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Abstract: The excellent adsorption properties of clay minerals make the optimization of heavy metal
removal the subject of numerous research projects. In the present study, ASLAVITAL cosmetic clay
(ACC) powder was applied for the removal of Cd** from water. The main deposit of ACC clay is
the Padurea Craiului Mountains in Romania. A wide range of morpho-structural approaches (SEM,
EDX, FTIR, Raman, XRD) were used to characterize the morphology and elemental composition of
the adsorbent. As expected for clay minerals, Al (Wt(%) = 11.4 & 0.9) and Si (Wt(%) = 13.7 £ 1.4)
are the main constituents of ACC. After adsorption, Wt(%) = 0.2 & 0.01 Cd?* was detected in the
sample. As proved before, the initial metal concentration is the primary influencing factor; therefore,
batch adsorption of 10-160 mg/L Cd?* was investigated. After 190 min, an efficiency of 99% was
reached, and the quantity in equilibrium increased from 1-8 mg/g. The best fit in linear form was
obtained for the Langmuir II. model, where R2 = 0.954 (Ry, = 0.037-0.027). Based on linear isotherm
models, physical bonds formed between ACC and Cd?* during the favorable adsorption. For the
non-linear fits, the Liu model proved to be the best R2 = 0.965, x% = 1.101. Pseudo-II-order kinetic
model described the experimental data R? = 0.988-0.999; Jexp and qcy1c were almost identical (the
differences ranged 0.03-0.34).

Keywords: adsorption; cadmium; cosmetical clay; isotherms; kinetics

1. Introduction

As a result of anthropogenic (industrial, agricultural) activities (mining, extracting,
use of fertilizers) and (partly) geochemical natural processes (volcanic eruptions), pollution
with heavy metals has increased in natural water bodies [1]. Heavy metal sources from
natural and anthropogenic activities are shown in Figure 1.

Water 2022, 14, 279. https:/ /doi.org/10.3390/w14030279

https://www.mdpi.com/journal /water


https://doi.org/10.3390/w14030279
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/water
https://www.mdpi.com
https://orcid.org/0000-0001-8833-7019
https://orcid.org/0000-0003-0276-3119
https://orcid.org/0000-0001-9622-5471
https://orcid.org/0000-0002-9028-6123
https://doi.org/10.3390/w14030279
https://www.mdpi.com/journal/water
https://www.mdpi.com/article/10.3390/w14030279?type=check_update&version=2

Water 2022, 14, 279

2 of 25

Volcanic
eruption
Dust particles

“ Anthropogenic g

Heavy Metal pollution sources

y
p / Inorganic fertilizers Thermal power
Aericultural “/ Pesticides Industrial waste
T‘ & / Wastewater Mining industry
o / Fungicides Refineries

Sewage sludge Chemicalindustry
Fly ash

W | |
\ &
A k S— ..
m moré;l:il; \tlte Lan =
\ 5° - Medical waste

- ! Biomass burning o e
. \ . 2 Tratfic emissions
Miscellaneous ! E-waste : :
e Incineration
Used filters

Other emissions

Used batteries

irect pollution through soil contamination.

Indirect pollution through water and air contamination.

Figure 1. Main sources of Heavy Metal pollution (Edited and adapted based on [2]).

Cadmium is a naturally occurring element of the heavy metal family that is present in
the Earth’s crust at concentrations of approximately 0-11 mg/kg as a natural constituent of
rocks [3]. Research has estimated that soils that are not directly contaminated by cadmium
contamination may contain cadmium at concentrations of 0.06-1.1 mg/kg [3].

Cadmium pollution is known to be of great concern because of its high bioaccumula-
tion and non-biodegrading properties [4]. Cadmium in drinking water should not exceed
the limit value of 0.003 mg/L as recommended by the World Health Organization [5]. More-
over, from industrial, mining, and other activities, the discharged concentration should
be lower than 2 mg/L [6]. Exceeding these values poses severe health effects by causing
cadmium poisoning and itai-itai disease with bone degradation, which can negatively
affect blood pressure and even cause cancer [7]. Cadmium also has a negative effect on
plant development, reducing seed germination, growth and plant biomass, affecting photo-
synthetic activity, evapotranspiration rate, stomatal conductance, electrolyte leakage and
relative water content [8,9].

Romania has a long history of mining and non-ferrous metallurgy [10]. As a re-
sult, heavy metals can accumulate in many areas, contaminating water and soil. It
is estimated that 18% of Romanian population is at risk of serious pollution [11]. A
study has investigated heavy metal soil contamination in 34 counties of Romania (near
schools and kindergartens). Their results showed that cadmium levels in the soil were
0-0.86 mg/kg [12]. The cadmium content of Romanian soils and water bodies, as well as of
various crop plants and fungi, has been studied in recent years [13-18].

A survey was carried out near the Baia Mare mining and metallurgical complex,
where soil samples and grapes (Vitis vinifera L.) were collected, and their concentrations of
heavy metals determined. Cadmium in soil was detected in two areas, with an average
of 15.84 mg/kg Cd in the Baia Mare area and 26.84 mg/kg Cd in the Baia Sprie area.
Examining the Cd content of different vine species in these areas, it was found that the roots
of Feteasca regala from Baia Mare and Feteasca alba from Baia Sprie contained the highest
levels of cadmium (7.09 £ 0.83 mg/kg and 3.07 £ 0.12 mg/kg, respectively). The cadmium
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content of the wine samples analyzed (0.02-0.06 mg/L Cd) exceeds the permitted limit
(0.01 mg/L) [11].

Heavy metal pollution in water, sediment and fish meat was studied in Natura 2000
site “Buhusi-Bacau-Beresti”. The maximum concentration for water samples approved
by the World Health Organization was exceeded in all studied areas with the measured
cadmium concentration, 0.0521 mg/L, exceeding 10.42 times the permitted maximum
value. In the case of fish samples, the Cd concentration in gills was 0.911 mg/kg and in the
muscle reached 0.522 mg/kg, however, the maximum accepted concentration in the EU is
0.05 mg/kg [19].

In addition to the study of the cadmium content of certain plant foods and waters, it is
essential to investigate the Cd removal from soil and water. Many physical and chemical
methods have been used to remove heavy metals from soils and wastewaters [20-27].

A comprehensive and critical review as its title suggests was written by Naef A.A.
Qasem et al., where the authors enlisted a high range of heavy metal removal techniques
from wastewaters [28]. They classify the discussed methods into five types: adsorption-,
membrane-, chemical-, electric- and photocatalytic-based remediation treatments (Figure 2).
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Figure 2. Heavy metal removal techniques from wastewaters (Edited and adapted based on [28-31]).

Adsorption technology is a widely accepted method because it is both simple to
use and effective even at low concentrations [32]. Adsorption often has advantages over
other processes due to its low start-up and installation costs, high selectivity, practicality,
flexibility, ease of operation, low environmental risk, resistance to toxic components and
significant potential for the removal of hazardous, unsafe contaminants [33,34]. Up until
now, different materials have been used for the removal of Cd%*, such as brewery yeast [35],
barley husks [36], brewed tea waste [33], nanocomposites [37,38], eggshell [39,40], sun-
flower [41], peanut shell [42], sugarcane bagasse [43], different clay materials [44-49], and
minerals like montmorillonite, kaolinite, illite, zeolite, diatomite, vermiculite [50].

Clay materials, having a particle size of less than 2 pm, have a high specific surface
area. These small particles can clog filters in fixed-bed adsorption. That is why in batch
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method and in membrane adsorption hybrid systems they can be suitable for heavy metal
removal [51,52]. The naturally occurring materials are mainly composed of silica, alumina,
and water. Furthermore, the surface of clay minerals can contain many exchangeable
cations and anions on its surface [53], but in most cases the surface of the clay is negatively
charged. The clay surface can contain Ca?t, Mg2+, H*, K*, NH*", Na*, SO, 2~, Cl—, PO, 3-,
and NO3~. According to Rajani Srinivasan, these ions can be easily exchanged with other
ions while the mineral structure of clay is not affected [53]. This property also contributes
to being an excellent adsorbent for removing metal cations from water [54]. Compared
to other adsorbents, its advantage is that its surface is very porous, resulting in a high
attractive force and many active binding sites [55]. Hence, its binding performance is also
higher [53,55-57].

Clay minerals can be classified in various ways; however, these four types can also
be divided: layer and chain silicates, sesquioxides, and other inorganic minerals. Layered
silicates are the primary constituents of soils [58]. It consists of a planar octahedral layer,
structurally the octahedral layer is attached to a tetrahedral layer both above and below. It is
arranged in repeating intervals between the t-o-t layers [59]. Typical representatives include
kaolinite (1:1 layered silicate) and illite (2:1 layered silicate) [60]. A literature review of the
characteristic structure and properties of these two layered silicates is given in Section 3.1.5.

So far, many studies have investigated natural clay minerals as adsorbents because
they are environmentally greener and more economical than conventional adsorbents [61].
Therefore, the aim of this study is to characterize ASLAVITAL cosmetical clay from the
Romanian Padurea Craiului Mountain (ACC) novel adsorbent and to study the effective-
ness of Cd?* removal (Figure 3). As up to our knowledge ACC has not yet been studied as
an adsorbent. Batch adsorption studies were carried out, where the effects of initial metal
concentration and contact time were investigated as these are the most influencing parame-
ters. Moreover, the motive of this study is to make a morpho-structural characterization
of the adsorbent with the help of scanning electron microscopy (SEM), energy dispersive
spectroscopy (EDX), Fourier transform infrared spectroscopy (FTIR), X-ray diffraction
analysis (XRD) and Raman measurements. We also seek to analyze the equilibrium results
using linear (Langmuir, Freundlich, Tempkin and Dubinin—-Raduchkevich) and non-linear
(two-parameter Langmuir, Freundlich and Temkin, as well as the three-parameter Toth,
Khan and Liu) isotherm models and to study the kinetics (pseudo-I and -1I order) of the
adsorption process and diffusion. After fitting with OriginPro 8.5 software, an error analy-
sis was performed. In addition, we discussed the limitations of ACC novel adsorbent and
compared the received adsorption capacity with clays used in previous studies.
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Figure 3. ASLAVITAL cosmetical clay from the Romanian Padurea Craiului Mountain.

2. Materials and Methods
2.1. Details about the Adsorbent

The sorbent (ACC) used in this research is a particular ASLAVITAL Diatomaceous
earth (100% natural diatomaceous clay) manufactured and marketed by the Farmec S.A. It
comes from the Padurea Craiului Mountains, therefore, has a well-defined chemical and
mineral composition. Moreover, it is not chemically treated. Deposits of Jurassic fire clays
are well known within the Padurea Craiului Mountains. Their compositions are dominated
by kaolinite, with minor amounts of illite and quartz [62]. In the adsorption experiments
ACC was used without any physical or chemical alteration.

According to patent 118259/2003 “Composition of a clay-based product and the
method of treatment that can be carried out with it”, the mineral composition of the clay is
40-60% kaolinite, 22-30% illite, 4-10% quartz, 1-4% limonite. The chemical composition
of the clay is 21-33% Aly O3, 52-59% SiO,, 2-3.8%, Fe;03, 0.4-1.3% TiO,, 0.4-0.8% CaO,
0.1-1% MgO, 1.7-4% K0 + NayO.

2.2. Metal Solution Preparation

The synthetic wastewater with different initial concentrations was diluted from 1 g/L
stock solutions of the reagent cadmium nitrate tetrahydrate [Cd(NO3); * 4H,O] of analytical
grade. The as-prepared dilutions were: 10.83 mg/L, 61.67 mg/L, 99.17 mg/L, 120.83 mg/L,
156.57 mg/L.

2.3. Adsorption Experiments

Adsorption of Cd?** on ASLAVITAL cosmetic clay (ACC) was carried out by the batch
equilibrium method. One gram of adsorbent was added to the 100 mL artificial cadmium
wastewater of desired concentration in 250 mL Erlenmeyer flasks. The solutions were
stirred on a rotary shaker at 300 rpm until equilibrium was reached.

The Cd?* concentration was investigated with the help of flame atomic absorption
spectrophotometer. For this measurement we used SensAA Dual GBS Scientific Equipment,
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Australia. The unknown solution’s Cd?* ion concentration was determined by calibration
with a standard cadmium solution in the concentration range 0-2.5 mg/L, A = 228.8 nm.

The effect of time on the adsorption of ACC and Cd** was determined by analyzing
the residual metal ion concentration in the liquid after contact periods of 0, 5, 10, 15, 20, 30,
40, 50, 60, 75, 90, 105, 120, 135, 150, 175 and 190 min.

The effect of initial Cd?* concentration was tested by varying the Cd** concentration
in the range of 10-160 mg/L using a magnetic stirrer at room temperature (t = 20 °C) and
fixed pH of 7.

From the adsorption equilibrium data, the linearized Langmuir, Freundlich, Tempkin
and Dubinin-Radushkevich models were determined (Figure 4).

Langmuir isotherm model

Ce
e amax (0% 1o )
Linear Expressions
Langmuirl. &- 1 + Ce
de Kp*gqmax qmax
Langmuirll. > . 1 ity &
Qe (Kp*gmax) Ce 9max
. 1) ge
Lan, TIL = = [l PP S
()
LangmuirIV. g =K * qmax - Ky * ge

Freundlich isotherm model

1
ge= Kp xCl

1
In(ge) = In(Kg) +5 ¥ In(Ce)

Dubinin-Radushkevich isotherm model
Ge~ qmax Xexp{-KD X [R xT x m(pal;)]z}

1n(ge) = In(qmax)*+ Kp* 2

e-RKT*ln(l*L)

Ce,

Temkin isotherm model

) Br*ge
cegrxen (k)

qe= By X(InKy + InCe)

» ) Toth isotherm model
qmax * Kroth * Ce

e~ 1
[1+ Krom*ce) |'

Khan isotherm model

_ gmax*Kg xCe
(1+Kg x Ce) 'K

Liu isotherm model

sl
gmax X (K jy X Ce)"'Liu
Qe=—— 1

1+ (K jy = Ce)Liu

Figure 4. Equations, theories, assumptions, and boundaries of adsorption isotherm models, where
ge—the concentration of solid phase adsorbent at equilibrium (mg/g); qmax—single layer maximum
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adsorption or saturation capacity (mg/g); Cc—concentration of the contaminant solution at equilib-
rium (mg/L); b—adsorption equilibrium constant specific to the test substance; Ky, g p T Toth, Liu,Khan—
are the concentration-dependent partition coefficients for the respective isotherms providing informa-
tion on the adsorption capacity of the biosorbent; n—Freundlich and Liu constants, adsorption inten-
sity; Ar—Temkin’s isotherm equilibrium constant (L/g); by—Temkin constant; B—constant (J/mol);
R—ideal gas constant (8.314 mol/K); T—absolute temperature (K); e—Dubinin—-Radushkevich con-
stant (mol? /J?); t—Liu constant; ax—Khan constant [63—65].

Moreover, we studied the adsorption kinetic and diffusion models (Table 1).

Table 1. Summary of kinetic and diffusion model equations.

Kinetic/Diffusion Models

Equations Describing the Models

. Parameters
Non-Linear Form

Pseudo I-order kinetic model

% =k (q.— q;) e gr—amount of Cd adsorbed during
a given time interval (mg/g)
e  ge—equilibrium pollutant
adsorption value (mg/g)
° kj—equilibrium constant, first order
adsorption rate constant

Pseudo IT-order kinetic model % =k (q— q) 2 (g/mg/min)

° kp—equilibrium constant, constant
of the second order adsorption rate
(g/mg/min)

Linear forms

Pseudo II. Type L.

Pseudo II. Type II.

Pseudo II. Type IIIL.

t 1
q; ko x g2

e

1
+qe Xt

1_ 2 1
£= ko X g % (qi) —konx qe

1 1 1 1
L =(—2 ) x = 4
q (kz,m X qZ) e e

Pseudo II. Type IV.

Pseudo II. Type V.

Pseudo II. Type VL.

1 1
=1 X
G- g — g, TReav xt

Y= —lov X g, X qtkoy X ¢

_ 1 9
%*%*(@ﬁ@)xf

Equation describing diffusion

qt = Xi+K\/’[

K—rate constant
xi—boundary layer thickness

qt—amount of Cd adsorbed on the
ACC at time t

Statistical biases can arise when the isothermal equations are linearized, as the linear
fit depends on the method chosen, the data available and the errors of the experiment
performed. During the evaluation of experimental data, the linear transformation changes
the distribution of the error (either in the positive or negative direction). Data overestima-
tion, data clumping or overweighing can occur during the transformation if the system is
sensitive to extreme (too high or too low) experimental values. Often, regardless of the
resulting high linear regression coefficient (R?) values, the model is not representative of
the adsorption experimental behavior [66,67]. To avoid these limitations, the development
of computer programs has made modelling and error analysis possible. Non-linear re-
gression analyses of the two-parameter Langmuir, Freundlich and Temkin as well as the
three-parameter Toth [68], Khan [65] and Liu [69] isotherm models were analyzed using
OriginPro 8.5 software. We also determined the linear regression coefficient (R?), chi-square
error (x?), root mean square error (RMSE), and hybrid fractional error (HYBRID). The
equations for these error analyses are given below [70-72]:

2
RZ— 1 g:l (qe,exp. - qe,calc.)

2
n -
n=1 (qe,exp. - qe,calc.)
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2
n (qe,calc. - qe,exp.)

=Y

i=1 qe,exp.
n 2
RMSE — Zrlzl (qe,exp. - qe,calc.)
n—p

HYBRID = 20y~ ( Leow ~ delc
=P i3 qe,exp.

where n—the number of experiments performed; qe exp. (mg/g)—the value of the maximum
amount of substance bound in the equilibrium obtained in practice; ge ca1c. (mg/g)—the
calculated value of quantity equilibrium; qe 41, (mg/g)—average of the calculated quantity
equilibrium; p (polynomial model)—the number of parameters included in the isotherm
models tested.

2.4. Instrumentation, Analytical Methods

The SEM, EDX, FTIR and XRD studies were carried out at National Institute for Re-
search and Development of Isotopic and Molecular Technologies, INCDTIM Cluj-Napoca,
Romania. Raman microspectroscopic measurements were carried out at the Research and
Industrial Relations Center (RIRC) at the Faculty of Science, E6tvos Lorand University,
Budapest.

2.4.1. SEM and EDX

The texture and morphology of ACC before and after Cd?>* adsorption treatment were
studied using Scanning electron microscopy (JEOL(USA)JSM5510 LV SEM), while the ele-
mental composition determination was carried out using Energy dispersive spectroscopy.

2.4.2. FTIR

The functional groups of clay were characterized by the FTIR model before and after
Cd?* adsorption, with the help of JASCO 615FTIR at 500-4000 cm™ wavelength.

2.4.3. XRD

The X-ray powder diffraction patterns were obtained with a Bruker D8 Advance
diffractometer using CuKal monochromatic radiation (A = 1.5405980A) obtained with
a germanium (1:1:1) monochromator. The diffractometer is equipped with a LINXEYE
detector and X-ray tube operates at 40 kV and 40 mA. DIFFRAC plus XRD Commander
Program was used for data acquisition employing a scan rate of 0.05°/s in the angular
domain 26 = 5-85°.

2.4.4. Raman Microspectroscopy

A confocal HORIBA LabRAM HR800 spectrometer with Nd:YAG laser (A = 532 nm)
excitation and 600 grooves/mm optical grating was used. The laser was focused with an
Olympus 100x objective (numerical aperture = 0.9) on the sample surface, where the laser
power was 25 mW and the laser spot diameter was ~1.5 pum.

3. Results and Discussion
3.1. Characterization of Cosmetic Clay
3.1.1. SEM and EDX

Scanning electron microscopy was used to investigate the micromorphology and
structural peculiarities of ACC. Figure 5 shows the ACC adsorbent before (Figure 5a—d)
and after (Figure 5e-h) adsorption with Cd?*. The porous structure of ACC can be seen in
Figure 5a, moreover, it shows that the surface of the adsorbent is filled with 10-300 pm holes.
On the other hand, the SEM image of the sample that adsorbed Cd?* shows slightly distinct
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morphology. The porous structure of ACC disappeared after adsorption, the surface is
smoother, and some aggregates appear on the surface.

V 16, 0
1.00mm

10.0um X500k

Figure 5. SEM (a—d) control and (e-h) 2 g/L Cd?* adsorbed ACC.
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Table 2 summarizes the results of EDX investigations, calculated from three con-
secutive measurements both for control ACC adsorbent and Cd?* adsorbed ACC. From
the results below, we can conclude that ACC contains a relatively high percentage of Al
(W¢(%) = 11.4 £ 0.9) and Si (W¢(%) = 13.7 £ 1.4), moreover Mg, K, Ti, and Fe in small
quantities. Therefore, it can be affirmed that ACC is an alumina-silicate mineral. This
result corresponds to the elemental composition described on the product packaging and
in the patent. After the adsorption process, the clay adsorbed the Cd?* ions from the
polluted water. This can be seen from the EDX results, where Cd?* appears in the sample
(W(%) = 0.2 & 0.01).

An example from another study, where H. Es-sahbany et al. studied the removal of Ni
with the help of clay taken from the Ain Dorrij—Ouezzane region of Morocco. The results
of elemental composition of the clay material contained Ca (20.65 & 0.08%), Si (12.7 £ 1.9%),
Al (8.3 £ 0.3%), Ti (0.34 £ 0.01%) and Fe (4.83 £ 0.02%). The used clay mainly consisted of
kaolinite, chlorite phase and slight amount of quartz [44].

Table 2. Results of elemental composition calculated from three measurements.

Elements W¢(%) Content of The Wi(%) Content of the Clay
Control Clay Adsorption of Cd**
C 119+ 34 91+15
O 60.5 + 0.7 61.6 + 0.7
Mg 0.2 +0.01 0.2 +0.01
Al 11.4+09 120+ 04
Si 137+ 14 144+ 0.7
K 1.5+0.2 1.5+ 0.1
Ti 0.4 £+ 0.03 0.5+ 0.03
Fe 0.6 +0.1 0.6 +0.1
Cd 0 0.2 +0.01
3.1.2. FTIR

The FTIR could identify the functional groups of the material, provide information on
the clay structure, and describe the interactions between the metal ion and the adsorbent.

FTIR spectrum of ACC presenting the peculiar bands is shown in Figure 6 between
the range of 1800 cm ™! to 400 cm~!. The investigation of cosmetic clay as a suspension
in deionized water presents many characteristic bands. First of all, two broad bands not
represented on the figure were seen around 3697 and 3620 cm ™! attributed to hydroxyl
stretching. However, spectral bands at 1105, 1031, and 1008 cm ! according to [73] were
assigned to Si-O-5i and Si-O stretching, and most of the silicate minerals contain them. Our
study’s result is also in correspondence regarding the bond at 912 cm ™! with the literature,
being assigned the deformation of the AI-OH bonds. At a lower spectral range, the bands
are more complicated to define. Usually, the remaining bonds correspond to the vibration
of the Si-O bond [74]. Bonds at 796 cm ! could be assigned to a hydroxyl translation mode,
while 754, 696, and 537 cm ! could be ascribed to Si-O stretching and Al-O-H deformations
and Si-O-Al translation mode. At the lower range, 472 and 420 cm ! bands to v6 (e) and
v3 (al) modes of the SiOy tetrahedra. Moreover, the band at 430 cm ™! could be attributed
to O-Al-O bending with a minor contribution of O-5i-O bending [75-78].

After the adsorption with Cd?* solution made from Cd(NOj3), * 4H,0 salt, a particu-
larly strong vibration was observed at 1384 cm ™! that can be attributed to NO3 asymmetric
stretching [73,79-81].
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Figure 6. FTIR control and 2 g/L Cd?* adsorbed ASLAVITAL clay.

3.1.3. XRD Investigations

Since soil, rocks, dust and clay samples contain various highly crystalline components,
the XRD is a proper analysis that can be used to highlight the mineral composition of the
studied ACC. Comparing the two patterns, namely Clay + Cd?* and Control clay (Figure 7)
shows a high similarity, with both samples having high crystallinity.

4000

3000 L

[~
[=]
[=]
[=]
I

Intensity (arb. units)

[
[=]
[=]
[=]

Clay + Cd*

Control clay

26 ()

Figure 7. X-ray powder diffraction comparison of the two samples.
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In order to highlight the existence of different crystalline phases contained in the
samples (Figure 8), the diffraction patterns were investigated using the Match software,
which has its incorporated database. In this sense, the analysis of Control clay revealed
that the sample contains three major components. As expected, the sample being clay
contains silicon oxide-5iO, (in the form of quartz). The other two identified components
are phyllosilicate minerals, based on silicate groups. One phase is Potassium Aluminium
Silicate Hydroxide-(KH30)Al,Si3 AlO19(OH),, known as a form of illite and Aluminium
silicate hydroxide-Al;Si;Os5(OH)4 known as kaolinite. Figure 8 (for Control clay sample)
specified each diffraction line to which of the three phases it belongs by the following
notations: g-quartz, i-illite and k stands for kaolinite. The following database reference
codes were used in the actual identification: 99-201-2847 for quartz, 99-200-3858 for kaolinite
and 00-026-0911 for illite.

2400

g - quartz
k - kaolinite
i-illite

2100

1800

1500

1200

900

600

Intensity (arb. units)

300

26 ()

Figure 8. Diffraction pattern of ACC showing the crystalline phases (q-quartz, i-illite and k-kaolinite).

3.1.4. Raman Spectroscopy

In the control sample (Figure 9), the most intense Raman band was detected around
146 cm~1. Weaker Raman bands were identified at around 130, 200, 260, 333, 398, 426,
467,511, 634, 702, 792 and 909 cm~ L. In the OH-region, Raman bands at ~3624, 3659, and
3702 cm ! were detected.

The Raman spectra of the Cd-treated samples were identical to the control samples.
The most intense Raman band was detected around 146 cm 1. Several weak bands were
also recognized at around 130, 198, 259, 334, 398, 426, 467, 511, 638, 705, 791 and 910 cm~ 1L,
Additionally, at high frequencies, bands at 3624, 3658, and 3698 cm~ ! were also identified.

Rarely crystals with intense bands around 126, 200, 464 cm !, with weaker bands at
262,365 cm ™! were also detected in both samples.

Based on the Raman spectra of the control and Cd-treated ACC powders, the following
phases could be identified. The most intense Raman bands (~146, 200, 398, 511 and
638 cm 1) are characteristic of anatase (TiOy), which is a typical phase detected in kaolinite-
bearing clays [82]. The weak Raman signals of kaolinite can be attributed to the observed
bands at around 130, 259, 333, 426, 464, 704 m 791 and 910 cm ! [83]. The characteristic
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bands of hydroxyl groups found in kaolinite could also be detected near 3624, 3658 and
3700 cm ™! [84]. Rare crystals of quartz with intense bands at 126, 200 and 464 cm ™! could
also be detected. Illite could not be directly detected with Raman spectrometry since it has
overlapping peaks [85] with both quartz (~464 cm™~!) and kaolinite (~464 and ~705 cm™1).
Raman band, which can be associated with the absorption band of NO3 (Cd solution was
made from Cd(NQO3); * 4H,O salt) on the FTIR could not be detected.
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Figure 9. Representative Raman spectra of the control and 2 g/L Cd?* adsorbed ACC.
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Kaolinite

3.1.5. A brief Literature Review of the Characteristics and Structural Properties of Kaolinite
and Illite

Both kaolinite and illite belong to the group of layered silicates. Layer silicates are the
primary constituents of the earth’s crust and have good impermeability.

Kaolinite is a 1:1 type of layered silicate, i.e., it contains a tetrahedral layer of silicon
and an octahedral layer of aluminum, which are bonded together by oxygen (Figure 10).
Hence, the layers have a triclinic symmetry, where a tetrahedral (5iO4) and an octahedral
(AlOg) sheet alternate [53].

It is electrostatically neutral in its properties. It contains hydrogen bonding between
the oxygen atoms and hydroxyl ions of the paired layers. The weak hydrogen bonding
between the layers can result in frequent random movements. This results in kaolinite
minerals of lower crystallinity as opposed to triclinic kaolinite. Kaolinite, with its ideal
structure, is free of charges. Since the kaolinite mineral structure is fixed by hydrogen bonds,
in aqueous media the layers do not expand and the shrink-swell capacity is low [55,60,86].

Due to its highly compacted structure, kaolinite gains are difficult to break down and
kaolinite layers cannot be easily separated. the adsorption itself takes place on the surface
and edges of the kaolinite, so this is the place, where the impurities, contaminants can be
trapped [86].

The literature data suggest a low specific surface area (5-40 m?/g) compared to other
clay minerals. Due to its low isomorphic substitution, kaolinite has a low ion adsorption
capacity. Cation exchange capacity at pH 7, 3-15 mEq/100 g [60].

Name of
silicate clay

[llite

1:1 type of layered silicates Ty, 2 WPe ot layered alicites

Octahedral,
alumina sheet

Figure 10. Structure of kaolinite and illite (Original figure, SEM images from [87,88]).

In a study reported by Jorge C. Miranda-Trevino, the kaolinite samples contained
some illite and that resulted in the increase in cation exchange capacity to 17.8 mEq/100 g
(at pH = 7) [86]. In the meantime, the surface area was measured to be 16.41 m?/g.

The illite is also a layered silicate, but of the 2:1 type. This means that an octahedral
sheet is enclosed by a tetrahedral sheet at the bottom and a tetrahedral sheet at the top
(Figure 10). The tetrahedral sheet contains 20% aluminum atoms instead of silicon atoms,
which have significant ion (isomorphic) substitution. The adsorption capacity, swelling
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and shrinkage capacity are lower than montmorillonite and vermiculite, but higher than
kaolinite, in which interlayered sheets are present. Illite shows a higher cation exchange
capacity than kaolinite, typically 10-40 mEq/100 g (pH = 7), while the specific surface area
10-100 m? /g [55,60].

Besides the structures of the layered silicates, Figure 10 contains SEM images of
kaolinite and illite from the literature with 24K magnification.

3.2. Adsorption Experiments

Usually, the optimum of the operational parameters for an adsorption process is
affected by many factors. However, one of the most important factors controlling adsorption
performance could be the time when the Cd?* ions are in contact with ACC adsorbent.
Figure 11 shows the evolution in time of the Cd?* removal from aqueous solution with
the help of ASLAVITAL cosmetic clay. It can be observed that the initial concentration of
contaminants decreases with time. All five concentrations exhibited a more rapid decrease
rate initially, and then the adsorption rates tended to be flat. According to the literature, it
is due to the rich number of active binding sites on the surface of the adsorbent [40,89].

For equilibrium and then kinetic studies, batch adsorption measurements were carried
out. We can see that Cd?* ions gradually occupied the porous, vacant sites of ACC surface.
However, no significant variation in the residual Cd** was observed and equilibrium was
reached as time passed.

160 - + 10 mg/L
140 60 mg/L
* 4 100 mg/L
120 4 o X 120 mg/L
My . % 160 mg/L
100 R
S X * K X X XK XK
=
& - XK
% 80 4 <
o Xso
£ 60 - SRV
~— A X X K e .
@) 10 AAAAA A A A A A A A A } x X
A
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‘000
0 L-——"200 4 o o o+ o+ o + o+ o+ o
0 50 100 150 200

t (min)

Figure 11. Effect of contact time on the removal of Cd?* ions (C; = 10-160 mg/L, 0.1 g/L ACC,
pH=7,T=20+£1°C).

The adsorption efficiency of Cd?* ions on ACC were investigated at various initial
concentrations between 10-160 mg/L via the batch adsorption method. In equilibrium,
results showed (Figure 12) that the adsorption capacity (q) increased from 1.07 to 8 mg/g
as the initial concentration increased from 10 to 160 mg/L. On the other hand, with the
increase in concentration, the efficiency (E) decreased from 99 to 51%. This can happen
because more cadmium ions were adsorbed at higher Cd?* concentrations. However,
as we have a fixed number of active sites available on the ACC surface, the efficiency
decreases [36,40,90,91].
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Figure 12. Effect of initial concentrations, where q is the adsorption capacity, quantity in equilib-
rium and E is the efficiency of the adsorption process (C; = 10-160 mg/L, 0.1 g/L ACC, pH =7,
T =20+ 1°C).

Table 3 contains clay adsorbent study results, where the examined initial parameters,
efficiency or quantity in equilibrium results are also presented. Based on these studies
we can conclude that clay minerals are wildly used in different forms as adsorbents in
wastewater treatments from heavy metals.

Table 3. Comparison of different clays in Cd?* removal.

Efficienc Quantity in
Adsorbent Initial Parameters Ranee (0/}; Equilibrium Reference
geth Range (qe mg/g)
heat-treated attapulgite clay (T-ATP) ~ Cd concentration 70 mg/L, contact - 11.60-24.31 mg/g [92]
time of 1440 min, adsorbent dosage of
MgCl,-impregnated attapulgite clay 2 g/L, mixing speed of 175 rpm,
(MgO-ATP) temperature of 298 K, pH =26 - 11.56 to 15.55 mg/g [92]
1.0 g/L clay suspension, 50 mg/L Cd,
Turkish illitic clay pH 4.0, contact time of 240 min., at - 11.25mg/g [93]
room temperature
illitic clay collected from Marrakech
region 100 mg/L Cd - 512mg/g [94]
eosoybete mrth G cocantion 01,531
p  ferdspar, Y© adsorbent, 25 °C, 30 min. contact time,  49-99.4% - [95]
gypsum, limestone and dolomite Ho4
powder ratio of 1:1:1:6:3 pH=
synt.he.ztic mineral a<.:lsorbent (SMA): Cd concentration 40 mg/L, adsorbent
illite, wollastonite, gypsum, 2.5g/L,25°C, 30 min. contact time,  8.1-97.3% . [96]

limestone and dolomite powder at a

ratio of 1:1:1:12:3 pH=2-4
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Table 3. Cont.

Efficienc Quantity in
Adsorbent Initial Parameters o y Equilibrium Reference
Range (%)
Range (q. mg/g)
bentonite clay extracted from .
Khulais region in western Saudi 300 mg/L Cd, bentonite dose 0.5 g, - 110-140 mg/g [97]
. pH =2-8
Arabia
ASLAVITAIT Cosqletlcal clay. from Cd concentration 11-157 mg/L, 1 g present
the Romanian Padurea Craiului S 99-51% 1.07-8 mg/g
. clay, pH=7,T=20+1°C study
Mountain
3.3. Adsorption Isotherms, Kinetic and Diffusion Models
Both the adsorbent (ACC) and the adsorptive material (Cd?* ions) are influencing
factors of the adsorption system. Isotherm models in equilibrium showed that the adsorp-
tive (in our case, the Cd2* ions) are distributed between the liquid (water) and solid (ACC)
phase and the relationship, performance and interaction between these (Cd?* + liquid
phase, Cd% + clay surface) could also be defined [33,44]. Langmuir, Freundlich, Temkin
and Dubinin-Radushkevich linearized isotherm models were employed to investigate the
interaction between the Cd?* ions and clay using different initial concentrations of Cd?*
(10-160 mg/L), applying a constant temperature (20 °C) and adsorbent dosage (1 g). The
results listed in Table 4 compared the regression correlation coefficients (R?) of these models.
Based on the results, we established the order of correspondence of the applied isotherm
models: Langmuir II. (R? = 0.954) > Dubinin-Radushkevich (R? = 0.933) > Freundlich
(R? = 0.885) > Temkin (R? = 0.859) > Langmuir I. (R? = 0.798) > Langmuir IV. (R? = 0.744) >
Langmuir I11. (R? = 0.605).
Table 4. Calculated parameters of different linear isotherm models.
Langmuir I. Langmuir II. Langmuir IIIL. Langmuir IV.
Plotting: Ce vs. Ce/qe Plotting: 1/Ce vs. 1/qe Plotting: qe¢/Ce Vs. qe Plotting: qe vs. qe/Ce
KL Jmax KL Jmax R2 KL Jmax R2 Ky Jmax R2
(1/mg)  (mg/g) (I/mg)  (mg/g) (1/mg) (mg/g) (I/mg) (mg/g)
0.01 12.03 0.798 2.39 5.59 0.954 2.05 6.36 0.605 0.02 4.30 0.744
Freundlich Dubinin-Radushkevich Temkin
Plotting: InCe vs. Inge Plotting: €2 vs. Inge Plotting: InCe vs. qe
B E At B
2 2 2
T mgt-vmmygy R o2y ag/mol) KT (1/g)  (/mol) R
2.44 0885 5x107% 316 0933 24 11054 0.859

As the regression correlation coefficient was highest in the case of Langmuir isotherm,
the error functions, separation factor was calculated for this model [33,98,99]. According to
the literature, the value of Ry, can define the type and favorability properties of an isotherm
model:

e Ry =0 — irreversible and linear adsorption;
e 0<Rp <1~ favorable adsorption;
e Ry >1 — unfavorable adsorption.

Ry, values calculated for Langmuir II. isotherm were in the range of 0.037-0.027;
this result suggests that in our experimental conditions, the adsorption of Cd?* ions was
favorable but with a high tendency of irreversibility. According to the theoretical properties
of Langmuir isotherm, the adsorption occurs on a homogenous surface, and only one layer
is formed (monolayer adsorption) [91,100]. The precisely calculated isotherm parameters
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tell us about the nature and type of the adsorption. In our experimental conditions, these
constants (B-Temkin: 1 x 10~# J/mol < 20 kJ/mol; E-Energy: 3.16 kJ/mol < 8 kJ/mol)
indicated that the adsorption is a physical one, where weak van der Waals bonds are
formed on the ACCs monolayer surface. Moreover, the binding sites on ACC surface
are equivalent.

In order to find the best adsorption equilibrium correlation, the isotherm models were
also modelled in non-linear form using OriginPro 8.5 software. Based on the literature,
nonlinear regression is the most feasible and accurate method for estimating the parameters
of the isothermal models, as it uses the original equations rather than modified versions
that may bias the results [101].

The parameters of the Langmuir, Freundlich and Temkin isotherms obtained after
linear translation and non-linear fitting, we observed that the regression coefficient (R?) was
found to be higher for linear fitting. The values of Ki.g, qmax, N, AT, and B also differ due
to the bias in the fits (Tables 4 and 5). Comparing the obtained linear regression coefficients
(R2 ; the larger the better) and Chi-squared (x2; the smaller the better), the degree of fit
follows the following order: Liu (the best fit: R? = 0.965, x> = 1.101) > Toth > Khan >
Langmuir > Freundlich > Temkin (Table 5).

Table 5. Calculated parameters of different non-linear isotherm models.

Two Parameter Non-Linear Isotherm Fitting

Langmuir Isotherm Freundlich Isotherm Temkin Isotherm
qm (mg/g) 15.80 ng 1.88 br 0.92
Kg

R? 0.831 R? 0.824 R? 0.705

N 2.136 N 1.944 2 2.770

RMSE 1.419 RMSE 1.450 RMSE 1.875
HYBRID 23.220 HYBRID 15.027 HYBRID —8.773

Three Parameter Non-Linear Isotherm Fitting
Toth Isotherm Khan Isotherm Liu Isotherm

qm (mg/g) 23.74 qm (Mmg/g) 4610.76 dm (mg/g) 8.07

Kty (L/mg) 0.00 Kk (L/mg) 4.71 x 107 Kiiy (L/mg) 0.03

nry 4.47 ng 191.33 Nr iy 0.14

R? 0.980 R? 0.842 R? 0.965

X2 11.829 X2 2.103 X2 1.101

RMSE 4.861 RMSE 1.372 RMSE 0.647
HYBRID —20.239 HYBRID 22.597 HYBRID 36.512

Under this isothermal model, which is considered optimal, the adsorption binding
constant Ky, = 0.03 L/mg and the maximum amount of cadmium bound qr;,, = 8.07 mg/g.
Further study of the best-fit Liu isotherm parameters shows that qp, (8.07 mg/g) is almost
the same as the qexp. (8 mg/g) values for the 160 mg/L Cd** solution. Differences between
the parameters calculated due to non-linear fitting of the isotherm models are observed.
These differences are presumably due to the equations used, the accuracy of the fitting,
the precision of the software used, the program package, the number of fitting iterations
performed.

Kinetic models are used to determine the temporal effect of the adsorption process.
They present information on the change in the experimental system over time, characterize
the rate of adsorption uptake and binding at the solid-solution interface or during the
sorption reaction [102-104]. In this study, pseudo-I-order (Lagergen) and pseudo-Il-order
(Ho and McKay) kinetic models were calculated when the initial concentration of Ccd?*
was changed (between 11-157 mg/L). However, the temperature (20 °C) and adsorbent
dosage (1 g) were constant. Table 6 contains the calculated results of kinetic models. Based
on the obtained linear regression coefficient values, it can be observed that the adsorption
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system did not follow a pseudo-I-order model, as the value of R? was higher in the case of
the pseudo-1I-order model. The values of ge(cal) also depicted a better fitness of the model
since they were almost identical with the pseudo-II-order ge(exp) values, this model was
better obeyed.

Table 6. Calculated parameters of kinetic models.

Pseudo-I-Order Pseudo-II-Order
C qe (exp) kq qe (calc) R2 ko qe (calc) R2

(mg/L) (mg/g) (1/min) (mg/g) (g/mg x min) (mg/g)
10.83 1.07 0.021 2.17 0.685 0.131 1.07 0.995
61.67 3.25 0.002 1.95 0.285 0.181 3.28 0.999
99.17 6.25 0.013 1.91 0.324 0.054 5.96 0.996
120.83 7.67 0.026 4.13 0.942 0.011 8.01 0.998
156.67 8.00 0.014 5.62 0.868 0.007 8.12 0.988

As shown above, one way to model kinetic data is to use pseudo-first-order and
pseudo-second-order kinetic models. These models describe the interaction between the
molecule or ion of the pollutant of interest (in our case Cd?*) and the active binding sites
on the surface of the adsorbent (ACC). However, diffusion models are also necessary, as
the kinetics of the process can often be influenced by diffusion within the particles [105].

The diffusion model (intra-particle, liquid film) assumes that the rate is determined
by the diffusion steps, since the interaction between the pollutant and the active sites on
the sorbent surface is more immediate [106]. The literature records suggest that four main
steps occur during the adsorption mechanism of heavy metals onto binding sites [51,105]:

e  From the water-Cd?*-clay suspension, metal ions transport into the boundary layer of
the clay adsorbent surface.

e  The metal ions diffuse through the boundary layer on the surface of the adsorbent.
This process is called liquid-film or external-film diffusion.

e Intraparticle surface diffusion, where the metal ions are diffused in the adsorbed state
along the internal surface of a clay particle.

The metal ions adsorbed on the active binding sites of the adsorbent by physical or
chemical bonds. The physical and chemical properties of the adsorbent and the surface
properties can influence the extent of each step. It can therefore be said that the intraparticle
particle diffusion rate or the liquid film diffusion rate can control the sorption of Cd?* ions
on the surface of the ACC. Table 7 summarizes the diffusion (intra-particle, liquid film)
parameters calculated from the maximum equilibrium binding rates obtained in this study.
In particular, the linear regression coefficients, the intersection points, the velocity values,
and the particle diffusion coefficient (D) are given. The pore diffusion coefficients vary
between 2.64 x 1077 and 2.94 x 108 cm?/s with changing concentration. Our results
show that the linear plots of intra-particle and liquid film diffusion do not cross the origin,
indicating that boundary layer diffusion was involved in the adsorption process. Intra-
particle diffusion and liquid film diffusion are thus not separate rate-determining steps.
Thus, liquid film diffusion and intra-particle diffusion together control the adsorption
process by which Cd?* is removed from the aqueous solution by ACC [40,107].
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Table 7. Calculated parameters of diffusion models.

Intra-Particle Diffusion Liquid-Film Diffusion
C (mg/L) D (cm?/s) kip (mg/g-min'’2) Intercept R, k¢gq (1/min) Intercept R?%4
11 6.95 x 10~ 0.045 0.535 0.618 0.014 —-1.222 0.586
62 294 x 10°8 0.037 2.824 0.762 0.019 —2.069 0.892
99 1.60 x 108 0.060 5.102 0.618 0.004 —1.938 0.582
120 452 x 107° 0.399 2.500 0.919 0.019 —0.764 0.951
157 2.64 x 1077 0.331 3.633 0.853 0.012 —0.547 0.926

3.4. Potential Limitations of Clay Adsorbents

The first and most important task in adsorption studies is the selection of an adsor-
bent that meets a number of parameters [108]. The comparison of individual sorbents is
almost impossible due to the physical and chemical properties of the base materials of the
adsorbents and the different impurities and processing conditions [98].

A review article published in 2017 summarizes the advantages of different clay miner-
als, listing arguments for their use as adsorbents [109]. Their arguments include that clay
minerals:

Have strong sorption and complexing properties;

Low cost;

Are readily available;

Have a high specific surface area compared to other sorbents;
Non-toxic;

And have ion exchange potential.

Based on sources, clays costs about $0.005 to $0.46/kg. Montmorillonite costs about
$0.04 to $0.12/kg, which costs 20 times less than activated carbon [53]. In Romania
0.34 kg activated carbon for fish aquarium cleaning costs around $10. For this reason,
many clay minerals are widely used for their adsorption-desorption properties of organic
molecules [109].

Apart from the advantages, as with all adsorbents, the use of clay minerals has
disadvantages and limitations. The barriers of adsorbents are summarized by Naef A.
A. A. Qasem et al. in a recent review [28]. A major obstacle to water treatment is that
the ability to simultaneously remove different types of ions has not been investigated in
most cases. Most studies are laboratory based and only investigate the removal of single
component contaminants. This may also mean that most of the adsorbents cannot be used
on an industrial scale as detailed and optimized technology has not been developed.

For industrial upgrading, high retention times, periodic cleaning or adsorbent regen-
eration or desorption, water after-treatment are also issues to be addressed. During the
batch adsorption process, the sorbent may be further fragmented by agitation, and small
particles or colloids may appear in the water, making sedimentation and sludge removal
more difficult. Disposal and treatment of the resulting adsorbent waste, which can often be
toxic, can be another obstacle. With all these advantages and disadvantages, adsorption
technology has turned out to be the most considered process among all water treatment
methods (Figure 2) in recent years.

4. Summary and Conclusions

In the present work, ACC—ASLAVITAL commercial cosmetic clay—was morphologi-
cally and elementally analyzed; moreover, it was successfully used to remove Cd?* from
water.

It was observed that the initial concentration of contaminants decreased with time,
as all investigated concentrations exhibited a rapid decrease rate in the first part of the
experiment. Then the adsorption rates tended to be flat. Quantity in equilibrium increased
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from 1-8 mg/g with the increase in initial Cd** concentration. Our hypothesis proved that
ACC is an excellent adsorbent as 99% Cd?* removal efficiency was reached within 190 min.

Adsorption equilibrium results were further analyzed with linear (Langmuir, Fre-
undlich, Temkin, Dubinin—-Radushkevich) and non-linear (Langmuir, Freundlich, Temkin,
Toth, Khan, Liu) isotherm models with OriginPro 8.5 software. The best fit in linear form
was obtained for the Langmuir. IT model, where R? = 0.954, while the Ry values ranged
between 0.037-0.027. The B-Temkin constant was smaller than 20 k] /mol and the E-Energy
was smaller than 8 kJ/mol. Results indicated that physical bonds form during the favor-
able adsorption. For the non-linear fits, the Liu model proved to be the best R? = 0.965,
x? = 1.101. Moreover, the investigations regarding the evaluation of linear regression coeffi-
cient values showed that the adsorption system had a higher linear regression coefficient
(R? = 0.988-0.999) value in the case of the pseudo-II-order model. The values of ge(cal) also
showed a better fit with the model since they were almost identical with the pseudo-II-order
ge(exp) values, (the differences ranged 0.03-0.34).

With the use of wide range of morpho-structural approaches, we studied the struc-
ture, texture, morphology and composition of the adsorbent. The morpho-structural
investigations revealed that the clay mainly consists of kaolinite and illite in most consid-
erable amounts. The elemental composition of the ACC contained Ca (20.65 £ 0.08%),
Si (12.7 + 1.9%), Al (8.3 & 0.3%), Ti (0.34 = 0.01%) and Fe (4.83 + 0.02%). Using SEM
investigations, it was observed that after adsorption, the surface is smoother, and some
aggregates appeared on the clay surface.

The presence of clay-bound Cd?* adsorbate was confirmed by analyzing the elemental
contents (EDX) on the surface alongside spectral analysis (FTIR, Raman) and XRD. After
adsorption, Wt(%) = 0.2 £ 0.01 Cd?* was detected in the sample.
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