At early ages, a considerable variation (loss) in conductivity is obtained
due to the pozzolanic reactivity of the samples. For long periods of time, stabilization of
the curve is achieved, indicating the moment at which the reaction has practically ended.

The formation of hydrated phases with the corresponding decrease in CH concentra-
tion in the solution is responsible for this behavior. This leads to a decrease in conductivity.

The high difference between the conductivities (initial and stabilized conductivities
of the solution) allows us to affirm that the pozzolanic reactivity can be related to the
consumed amount of CH (a large difference means a higher consumption of CH and vice
versa). The pozzolans analyzed except CDW100 can be considered highly reactive due to
the high difference.

A qualitative analysis allows us to affirm that there was a reduction in electrical
conductivity until its stabilization was higher (a greater consumption of CH) for the
CDW50 + BLAsh50 mixture, followed closely by the binary combinations CDW60 + BLASh40
and with a minor reduction (a lower consumption of CH) the mixture CDW70 + BLAsh30.
All mixtures showed good reactivity in comparison to CDW100 (lower reactivity). The low
reactivity shown by CDW100 can be related to the low silica (SiO2) and high calcium (CaO)
content shown in Table 3, and the XRD pattern (Figure 2a) for this sample also shows a
highly crystalline nature in which calcite and quartz predominate. In general, the high
difference between the conductivities (initial and stabilized conductivities of the solution)
of the analyzed pozzolans allows us to affirm the system’s reactivity.

Another aspect to take into account is the slope of the electrical conductivity/reaction
time, which is related to the rate at which the electrical conductivity changes. Figure 5
shows that for the samples BLAsh100 and CDW50 + BLAsh50, the slopes of the curves are
high and quite similar (however, for BLAsh100, it is slightly higher); therefore, the rate
at which the electrical conductivity changes is much higher in these samples. In the case
of samples CDW100 and CDW70 + BLAsh30, the slopes are lower. According to these
results, it can be concluded that not all pozzolans tested have a high reactivity. It should
be noted that the combination of CDW with BLAsh causes a considerable increase from
the qualitative point of view of the pozzolanic reactivity, more significantly in the samples
CDW50 + BLASh50 and CDW60 + BLAsh40, which demonstrates the positive synergy that
occurs in the mixtures and how beneficial it is, which is of great scientific value.

It is evident that a qualitative analysis is too imprecise to give us an exact idea of the
pozzolanicity of the sample. Therefore, a quantitative analysis that involves all the above
aspects and also determines the kinetic parameters of the pozzolanic reaction is essential
and allows a more rigorous evaluation of the reactivity of the pozzolanic additions.

After the conductivity test, SEM and XRD analysis were performed on the samples
after the reaction.

Figure 6 shows the XRD patterns for CDW100 and the mixtures. The mineral phases
present in the CDW100 base sample and in the binary mixture were calcite, quartz, to-
bermorite and traces of gismondite and cristobalite. The presence of calcite, quartz and
cristobalite could be associated with the high calcium and silica contents of the wastes
that compose the mixtures. The presence of toberomite (C-S-H) and gismondite (zeolite) is
associated with the formation of crystalline hydrated calcium silicates resulting from the
pozzolanic reaction of the CDW + BLAsh mixtures with Ca(OH)2. Zeolites as a pozzolanic
reaction product have been observed in wastes such as paper sludges [63]. All samples
showed the same phases and a certain amorphous band, which was not present in CDW
before the reaction (Figure 2a).

Figure 7 shows the presence of C-S-H gels for CDW100, CDW50 + BLAsh50,
CDW60 + BLAsh40 and CDW70 + BLAsh30 samples, rough zones with a foil-like mor-
phology [64,65]. This corroborates the occurrence of the pozzolanic reaction in all samples.
According to the semi-quantitative EDX analysis, different Ca/Si ratios between 0.6 and
2.99 are detected, with a higher ratio for the individual residues and lower ratios when the
mixture of both residues is analyzed. The presence of new phases of formation corroborates
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the occurrence of the pozzolanic reaction in all samples, being higher as the bamboo ash
content increases (see Table 4 (kinetic parameters)).
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Table 4. Kinetic parameters of the pozzolanic reaction.

Pozzolanic
Binary Systems Material (Ash) τ (h) Reaction Rate

Constant K (h−1)

Diffusion
Coefficient De

(mm2/h)

Free
Activation

Energy
∆G# (kJ/mol)

Ccorr.

Coefficient of
Multiple

Determination
(R2)

CDW + BLAsh

BLAsh100 2.98 ± 0.003 1.45 ± 0.003 (8.72 ± 0.04) × 10−2 97.12 0.18 ± 0.0001 0.9920
CDW50 + BLAsh50 3.79 ± 0.008 (7.88 ± 0.019) × 10−1 - 98.712 0.22 ± 0.0002 0.9869
CDW60 + BLAsh40 14.72 ± 0.019 (1.27 ± 0.024) × 10−1 - 103.46 0.13 ± 0.0001 0.9934
CDW70 + BLAsh30 20.5 ± 0.007 (2.09 ± 0.004) × 10−2 - 108.15 0.11 ± 0.0006 0.9955

CDW100 52.05 ± 0.53 (3.32 ± 0.6) × 10−3 - 112.94 0.47 ± 0.0004 0.9386

HsT + Glass HsT + Glass 1:1 74.1 ± 5.2 (3.32 ± 0.13) × 10−3 n.r. n.r. 1.40 ± 0.52 0.9781
HsT + Glass 1:2 66.8 ± 1.0 (4.38 ± 0.70) × 10−3 n.r. n.r. 1.26 ± 0.56 0.9743

HcG + Glass HcG + Glass 1:1 89.2 ± 3.3 (1.72 ± 0.47) × 10−3 n.r. n.r. 1.96 ± 0.14 0.9849
HcG + Glass 1:2 74.0 ± 1.8 (3.46 ± 0.24) × 10−3 n.r. n.r. 1.33 ± 0.27 0.9827

SCBA + BLA 50SCBA + 50BLA 5.6 ± 0.2 (3.83 ± 0.02) × 10−1 n.r. n.r. n.r. 0.9863
70SCBA + 30BLA 4.5 ± 0.2 (2.89 ± 0.03) × 10−1 n.r. n.r. n.r. 0.9810

n.r.: not reported in the literature.

The evolution of the TG and DTG curves of the pozzolanic reaction products is shown
in Figure 8a,b. For samples CDW100 and BLAsh100, two endothermic zones are clearly
distinguished in Figure 8a. The first, a maximum (with lower intensity) located between
35 ◦C and 220 ◦C for the samples CDW100 and BLAsh100, is related to the loss of water
absorbed from the waste and the dihydroxylation of the C-S-H gel. The other zone, located
between 540 and 780 ◦C, is associated with the decomposition of carbonates. For the
binary mixtures, three well-defined endothermic zones were identified. According to
Figure 8b, a maximum located between 35 ◦C and 220 ◦C was identified, associated with
the loss of absorbed water from the waste and the dihydroxylation of the C-S-H gel. The
second endothermic zone was located between 520 ◦C and 580 ◦C with a maximum peak
concentrated at 560 ◦C, which is related to isomorphic changes of the gismondite formed
that involve a change in the structure [66]. The third transition zone was identified between
620 ◦C and 740 ◦C associated with the decomposition of calcium carbonate.
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Figure 8. Evolution of the TG and DTG curves of (a) CDW100 and BLAsh100 and (b) 50CDW + 50BLAsh,
60CDW + 40BLAsh and 70CDW + 30BLAsh.

3.3. Quantitative Analysis of the Pozzolanic Activity: Determination of the Kinetic Parameters

For the quantitative characterization of the samples, the kinetic–diffusive model
(Equation (1)) was fitted for all samples. The fitting of the model (Equation (1)) permitted
us to determine the parameters τ, De, K and ∆G# in each case.

The ∆G# shown in Table 4 was calculated by using the Eyring equation of “The
absolute theory of rate processes” [67,68] based on the Theory of the Transition State, whose
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theoretical novelty is that it postulates the formation of an activated complex (or transition
state) from the reactants; this complex would then decompose to form products. The
activated complex is assumed to be in thermodynamic equilibrium with the reactants. The
Eyring equation is given by

K =
kBT

h
exp

(
−∆G#

RT

)
(2)

where kB, h, R, T and K are Boltzmann’s constant, Planck’s constant, the universal gas
constant, the temperature and the reaction rate constant, respectively. ∆G# is the activation
free energy (change in free energy of the system when going from the initial state to the
transition state).

It is known that large values of ∆G# indicate low reactivity (kinetic stability, small
values of K). On the other hand, small values of ∆G# indicate high reactivity (kinetic
instability, i.e., high reactivity, large values of K). Knowledge of ∆G# indicates how quickly
the reaction occurs; for large values of ∆G#, the reaction will be slower.

Figure 9a,b shows the relative loss of conductivity ξ versus reaction time for the
CDW100/CH and BLAsh100/CH systems.
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All variants of the model (kinetic, diffusive and mixed control) were adjusted to the
experimental data of relative loss of conductivity-time.

The process of fitting a model to be rigorous includes an exhaustive analysis of
the statistical parameters resulting from the fit. In this case, the Lavembert + Maquard
algorithm [69,70] was used for the experimental data. Statistical parameters such as R2,
RSS (coefficient of multiple determination and residual sum of squares respectively), 95%
confidence intervals, residual probability and analysis of variance were analyzed in detail.
From the above, it is concluded that, in the BLAsh100 sample (Figure 9b), the kinetic–
diffusive control regime dominates, showing the best correspondence with the experimental
data. This means that both processes (kinetic and diffusive) determine the overall rate of
the reaction.

However, a kinetic control predominated for the other samples, namely CDW100
(Figure 9a) and the binary mixtures CDW50 + BLAsh50, CDW60 + BLAsh40 and
CDW70 + BLAsh30 (Figure 10a–c). In this case, the chemical interaction rate on the surface
of the core of the pozzolan particle (where the reaction takes place) offers the greatest
resistance (slowest step) for which it is lower than the diffusion rate of the reactant through
the reaction product layer around the core. The high porosity of the layer of reaction



Resources 2024, 13, 100 13 of 19

products justifies this result since it favors a rapid diffusion process. More details and
considerations of the model can be seen in Refs. [41,55].

Resources 2024, 13, x FOR PEER REVIEW  15  of  21 
 

 

   
(a)  (b) 

 
(c) 

Figure 10. Relative loss of conductivity plotted against reaction time for the binary combinations (a) 

CDW50 + BLAsh50, (b) CDW60 + BLAsh40 and (c) CDW70 + BLAsh30. Black circle (experimental), 

solid line in color (model). 

The values of the parameters calculated (τ, De, K and ∆G#) are shown in Table 4. Also, 

the statistical coefficient of multiple determination and the correction constant are shown. 

Table 4 does not show all the statistical analysis performed (that contained some graphical 

analysis) because it would lead to a very extensive paper. 
Taking  into  account  the  values  of  the  kinetic  parameters,  it  is  possible  to  conclude  that 

BLAsh100 has a very high reactivity (order of 10−1 h−1) and CDW100 has a low reactivity (order of 

10−3 h−1). However, binary mixtures adding bamboo leaf ash significantly increase pozzolanic reac-

tivity compared to fine-fraction CDW. A good synergy is achieved between CDW and an agricul-

tural waste such as BLAsh. The binary mixture with the highest reactivity is CDW50 + BLAsh50, 

followed by CDW60 + BLAsh40 and CDW70 + BLAsh30. This shows that increasing the % of bamboo 

ash in the mixture increases its reactivity. Of the dosages chosen in this work, the one that uses 50% 

of each residue (CDW50 + BLAsh50) has the highest reactivity. 
The kinetic parameters (reaction rate constant fundamentally) of other pozzolanic binary sys-

tems, namely HsT + Glass 1:1 and HsT + Glass 1:2 (CDW of siliceous nature + recycled laminar glass 

in proportions 1:1 and 1:2), HcG + Glass 1:1 and HcG + Glass 1:2 (CDW of calcareous nature + recy-

cled laminar glass in proportions 1:1 and 1:2), and sugar cane bagasse ash (SCBA) + bamboo leaf ash 

(BLA) in proportions of 50:50 and 70:30, reported in the literature [45,71], are also shown in Table 4. 

According to the K values, the binary mixes of pozzolans CDW50 + BLAsh50 and CDW60 + BLAsh40 

present a high reactivity (order of 10−1 h−1), two orders higher than that of HsT + Glass (1:1 and 1:2) 

and HcG + Glass (1:1 and 1:2) (order of 10−3 h−1) and similar to that of 50SCBA + 50BLA and 70SCBA 

+ 30BLA, considered  in the  literature of high pozzolanic reactivity. The above  indicates the good 

pozzolanic behavior of the CDW + BLAsh mixtures characterized in this research. 

Figure 10. Relative loss of conductivity plotted against reaction time for the binary combinations
(a) CDW50 + BLAsh50, (b) CDW60 + BLAsh40 and (c) CDW70 + BLAsh30. Black circle (experimental),
solid line in color (model).

Figure 10a–c shows the relative loss of conductivity ξ versus reaction time for the
CDW50 + BLash50/CH, CDW60 + BLash40/CH and CDW70 + BLash30/CH systems. The
multiple determination coefficients are shown in Figure 9a,b and Figure 10a–c.

The values of the parameters calculated (τ, De, K and ∆G#) are shown in Table 4. Also,
the statistical coefficient of multiple determination and the correction constant are shown.
Table 4 does not show all the statistical analysis performed (that contained some graphical
analysis) because it would lead to a very extensive paper.

Taking into account the values of the kinetic parameters, it is possible to conclude
that BLAsh100 has a very high reactivity (order of 10−1 h−1) and CDW100 has a low
reactivity (order of 10−3 h−1). However, binary mixtures adding bamboo leaf ash signifi-
cantly increase pozzolanic reactivity compared to fine-fraction CDW. A good synergy is
achieved between CDW and an agricultural waste such as BLAsh. The binary mixture
with the highest reactivity is CDW50 + BLAsh50, followed by CDW60 + BLAsh40 and
CDW70 + BLAsh30. This shows that increasing the % of bamboo ash in the mixture in-
creases its reactivity. Of the dosages chosen in this work, the one that uses 50% of each
residue (CDW50 + BLAsh50) has the highest reactivity.
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The kinetic parameters (reaction rate constant fundamentally) of other pozzolanic
binary systems, namely HsT + Glass 1:1 and HsT + Glass 1:2 (CDW of siliceous nature + re-
cycled laminar glass in proportions 1:1 and 1:2), HcG + Glass 1:1 and HcG + Glass 1:2 (CDW
of calcareous nature + recycled laminar glass in proportions 1:1 and 1:2), and sugar cane
bagasse ash (SCBA) + bamboo leaf ash (BLA) in proportions of 50:50 and 70:30, reported in
the literature [45,71], are also shown in Table 4. According to the K values, the binary mixes
of pozzolans CDW50 + BLAsh50 and CDW60 + BLAsh40 present a high reactivity (order of
10−1 h−1), two orders higher than that of HsT + Glass (1:1 and 1:2) and HcG + Glass (1:1
and 1:2) (order of 10−3 h−1) and similar to that of 50SCBA + 50BLA and 70SCBA + 30BLA,
considered in the literature of high pozzolanic reactivity. The above indicates the good
pozzolanic behavior of the CDW + BLAsh mixtures characterized in this research.

3.4. Compressive Strength

Figure 11 shows the compressive strength values of the cementitious pastes for 7 and
28 days. In general, a decrease in the compressive strength of the specimens with respect to
the reference sample (OPC-100%) is observed.
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The OPC + CDW binary mixtures (5CDW + OPC, 10CDW + OPC, 15CDW + OPC and
20CDW + OPC) show a decrease in compressive strength in the range of 3–26% for 28 days
of curing with respect to the control sample. It is possible to appreciate that the increase in
CDW in the matrix negatively affects the mechanical strength of the specimens, causing a
gradual decrease in mechanical strength. Similar results were obtained by Oliveira et al. [34].
On the other hand, the OPC + CDW + BLAsh ternary mixtures (50CDW + 50BLAsh + OPC,
60CDW + 40BLAsh + OPC and 70CDW + 30BLAsh + OPC) showed an increase in the
mechanical compressive strength with respect to the OPC + CDW mixtures, which demon-
strates the positive synergy originating between CDW and BLAsh and the pozzolanic effect
of BLAsh in the mixture. The 50CDW + 50BLAsh + OPC and 60CDW + 40BLAsh + OPC
samples showed similar compressive strength values of 45.4 MPa and 45.8 MPa (28 days
of curing), respectively, which constitutes a 14% decrease with respect to the control. The
ternary sample 70CDW + 30BLAsh + OPC showed a mechanical compressive strength
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of 41.07 MPa, a value higher than those shown by the binary mixtures of OPC + CDW
and slightly lower than the results of the samples 50CDW + 50BLAsh + OPC and
60CDW + 40BLAsh + OPC. The standard EN 197-6 [72] allows the substitution of up
to 20% recycled concrete fines and calcined pozzolans with a resistance class of 32.5, 42.5
or 52.5 MPa. In this case, the 50CDW + 50BLAsh + OPC and 60CDW + 40BLAsh + OPC
ternary cements comply with European specifications for strength above 42.5 MPa. The
70CDW + 30BLAsh + OPC sample showed a compressive strength above 32.5 MPa, demon-
strating the potential of the CDW + BLAsh mixture to be used as a partial replacement for
ordinary Portland cement for the production of eco-efficient ternary cements.

The increase in strength in the ternary samples may be associated with the high
pozzolanic reactivity of BLAsh, where the high amorphous silica content of its composition
reacts (according to SEM and XRD analysis) with the CH originating during cement
hydration to form C-S-H gel, compounds that favor mechanical strength. This study shows
how the low pozzolanic activity of CDW residues is partially compensated by the increase
in BLAsh content in binary and ternary blended cements.

4. Conclusions

The following conclusions are drawn from this research:

1. For the first time, the pozzolanic synergy between two industrial wastes of different
nature has been analyzed. The combination of CDW with BLAsh allows obtain-
ing a binary mixture of active additions with a good pozzolanic reactivity, for the
manufacture of future sustainable ternary eco-cements with a lower carbon footprint.

2. This good pozzolanic synergy allows the use of CDW more efficiently and with better
results, which is very important given the priority and the impetus that is being given
to its use worldwide, given its increasingly increasing availability.

3. A mineralogical study of the starting residues reveals that in the case of CDW, the
principal compounds are quartz and calcite. Other minerals such as alite, belite and
albite were also detected. The amorphicity in the sample is practically not appreciated.
For BLAsh, a broad band located around 15◦–30◦ = 2θ is seen in the XRD pattern,
which demonstrates its highly amorphous nature. The crystalline phases sylvite,
calcite and cristobalite are detected.

4. The qualitative characterization of the pozzolanic activity of CDW and BLAsh using
the electrical conductivity method indicates that BLAsh100 has a higher activity
compared to CDW. For the binary mixtures, CDW50 + BLAsh50 shows the highest
reactivity, followed closely by CDW60 + BLASh40 and (with a minor consumption
of CH) the mixture CDW70 + BLAsh30. All the mixtures showed good reactivity in
comparison with CDW100 (lower reactivity). In the SEM analysis, calcium silicate
hydrate (C-S-H) gels (rough areas with a sponge-like morphology) were observed in
all samples as the main product of the pozzolanic reaction.

5. The values of the kinetic parameter (reaction rate constant principally) allow the
conclusion that BLAsh100 has a very high reactivity and CDW100 has a low reactivity.
However, there is an important synergy between agricultural residue (BLAsh) and
CDW when these wastes are mixed, even though each of these materials separately
showed different levels of pozzolanic activity. Mixing bamboo leaf ash with fine-
fraction CDW significantly increases pozzolanic reactivity compared to CDW100.
The binary mixture with the highest reactivity is CDW50 + BLAsh50, followed by
CDW60 + BLAsh40 and CDW70 + BLAsh30. This shows that increasing the % of
bamboo ash in the mixture increases its reactivity. Of the dosages chosen in this
work, the one with the highest reactivity is the one that uses 50% of each residue
(CDW50 + BLAsh50).

6. The ternary cements (50CDW + 50BLAsh + OPC, 60CDW + 40BLAsh + OPC and
70CDW + 30BLAsh + OPC) showed compressive strength values of 45.4, 45.8 and
41.07 MPa, respectively, which are higher than the mechanical strength values achieved
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by the OPC + CDW binary cements, demonstrating the positive synergy originating
between CDW and BLAsh.

The results obtained will serve as a starting basis for future studies including the
elaboration of low-carbon ternary cements and the generation of new knowledge on this
binary mixture in the physico-mechanical and durable performance of new eco-cements.
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