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Abstract

The present research proposed the use of construction and demolition waste (CDW) in adsorption of methylene blue dye in
aqueous medium. CDW was studied in its natural form and calcined aiming to improve its properties, both being characterized
by different techniques and subjected to adsorption studies. From the kinetic study, it was verified that both systems presented a
better fit to the experimental data for the pseudo-second-order model (R? >0.980). The concentration and temperature variation
showed a maximum adsorption capacity of 112.23 mg.g! (natural) and 418.6 mg.g"' (calcined) both for the temperature of 45 °C.
The experimental data fit better with the Langmuir isotherm model, with a correlation coefficient R* >0.960 for both samples. It
was observed that both residues presented favorable adsorption mechanisms and effective adsorption parameters, but the calcined
sample presented better results, and thinking in a low-cost material, natural sample can be more economically advantageous. In this
view, CDW represents a potential and promising alternative for water purification.
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INTRODUCTION

In recent years, many discussions have been made around
the environmental issue, and topics related to solid waste
management, environmental preservation, and recycling
have gained prominence and great importance among
researchers, especially to seek solutions to the problems that
arise as a result of the constant transformations of ecosystems
in the function of human action to achieve a model of
sustainable development for the planet [1, 2]. Minimizing
the environmental impacts caused by the disposal of
chemicals in nature is a major concern that permeates
sustainable development, and therefore several studies have
been conducted to reduce these impacts through alternatives
that do not harm but are beneficial to the environment, such
as is the case of the treatment of artificial dyes widely used
by industries [3]. When it comes to the textile sector, it is
known that its main characteristic is the high consumption of
water, as well as the generation of solid waste, atmospheric
emissions, and effluents that are harmful to the environment
[4]. The water used in washing and dyeing processes carries
residues of dyes that are discarded in nature through textile
effluents [5]. Around 10,000 types of synthetic dyes are used
by the textile and dye industry, and for some types of dyes,
50% of the used does not attach to tissue fibers, leading to
the formation of wastewater [6, 7].

Among the various dyes used in the dyeing process of
cotton, wood and leather, besides being used also by the
pharmaceutical industry, we can highlight the synthetic
methylene blue dye, one of the contaminants of water bodies
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best known for causing problems in the environment, because
it blocks the entry of sunlight into aquatic environments,
hindering the photosynthesis process and threatening the life
of organisms that inhabit in this environment. In addition, it
can also cause health problems such as abdominal disorders,
difficulty breathing, skin sensitivity and blindness [8] and
aquatic biota by reducing water oxygen levels, affecting
plant photosynthesis, leading to suffocation of aquatic
flora and fauna [9-11]. The removal of methylene blue
dye from wastewater is vitally important, because even in
a small amount, it can cause damage to nature. Currently,
there are several techniques used for the removal of dyes
from industrial effluents, such as coagulation, filtration,
ion exchange, biological treatment, advanced oxidation
processes, electrolysis, among others [12]. Nevertheless,
much has been researched about increasingly effective
methods for the treatment of dyes, especially capable of
aligning efficiency and low cost [13]. However, among the
possibilities existing for this purpose, adsorption stands
out, as the most used treatment process, because it is very
effective, simple and economical. It consists of the interaction
between the outer surface of an adsorbent and an adsorbate,
through the adsorbate particles on the adsorbent surface. The
adsorption process depends on several factors such as the
initial level of pollutants, the pH of the solution, adsorbent
dosage, mixing rate and temperature [14]. In recent years, the
search for complementary or alternative techniques for the
removal of pollutants from the water system with minimal
impact on the environment has been a topic of great interest
to science [15]. Therefore, it is necessary to encourage the
use of alternative materials, to the detriment of consecrated
materials, but of high purchasing value, thus enabling more
attractive costs and good results [16]. On the other hand, the
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study of a specific contaminant, such as methylene blue dye,
is important because it helps to understand the mechanisms
of interaction of adsorbent, as well as evaluate its efficiency
and improve the remotion conditions. These studies permit
the development of experimental protocols, establishment
of reference parameters and evaluations of the selectivity
and capacity of adsorbent regeneration. Moreover, the
information gained from these studies can be extrapolated
to more complex wastewater systems, providing important
insights and guidelines for dye removal in realistic
conditions.

Parallel to the problem of wastewater treatment
containing the methylene blue dye, widely used for tissue
dyeing, the management of construction and demolition
waste (CDW) is a major challenge to be overcome by
the construction industry and the municipal government
due to the high volume generated from construction and
demolition activities, as well as the impact that this material
generates on the environment. In Brazil, the mineral
CDW from constructions and demolitions is mixed and
variable, and presents in its composition three basic mineral
materials, mostly concrete/mortars, ceramics and rocks,
but may also present fractions of plastics, paper, wood,
bituminous materials, among others, including hazardous
waste, depending on the origin of this waste [17-19].
Considered one of the largest waste streams in the world,
the CDW corresponds to 30-40% of the total solid waste
due to large-scale construction and demolition activities
resulting from rampant urban development. Therefore, this
rapid urbanization is not only responsible for increasing the
consumption of natural resources, but also for the generation
of large amounts of waste, which contribute to increased
pollution, resource depletion and land deterioration, and
because there is no adequate waste management plan, the
CDW generated is simply dumped or used in landfills [18,
19]. After water, concrete is the second most consumed
material in the world, and its high consumption is closely
related to current urban development, as concrete is used
twice as much as the sum of all other building materials [20].
Moreover, as we know, the construction industry has been
growing rapidly in recent decades and, with this, there has
also been a lot of rubble, and high costs to municipalities
regarding the management of these materials [21].

Many studies on the impacts related to CDW management
strategies have been conducted, and most of them are
perceived as adopting the life cycle assessment methodology
[22-25]. Thinking about sustainable development and cost
reduction, it is possible to combine the constant generation
of construction and demolition waste as an alternative
material applied to the treatment of effluents containing
the synthetic methylene blue dye. Reviewing the available
literature, it was noticed that studies involving low-cost
alternative materials have been widely carried out, even
residues of ceramic materials have been successfully used,
however, studies involving the use of CDW, which includes,
in addition to red ceramic residues, cementitious residues
and rocks, have not yet been used as alternative and low-

cost materials applied to the adsorption of methylene blue
dye. The high availability and low cost of this residue would
make it an adsorbent with great application potential in
adsorption, and in contrast, would contribute to the proper
management of urban waste. The advantages provided
by the recycling and reuse of these wastes as alternative
adsorbents are interesting to environmental and economic
aspects, since, in addition to the reduction of costs in terms
of the treatment of these materials by the public authorities,
it represents a raw material with interesting properties, at
a low cost, being, therefore, much cheaper than the natural
aggregate [26]. From this perspective, the present research
aimed to apply construction and demolition waste in the
process of adsorption of methylene blue dye. Therefore, to
optimize results, it was carried out a calcination treatment of
the natural CDW and the results were compared. However,
it was observed that despite the treatment of calcination can
provide better adsorption results, it involves costs, making
the adsorption process more expensive, so that the use of
natural sample can be more economically advantageous.

MATERIALS AND METHODS

Construction and demolition waste: the CDW used came
from several civil construction works in the city of Teresina-
PI, Brazil, and was therefore collected manually, and packed
in nylon bags. The collected waste consisted mainly of red
ceramics (bricks and tiles), ceramic coating, mortar residue,
concrete and pebble. It was crushed in a jaw crusher (Metso)
and then manually sifted in an ASTM 120 mesh/Tyler
granulometric sieve, opening 125 pm.

Thermal treatment method of CDW: the sifted CDW was
calcined to improve its natural properties for application
in the adsorption process. For this, a sample of CDW
was calcined in a muffle oven (10P-S, EDG). The firing
parameters were: heating and cooling rate at 10 °C.min’,
at 700 °C for 2 h [27]. After calcination, the sample was
macerated and declustered in a crucible, and then sieved in a
sieve of 125 um of opening.

Methylene blue dye: as a product widely used in the
textile industry, methylene blue dye is commonly the target
of effluent treatment studies of this type of manufacture [28].
The product used (Dinamica Quim. Contemp.) had chemical
composition C, ;H ,CIN,S.3H,0, with molecular weight of
373.90 g.mol”, and 97% of purity. Chemical structure of
methylene blue dye is shown in Fig. 1.

N
AN
HC > CH,
\,il s -
_ |
CH, Cl CH,

Figure 1: Chemical structure of methylene blue dye.
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Characterization techniques: the analyses of the
crystallographic profiles of the samples were determined
by the X-ray diffraction technique (XRD), performed with
a diffractometer (Multiflex, Rigaku) using CuKa radiation,
in the range of 20 from 10° to 80° and speed of 2 °.min™".
Fourier-transform infrared spectroscopy (FTIR) analyses
were performed in a spectrophotometer (Spectrum 100,
PerkinElmer) with scanning range between 400 and 4000
cm’!, performing 16 scans with resolution of 4 cm™'. Thermal
analyses were carried out with an equipment (Q600 SDT,
TA Instr.) with temperature variation between 10 and
1000 °C, and heating rate of 10 °C.min"'. X-ray fluorescence
spectroscopy (XRF) of the samples was performed with
a spectrometer (Epsilon 3-XL/30, Panalytical). The
characterization of the surface morphology of the samples
was determined by field emission-scanning electron
microscopy (FE-SEM), performed with a microscope (JSM
7500F, Jeol). To determine the surface area and pore volume
of the samples, the technique of adsorption and desorption
of nitrogen - Brunauer, Emmett and Teller (BET) was used
with an analyzer (2200 E, Nova Instr.). The concentration of
methylene blue dye was determined by ultraviolet-visible
spectrophotometer (UV-vis, 60 UV-VIS, Cary) at wavelength
A=665 nm.

Point of zero charge (psz J: the point of zero charge of
the samples were determined by the solid addition method,
in which 10 mg of each sample was placed in polyethylene
tubes, in which 20 mL of KNO, at 0.1 mol.L"' with initial
pH (pH,) adjusted with the aid of NaOH and HCI at 0.1
mol.L!, ranging from 2 to 12. The tubes were placed in
constant agitation at 180 rpm for 24 h. At the end of this
period, the tubes were centrifuged, and the final pH (pH,)
was measured. The pH corresponded to the range where
the pH of the solution remained constant, that is, where the
pH variation (pH—pH,) was equal to zero [29-31].

Adsorption studies of methylene blue dye: tests were
carried out to determine the adsorptive properties of the
adsorbent/adsorbate interface. Therefore, the effects of
adsorbent dosage, pH, contact time, temperature and
adsorbate concentration were analyzed. All studies were
performed in triplicate. Effect of adsorbent dosage: a
solution with a concentration of 100 mg.L"' of methylene
blue dye in ultrapure deionized water was used. In addition,
10, 20, 30, 40, 50 and 100 mg of the natural and calcined
residues were weighed, then being put in contact with 20 mL
of dye solutions in polyethylene tubes, subjected to agitation
at 180 rpm for 24 h at 25.0+1.0 °C. Then, the samples were
centrifuged at 5000 rpm for 20 min, and the concentration
of the supernatant was determined by UV-vis spectroscopy.
The adsorption capacity can be calculated by Eq. A, based
on the mass balance [32]:

_(C-C)V
¢ m

(A)

in which: q (mg.g") is the amount adsorbed per gram of
adsorbent; C, is the initial concentration of the solute (mg.L");
C, is the final concentration of adsorbate (mg.L™"); V (L) is the

volume of the solution; m (g) is the mass of the adsorbent.
Effect of pH: methylene blue dye solutions were used for the
pH study at 100 mg.L"", so that dye solutions were calibrated
with pH ranging from 2 to 12. Thus, the residue (natural
and calcined) doses determined in the dosage study were
immersed in 20 mL of dye solution at the various pH
values, and submitted to constant agitation at 180 rpm
for 24 h at 25.0¢1.0 °C. At the end, the samples were
centrifuged to separate the phases, and the concentration
of the supernatant was determined by UV-vis spectroscopy.
Effect of contact time: the effect of contact time between
the samples of natural and calcined residues with the dye
solution was performed taking into account the masses of
the materials determined by the dosage study, and also in
observance of the pH that most favored the adsorption of
the dye by the samples. In this sense, the determined masses
of each sample were immersed in 20 mL of dye solution
contained in polyethylene tubes, left under constant agitation
at 180 rpm ranging from 60 to 1440 min at 25.0+1.0 °C. Then,
the samples were centrifuged to separate the phases, and the
concentration of the supernatant was determined by UV-vis
spectroscopy. Thus, the kinetic models were used to predict
the kinetic constants of adsorption [33, 34]. To evaluate
the adsorption kinetics of adsorbent/adsorbate systems, the
experimental data were adjusted to the pseudo-first-order,
pseudo-second-order and Elovich model, represented by the
Egs. B, C, and D, respectively:

ln(qe,exp_qt) = 1nqe,cal - k1t (B)

TR ©
qt k2qe,cal2 qe,cal

q =1 ( [3)+11nt (D)
¢ = —1n (A. -
p p

where Qe exp and q_, (mg.g"') represent the amount
adsorbed per gram of adsorbent, q, (mg.g"') refers to
the amount adsorbed per gram of adsorbent in time
t (min), k (min"') is the pseudo-first-order velocity
constant, k, (g.mg'.min"') is the pseudo-second-order
velocity constant, B (g.mg"') is the adsorption constant,
being related to the degree of coverage of the adsorbent
surface and the activation energy of the chemisorption
process and o (mg.g'.min") is initial adsorption velocity
constant [35-37].

Effect of temperature and dye concentration:
established the best mass, pH and contact time for both
residue samples, the effects of temperature and dye
concentration were studied, which took into account
the variation of adsorbate concentration as well as the
temperature to which the system is subjected. Thus, dye
solutions were prepared at concentrations ranging from 35
to 430 mg.L". 20 mL of each solution was separated into
polyethylene tubes and the respective quantities of mass
previously determined for the natural and calcined samples
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were added, and then submitted to constant agitation of
180 rpm at 25, 35 e 45 °C, for a previously determined time
in the kinetic study. At the end of agitation, the tubes were
centrifuged at 5000 rpm for 10 min to separate the phases and
the concentration of supernatant was determined by UV-vis
spectroscopy. All experiments were carried out in triplicate.
Thus, the experimental data obtained from the tests were
later adjusted to the physical-chemical models proposed
by Langmuir, Freundlich and Temkin [38, 39]. With the
linearization of the equations by the obtained data, it was
possible to determine the theoretical adsorption isotherms
and compare them to the values found experimentally. The
model proposed by Langmuir is described by the occurrence
and monolayers in homogeneous sites of the adsorbent, and
is described by [40]:

K, .q,C,

qe = 14»1(1_'C:E (E)

where q_ (mg.g") is the maximum adsorption capacity
for monolayer formation, C, (mg.L') is the adsorbate
concentration at equilibrium, K, is the Langmuir’s
adsorption constant and q, (mg.g™) is the adsorption capacity
at equilibrium. The isotherm model described by Freundlich
considers a heterogencous adsorption surface, with
multilayer formation, and does not presuppose saturation
of the adsorbent surface, assuming that the concentration
of adsorbate on the adsorbent surface grows infinitely as a
function of adsorbate concentration [41]. The Freundlich
model is described by:

Bl—

q. = K.Cr (F)
where q_ (mg.g"') is the maximum adsorption capacity at
equilibrium, C, (mg.L™") is the concentration at equilibrium,
K, is the maximum adsorption capacity for the solid/liquid
interface and n, is a proportionality constant that suggests
favoring or not favoring the system, that is, the affinity
between adsorbent and adsorbate. The Temkin model takes
into account the effects of indirect interactions between
adsorbate and adsorbent on adsorption processes. Thus,
reaction heats generally decrease as adsorption increases
on the adsorbent surface. Isotherm is characterized by a
uniform distribution of bonding energies [42]. The Temkin
isotherm is given by:

R.T
Q.= In(K.C) (G)

where K. (L.mg") is the bond equilibrium constant, b is the
heat adsorption, R (8.314 J.K''.mol") is the universal gas
constant and T is the absolute temperature (K).
Thermodynamic — parameters for the adsorption:
temperature is an important parameter in the adsorption
process, since it involves chemical and physical
transformations with energy variations to be considered.
When reaching the adsorption equilibrium, it is possible to

determine the thermodynamic parameters involved in the
process and to weigh the results [43]. These thermodynamic
parameters are the variation of Gibbs free energy (AG®)
given in kJ.mol, the variation of enthalpy (AH®) given
in kJ.mol", and the variation of adsorption entropy (AS®)
given in kJ.mol'.K"!. These quantities allow to determine
whether the adsorption process is favorable, from the
thermodynamic point of view, the spontaneity of the system,
and, finally, whether the adsorption occurs with energy
absorption (endothermic) or energy release (exothermic)
[44]. Thermodynamic parameters intrinsic to the adsorption
process can be calculated by:

AG® = AH® - T. AS® (H)
AG°=-R.TInK )

Combining the two equations, you have the model
known as the equation of Van’t Hoff:

AS®° AH )

InK =+ R RT

where R is the universal gas constant, T is the absolute
temperature and K represents the adsorption equilibrium
constant [45, 46]. When an adsorption process presents
AH° negative means that this process is exothermic, that
is, it releases energy in the form of heat, and involves
physisorption, chemisorption or a mixture of both processes.
Otherwise, if AH® is positive, it means to say that the process
is endothermal, absorbing energy in the form of heat, and
attributable to chemisorption. Negative values of AG°
indicate that the adsorption process is pointed and favorable,
on the other hand, if AG® is positive, the adsorption process
is considered non-spontaneous and non-feasible, and in
addition, a decrease in the values of AG® with increasing
temperature indicates that adsorption is more spontaneous
at higher temperatures. The magnitude and signal of AS® are
important to verify the level of organization of the system,
that is, to AS® negative, the organization of adsorbate in
the solid/solution interface during the adsorption process
becomes less random, denoting an associative mechanism,
otherwise, if AS® is positive, then the adsorption process
presents a higher degree of disorder, more random, which
implies a dissociative mechanism [47].

RESULTS AND DISCUSSION
Characterization

The results of the chemical analysis of the samples are
shown in Table I. The results show that the samples of natural
and modified residue are predominantly composed of SiO,
(68.23-65.29%), A1,0, (13.86-14.98%), Fe 0, (5.97-6.60%),
and CaO (7.56-8.05%). Therefore, it can be observed the
difference between natural and calcined samples was very
small due to the CDW had major compound of quartz that
has a high melting point and excellent thermal stability.
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These results are analogue to that observed to the natural
and calcined kaolin residue [48], a clay mineral that also
presents a large percentage of quartz in its composition. In
fact, the high percentages of silica and alumina corroborate
the presence of clay minerals in the sample, as well as the
proportion of Al/Si, which is commonly used as an indicator
of clay permeability in relation to moisture, because they
are directly proportional to each other, so that higher this
proportion, greater the permeability of the material [49]. In
the particular case of the materials under study, it was noted
that this proportion was small, around 0.20 (natural) and
0.23 (calcined), evidencing the low level of permeability
of the humidity of the samples. The percentage of mass in
relation to K, O indicated the presence of potassium feldspar
(orthoclase) in the samples, whose incidence is associated
with the presence of quartz. The Fe O, present in the sample
is responsible for the red color after sintering [50-53].

The surface area and pore volume of the samples

Table I - Chemical analysis results (wt%) of samples
obtained by XRF.

Oxide Natural Calcined
SiO, 68.23 65.29
ALO, 13.86 14.98
CaO 7.56 8.05
Fe,O, 5.97 6.60
K,0 1.55 1.66
MgO 1.23 1.13
TiO, 0.96 1.06
SO, 0.49 0.57
Others 0.13 0.13

obtained by physical adsorption of N, are presented in
Table II. It was observed that the treatment caused reduction
of the surface area and a decrease of pore volume, due to
the coalescence between the particles at high temperature
[54]. In fact, despite the reduction of specific surface area
and pore volume, the calcination can contribute to remove
impurities and organic matter [55, 56] of the adsorbent and
it is believed that it can make possible the interaction of
charges between the CDW surface and the cationic dye.

Table II - Results obtained by physical adsorption of N,

Characteristic Natural ~ Calcined
Specific surface area (m?>.g") 9.806 4.388
Pore volume (cm?.g™") 0.0039 0.0017

The XRD patterns of the samples are shown in Fig. 2.
Quartz (SiO,) was the predominant phase in all samples,
due to sand particles from concrete production and also
due to heating at high temperatures in the sintering of
red ceramics, in which clay materials forming SiO, are
decomposed followed by loss of its crystalline structure.
A peak was observed for orthoclase, which is common in
aluminosilicate with the presence of (K,0). There was also

the presence of calcite (CaCO,) in the natural sample, which
can be attributed to the partial carbonation of portlandite
(calcium hydroxide - CaOH), because there were cement-
based materials in their constitution and as observed in the
decrease and disappearance of these peaks in the calcined
sample, it is believed that this was due to the decomposition
of the CaCO, in CaO [57]. However, due to the nature of the
CDW, XRD results become complex as they associate a high
number of crystalline and amorphous phases, depending on
the constituents of the material (concrete, ceramic waste,
mortar, sand, gravel, among others) [58].

Q - quartz
C - calcite Natu.ral
Or - Orthoclase —— Calcined

Intensity

Or

Q! cc QQgqaq Q@ g @ Q
‘\—J'MJJML_AL_A__A_JL,L.JL_M}L

10 20 30 40 50 60 70
20 (degree)

Figure 2: X-ray diffractogram of natural and calcined samples.

The FTIR spectra of the CDW samples (natural and
calcined) are presented in Fig. 3. The bands around 1056,
787, and 685 cm™' detected in both samples are due to Si-O
and AI-O bonds commons to clay minerals, associated
with the high mass percentage of these elements and the
predominance of the crystalline quartz phase, as well as
the band around 469 cm’', referring to vibrations Si-O-Si
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- Calcined
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= :
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Figure 3: Fourier transform infrared spectra of natural and calcined
samples.
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and O-Si-O [59, 60]. The bands in 870 and 1435 cm™ are
characteristics of carbonates, originated by the presence of
calcite in the original CDW [61]. The bands located in 3421
cm! are due to the stretch and angular vibrations of the OH
group and which are related to adsorbed water and hydration

100 0.06
99 662 °C -
98] @) 0.04 O

= 974 2

o o

g 961 0.02 O
95 a
94. Lﬁ-o.oo
93

0O 200 400 600 800 1000
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Figure 4: TG/DTG curves of natural (a) and calcined (b) samples.
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WD=30mm  Pixel Size =5313nm

water present in the material, which become more diffuse
with calcination [62].

Fig. 4 presents the thermogravimetric (TG) and
derivative TG (DTG) curves for natural and calcined
residues. The combustion of organic matter and the loss of

100
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Figure 5: SEM micrographs of natural sample (a,b) and calcined sample (c,d).



7 H. J. B. Silva, et al. | Ceramica. 2024, v.70:eWKZU9068

adsorbed water started at low temperatures. Between 300
and 400 °C there was the loss of hydroxyls from Fe,O, and
ALQO, chemical species. It was possible to notice a loss
of gradual mass until it reached the endothermic peaks
at 662 °C (natural) and 676 °C (calcined), with mass loss
of approximately 6% and 3%, respectively, which were
associated with the decarbonization process of the samples,
by the decomposition of CaCO, present in the samples, mainly
due to the cementitious material in its composition [63, 64].

The micrographs were used to investigate the
morphology of the samples, as well as the microstructural
changes as a function of the treatment performed. In this
sense, it is possible to observe the existence of irregular
plates of different sizes and the presence of non-uniform
aggregates for the two samples, but it was also noted that
they had similar morphologies [65], as observed in Fig. 5. In
calcined residue samples, small agglomerations were seen
between particles, which affects the specific surface area of
the samples directly [65, 66] that was proven by physical
adsorption of N, since the application of temperature causes
coalescence between the grains, implying the reduction of
the surface area and pore volume of the samples, because, at
the same time that the material dehydration occurs, structural
changes are also perceived.

Point of zero charge (Fig. 6) is a important parameter,
widely used to measure the potential charge interaction
between the adsorbent and the adsorbate. In this sense, pH
corresponds to the range in which the pH of the solution
remains constant, so that pH.-pH, is equal to zero. Thus, if
the pH is less than pH ., the surface charge of the adsorbent
is positive, while for values higher than the pH the surface
charge of the material is negative. The result is expressed
through a graph of ApH (pH-pH)) as a function of the pH,
[67]. The pH values estimated graphically for the samples
were 10.0 (natural) and 10.9 (calcined). This indicated that
at pH above pH ., the surface of the materials will present a
higher concentration of negative charges, then it will adsorb
cationic dyes with greater efficiency [67].

4
3 —— Natural
2 —o— Calcined
1
0 —=
I
Q -1
<
-2
-3
-4
-5
-6 —m™—— T
01 2 3 4 5 6 7 8 9 10 11 12 13
PH,

Figure 6: Graph of ApH (pH-pH,) as a function of the pH, for
determination of point of zero charge (pH,,) of the natural and
calcined samples.

Adsorption experiments

Effect of adsorbent dosage: the effect of adsorbent
dosage on the adsorption of methylene blue dye for natural
and calcined samples is shown in Fig. 7. It was noted that the
adsorption coefficient was different for the calcined sample
in relation to the natural sample. It was observed that the
highest adsorption capacity refered to the calcined sample,
which obtained a result of 12.86 mg.g™', equivalent to 6.95%
of dye removal, for 10 mg of calcined residue mass, while
the natural sample adsorbed 2.72 mg.g'!, equivalent to
1.31%, also for a mass of 10 mg, showing that the results
were better for the calcined sample (10 mg). Therefore,
for the calcined sample, the adsorption capacity tended to
decrease with the reduction of adsorbate/adsorbent ratio,
making the system that contained the lowest amount of
adsorbent mass presented a better performance. On the other
hand, the increase in the mass of the adsorbent may also
favor the formation of agglomerates, making difficult the
adsorption [68], therefore, observing these factors and also
in order to standardize the masses to favor the comparison of
the results, the mass of the two samples was fixed at 10 mg.
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Figure 7: Effect of dosage for the adsorption of methylene blue dye
on natural and calcined samples.

Effect of pH: methylene blue dye produces molecular
cations in aqueous solution, and adsorption is mainly
influenced by the superficial charge of the adsorbent [69].
Therefore, as shown by the point of zero charge (pHch), the
surfaces of the two samples had varied interaction ranges.
However, for both samples of natural and calcined residues
the best pH of adsorption was pH 12, with adsorption capacity
0f22.69 mg.g! (natural) and 79.74 mg.g!' (calcined), as can
be seen in Fig. 8. As shown by the pH ., adsorbent surfaces
had negative charge density at pH above 10.0 (natural)
and 10.9 (calcined), so the adsorption of methylene blue
dye on the surface of the residues is influenced mainly
by the surface charge of the adsorbents; so as, the pH of
the solution increases, the number of adsorbent sites with
negative charge also increases, due to the deprotonation of
silanol groups, present in silica, and these factors improve
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the electrostatic interaction between the methylene blue dye,
that is a cationic, and the surfaces of materials with high pH
values. For this reason, pH 12 performed better. On the other
hand, acid pH reflects the presence of ions H* in excess that
start to compete with dye cations for the adsorption sites [70,
71]. In relation to the pH 10 and 11 values, a slight decrease
in dye adsorption was observed rather than the expected
increase, which may be associated with another adsorption
mode [72]. Based on these results, it can be considered the
adsorption mechanism of methylene blue dye on the CDW
occurred through electrostatic interactions and ion exchange,
because the CDW surface had negative charge density that
interacted with the cationic dye, facilitating the adsorption,
while it was benefited from porous structure and the presence
of functional groups on the surface of the ceramic matrix.
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30+
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Figure 8: Effect of pH for the adsorption of methylene blue dye on
natural and calcined samples.

Effect of contact time: regarding the contact effect,
Fig. 9 presents the adsorption kinetics of methylene blue
dye for natural and calcined materials. It was observed
that the equilibrium time in the described conditions
was approximately 840 min for both samples, and the
experimental adsorption data for natural and calcined
were approximately 22.47 and 79.48 mg.g!, respectively,
similar to those observed in the effect of pH (22.69 mg.g
! for natural and 79.74 mg.g' for calcined), considered
satisfactory, comparing to results presented by other studies
[73, 74] for alternative materials applied to adsorption. It
was also observed that the adsorbed amounts increased with
the passage of contact time until reaching the equilibrium

90
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Figure 9: Effect of contact time for the adsorption of methylene

blue dye on natural and calcined samples. Conditions: mass=10
mg; T=25 °C; agitation speed=180 rpm; pH=12.

due to the diffusion of the dye in the medium, increasing
the adsorption efficiency of the species due to the thermal
energy of the system [75].

In order to understand how the kinetic behavior of
dye adsorption occurs in the materials under study, the
experimental data obtained were applied to the kinetic
models of pseudo-first-order, pseudo-second-order and
Elovich, according to Table III. Therefore, the values of
determination coefficients (R?) obtained from the linear
adjustments of the equations related to the kinetic models
presented were compared. It was possible to observe through
the results that the experimental data were better adjusted
to the pseudo-second-order model, which determines
chemisorption as the main stage of the adsorptive process.
Thus, it can be confirmed that this model is the one that
best describes the adsorption of methylene blue dye for
both adsorbents, by the best perceived linearity through the
determination coefficient (R? >0.98) of the samples, as well
as the greater approximation between the Qe e and q_,.
because this model is most frequently cited in the literature
for the adsorption of dyes using adsorbents of this nature
[76, 77]. Fig. 10 presents the linear adjustments in relation
to the three kinetic models considered, showing that the best
adjustment was for pseudo-second-order.

Effect of temperature and dye concentration: Fig. 11
represents the adsorption isotherms for the methylene blue
dye, in which the concentration and temperature parameters

Table III - Kinetic model parameters for the adsorption of methylene blue dye on natural and calcined residues.

Pseudo-first-order Pseudo-second-order Elovich
Adsorbent k] qe.cal 2 kZ qe,ca] h 2 a 2
(min")  (mg.g") (gmg'min') (mgg')  (mg.g'min’) (mg.g".min") (g.mg")
Natural 0.0034 16.1087  0.8432 2.6662x10*  25.1446 0.1686 0.9866 0.8980 0.2513 0.8714
Calcined  0.0051  114.6610 0.6720 2.3117x10° 106.7236 0.2633 0.9802 0.5852 0.0423  0.9616
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Figure 10: Linear fitting of the influence of time (t) on adsorption for the methylene blue by natural (a,b,c) and calcined (d,e,f) residues.

Conditions: mass=10 mg; T=25 °C; agitation speed=180 rpm; pH=12.

of the system were evaluated. The maximum adsorption
capacity for natural residue at 25, 35 and 45 °C was 35.9,
60.45 and 112.23 mg.g!, respectively, and, for calcined
residue, at the same temperatures, it was obtained 197.3,
253.5 and 418.6 mg.g"!, respectively. Thus, the adsorption
process was endothermic for both samples, because the
adsorption coefficient was directly proportional to the
temperature increase. Tables IV and V show the data and
parameters of the adsorption isotherms of methylene blue
dye in relation to natural and calcined residues, as well as
their respective adaptations to the models described above,
the correlation coefficients and temperatures studied. Fig. 12

presents linear adjustments to the Langmuir, Freundlich and
Temkin models for both samples.

It is observed that the best fit to the experimental
data was for the Langmuir isotherm model for both
samples, with a determination coefficient varying between
0.9721<R?<0.9910 for the natural sample and between
0.9608<R?<0.9827 for calcined sample. When comparing
the theoretical adsorption values (q, ) with those obtained
experimentally, it was observed that the Langmuir model
provided better parameters than the Freundlich and Temkin
models. Furthermore, it was seen graphically (Fig. 12)
that the best fit was for the Langmuir isotherm model for
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Figure 11: Adsorption isotherms of methylene blue dye of natural (a) and calcined (b) residues.
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Table IV - Isotherm model parameters for the adsorption of methylene blue dye on natural sample.

Langmuir Freundlich Temkin

Temperature K b
) (mgg’)  (Lmg") L R no Ko Lgh REA@Lmgh) oo ’
298 41.8410 0.0178  0.1824 0.9910 3.1790 5.9648  0.8543 0.1993 284.0399 0.9009
308 73.9098  0.0156  0.2851 0.9721 23511 5.7766  0.7959 0.1260 147.3614 0.8477
318 138.5041 0.0127  0.2626 0.9824 1.9583 6.3715  0.8926 0.1089 82.1100 0.9466

Table V - Isotherm model parameters for the adsorption of methylene blue dye on calcined sample.

Langmuir Freundlich Temkin
Temperature
(K) méx_l KL ¥ R RZ n. Kf_ . RZ AT ¥ bT ¥ Rz
(mg.g™") (L.mg™h) L f (L.gh (L.mg™h) (J.mol™)
298 240.9639 0.0170 0.2460 0.9827 2.5068 22.308 0.8749 0.1364 43,9861 0.9015
308 319.4888 0.0131 0.2775 0.9810 2.2581 21.612 0.8960 0.1007 33.4042 0.9286
318 613.4970 0.0066 0.3866 0.9608 1.7218 15.466 0.9336 0.0533 17.7975 0.9607
12 55 140
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Figure 12: Linear fitting of the adsorption isotherms for the methylene blue by natural (a,b,c) and calcined (d,e,f) samples.

both adsorbents, which considers that sorption occurs
in monolayer, that is, in specific homogeneous sites of
the adsorbent [78]. The value of the separation factor or
equilibrium parameter (R, ), priceless for Langmuir model,
showed that the natural and calcined samples were in the
range in which the adsorption mechanism is considered
favorable, in view of the three temperatures studied, because
(0<R,<1), thus, it is suggested that both samples had a
considerable affinity for the adsorbent matrix [79]. Moreover,
it is important to highlight that desorption and regeneration

studies of the adsorbents are mechanisms very important
to promote the reutilization, sustainability, economy, and
optimization of the adsorption process, contributing to
the better management of the resources and consequently
environment protection. In this sense, to optimize the
efficiency of the cycles of regeneration, many methods can
be used, such as steam and chemical regeneration [80] that
will be considered in a future work.

Thermodynamic — parameters for the adsorption:
adsorption data of methylene blue dye by natural and
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Table VI - Thermodynamic parameters of the adsorption of methylene blue dye to natural and calcined sample.

Temperature AG AH AS

(°C) (kJ.mol ") (kJ.mol ") (J.mol'L.K)
25 4.5810

Natural 35 3.0585 49.9527 152.2540
45 1.5359
25 -0.1171

Calcined 35 -0.6270 15.0762 50.9842
45 -1.1368

calcined samples obtained experimentally were adjusted to
the equations and the thermodynamic behavior of adsorption
were measured by enthalpy (AH), entropy (AS) and Gibbs
free energy (AG) variations, according to the Tables VI. It
was observed that the Gibbs free energy (AG) of the natural
sample showed positive values, indicating that the process
was not spontancous for any of the temperatures studied.
Nevertheless, AG tended to decrease due to the increase
in temperature, indicating that the process was favored at
high temperatures, which implies saying that AG will obtain
negative values with the increase in temperature, making
the process spontaneous. Differently, the calcined sample
showed negative values for AG, evidencing that the process
was thermodynamically spontaneous and favorable. It was
also observed that the value of AGtended to decrease with
the increase in temperature, indicating a clear tendency that
the process was favored with the increase in temperature. The
variation of enthalpy (AH) was positive for both samples,
indicating the endothermic nature of the adsorption. In
this case, higher temperatures promote more spontaneous
adsorptions. The value of entropy variation (AS) positive
showed that there was an increase in the disorder in the
solid/liquid interface during the adsorption process, also
indicating the increase in the degree of freedom of the
adsorbed species [81-84].

CONCLUSIONS

A proposal for the use of construction and demolition
wastes as alternative materials for adsorption of methylene
blue dye in aqueous medium was presented. Two samples
were used, the residue in natural and calcined states, both
characterized by XRD, FRX, FTIR, TG/DTG, BET and
SEM. It was observed, through the kinetic study, that the
equilibrium time was 840 min for both samples, and the
experimental adsorption data were approximately 22.69
mg.g! (natural) and 79.74 mg.g"' (calcined), better adjusting
to the pseudo-second-order model, with both determination
coefficient R* >0.980. The adsorption results for the
concentration and temperature effect were 35.9, 60.45 and
112.23 mg.g"! (natural) and 197.3, 253.5 and 418.6 mg.g
! (calcined) for the temperatures of 25, 35 and 45 °C,
respectively. The experimental data were better adjusted to
the Langmuir model, with R? >0.960 and the equilibrium
parameter (R, ) favorable for both samples. Thermodynamic
analysis showed that adsorption is spontaneous and feasible

for calcined residue and not spontaneous for natural residue
at the studied temperatures, although, for both adsorbents,
the process was favored with increasing temperature,
indicating the endothermic nature of the two systems.
However, considering the results presented, it was observed
that despite the calcined sample presented better results
than the natural sample, the energy of calcination at 700 °C
could make the process more expensive, and, thinking on
the reduction of the costs, the natural sample can be more
advantageous. In view of this, it can be concluded that
construction and demolition waste can be used in the process
of adsorption of methylene blue dye in aqueous medium
since this material presented good adsorption parameters,
representing a promising alternative in the water purification
process.
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