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Abstract

Application of construction and demolition (C&D) wastes were considered as sustainable development goals (SDGs) for
maintaining raw materials. Also, lightweight concretes such as aerated autoclaved concrete (AAC) were used for partition-
ing spaces in the building industry. Moreover, the waste products of the mentioned materials were increased due to the
rise of old construction demolitions. This study contributes a calcinated aerated autoclaved concrete (CAAC) which is
efficient, powerful, highly rapid, non-expensive and novel adsorbent for the removal of cationic dyes including malachite
green (MG), methyl violet (MV) and methylene blue (MB) form water samples. The impacts of different variables for the
proposed system including initial pH value, stirring rate, dye concentration and contact time are explored to optimize the
selected analyses. Most notably, this study analyzes the experimental isotherm data by using two-parameter isotherms such
as Dubinin—Radushkevich, Temkin, Langmuir and Freundlich equations and three-parameter isotherms including Koble—
Corrigan, Toth, Redlich—Peterson and Sips models. The maximum adsorption capacities for MG, MB and MV are 370.4,
256.4 and 277.8 mg g~!, respectively. In addition, five kinetic models, Elovich, intraparticle diffusion, main equations of
pseudo-first- and second-order, and Boyd mathematical models are employed to follow the kinetic parameters and adsorp-
tion process of each dye. The Boyd equations indicate that with regard to all three dyes and at all concentrations, the film
diffusion is dominant over intraparticle diffusions. Almost none of the geometric plots of adsorption and desorption curves
intersected, indicating the adsorption process is optimally performed.

Keywords Calcinated aerated autoclave concrete - Methylene blue - Methyl violet - Malachite green - Adsorption kinetics
and isotherm; Mathematical models

Introduction

The world has seen a great deal of interest in the global
domestic industry sustainability grand challenge. The
actual implementation of sustainability practices within the
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physical objects to environmental protection throughout the
world is unsustainable economically, environmentally and
socially (Tian et al., 2019; Liu et al., 2020; Yuan et al., 2020;
Wang et al., 2020). The sustainable development issues are
recent in today’s economic activities, needing coordinated
environmental protection systems, and enforce the decision-
makers to focus on the environmental parameters based on
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triple lines of sustainability, i.e., economic, environmental
and social aspects simultaneously (Fathollahi-Fard et al.,
2020a).

Given the dynamic economies of the developing coun-
tries, their domestic industries are often on a path of sig-
nificant growth. Meanwhile, in the definitions of sustain-
able development, the environmental dimensions of such
progress must be considered as well as the economic growth
(Reife & Freeman, 1996). Among all the environmental fac-
tors and impacts due to the development of industries, the
quantity and quality of the produced wastewater by the dye-
ing and textile industries can be mentioned as a type of such
malicious wastewaters (Verma, 2008; Fathollahi-Fard et al.,
2020Db). As a result of consuming almost ten thousand types
of dyes throughout the production process, textile industries
are constantly considered as severe environmental pollutants
(Vankar, 2000). The presence of dye materials in wastewa-
ter leads to reduced water transparency and sewage. Also,
these types of contaminants are toxic, carcinogen and pro-
duce chronic epidemiologic effects (Srivastava et al., 2004).

Malachite green (MG) is an organic compound consid-
ering as a food coloring additive. It also presumes as a dye
for paper, silk, cotton, jute, wool, and leather (Yang et al.,
2019; Yu et al., 2021). Most notably, hazardous compounds
such as MG has a significant role in healthcare systems.
Accordingly, this organic compound is employed as a medi-
cal disinfectant and anthelminthic. In an aquaculture aspect,
it is also a fungicide and antiseptic (Hashimoto et al., 2011).

Concerning the domestic industries, methylene blue
(MB) is a popular dye in printing and dyeing industries,
the mentioned pollutant can generate many diseases for the
consumers. They may accumulate in the heart organ or the
respiratory and digestive systems (Gillman, 2011). Methyl
violet (MV) dye is used as a pH indicator in the dyeing of
straw, silk, paper, leather, cotton, bamboo, etc. (Fathollahi-
Fard et al., 2021; Mojtahedi et al., 2021). Additionally, MV
dye presents naturally the effluent of many industries like the
pharmaceutical, printing, plastic cosmetic, textile and steel
industries (Sabnis, 2010). Several different methods are used
to remove dye compounds present in water and sewage sam-
ples such as ionic exchange (Suteu et al, 2014), adsorption
(Yang et al., 2015; Robati et al., 2016; Khan & Khan, 2015;
Fu et al. 2015), coagulation and flocculation (Moghaddam
et al., 2015), biological decomposition processes (Saratale
et al., 2011), nanofiltration (Nataraj et al., 2009; Mo et al.,
2008) and other membrane methods (Al-Bastaki, 2004).
Aerated concrete is one of the lightweight materials which
consist of silica, sand, Portland cement type (II), lime,
quartz and aluminum powder (Jerman et al., 2013). Indus-
trial production of aerated autoclaved concrete (AAC) or
commercially Heblex blocks was performed in five stages
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including dosing and mixing, molding, casting, demolding
cutting and heating. During casting, chemical reactions gen-
erate hydrogen gas which creates pores in the concrete and
reduces its density (Hamad, 2014). Since lightweight mate-
rials reduce the weight of the structures, these compounds
have great significance in constructions; therefore, these are
a very worthy choice to replace with traditional bricks in
constructions. With the developing building industry, AAC
economic blocks usages increase dramatically, especially in
Iran. It is more vital and necessary to consider AAC wastes
for reutilization due to the integrated solid waste manage-
ment (ISWM) (McDougall et al., 2008). The quantitative
analysis of AAC materials typically has exhibited, 45-50%
Si0,, 20-25% CaO, 1-5% Al,0; and below 5% of Fe,0;,
K,0, Na,0, MgO and TiO, (29). Regarding the aforemen-
tioned chemical compositions, the AAC compound has the
same adsorptive behavior as the zeolite group (Hartmann
& Buhl, 2012). Based on searches of scientific databases,
the adsorbent applied in this study is novel and so far no
research has been done on this subject. Tang et al. have
achieved maximally capacity of adsorption as 129 mg g~!
for MB dye using H;PO, modified corn stalks (P-CSs)
(Tang et al., 2019). Porkodi and Kumar have presented a
capacity of adsorption maximally as 136.6 mg g~! for MG
dye applying jute fiber carbon as an adsorbent (Porkodi and
Kumar, 2007). Moreover, with the use of nanoclay modified
by hydrogels of polyacrylic acid, Bhattacharyya and Kumar
Ray have reached 111 mg g~! maximum adsorption capac-
ity for MV dye (Bhattacharyya & Ray, 2015); and accord-
ing to the obtained results, calcinated aerated autoclaved
concrete (CAAC) waste is an appropriate candidate to use
as a significant adsorbent for the removing of cationic dyes
from water samples (Sasmal et al., 2020; Tang et al., 2020).
It goes without saying that according to the evaluation of
researches, the application of local construction and demo-
lition (C&D) wastes with focusing on sustainability were
utilized less than other adsorbents (Kumar et al., 2016; Hor
et al., 2016; Kuppusamy et al., 2016).

The key point of contribution in this paper is novel CAAC
wastes as an efficient adsorbent for highly rapid removal
of the cationic dyes such as MV, MG and MB from water
samples. The critical factors which have a high impact on
the removal efficiency including pH, amounts of adsorbent,
stirring rate and contact time are analyzed and addressed.
Equilibrium study of the present research was evaluated by
two-parameter (Dubinin—Radushkevich, Temkin, Langmuir,
and Freundlich) and three-parameter (Koble-Corrigan, Toth,
Redlich—Peterson, and Sips) isotherms. As such, five kinetic
models, the equations of pseudo-first- and second-order,
Elovich, intra-particle diffusion, and Boyd equations, are
studied to follow the adsorption process. Most notably, for
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each dye, kinetic parameters are calculated and discussed.
Based on the recent advances in this research area and infor-
mation obtained from scientific databases, no study has
treated the CAAC wastes as an adsorbent for decontamina-
tion of dyes; and according to the obtained results, CAAC
waste is a worthy candidate to use as an effective powder for
eliminating cationic dyes from water samples.

Materials and methods
Material

In current analyses, deionized water was used for preparing
each solution. MG, MB and MV cationic dyes were pro-
vided from Sigma-Aldrich, USA, with 364.91, 333.6 and
393.96 g mol~! molecular weight, respectively. Additionally,
the mentioned dyes were detected in A, equal to 620 nm
(MG), 660 nm (MB), and 580 nm (MV). The structures of
MG, MB and MV are depicted in Fig. S1. The CAAC block
wastes (Fig. S2) were prepared from the Razavi HEBELEX
factory in Mashhad, Iran.

The manufacturer was asked to specifically use 20% more
lime to produce these samples, so the term calcinated was
used in naming the final product. Finally, the sample used
in the experiments named CAAC. The CAAC wastes were
ground and sieved by 100 um mesh. The obtained powder
was treated before being utilized in the present experiments.
The suspension containing 15 g L' CAAC powder mechan-
ically was stirred for 1 h, and then the mentioned powder was
filtered using filter paper; this protocol was done for another
time. Finally, the solid sample was dehydrated completely
during 24 h at 60°C and applied in further experiments.

Instruments

This study has employed the UV-Vis spectrophotometer,
Agilent 8453 including a photodiode-based detector with a
glass cell considering 1 cm longitudinal path to obtain the
spectrum in the range of 375-900 nm wavelengths. It should
be noted that in the aqueous phase, pH values are adjusted
via a pH meter containing glass-electrode (Metrohm 827
pH lab, Switzerland). Concerning the phase of separating,
a Scientific Centurion Centrifuge (Model Andreas Hettich
D72, Tuttlingen, Germany) was engaged. An AVATAR 370
(USA) FT-IR spectrometer was applied to record the Fourier
Transform Infrared (FTIR) spectrum. Besides, a PW 1480
device (Netherlands, Philips Company) was utilized to carry
out the X-Ray Fluorescence (XRF). Moreover, the morphol-
ogy of CAAC adsorbent was evaluated by scanning electron
microscope (SEM) model Philips S360 (Oxford, England,
UK). N, adsorption—desorption isotherms belonged to the

BET specific surface area was performed by Belsorp mini
I, Japan.

Removal procedure

50 mL of MG, MV, and MB solutions containing 50 mg
L~! concentration was adjusted at pH 8.5, and then 0.1 g
of CAAC powder was added to them. The resulting solu-
tions were mixed for 25 min by magnetic stirrer at 400 rpm.
By centrifuging the solutions at 2000 rpm for 2 min, the
concentration of each dye was calculated according to its
calibration curve.

The residual dye concentration in the adsorbent stage was
computed by Eq. 1:

q, = M 1)
m
In the above equation, g, is the adsorption capacity (mg
g") and C, and C,, are the equilibrium and initial concentra-
tions of dyes in mg L' In addition, V is known as a sample
volume in litter. Likewise, m is the amount of CAAC powder
in gram.

Adsorption isotherm models

Most importantly, isotherm models establish the most
suitable linear and nonlinear regression coefficient for the
equilibrium curves. To this end, different isotherm equa-
tions including two-parameter isotherms such as Freun-
dlich, Langmuir, Dubinin—Radushkevich, and Temkin
equations in addition to three-parameter isotherms like Sips,
Redlich—Peterson, Toth, and Koble—Corrigan are employed.

Adsorption kinetic and geometric models

The purpose of the kinetic assessment for the process of
adsorption is to examine its mechanism and limiting steps.
The kinetic of cationic dyes adsorption was apprised by the
pseudo-first and second-order, Elovich, intraparticle dif-
fusion and Boyd mathematical formula (Mohan & Singh,
2002). The Geometric model aims to study the mechanism
of adsorption and desorption and their change rates over
time. In this study, based on the requirement of analyzing
isotherm and kinetic mechanism, adsorption and desorption
models have been developed based on the Langmuir (for
Langmuir-based isotherms) and Langmuir—Freundlich mod-
els (For Freundlich based isotherms) (Azizian et al., 2007).
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Fig. 1 FT-IR spectrum of CAAC powder

Results and discussion
Characterization of CAAC powder

To determine the composition of CAAC powder, XRF is
analyzed on the adsorbent and the results are presented
in Table S1. The XRF measurement shows that the
main chemical compositions of CAAC powder are SiO,
(52.4%), CaO (37.3%), Al,05 (3.6%), Fe,O5 (1.48%) and
MgO (1.6%), K,0 (0.6%) and Na,O (0.1%). The FT-IR
spectrum of CAAC powder is revealed in Fig. 1. As it
shows, the bending modes and Si—O-Si stretching of the
calcium-silicate hydrate phases located at 900—1100 cm™!
and 675 cm™!, respectively; plus, interior SiO, defor-
mation mode was observed at 445 cm™! (Hartmann &
Buhl, 2012; Yu et al., 1999). Finally, the broad peak at
3440 cm™! is related to the vibration of OH groups (Si-O-
H) on the surface of CAAC adsorbent and the peak at
1634 cm™! represents H-O-H bending vibration of water
(Zaitan et al., 2008). Moreover, the SEM image with 20
and 10 pm resolutions is illustrated in Fig. S3. According
to the results, it contains a number of irregular sheet par-
ticles mostly composed of CSH-phases (calcium silicate
hydrate).

o’
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The BET analysis was employed to determine the sur-
face area of the CAAC adsorbent. The surface area of the
adsorbent plays a key role in adsorption phenomena so
that by increasing of the surface area the available active
sites for interaction by analyte increase effectively. The
BET and BJH spectrum of CAAC adsorbent is presented
in Fig. 2. According to IUPAC classification, it exhibits
typical Type IV isotherm with an obvious hysteresis loop
at P/P0=0.55-0.98) which corresponds to the presence of
large amount of mesopores—micropores. Also, the hyster-
esis exists due to the presence of slit shaped pores (H3).
According to the results, the obtained surface area and
total pore volume were 24.64 m? g~! and 0.4681 cm®g~!,
respectively. Also, the average pore diameter was 37.3 nm
and in the range of mesopores adsorbents (2-50 nm).

pH Evaluation and adsorption mechanism

The pH of sample solutions influences the surface charge of
the adsorbents in addition to the level of different contamina-
tions ionization. The sorption of MB, MV and MG is inves-
tigated in the pH ranges of 3—10. Figure 3 reveals the impact
of pH on the adsorption capacities of MG, MB and MV on
CAAC powder. As the results have shown, the adsorption
capacities of dyes were increased by increasing pH value
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which could be related to the negative charge of the adsor-
bent at basic pH values. The pHp, value for CAAC powder
was 3.4; at pH values below than PZC (point of zero charge),
the CAAC had a net positive charge and electrostatically
repel cationic dyes. However, by increasing pH values, the
positive charges on the cationic dyes are attracted by anionic
sites of adsorbent (Weng & Pan, 2007). In CAAC-aqueous
solution systems, the potential of the surface is determined
by the activity of H' ions (or pH), which react with the
CAAC surface. At pH pHp,. the broken Si-O~ bonds on

pH

the surface of CAAC increases; therefore, it could be expect
that at high pH values (pH =8-10), the adsorption capacity
increases due to the increasing of the available active sites.
In conclusion, pH 8.5 was designated as the optimum value
for the adsorption of all dyes investigated in this study.

Stirring rate evaluation

To examine the impact of stirring rate against the adsorp-
tion capacities of contaminations, it was investigated at

* @ Springer
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200—600 rpm for 50 mg L~ initial dye concentrations and
25 °C temperatures. Regarding the obtained results in Fig. 4,
stirring rate higher than 400 rpm has no significant impact
on the adsorption of dyes. Therefore, 400 rpm stirring speed
was taken for all dyes in further experiments.

Initial concentration and contact time evaluation

The impact of contact time and initial dyes concentrations on
the adsorption capacities of MG, MB and MV is presented
in Fig. 5 parts a, b, and c. As can be seen, the adsorption
capacities of all dyes raised with an increase in the contact
time up to 20 min. Also, increasing of dyes concentrations
accelerate the mass transfer of MG, MB, and MV from the
bulk solution onto the CAAC powder to diffuse into the
mesopore structure of CAAC. Therefore, 25 min removal
time was considered as the optimum contact time for the
removal of all dyes.

Equilibrium study
Two-parameter isotherm models

Langmuirisotherm Regarding the monolayer adsorption, by
plotting of C./q,, vs. C,, the linear mathematics is employed
for the Langmuir isotherm model (Eq. 2). The computations
of K,y (constant of Langmuir isotherm, mg L™") and Q,,,,,
(theoretical maximum capacity of adsorption, mg g~!) are
calculated from the intercept and slope of the plot, respec-
tively, and the outcomes are presented in Table 1.

]
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Also, the practical maximum adsorption capacities of the
studied dyes onto the CAAC powder have been determined
by plotting of q. vs. C, for each dye, which are equal to
177.5, 125 and 128 mg g_1 for MG, MB and MV, corre-
spondingly. As the correlation coefficients (R*) of MG, MB
and MV for the Langmuir isotherms are 0.98, 0.99 and 0.98,
respectively; this proposes that the Langmuir mathematical
model offers an upright model of the adsorption process
(R*>0.90).

Freundlich isotherm Moreover, the Freundlich mathemat-
ical model utilized for the multilayer heterogeneous sur-
face sorption is revealed by Eq. 3.

log Qe = log KF + % 10g Ce (3)

n and K are known as the favorability and adsorp-
tion capacity (mg g~') (Santhi et al., 2010), sequentially.
By sketching of log g, versus log C, for each contami-
nant; these outcomes were computed and are displayed
in Table 1. The correlation coefficients (R?) of MG, MB
and MYV for the Freundlich isotherm model are 0.99, 0.99
and 0.98, correspondingly; which show that the Freundlich
isotherm is analogous to the Langmuir equation for the
studied dyes. Also, the values of n> 1 depict a desirable
adsorption (Nekouei et al., 2015); and according to the
n results of the studied dyes, all dyes are favorable for
CAAC powder.
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Table 1 Two-parameter isotherm factors for MG, MB and MV
adsorption onto the CAAC

Two-parameter Parameter MG MB MV

isotherm name

Langmuir Q,, (mgg™ 370.4 256.4 277.8
K, 354.4 129 174
R? 0.98 0.99 0.98

Freundlich 1/n 0.798 0.631 0.697
K; 1.74 459 3.14
R? 0.99 0.99 0.98

Temkin aLg™ 0.086 0.196 0.137
B (mg L") 53.11 42.45 46.44
b 46.67 58.39 53.38
R? 0.96 0.94 0.95

D-R Q,, (mgg™) 105.7 99.44 104.05
K (x107) 3 0.5 1
E (J mol™) 129.1 316.22 223.61
R? 0.63 0.55 0.6

Temkin isotherm Declining particles energy in adsorp-
tion reactions within the film layer is interpreted from the
Temkin mathematical model. Due to the adsorbent—con-
tamination synergies, the mentioned energy is decreased
linearly. Plus, the adsorptive reaction is designated by a
uniform distribution approximated by the binding energies
(Santhi et al., 2010). The Temkin mathematical model is
provided by Eq. 4:

RT
4o = = In(K;C,) 4)

Temkin linear form is shown as Eq. 5:
g, =Pflna+pInC, 5)

It should be noted that, as S=RT/b. T, R and « are
known as temperature (Kelvin), the universal gas con-
stant (8.314 J K~! mol~!), and K, respectively. The fixed
parameter of b is related to the adsorption heat (Santhi
et al., 2010). Table 1 depicts all regression analysis factors
and constants of the Temkin mathematical model (a, B, b
and R?) for each contaminant. The amounts of R? for the
MG, MB and MV are 0.96, 0.94 and 0.95, sequentially,
which show that the Temkin isotherm is comparable to
the Langmuir and Freundlich isotherms. However, the b
constant value less than 8 kJ mol~! shows that the surface
adsorption occurs physically (Santhi et al., 2010). Accord-
ing to Table 1, b parameter values for MG, MB and MV
dyes were found to be 0.467, 0.584 and 0.534 kJ mol~!,
correspondingly. Therefore, Temkin isotherm proposes
physical interaction as the main process among contami-
nants and adsorbent.

]
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Dubinin-Radushkevich (D-R) isotherm The D-R equation is
shown through Egs. 6 and 7:

q, = Q,, exp(—Ke?) (6)

Ing, =InQ,, — Ke> @)

where Q,,, K and ¢ convey the theoretical capacity of adsorp-
tion (mg g~!), D-R constant (linked to the energy of adsorp-
tion), and Polanyi potential (¢) determined from Eq. 8 (Bulut
et al., 2008).

e =RTIn(1+1/C,) ®

The slope of In g, versus & plot provides K and with the
aid of the plot intercept value, the amounts of Q,, could be
determined. It was determined from the K parameter accord-
ing to Eq. 9 (Bulut et al., 2008):

E=ﬁ )

The computed amounts of D-R parameters for MG, MB,
and MV are given in Table 1. The contents of E were found
in the range of 0.129-0.316 kJ/mol. As E<8 kJ mol ™, it
proposes that the adsorption mechanism happens physi-
cally (Bouabidi et al., 2018) and the obtained results ver-
ify the Temkin isotherm. Also, the low R? values of the
studied dyes (0.63, 0.55 and 0.6 for MG, MB and MV,
respectively) show that Dubinin-Radushkevich isotherm is
inapplicable for interpretation of experimental data.

Three-parameter isotherm models

Sips isotherm Sips isotherm is suitable to predict the
adsorption process on the heterogeneous surface (Sips,
1948; Pérez-Marin et al., 2007). This model is expressed
as Eq. 10:

o

9= T¥a,co

(10)
where K, C, and f are Sips equilibrium constant (L mg™h),
the equilibrium concentration of contaminant (mg L™") and
Sips isotherm equation exponent, respectively. If S con-
vergence to one or equals to one, the model tends to the
Langmuir model.

The values of Sips isotherm parameters for MG, MV
and MB are reported in Table 2. As such, the values of R?
were found to be in the range of 0.993-0.999 which shows
the high applicability of the results to this model. Accord-
ing to Table 2, the parameter Bg for MG and MB tend to
unity; therefore, these results suggest that the adsorption
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Table 2 Three-parameter Dye Isotherm model Parameter R? Prescription
isotherm factors for MG, MB
and MV adsorption onto the MG Redlich-Peterson Ky 1.173 0.997 Verifying Langmuir Isotherm model
CAAC ag 0.003
G 1.022
Koble—Corrigan A 0.839 0.997 Verifying Langmuir Isotherm model
B 0.003
N 1.084
Sips K, 0.839 0.997 Verifying Langmuir Isotherm model
a, 0.002
B 1.084
Toth ar 255.167 0.997 Verifying Langmuir Isotherm model
K, 241.076
T 1.046538
MB Redlich—Peterson Ky 1.796 0.996 Verifying Langmuir Isotherm model
ag 0.009
G 0.942
Koble—Corrigan A 2.165 0.998 Verifying Langmuir Isotherm model
B 0.007
N 0.933
Sips K, 2.165 0.999 Verifying Langmuir Isotherm model
a, 0.007
A 0.933
Toth ar 132.15 0.999 Verifying Langmuir Isotherm model
K; 153.203
T 1.091
MV Redlich—Peterson Ky 1.0466 0.997 Verifying Freundlich isotherm
model
ag 0.005
G 1.616
Koble—Corrigan A 0.630548 0.993 Verifying Freundlich isotherm
model
B 0.002
N 1.224
Sips K, 0.631 0.993 Veritying Freundlich isotherm
model
a, 0.002
B 1.224
Toth ar 397.682 0.995 Verifying Freundlich isotherm
model
K, 1321.868
T 0.655

of the mentioned dyes followed the Langmuir isotherm;
however, the value of g for MV is equal to 1.224, so its
adsorption followed the Freundlich isotherm.

Redlich-Peterson (R-P) isotherm R-P is a type of hybrid
model consisting of both Freundlich and Langmuir iso-
therms that combines three-parameters in the empirical
equation (Redlich and Peterson, 1959). Due to its high
versatility, it can be implemented to both heterogeneous

and homogeneous systems. The proposed isotherm is
expressed in Eq. 11:

KRCe

Te = T ¥ (agC.)¢

QY
where g is the R-P equation exponent and the a, (L mg™"),
Ky (L g7') are R-P constants. If g is equal to one or con-
vergence to one, this model tends to the Langmuir model
(Jossens et al., 1978). The values of the R—P isotherm model
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for MG, MV and MB are listed in Table 2. The R? values
considering MG, MB, and MV are 0.997, 0.996 and 0.997,
correspondingly, which show that the R-P isotherm has
preferable versatility to this research. According to Table 2,
the amounts of g parameters were found to be 1.022, 0.942
and 1.616 for MG, MB, and MV, respectively. Based on the
results, the adsorption of MG and MB followed the Lang-
muir isotherm; however, the adsorption of MV followed the
Freundlich model.

Toth isotherm model In comparison with the Sips equa-
tion, the Toth isotherm is an aggregate of the Freundlich
and Langmuir isotherm (Toth, 1971). In general, this
isotherm assumes the quasi-Gaussian distribution at site
affinity. Due to that fact, this isotherm applies to both
relatively high and low pressures for Henry’s law type
behavior (Vijayaraghavan et al., 2006). Toth isotherm is
expressed in Eq. 12.

KTCe
9= —"71 (12)
(arC,)7

where K, and a; are both Toth constants (mg g~! and L
g1, respectively). The parameter 7 is a Toth isotherm con-
stant which represents heterogeneity factor. If t value is
equal to one or convergence to one, the model is likely to
the Langmuir mathematical model. The values of the Toth
isotherm model for MG, MV and MB are given in Table 2.
According to the results, the R? values placed in the range
of 0.995-0.999, which shows the high adaptability of Toth
isotherm. Due to the values of the t parameter obtained from
Table 2, the Toth isotherm model proposes that the Freun-
dlich equation well predicted for adsorption of MV dye. On
the other hand, the Langmuir isotherm model is a convenient
predictive model for MG and MB adsorption behavior.

Koble-Corrigan Isotherm (K-C isotherm) As mentioned
earlier, another three-parameter practical model related to
a mixture of Freundlich and Langmuir isotherms is the
Koble—Corrigan isotherm equation (Koble & Corrigan,
1952). The nonlinear form of Koble—Corrigan isotherm is
displayed in Eq. 13:

ACY

~ 1+BCY (13)

q.

where B and A are Koble—Corrigan constants (LN mg!™
g~! and LN mg™) and N is the adsorption intensity. If the
N values are equal to one or lean toward one, this model
proposes that the Langmuir isotherm is more applicable
than the Freundlich isotherm. The values of the K-C iso-
therm model are exposed in Table 2. According to the R?
values (R? > 0.99), the high versatility of the K—C isotherm

* @ Springer

was observed for interpreting of the adsorption of all dyes
onto the CAAC adsorbent. Also, based on the N values
represented in Table 2, the adsorption of MG and MB fol-
lowed the Langmuir isotherm; however, because of N value,
K-C isotherm suggests the Freundlich isotherm as a well-
described equation for the adsorption of MV.

Kinetic study
Pseudo-first-order kinetic

The kinetic adsorption values were represented via the
pseudo-first-order, as known as the primary mathemati-
cal calculation considering the adsorption capacity. The
differential mathematical model commonly manifests as
Eqgs. 14 and 15:

d
S — kg, - a) (14)

t

log de — kl ¢ (15)
q,— 4, 2.303

The linear form of the pseudo-first-order kinetic model is
expressed in Eq. 16:

log(g, —4) = logq, ~ 35kt (16)

By drawing of log (g, —q,) versus ¢ for each dye (Figs.
S4-S6), k, and g, could be discovered from the slope and
intercept of the plot, sequentially. The values of k,, g,, and
R? for MG, MB, and MV are presented in Table S2. As can
be seen, the R* values (R?>0.98 for all dyes) designated
that the examined dyes adsorption supported by the pseudo-
first-order kinetic model. Furthermore, during the pseudo-
first-order, calculated g, values for the mentioned dyes are
quite near to the experimental g, amounts (Table S2) which
explicitly confirm that the sorption kinetics of the investi-
gated dyes are characterized by the pseudo-first-order kinetic
model.

Pseudo-second-order kinetic
Kinetically evaluation of adsorption could be interpreting

by considering pseudo-second-order equation according to
Eq. 17 (Hamad, 2014).
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dq
— = kg, — 4, (17)
4q;

The k, parameter is known as the present model constant
rate (g min~' mg~"). By regarding that ¢,=0 (at =0), the
subsequent Eq. (18) is achieved:

1,1

9 ka4, (18)
where the primary rate of sorption known as 2 (mg
min~! g7!), at 7— 0 is described by: & =q62k2.

Figs. S7-S9 show the t/q, versus ¢ plot for MG, MB and
MYV, where the values of g, and & are gained from the slope
and intercept, respectively. The results of &, R* and k, are
presented in Table S3. According to the outputs, the amounts
of R? for MB and MV are comparable to the pseudo-first-
order kinetic. However, for MG dye, the R? values are mod-
erate and placed in the range of 0.91-0.96. As well, the
computed g, amounts for the studied dyes are far from the
experimental g, (Table S3). Consequently, the gap between
the amounts of experimental and computational g, values
indicate the inapplicability of the pseudo-second-order
kinetic model to predict some adsorption factors.

Elovich model

Kinetically appraisal of Elovich model is expressed accord-
ing to the adsorption behavior, which is usually represented
as Eq. 19 (Hamad, 2014):

dg,

t

= Bpexp(—Agq,) (19)

where By and Ay are the primary rate of adsorption (mg
g~ min~!) through experiments and the desorption constant
(g mg™"), respectively.

Equation 19 could be abridged by considering ApBt> >t
and implementing the following boundary terms: (a) ¢,=0
att=0(b) g,=gq, at =t (Eq. 20).

_ InAp By N lit

4q; Az AL

(20)
If the adsorption of the aforementioned dyes onto the
CAAC adsorbent obeys the Elovich equation, a plot of g,

versus In(?) has an intercept of I"Z—EBE and a slope of (1/Ay).

The calculated A, B and R* values are presented in Table 3.
Based on the results, the R? value was found to be 0.95-0.99
for MG and higher than 0.98 were obtained for MB and MV;
therefore, these values indicate that the adsorptive reaction
of the mentioned contaminants onto the CAAC powder sup-
ports by the Elovich model.

Intraparticle diffusion

The intraparticle diffusion is a kinetic model for studying
the rate of dyes adsorption onto the CAAC powder (Hamad,
2014). Plus, the intraparticle diffusion model is usually dis-
played as Eq. 21:

g, =K1 + C Q1

The plots of g, versus ¢/* for the studied dyes were found
to be linear where K ;;, (mg g~! min~%9) interpreted as a slope
and C (mg g!), which presents data about the boundary
layer thickness, is the intercept of the line for each dye. The
obtained values of K- and C for each dye are expressed in
Table 3. The values of R? for this model (higher than 0.97)
indicated that the adsorption of all dyes onto the CAAC
powder obeyed the intraparticle diffusion. Nevertheless, the
mentioned curves have intercept (C values in the range of
2.1 -55.3 mg g~ in Table 3) showing that the intraparticle

Table 3 The parameters

- ; Dye (mg L™ Dosage Elovich equation Intraparticle diffusion model
provided from Elovich and
intraparticle diffusion models Ag Bg R Kife C R?
considering various primary
dyes dosages MG 50 0.28 1.27 0.97 2.13 2.1 0.99
100 0.15 2.71 0.95 3.86 4.6 0.99
200 0.07 5.58 0.99 8.37 9.2 0.99
400 0.02 18.5 0.96 3235 26 0.99
MB 50 0.28 1.91 0.99 2.07 33 0.99
100 0.14 3.73 0.99 4 6.2 0.99
200 0.07 597 0.98 8.6 10.5 0.99
400 0.02 22.1 0.98 30.92 37.3 0.99
MV 50 0.26 1.7 0.99 2.19 3 0.97
100 0.16 4.23 0.99 3.68 7.1 0.97
200 0.07 6.84 0.99 8 11.3 0.99
400 0.02 31.8 0.99 24.3 553 0.99

]
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Geometric Model Algorithm

!

Freundlich-Langmuir :

4, (K,C.)"
(K,C,)" +1

e

Evaluating isotherm's model

V v

Determining Ko, te and tL from (O - t) curve

Calculating B Calculating experimental 0(it)
B=Mm 0(it) = qit/qm
- MV 0(it) > Relation of adsorption capacity in each concentration and time

me => Mass of adsorbent (g)
qm <> Maximum adsorption capacity (mg/g)
Mw > Molecular mass (mg/L)
V = Volume of sample (L)

Calculating adsorption and desorption coefficient
Ko

W t I n n(n-1)
Coll- - FBRu ( -3 Kt + K )

Kai = Adsorption coefficient in each concentration
Kai > Desorption coefficient in each concentration
Ko > Linear in each

v

Calculating Theoretical 0(it)

" 2 -2
2K, (C, +2B~ ! N(1-e)
Ky oy
a= J(—K,(mzca)‘){ax_(zmcﬂ-K' )K.Co)

A
A=K,(BH2C)-a Tolni =K (B42C)ra

Calculating adsorption, desorption and total rates for
each concentration and time

r,= K, C(1-6,)"

15 = K0,

Tow it ™ T ~Taie = K, C(1-6,)" -Ku0,"
rait > A rate in each and time

raie > Desorption rate in each concentration and time
reoul k> Total rate in each concentration and time

Fig.6 Geometric model calculation equation algorithm
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diffusion is affected by the adsorption process. Therefore,
intraparticle diffusion and surface adsorption have main
roles in the adsorptive reactions at the same time (Bulut
et al., 2008).

Boyd plot
The Boyd plot is able to estimate the real slowest step in the

adsorption reaction. This Kinetic mathematical equation is
expressed in Eq. 22 (Vadivelan & Kumar, 2005):

F=1-(1.01364r)exp B, (22)
q;

F=—
7. (23)

F known as the fractional analyte at a desired time, B,
represents a numerical concept of F, and g, is the capacity
of adsorption process at any time ¢ (mg g~!). By integrating
Egs. (22) and (23), Eq. (24) is obtained.

B, =-0.4977 —In(1 = F) (24)

If the B, versus ¢ graph is a straight line and crosses the
origin of the plot, the intraparticle diffusion is the control-
ler element of the process. Otherwise, the film diffusion is
dominant and considered as the reaction-controlling stage
(49, 50). Subsequently, the values of the effective diffusion
coefficient could get calculated by Eq. 25:

7D,
B=— (25)

r
i

r; is the mean radius of CAAC particles and Di is the
effective diffusion of dyes onto the CAAC surface (Hameed,
2008). The gained values of the Boyd kinetic model con-
stants including B and D; are listed in Table S4 (amounts
of R? for this model are in 0.964 and 0.994 range). It was
observed from Fig. S10-S12 that the curves were linear and
did not cross the origin. Therefore, the adsorption procedure
was controlled by film diffusion (external diffusion) rather
than intraparticle diffusion (internal diffusion) in each dye.
So, the pseudo-first-order is the most accurate model for all
of the adsorptive reaction; besides, the Elovich equation also
provides the experimental data close to the calculated ones.

The mean radius of CAAC particles obtained from SEM
images is approximately 1.2 pm, and the values of D; were
calculated as shown in Table S4. By calculating of D, values
for all dyes (Table S4 and Fig. S13), it was obtained that all
concentrations of MV, MB and MG have higher D, values,
respectively, as shown in the comparative bar diagram. As
the straight relationship exists between Di values and the

diffusion coefficient in mass transfer process, MV has better
mass transfer than other dyes.

Geometric model

The main part of geometrical model is to study the mecha-
nism of adsorption/desorption and their change rates over
time in the adsorption process (Eftekhari et al., 2021). Cal-
culations of the geometric model are presented in an algo-
rithm represented in Fig. 6. By inserting the required data
into the equations obtained in the mentioned algorithm, the
adsorption/desorption rate plots are drawn in Figs. S14-S16.

According to Figs S14-S16, it is detectable that at all con-
centrations for MG and MB, the adsorption process appeared
perfectly due to the lack of intersection between the adsorp-
tion and desorption rate graphs. Moreover, this scenario
repeats for MV dye at dosages of 50, 100 and 200 mg L.
Nonetheless, according to Fig. S16, part d, due to the steep
slope of the adsorption rate curve, it can be deduced that
the rate of adsorption reduction at this concentration was
higher for MV, and thus the adsorbent regeneration should
be performed in a shorter time. Considering 0, the kinetics
model of the adsorption process can be predicted. With con-
sidering the theoretical and empirical 0 values, the amounts
of adsorption capacity could be predicted by high accuracy
(Boyd et al., 1947; Sadeghalvad et al., 2017). For example,
for both Fig. S17 and S18, parts a, b and ¢, which corre-
sponds to the experimental and predicted 8 of MG and MB
at different dosages of 50, 100 and 200 mg L~!, respectively,
the kinetics of the experiment could be well predicted. How-
ever, for part d, in both Figs. S17 and S18 as well as in all
parts of Fig. S19, experiment 6 and the calculated € curves
have low versatility indicating that these plots are incapable
of predicting the actual kinetics for MV dye at all concentra-
tions and MB and MG at 400 mg L',

Comparison to other adsorbent

CAAC as a low-cost adsorbent obtained from the con-
struction waste reached Q,,,, values of 370.4, 256.4 and
277.8 mg g~! for MG, MB, and MV dyes, correspondingly.
The efficiency of the proposed CAAC powder is compared
with other adsorbents for the treatment of MV, MG and MB,
and the results are listed in Table S5. Application of CAAC
as adsorbent provides sustainable development goals regard-
ing the clean water, development of industry and infrastruc-
ture and sustainable cities and society.

a
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Conclusion

CAAC waste has used as a refining material for wastewater
treatment plant (WWTP) facilities to seize sustainable devel-
opment goals (SDGs) and circular economy (CE) concept.
Thus, CAAC waste was utilized as an efficient adsorbent
to remove cationic dyes such as MV, MG and MB from
water samples. To probe the adsorption process, five kinetic
models were studied and based on the obtained results, the
adsorption of MG, MB and MV onto the CAAC powder
could be explained by the pseudo-first-order, Elovich equa-
tions and Boyd mathematical model for all dyes. Also, film
diffusion plays more important and efficient role than intra-
particle diffusion. Besides, the experimental isotherm data
were explored by using two-parameter (Dubinin-Radushk-
evich, Temkin, Freundlich, and Langmuir equations) and
three-parameter models (Toth, Sips, Redlich-Peterson and
Koble-Corrigan models). Based on the results, the adsorp-
tion of MG and MB onto the CAAC powder followed the
Langmuir isotherm; however, adsorption of MV obeyed the
Freundlich isotherm. Moreover, geometric equations have
shown generally optimized conditions for adsorption/desorp-
tion process of dyes. Consequently, as CAAC adsorbent is
available from wastes of constructions and besides its low
costs for preparation; these advantages make it a unique
adsorbent to remove the cationic dyes.

Supplementary Information The online version contains supplemen-
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