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This research is aimed at evaluating strategies for the adsorption and recovery of anthocyanins present in purple cabbage using
natural and modified clays as adsorbent. In the batch adsorption experiments, the anthocyanin extracts were put in contact
with the adsorbents, and different parameters were evaluated to determine the best conditions for their adsorption and
recovery. It was noted that the highest levels of adsorption (28.0mgg™) occurred using a porous clay heterostructure (PCH)
material as adsorbent, with a mass of 25mg and 120 min of contact. Under the same conditions, the sepiolite only presented
an adsorption capacity of 14.0mgg™". The desorption results showed that the 60% methanolic solution recovered 60% of the
anthocyanins adsorbed on PCH, while the 80% ethanolic solution recovered 35% of those adsorbed on sepiolite. The eluted
anthocyanin solutions showed a 98% lower sugar concentration than the crude extract, indicating the low affinity of the
adsorbents for sugars. Six types of acylated cyanidins were identified via UPLC-QToF-MSE in the extract, and it was
confirmed from the FTIR analyses that the highest affinity of the clays occurred with the anthocyanins that presented more
organic acid in their structure. The results show that PCH and sepiolite have high selectivity for anthocyanins and low affinity
for the sugars present in the plant extract, facilitating the process of partial purification and application of these pigments.

1. Introduction

Anthocyanins (ACNs) are flavonoids widely distributed in
nature, being responsible for the color of different flowers,
fruits, and leaves, and also acting to protect the plant. Due
to their variety of colors and recognized biological actions
(e.g, antioxidant, anticancer, and anti-inflammatory
actions), there is scientific interest in applying ACNs in sev-
eral biomedical and technological applications [1]. Nowa-

days, the industrial applications of ACNs are limited,
basically, by two factors. The absence of available and cheap
substrates for their extraction and their marked instability to
processing conditions, such as light, oxygen, and high tem-
peratures, which can result in a loss of color. As a potential
alternative, acylated ACNs are known to be a class of these
pigments that display natural stability, presenting interesting
potential for the industry. In this research, purple cabbage
(Brassica oleracea var. Rubra) was used as a substrate for
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the extraction of ACNs, which, beyond being an available
and cheap raw material, presents in its constitution different
types of acylated ACNs [2].

Depending on the application, purified ACN extracts are
required, since the presence of coextracted substances, such
as sugars and organic acids, can lead to pigment degradation
[3]. Several techniques have been used to obtain purified
ACNSs. Thus, purification methods range from simple alter-
natives, such as solid-phase extraction (SPE) and liquid-
liquid extraction, to the use of more sophisticated chromato-
graphic techniques, such as countercurrent chromatography
(CCC) and medium pressure liquid chromatography [4].
Generally, these methods exhibited unsatisfactory perfor-
mance or make the process more complex and expensive.
Adsorption is a widely used separation method due to its
simplicity and economic viability [5].

To achieve a sustainable and competitive process, it is
necessary to search for and develop materials that attain a
good adsorption capacity and, in turn, are economically via-
ble. Focusing on the ACN adsorption, synthetic and natural
adsorbents such as ion-exchange resins [6, 7], commercial
clay Tonsil Terrana 580FF [5, 8], and coal obtained from
the Pequi bark [9] were previously reported for the purifica-
tion of ACNs. Among them, natural clays can be highlighted
due to their high availability on the earth’s surface, low cost,
and high versatility to modify their physicochemical proper-
ties, improving adsorption capacity [10, 11].

Among the raw clays, fibrous clays such as attapulgite
(ATA) or sepiolite (SEP) have been extensively studied in
adsorption processes due to their interesting fibrous mor-
phology with high microporosity in their fibers because of
the inversion of the tetrahedral sheet of the clay [12]. This
results in a material with low density and high specific sur-
face area [12-14]. Smectites are other phyllosilicates of great
interest to the scientific community due to the charge defi-
ciency of these phyllosilicates in their sheets, which must
be counterbalanced with the presence of cations in the inter-
layer space. This fact encourages that smectites show a good
trend in exchanging cations located in the interlayer space as
well as hosting other cations or organic molecules in their
interlaminar space, in such a way that make these phyllosili-
cates of great interest in the field of adsorption [11, 12]. The
ability to exchange interlayer spaced alkaline or alkaline-
earth cations by bulkier cations, as substitute bulkier cations
in the interlayer space, promotes the incorporation of bulky
polyoxocations or organic cations, which can be used to
form pillared clays, improving textural properties of the
clays substantially [11, 15].

Among the possible pillared clays, porous clay hetero-
structures (PCHs) have emerged as interesting materials
for adsorption and catalytic processes [11, 16-19]. PCH syn-
thesis was first described by Galarneau et al. in 1995 [16]. In
this synthesis, a smectite is treated with a bulky organic cat-
ion solution to expand the interlayer space. After removing
the nonintercalated organic cation, a silicon alkoxide is
added to the mother solution, which polymerizes around
the cation between adjacent sheets. Finally, the obtained
gel is calcined to remove the organic cation, obtaining a
porous material, which displays great porosity and high
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thermal stability, as well as high potential in the fields of
adsorption and catalysis [11, 17].

Considering the importance of obtaining purified ACN
extracts for their application as antioxidant, anticancer, or
anti-inflammatory actions, through a simple and less expen-
sive process such as adsorption, this study is aimed at evalu-
ating the best conditions for the purification of ACNs
extracted from purple cabbage using inexpensive adsorbents,
such as natural and modified clays. The originality of this
work lies in the study of several clay minerals in the present
research that have not yet been evaluated in adsorption pro-
cesses of ACNs. In addition, the study of PCHs in ACN
purification processes has not been evaluated either. On
the other hand, this manuscript is not limited to carrying
out adsorption studies, since another goal of this study is
the desorption of ACNs for subsequent valorization, as well
as the quantification of adsorbed sugars and the possible
determination of the ACN adsorbent.

2. Materials and Methods

2.1. Chemical Reagents. Ethanol (96 vol.%), acetone, metha-
nol, and trifluoracetic acid were obtained from Sigma-
Aldrich (Saint Louis, USA), HPLC grade. Acetonitrile and
methanol from ].T.Baker (Pennsylvania, USA) were reagent
grade, while the purity of H,O was Milli-Q grade (Millipore
Lab., Bedford, MA).

The natural fibrous clays (sepiolite and attapulgite) were
provided by TOLSA. Bentonite was obtained from La Ser-
rata de Nijar deposits located in the southeast of Spain
[20]. PCH was synthesized from the bentonite sample [21].

2.2. Synthesis of the Porous Clay Heterostructures. The
porous clay heterostructures (PCHs) were synthesized fol-
lowing the methodology described by Cecilia et al. with
some modifications [11, 21]. 2.5g of bentonite remained
under stirring with 1 M NaCl solution for 1 day. Then, the
homoionic bentonite underwent a cationic exchange with
an excess bulky cation (9 g of cetyltrimethylammonium bro-
mide in 100 mL of 1-propanol for 3 days). In the next step,
the expanded bentonite was filtered and washed with H,O
to remove the excess cetyltrimethylammonium bromide,
and then, the sample was resuspended in 250 mL of H,O
for 1 day. After that, 0.9 g of hexadecylamine was dissolved in
25 mL of 1-propanol and added dropwise into the mother solu-
tion, maintaining the stirring for 1 day. After this time, a solu-
tion of 12mL of tetraethyl orthosilicate (TEOS), as a silicon
source, dissolved in 12 mL of 1-propanol was added dropwise
into the mother solution, maintaining this stirring for 3 days.
Then, the gel was filtered and washed, and finally, the solid
was dried at 80°C overnight and calcined at 550°C for 6h to
remove the organic template, forming a porous structure.

2.3. Characterization Techniques. X-ray powder diffraction
(XRD) patterns have been performed on an automated
X’Pert Pro MPD diffractometer (Malvern Panalytical,
United Kingdom) with a primary monochromator Ge
(111) (strictly monochromatic Cu Kal radiation) and an
X’Celerator (real-time multiple strip) detector. The powder
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profiles were recorded between 2° and 70° in 20 with a total
measuring time of 30 min and at a scanning rate of 2°/min.

The morphology of the clays was determined by Trans-
mission Electron Microscopy (TEM) in an FEI Talos
F200X equipment supplied by Thermo Fisher Scientific
(USA). This equipment combines outstanding high-
resolution STEM and TEM imaging. The samples were dis-
persed in ethanol, and a drop of the suspension was put on
a Cu grid (300 mesh).

The textural properties were determined from their N,
adsorption-desorption isotherms at -196°C, using an ASAP
2020 Micromeritics equipment (USA). In a prior step to
the analysis, the samples were outgassed at 200°C and a pres-
sure of 10*mbar overnight. The specific surface area was
determined by the BET method, with a N, molecule cross-
section of 16.2 A [22]. The pore size and micropore size dis-
tributions were determined by the DFT [23] and MP methods
[24], respectively.

The characterization of the clays, before and after the
adsorption and after the desorption processes, was
evaluated by Fourier Transform Infrared Spectroscopy
(FTIR). The samples were prepared in KBr tablets
(2 mg of sample + 200 mg of dry KBr) and were analyzed
in a Shimadzu FTIR 8300 spectrometer (Japan), in the
range 500 to 4000 cm™.

2.4. Starting Plant. The purple cabbage was obtained from
local trade in Fortaleza (Ceard, Brazil), manually cut and
freeze-dried in a Labconco Freeze Dry-5 dryer (Labconco,
MO) under pressure of 0.6Pa for 48h. After drying, the
sample was crushed in a domestic blender and sieved on a
700 ym mesh to obtain a powder. The purple cabbage pow-
der was stored (-5°C) in polyethylene bottles until the
moment of analysis.

2.5. Anthocyanin Extraction. For ACN extraction, 10g of
purple cabbage was treated with a solution composed of
27 mL of ethanol (80% vol.) and 3 mL of trifluoroacetic acid.
The mixture was sonicated (USC-1400; standard ultrasonic
frequency of 40kHz and real power of 135W) for 20 min,
and this process was repeated until the residue was colorless.
The extracts obtained were mixed and concentrated at 40°C
in a rotavapor R-215 (Bunch, Flawil, Switzerland) under
reduced pressure. The crude extract was stored in glass bot-
tles at -5°C until the moment of analysis.

2.6. Anthocyanin Quantification. The quantification of
ACNs present in powdered cabbage was performed
according to Do et al. [25]. The extracts were solubilized
in a potassium chloride buffer (pH 1.0) and sodium acetate
(pH4.5) and read on a BioMate 3 UV-VIS spectropho-
tometer (Thermo Scientific, USA) in quartz cuvettes
(1mL) at 520 and 700nm. The buffers were used as
blanks. Total anthocyanins (AntT), expressed as a
cyanidin-3-glucoside equivalent, were obtained according
to the following equation.

A x MM x FD x 1000
AntT = <1 > (1)
&

where A is the absorbance (for differential pH A = [(As,m —
Az0onm )PH 1.0 = (Asyonm = Azgonm)PH4.5)), MM is  the
molar mass (449.2 g/mol for cyanidin-3-glucoside), FD is
the dilution factor, and ¢ is the extinction coefficient
(26900 L/mol/cm). These reading procedures were per-
formed for all samples and at all stages of the experiments.

2.7. Determination of the Point of Zero Charge (pHp, ). The
determination of the point of zero charge (pHp,:) of the
clays was based on 11 experimental points, as was previously
described by Schreider and Regalbuto and Regalbuto and
Robles [26, 27]. For these studies, 25mL of a 0.01 M NaCl
solution was distributed in 10 beakers, in which the pH
was adjusted in the range of 2 to 11 with hydrochloric acid
(HCI) or sodium hydroxide (NaOH). Sequentially, 25mg
of each clay was dispersed in NaCl solutions and kept for
48 h. Finally, the pH of each beaker was measured, and the
difference between the initial pH and the final pH was
plotted.

2.8. Static Adsorption Experiments. The optimization of the
conditions for the ACN adsorption process in natural and
modified clays was carried out using batch experiments, at
a constant temperature of 22°C. Adsorption studies were
performed in a Tecnal rotary agitator (model TE-165, Brazil)
at 121rpm. The ACN extracts and clays were mixed in
Falcon tubes (15mL), and the data were obtained from
the contact according to the time defined for each test.
At the end of each test, the extracts were separated from
the adsorbents using a CT-15000R refrigerated centrifuge
(CIENTEC, Brazil) for 10 min at 2540 rpm, and the ACN
content was quantified (Equation (1)). Equation (2) was
used to calculate the adsorption capacity per gram of
adsorbent (mg-g):

Vx (C-C)

q= =0, )

where C; and C; are the initial and final concentrations in

the liquid extract, respectively; g (mg-g™') is the amount of
ACN adsorbed on the solid phase; m (g) is the mass of
adsorbent; and V (mL) is the volume of the sample
solution.

For the selection of the most suitable clay for the ACN
adsorption, 10mg of each adsorbent was dispersed in
10mL of the ACN extract, while remaining under agitation
for 3 hours at 22°C. After the test, the ACNs were quantified,
and the amount adsorbed was calculated according to Equa-
tion (2).

Once the clays with the highest adsorption capacity were
selected, the mass of adsorbent was optimized. From 10 to
100 mg of each clay was weighed, which was kept in contact
with 10 mL of the ACN extract for 3 hours. At the end of the
test, the adsorbed ACNs were quantified according to Equa-
tion (2).

To determine the amount adsorbed, 25 mg of each clay
(mass optimized) was dispersed in 10 mL of extract. Aliquots
of supernatant were collected at regular intervals (0, 1, 3, 5,
10, 20, 30 min, and every 30 min until 3h). The amount of



adsorbed ACNs was determined according to Equation (2),
and after each reading, the pH was monitored using a
DM-22 pH meter (Digimed, Brazil) to evaluate the influence
of pH on the adsorption process. All adsorption experiments
were performed at least three times, and no significant devi-
ations (<5%) were observed.

2.9. Static Desorption Experiments. Desorption tests were
performed with the following methodology. After ensuring
that the adsorption equilibrium was reached, the clays
loaded with ACNs were washed with 30mL of water and
then desorbed with 10 mL of ethanol 80% (0.1% v/v HCI).
The tests were performed on a rotary shaker at a constant
speed, according to the time determined for each experi-
ment. After each test, the eluted samples were separated
from the clays by centrifugation (10 min at 2540 rpm) and
analyzed in a spectrophotometer. The percentage of desorp-
tion capacity ACNs was calculated using the mass balance
presented in the following equation.

desorption

%desorption = C

100, 3
= x ()

initial — “adsorption

where C;

of anthocyanins at the beginning, after adsorption, and after
desorption, respectively.

nitial> Cadsorption> A1 Cesorption ar€ the concentrations

2.9.1. Kinetic Study of the Desorption Process. For the kinetic
study of the desorption of the ACNs, 10mL of 80% (v/v)
ethanol was used to perform the desorption of the ACNs.
2mlL aliquots of the solution were removed at regular inter-
vals from 30 to 240 min to assess when the desorption pro-
cess reached equilibrium. The amount of ACNs desorbed
was determined by UV-visible and calculated according to
Equation (3).

2.9.2. Evaluation of the Eluent. In order to evaluate the most
suitable eluent for the ACN desorption, aqueous solutions of
ethanol and methanol (60, 80, and 90%v/v), acidified with
HCI (0.1% v/v) or not, were tested. The clays were loaded
with ACNs, and the solvents were kept under constant agita-
tion for 120 min, as determined in the previous test (Section
2.9.1). The amount of ACNs desorbed was calculated
according to Equation (3).

2.10. Quantification of Sugars. Total sugars were quantified
in the supernatants after adsorption and desorption tests
using the phenol-indole method, as described by Dubois
et al. [28]. 0.5 mL of each extract was reacted with 0.5mL
of 5% (v/v) phenol solution and 2.5 mL of H,SO,. After 15
minutes of incubation, the samples were placed in quartz
cuvettes and read in a spectrophotometer at 490 nm. Ultra-
pure water was used as a blank. Quantification was per-
formed using a glucose standard curve, and the results
were expressed in mg L.

2.11. Analysis of Anthocyanins by HPLC-MS/MS. The ACN
extract was characterized by mass spectrometry in a chro-
matographic system ACQUITY UPLC (Waters, USA),
coupled to a Quadrupole Time-of-Flight system (QTof,
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Waters). The chromatographic runs were performed on a
chromatographic column Waters ACQUITY UPLC BEH
(150 x 2.1 mm, 1.7 ym) under the following conditions: fixed
temperature of 40°C, mobile phase of water with 0.1%
formic acid (A) and acetonitrile with 0.1% formic acid (B),
gradient ranging from 2% to 95%B (21min), flow of
0.4mLmin”, and injection volume of 5uL. High-
resolution mass conditions using a Xevo QTof in positive
mode (ESI*) were acquired in the range of 110-1180Da,
fixed source temperature of 120°C, desolvation temperature
of 350°C, flow rate of 500Lh™", and capillary voltage of
3.2kV. Leucine enkephalin was used as a lock mass. The
acquisition mode was MS". The instrument was controlled
by MassLynx software 4.1 (Waters Corporation, USA).

3. Characterization of the Adsorbents

3.1. X-Ray Diffraction (XRD). To evaluate the crystallinity of
the clay minerals, X-ray diffractograms of these clays were
registered (Figure 1). It should be noted that the crystallinity
of clay minerals is relatively low compared to other inor-
ganic compounds since these phyllosilicates are raw mate-
rials that have not undergone any purification.

The diffractogram of the Bent sample shows a strong
and intense reflection with a maximum located at a 20
value of 6.80°, which is ascribed to the d, reflection.
From this diffraction, it is possible to obtain the basal
spacing of the Bent sample through the Bragg equation,
obtaining a value of 13.0 A, so the cation located in the
interlayer spacing must be partially hydrated. In the same
way, other broad reflections are observed and ascribed to
the bentonite. Of these, one of the most interesting diffrac-
tion peaks is the dig, reflection located at 20 of 62.05°
since it is possible to discern between a trioctahedral and
dioctahedral smectite. The presence of the dg, reflection
at 1.49nm confirms that the phyllosilicate is dioctahedral,
so this adsorbent must be an Al-rich smectite. On the
other hand, other narrower reflections are observed, which
are ascribed to some impurities (calcite, plagioclase, and
cristobalite) [21].

In the case of the Sep sample, its typical diffraction peaks
are observed, where the main diffraction peak is located at
20 of 7.27° (12.1A) and is assigned to the d,,, reflection
[29]. In addition, a small quartz impurity located at 20 of
26.55" is observed. The diffractogram of the Ata sample
shows a main peak located at 26 of 8.37° (10.5A), which is
ascribed to the typical d,,, reflection of this clay mineral
[30]. Moreover, this sample also displays impurities of quartz.

Finally, the PCH synthesized from bentonite was also
studied by XRD. The diffractogram of the PCH reveals that
the insertion of Si pillars causes a loss of the nonbasal reflec-
tions while the basal reflections (dy,g, d119> 130> 920> @a0d
dye) are maintained although these signals can suffer a ran-
dom displacement as a consequence of the partial delamina-
tion of the clay mineral [31]. On the other hand, the absence
of impurities after the formation of the PCH is striking, as
was observed in previous studies [19]. The analysis of the
low angle of the PCH (Figure 2) reveals the presence of a
broad band located about 26 of 2.60° (33 A), which confirms
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F1GURE 1: X-ray diffractograms of bentonite (Bent), sepiolite (Sep),
attapulgite (Ata), and porous clay heterostructure (PCH).

(333 A)
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PCH

26 ()
FIGURE 2: Low-angle X-ray diffractogram of the PCH.

the formation of an expanded structure because of the inser-
tion of silica pillars between adjacent sheets to form the PCH
structure [21].

3.2. Transmission Electron Microscopy (TEM). The morphol-
ogy of the raw clays and the PCH was analyzed by TEM
(Figure 3). In the case of the Bent sample (Figure 3(A)),
the typical lamellar structure of bentonite can be observed.
When the pillars are included to form the PCH (Figure 3(B)),
the lamellar structure is maintained although a higher disor-
der of the sheets is observed, confirming that the insertion of
pillars causes a partial delamination of the structure [31].
Both the Sep and Ata samples show a fibrous structure
(Figures 3(C) and 3(D)). From the TEM, it is not possible
to differentiate between both fibrous structures since the
difference between them lies in the periodic inversion of
the tetrahedral sheet leading to microchannels with the
dimensions of 0.37nm x 1.06 nm for Sep and 0.37 nm x
0.64 nm in the case of Ata [32].

3.3. Textural Properties. The textural properties of the raw
clay minerals and the PCH were determined from N,
adsorption-desorption isotherms at -196°C (Figure 4).

According to the IUPAC classification, the isotherms of
both raw clay minerals and PCH can be adjusted to type
II, which are typical of materials with high macroporosity
due to the voids between adjacent particles [33]. Regarding
the hysteresis loops, the isotherm can be fitted to type H3,
which is typical of nonrigid aggregates of plate-like parti-
cles as clay minerals [33]. In the case of the raw clays, it
can be observed how the N,-adsorbed at low relative pres-
sure is relatively low, which suggests that these materials
display low microporosity. These data are striking for the
fibrous phyllosilicates (Sep and Ata) since these clays dis-
play nanocavities, which are very efficient for retaining
small molecules such as CO, [32]. In these fibrous phyllo-
silicates, N,-adsorption values increase remarkably at a
high relative pressure. This supposes that both materials
display high macroporosity probably due to voids between
adjacent fibers. The analysis of the adsorption isotherm of
the Bent sample shows how the N, adsorption is lower
than that observed for both fibrous phyllosilicates, so it
is expected that the Bent sample shows poorer textural
properties than the other raw clays. However, the substitu-
tion of the cation located in the interlayer spacing by a
bulkier organic cation and the formation of pillared struc-
tures such as PCH lead to structures with higher porosity.
Thus, the PCH sample shows a clear increase in N,
adsorption at low relative pressures, so an increase in
microporosity is expected, probably due to the partial
delamination of the clay mineral in the pillaring step and
its subsequent calcination leading to a microporous struc-
ture due to the formation of a house-of-cards structure
[31]. This delamination also gives rise to the formation
of macroporosity, as suggested by the increase in N,
adsorption at a high relative pressure.

The estimation of the mesoporosity was carried out by
the BET equation (Table 1) [22]. BET surface area (Sppy)
values reveal how the raw clay with the highest surface area
and higher microporosity is Sep due to the presence of zeo-
litic channels. In the case of the other fibrous clays (Ata), it
can be observed how this sample displays lower meso- and
microporosities. In this sense, it has been reported in the
literature that Sep can host a higher proportion of small
molecules, such as CO,, in its zeolitic channels than Ata
[32]. The synthesis of the PCH improves textural properties
compared to its respective starting bentonite. Thus, it can be
observed how PCH displays a BET surface area of 640 m*> g’
and a pore volume of 0.828 cm’g'. In addition, the ¢-plot
data also reveals that PCH displays high microporosity than
the raw bentonite [21]. These data confirm that the incorpo-
ration of PCH promotes the formation of micro-, meso-,
and macropores.

The estimation of the pore size distribution was carried
out by the DFT method (Figure 5) [23]. This figure shows
how all raw clays display a wide pore distribution due to
the variable porosity ascribed to the voids between adjacent
particles. However, in the case of the PCH, the presence of
a narrow distribution with two maxima can be observed.
The first maximum located at 1.9 nm is probably attributed
to the microporosity generated in the synthesis of the
PCH, and a second maximum, located about 3.0 nm, is
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FIGURE 3: TEM micrographs of Bent (A), PCH (B), Sep (C), and Ata (D).
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Ficure 4: N, adsorption-desorption isotherms at -196°C of Bent,
Sep, Ata, and PCH.

ascribed to the porosity generated in the pillared process and
the delamination of the clay. This value seems to agree with
that data obtained for low-angle XRD (Figure 2).

3.4. Attenuated Total Reflectance (ATR). Both the raw clay
and the PCH obtained from the Bent sample were also char-
acterized by ATR (Figure 6(a)). The study of the -OH
stretching region, compiled in Figure 6(a), shows how the
Bent sample displays a broad band located about 3630 cm”
!, which is assigned to the AI(OH)AI stretching vibration

TaBLE 1: Textural properties of Bent, Sep, Ata, and PCH samples
estimated from N, adsorption-desorption isotherms at -196°C.

SgeT t-plot, ;. t-plot Vv

Sple gl gh gD en'g)
Bent 48 14 21 0.119
Sep 182 48 134 0.608
Ata 93 13 80 0.397
PCH 640 376 264 0.828

mode, which is typical of Al-rich smectites [34, 35]. In addition,
the presence of a small contribution close to 3700cm™ also
draws attention, which suggests the existence of pyrophyllite-
like local structural fragments [34]. In the case of the Sep sam-
ple, two bands located at 3690 and 3625cm™ are observed
[32, 36], which are assigned to -OH stretching vibration
modes coordinated with Mg** species, while the band
located at 3670 cm™ is assigned to the H,O stretching vibra-
tion mode coordinated with Mgz)r species [36].

Regarding the Ata sample, Frost et al. pointed out that
this clay mineral exhibits two bands located at 3616 and
3552 cm™, which are assigned to the -OH stretching vibra-
tion modes of Mg*" and AI’* or Fe’* species, respectively
[36]. In both fibrous clays (Sep and Ata), two other bands
located about 3400 and 3250 cm™ are attributed to the phy-
sisorbed H,O in the nanocavities [32]. The study of the PCH
sample shows how the band located about 3630 cm™ disap-
pears due to the thermal treatment in the calcination step,
causing a partial dehydroxilation of the Al-rich smectite
[21]. The absence of a band about 3740cm™ is also



Adsorption Science & Technology

— 1.2 B 12
n L £ wf
=] ST osh
g 10F | EF o6l
Tw | é’: 04l
- éi 02
g 08fF || & wbNamr=
S 1 2 3 4 s
=
E I Pore width
E 0.6 -
o -
>
g 04
[}
oy L
=
= 02|
3]
5 L
£ ool M
a
1 L 1 L 1 L 1 L 1

0 20 40 60 80 100
Pore width (nm)

—— Bent Ata
— Sep — PCH

FIGURE 5: Pore size distribution of Bent, Sep, Ata, and PCH.

noticeable, discarding the presence of silanol groups in the
SiO, pillars because the pyrolytic treatment promotes the
dehydroxylation of the silanol groups into siloxane.

The analysis of the region between 2000 and 500 cm™
(Figure 6(b)) for the Bent sample shows a broad band with
a maximum located at 1030cm™, which is assigned to
the Si-O stretching mode [37]. The band located at
918cm™ is attributed to the AL,OH bending mode, while
the shoulder located about 884cm™ is attributed to the
AIMgOH bending mode due to the partial substitution
of Al by Mg species. The small contributions located about
793 and 693 cm™ are assigned to Fe,OH and Fe-O out-of-
plane vibration modes, indicating that Fe’* must be par-
tially replacing AI’* species. Finally, the bands located at
525 and 465cm’' are assigned to Si-O-Al and Si-O-Si
bending vibrations, respectively [37].

In the case of the Sep sample, the set of bands between
1230 and 850 cm™ is assigned to the Si-O stretching mode.
In the same way, the bands located about 785cm™ and
470cm™ are assigned to the Si-O-Si symmetric stretching
vibration and Si-O-Si bending mode, respectively. The
band located at 660 cm™ is assigned to the Mg,OH bend-
ing vibration mode, while the band about 425 cm’! s
attributed to the Si-O-Mg bending vibration mode. For
the Ata sample, a band located at 515cm™ can also be
observed, to which the Si-O-Al bending vibration mode
is assigned [32, 38].

For the PCH sample, the incorporation of the SiO, pillar
causes a shift of the band ascribed to the Si-O stretching
mode to higher wavenumber values. In the same way, the
broad bands close to 975cm™ (Si-O in-plane stretching
vibration mode) and 805 and 470 cm™ (bending vibration
modes) also confirm the presence of SiO, in the form of pil-
lars [39], as suggested from XRD (Figure 2) and textural
property data (Figures 4 and 5).

Finally, a broad band at 1630cm™ is observed for all
samples. This band is assigned to the H-O-H bending mode
band, which is typical of the physisorbed H,O.

4. Adsorption Studies

From the dilution of the concentrated crude extract, a solu-
tion of ACNs with a concentration equal to 40 mg-L™" was
prepared using ultrapure water as the diluent. This solution
presented a concentration of sugars equal to 2283.7 mg-L .
The prepared volume was sufficient to carry out all
experiments.

4.1. Selection of Adsorbents. It is well-known that phyllosili-
cates are materials with high cation exchange capacity and
high adsorption capacity for organic molecules. Thus, these
adsorbents can be potential hosts to ACNs. As shown in
Figure 7, the PCH sample displays a high adsorption capac-
ity for ACNs (¢q=16.89 mgg™!), adsorbing approximately
42% of the pigments in the solution. This result did not dif-
fer statistically (P> 0.05) from that presented by the Sep
sample (16.64mgg™'), which has reached an adsorption
capacity of 41%. The lowest values were observed for the
Ata sample, which only adsorbs 27.4% of the pigments.

The results obtained for the PCH and Sep samples are
directly related to their structural properties (Table 1). For
the PCH sample, the formation of a pillared and delami-
nated adsorbent with high micro- and mesoporosity results
in a greater ACN adsorption [40, 41]. In the case of the
Sep sample, the fibrous morphology with a crystalline struc-
ture, with high specific surface area and high porosity
(Table 1), results in a high capacity for adsorption of dyes,
organic compounds, and other substances [42, 43]. On the
other hand, the smaller surface area obtained by the Bent
and Ata samples seems to be related to the lowest observed
ACN adsorption values. Thus, considering the amount of
ACNs adsorbed, the PCH and Sep samples were selected to
perform the other adsorption tests.

4.2. Influence of the Mass in the Adsorbent Test. The data
reported in Figure 8 show how the amount of adsorbed
ACNss increased proportionally with the increasing mass of
the adsorbent; however, this increase was nonlinear for the
PCH sample. The ratio between the mass of adsorbed ACNs
and the mass of adsorbent showed that, in terms of process
economy, 25mg of clay was sufficient for the effective
adsorption of ACNs, which was equal to 0.096 and
0.180 mg for Sep and PCH samples, respectively. From these
results, it was possible to evaluate the most suitable mass of
clay for the adsorption of ACNs from the cabbage extract,
which is, in general, an important result to determine the
maximum adsorption capacity and the economy of the
process.

4.3. Equilibrium Conditions for the Adsorbents. It can be
observed that adsorption of ACNs in Sep and PCH occurred
quickly after the first few minutes of the process (Supple-
mentary Information, Figure S1). For the Sep sample,
equilibrium conditions were reached after the third
minute, obtaining a relationship between the initial
concentration (C,) and the final concentration (Cf) of Cy/
C;=0.77. Using a longer adsorption time causes a slight
increase in adsorption, showing an initial to final
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FIGURE 7: Amount of ACNs adsorbed (g) in different natural and
modified clays after 3 hours of contact during the adsorbent
selection test.

concentration ratio of 0.66 after 300 minutes. For PCH, it is
noteworthy that the adsorption is more progressive. Thus,
the adsorption curve presents an intense decrease, going
from 0.46 after 3min to 0.298 at 120min, when the
equilibrium was reached. The PCH showed great potential
for adsorption, around 70.2% of ACNSs after 120 minutes
of processing. However, Sep only adsorbs 35% of the
ACNs after 300min. The obtained results from the PCH
samples are above those obtained by Lopez et al. [8], who
achieved an adsorption of about 35% of the ACNs, using a
similar initial concentration of purple cabbage (Brassica
oleracea var. Capitata) and using commercial clays as
adsorbent.

The ACN adsorption mechanism process on clays can be
explained by the behavior of the system in the solution. Pre-
vious studies have reported that the exposition of the clay
minerals to a polar solvent, such as H,O, promotes negative
electrical charges on the surface of the sheets through differ-
ent mechanisms (e.g., dissociation of groups or dissolution
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FIGURE 8: Mass of ACNs adsorbed in different amounts of Sep and
PCH.

of surface ions and uniform adsorption) [44]. As ACNs take
the form of flavylium cations in moderately acidic condi-
tions, some authors have reported that fast adsorption
should take place with the negative charges of the sheets
[45]. On the other hand, the higher adsorption capacity of
PCH compared to the Sep sample must also be attributed
to its textural properties. The presence of high microporosity
allows hosting a higher proportion of ACNs in narrow pores
due to electrostatic interactions.

4.4. Influence of the pH in the Adsorption Process. The pH is
a critical factor in the adsorption process between the ACNs
and the clays, so this parameter was monitored during the
assays. Abrupt pH changes have not been detected in the
samples containing Sep and PCH. However, a different
behavior was observed for each one. For the Sep sample,
the pH value increases slightly from the beginning
(pH=3.91) to the end (pH =4.70) when equilibrium is
reached (300 min). This increase suggests that Sep has the
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potential to retain H" species, so it can be plausible that
adsorption on sepiolite could take place between the flavy-
lium cations and the fibers, which are negatively charged
on their surface [45].

In the case of the PCH sample, the variation presents a
slight decrease, reaching a pH of 3.23 after the equilibrium
time (300min). This suggests that the adsorption process
must follow a different mechanism than that in the case of
the Sep sample. In this sense, it has previously been reported
that the decay in pH could be ascribed to the compensation
of unbalanced charges in the ACN and clay structures [8, 46].
As the pH after the adsorption process has not increased, the
presence of another type of interaction, alternative to the
ionic, is also possible. In this sense, the interaction between
the PCH and ACNs through other electrostatic interactions
in narrow micropores is also possible.

4.5. Study of the Point of Zero Charge (pHp, ). To determine
the pH of the zero charge (pHp,) point of the clays, the
pHpy, value was calculated from the difference between
the initial and final pH. Figure 9 reveals that the PCH pre-
sented its pHp, at 3.4, while the Sep sample reaches pHp,,-
at 4.0. This value indicates the pH value at which there is a
balance between the positive and negative charges on the
surface of these adsorbents. Thus, for pH values lower than
pHp . PCH and Sep present a positive surface charge, lead-
ing to a higher affinity for anionic groups. When the pH is
higher than pHy,, the surface of these clays has a negative
surface charge and therefore a higher affinity for cationic
groups. Considering that the pH of the plant extract used
in the adsorption is around 3.9, the ACNs are in the form
of flavylium cation. At this pH value, ACNs are positively
charged, while the Sep sample must be negatively charged
although this value is very close to the pI, so the Sep sample
should be barely charged at that pH value. Under these con-
ditions, the presence of ionic interactions between the ACNs
positively charged and the surface of the clay layers together
with other interactions as hydrogen bonds should be
expected [47]. In the case of the PCH sample, the adsorbent
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FiGUure 10: Percentage of ACNs desorbed in relation to the
concentration adsorbed by the PCH and Sep, modifying the
proportion of eluents (ethanol and methanol) and their
concentrations (ET60: ethanol 60%; ET80: ethanol 80%; ET90:
ethanol 90%; ETAC: acidified ethanol; MT60: methanol 60%;
MT80: methanol 80%; MT90: methanol 90%; MTAC: acidified
methanol).

is positively charged while the ACNs are also positively
charged. This should cause repulsive interactions so the
adsorption must follow another type of interaction. In this
sense, the high surface area and high micro- and mesoporos-
ity of the PCH sample should capture ACN molecules in its
porous structure [48].

4.6. Desorption Studies. For the desorption process, the best
conditions obtained in the adsorption stage were repro-
duced. Thus, the desorption data have been obtained based
on the percentages of adsorbed ACNs (ie., 70% or
28.0mg-L" in PCH and 35% or 14mg-L™" in Sep).

In the first stage, it was observed that the ACN desorp-
tion was proportional to time for both clays. Even with sim-
ilarity, the desorption of ACNs in the PCH adsorbent shows
better results in the range of time evaluated. The greatest
desorption occurred at 120 minutes, where 40% of the ACNs
was desorbed (11 mg‘L'l). Under the same conditions, 36%
of the ACNs (5.04mg-L™") of the Sep sample was desorbed.

Figure 10 shows the desorption profiles of the ACNs
using different amounts of ethanol and methanol. For the
Sep sample, the best results have been attained using ethanol
(4.97 mg L") and methanol (5.77 mg L"), at a concentration
of 80% (v/v). The Sep sample eluted with ethanol 60% pre-
sented the lowest desorption percentage (18%), while the
others presented values above 28%. For the PCH, the best
results were obtained using methanol as the eluent, in con-
centrations of 60 and 90%, which reached about 60% of
desorption (16.40 and 16.60 mg L™, respectively). In the case
of ethanol, the PCH samples showed a similar desorption
pattern, varying between 39.90% (11.17mgL™") and 42.60%
(11.92mg L. Considering that all the samples eluted with
methanol presented a desorption capacity higher than those
eluted with ethanol, PCH (60% methanol) was chosen as the
eluent, as it presented a capacity of desorption equal to



10

58.60% (16.40 mg LY. In addition, it was also observed that
the acidification of the eluent did not influence the desorp-
tion in both cases.

On the other hand, it is also noticeable that desorption is
less efficient in the case of Sep. These data suggest that the
interaction between ACNs and Sep, which must be partially
ionic, is stronger than that observed between ACNs and
PCH, despite that ACN molecules must be captured in the
porous structure.

4.7. Quantification of Sugars. Compared to the concentra-
tion of the initial solution, the solutions that remained after
the adsorption process present a high concentration of
sugars (89.56% for the Sep sample and 81.05% for the
PCH sample), showing that the clays did not adsorb a large
amount of this set of molecules. This result suggests that the
affinity of the ACNs for the adsorbent is higher and faster
than that of sugars. In this sense, sugars are also bulkier than
ACNs, which is also difficult for their adsorption. In both
clays, the solutions obtained after desorption showed a sugar
concentration of only 2% of the initial content, indicating
that the clays showed good selectivity related to ACNs. In
this sense, previous authors reported a concentration of
sugar less than 0.1% compared to their initial extract using
macroporous resins for the purification of the ACNs
extracted from purple cabbage (Brassica oleracea var. Capi-
tata) and jambolan fruit (Syzygium cumini L.) [49, 50].

4.8. Anthocyanin Identification. The UPLC-QToF analyses,
carried out in the positive ionization mode, allowed identifi-
cation of the compounds present in the purple cabbage
extract before and after the adsorption process on the clays,
as well as in the desorption. Peaks identified in the PCH
(Supplementary Information, Figure S2A) and Sep
(Supplementary Information, Figure S2B) chromatograms
were labeled according to the order of elution. In Table 2,
it is possible to find six identified compounds, their
protonated ions and their ionic fragments, as well as the
error in parts per million (ppm) and their possible
molecular formula. The extracted ACNS are listed below.

Peak 1 (rt=2.244 min) represents cyanidin-3-digluco-
side-5-glucoside, and its structure is the basis for the compo-
sition of the other ACNs, as was previously reported by
other authors [51]. Beside the position and quantity of
sugars, the bonds with phenolic acids, such as synaptic
(peaks 2 and 5), ferulic (peaks 3, 4, and 5), and coumaric
(peak 2) acids, characterized the structural difference of
ACNs. The identification of these acids in the structure
was facilitated due to the presence of their characteristic
fragments [52, 53].

All the ACNSs identified in this study are acylated and
derived from cyanidin-3-diglucoside-5-glucoside (m/z 773),
which is in agreement with other studies carried out for
other cabbage species [54-56]. This is confirmed by tandem
mass spectrometry (MS/MS) of the molecular ions having
the fragments m/z 449 or m/z 611, which represent the res-
idues of cyanidin-5-glucoside and cyanidin-3-diglucoside,
respectively [56], as well as the fragment m/z 287, which cor-
responds to cyanidin [56].
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Peak 2 (rt=3.889 min), with m/z 919, shows the frag-
ments of ions m/z 757, due to the loss of a hexose, and m/z
449 and m/z 287, which are characteristic of cyanidin [57].
The presence of these fragments indicates the possibility of
coumaric acid in the structure of the pigment; thus, the
compound was identified as cyanidin-3-(p-coumaroyl)-
diglucoside-5-glucoside [2].

Peak 3 (rt = 4.006 min) indicates the presence of two com-
pounds, which possibly coeluted. The first compound showed
m/z 979 with the presence of fragments, m/z 449 and m/z
287, and also m/z 817, referring to the loss of a glucose molecule
[58, 59]. The ANCs were identified as cyanidin-3-(sinapoyl)-
diglucoside-5-glucoside [54]. The second compound (mass
spectrum m/z 949) presents a fragment with m/z 287, common
to cyanidins, being identified as cyanidin-3-(feruloyl)-digluco-
side-5-glucoside. For peak 4 (rt=4.292 min), the ion frag-
mentation in m/z 1125 produced ions m/z 963 related to
the loss of a glucosyl residue, m/z 449 for the loss of diglu-
cosyl, and m/z 287 of the cyanidins. These fragments indi-
cated the presence of two ferulic acids in the ACN
structure, corresponding to the compound cyanidin-3-(feru-
loyl)(feruloyl)-diglucoside-5-glucoside [2, 60].

Peak 5 (rt=4.354 min) presents a mass spectrum m/z
1155. The presence of fragments m/z 993, m/z 449, and m/
z 287 is observed. This compound was identified as cyani-
din-3-(sinapoyl)(feruloyl)-diglucoside-5-glucoside, due to
the presence of synaptic and ferulic acids [59, 60].

When comparing the chromatograms of the initial, post-
adsorption, and postdesorption phases (Supplementary
Information, Figure S2A), striking differences are observed
between the intensities of the peaks in the samples.
Analyzing in terms of concentration and intensity from the
overlapping of the peaks, the compound cyanidin-3-
diglucoside-5-glucoside (rt=2.254 min) is more evident in
the postadsorption step. However, this compound is less
evident in the postdesorption phase, indicating that a low
concentration of these ACNs was adsorbed and,
consequently, recovered from the PCH.

The behavior of peak 2 (rt = 3.889 min) indicates that a
considerable amount of cyanidin-3-(p-coumaroyl)-digluco-
side-5-glucoside was adsorbed and recovered from the
PCH. This result is evidenced by the intense decrease in
the intensity of this peak from the first to the second stage,
intensifying again in the last stage.

The compounds coeluted in peak 3 (rt=4.006 min),
cyanidin-3-(sinapoyl)-diglucoside-5-glucoside and cyani-
din-3-(feruloyl)-diglucoside-5-glucoside, did not have large
amounts adsorbed, once the peak in the second stage
showed a slight decrease. However, a reduced amount of
these adsorbed ACNs was recovered since the peak is also
evidenced in the postdesorption stage.

Most of the ACNs adsorbed and recovered, possibly,
were cyanidin-3-(feruloyl)(feruloyl)-diglucoside-5-glucoside
(peak 4, rt=4.292 min) and cyanidin-3-(sinapoyl)(feru-
loyl)-diglucoside-5-glucoside (peak 5, rt =4.354 min). Both
compounds were more evident in the recovery profiles
(postdesorption stage), while in the postadsorption stage,
they were less apparent. Unlike the other compounds identi-
fied in the chromatogram, these ACNs present two organic



11

Adsorption Science & Technology

[1s]  oprsoon[3-g-aprsooniSip-(jhomudy)(jhodeurs)-¢-urprued) SOH™D 6L 6¥%/.82/€66 78TESSIT  €6IESSIT PSET S
[¢s] op1soon[3-g-apisoon[3Ip-([Aomuay) ([Lo[niay)-¢ -utprued) LoD e L8TI6VH/€96 6VIESTIT  £80€STIT 6T i
[16] ap1s0on[3-G-ap1soon[SIp-(j4o[nisy)-¢-urprue) O HD Sl L8T 0€9Z'6¥6 8T9T 676 900% €
i£3) aprsoon[3-g-aprsoon(Sip-(jhodeurs)-¢-urprued ) okt e} e L8TI6VH/LIS SYLT6L6 61LT6L6 900F 3
[7s] ap1s0on(3-g-apisoon(Sip-(jforewmod-d)-¢-urprued LoD ST L8TIGYHILSL STST616 8057616 688'¢ z
(7S] 9pIs0dN[3-G-aPIs0IN[SIP-¢ -UIpIURAD o H*H €T LSTIGVYITT9 0STTELL OFITELL ¥ST'T I
gEN| punoduro) R[MULIOJ TR[NOJ[OIA (wdd) 10117 (z/w) syuowrdery uoy v&ﬁ:umwwbv TW@E %90 (urur) 31 yead

*a8eqqes pa1 Jo PeNXd NDV U3 Ul PAYIUIPI A[QANLIUS) JO PAYIIUSPI SJUIMIISUOY) 7 ATAV],



12

acids in their structure (ferulic or synaptic). Thus, these ACNs
have a higher number of hydroxyl and carboxylic groups in
their structure, which may promote a better interaction
between the ACNs and the sheets and the SiO, pillars of the
adsorbent surface through electrostatic interactions [61].

For the Sep sample (Supplementary Information,
Figure S2B), the adsorption and desorption profiles indicated
that this clay does not present a good affinity for the
compounds referring to peaks 1, 2, and 3, since their intensity
hardly shows considerable changes between the beginning and
postadsorption stages. However, there is a lower intensity of
these peaks in the postdesorption stage, indicating that these
ACNs were recovered from the Sep sample. Regarding peaks
4 and 5, their intensities decreased from the first to the second
stage and are quite apparent in the last stage, showing that a
large part of these compounds is desorbed on the Sep sample,
and therefore, these ACNs are recovered.

5. Conclusions

Several clay minerals have been selected for the recovery and
elution of ACN’s from purple cabbage to a subsequent valori-
zation. The results obtained in this research showed that the
best conditions to adsorb ACNs were obtained using PCH as
the adsorbent, and the higher adsorption properties of this
clay were related to its higher surface area and pore volume.
The 60% methanol solution was found as the best eluent,
allowing the recovery a large amount of ACNs adsorbed on
PCH. Both the PCH and the sepiolite exhibited a high selectiv-
ity for ACNs and a low affinity for the sugars present in the
ACN crude extract, facilitating the recovery of these pigments
free of possible contaminants. The analysis of the samples by
UPLC-QToF and FTIR indicated that the profile of anthocya-
nins present in purple cabbage is composed of different cyani-
din species and that those with more than one organic acid in
their structure had a higher affinity for clay, as well as a higher
recovery rate. This research was aimed at evaluating the best
operating conditions in a simple batch process to obtain a par-
tially purified anthocyanin extract and obtain important
results, which will serve as the basis for future research based
on the application of anthocyanins and their purified form.
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Local natural clay from Sulaimani zone-Takiya (TKC), Kurdistan Region of Iraq, was characterized and used for the removal of
basic fuchsin (BF) dye from laboratory bacterial wastewater. The characterization of the adsorbent was carried out with XRD,
XRF, and FT-IR. The clay sample was dominated by vermiculite. Adsorption tests under different conditions of contact time,
pH of the solution, temperature, initial dye concentration, and adsorbent amount were performed to analyze the effect of
various experimental parameters. Equilibrium time was reached within 180 minutes, and maximum BF adsorption was
achieved at pH 6.8 at a temperature ranging from 20 to 50°C. The experimental data fitted the pseudo-second-order kinetic
model, with the activation energy of 22.68kJ-mol'. Adsorption isotherms could be well-fitted by the Langmuir isotherm
model. The thermodynamic parameters such as AG’, AH", and AS® were determined, and the negative values of AG® indicated
that adsorption was spontaneous at all temperatures. Furthermore, the values of AH® indicated an endothermic reaction.
Wastewater contaminated by BF dye from the bacterial laboratory was collected (BF concentration: 160 mg-L™") and treated by
TKC. The resulting concentration of BF after adsorption was 4.76 mg-L™". The maximum amount of dye adsorbed is about
149.2 mg/g or 0.44 mmol/g, which is close to the range of the cation exchange capacity (CEC) value of the vermiculite which

indicated that cation exchange was the dominant adsorption mechanism.

1. Introduction

Basic fuchsin (BF) is a fluorescent dye-containing mixture of
rosaniline, pararosaniline, new fuchsine, and magenta II. The
molecular formula is C;4H;,N; e HCl, and the maximum
absorption wavelength is A-max. UV-spectrophotometry is
at 546nm. BF is used for the detection of acid-fast bacilli
and is commonly used in gram staining and a mixture with
phenol for acid-fast staining of mycobacterium (tuberculosis
and leprosy) in the procedure described by Ziehl-Neelsen
[1]. Also, BF is used as a coloring agent in the industry for tex-
tile and leather materials [2].

Wastewater contaminated by BF could be released into
the environment from the sewage of the medical laboratories
or the textile and leather industry. Because of their low bio-
degradability, some of these dyes have been reported to
accumulate in surface water and sediments which may be

environmentally hazardous [3]. Repeated exposure to this
dye may cause toxicity and carcinogenic and mutagenic
effects. In addition, its effect on the nervous system like
headache, dizziness, muscle contraction, and ingestion sys-
tem may cause gastrointestinal irritation with nausea and
vomiting [4].

Various biological, chemical, and physical methods such
as biodegradation, Fenton-biological treatment scheme,
chemical oxidation, ozonolysis, filtration, ionic exchange,
photodegradation, membrane technologies, coagulation/
flocculation, and adsorption were tested for removing waste-
water dye [5]. Although these are very eflicient techniques,
most of them present several drawbacks like high cost,
incomplete elimination of the contaminants, and generation
of sludge or by-products. Biodegradation is a low-cost
method, but the bacterial strain was usually feasible for spe-
cial dyes only and toxicity also posed problems for bacteria.
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Also, a few biosorbents have been employed recently for the
removal of BF in aqueous solutions [4, 6].

There is not much research involving the use of clay min-
erals for the adsorption and removal of BF from wastewater.
However, related materials were tested such as modified red
mud [7], natural clinoptilolite modified with apolaccase [8],
and alkali-activated diatomite [9]. For these materials, the
maximum adsorption capacit?I was 333mgg’ (pH=5),
2mgg” (pH=6),and 10mg-g"' (pH = 6), respectively.

Among adsorbents such as fly ash [10], silica gel [11],
wood [12], biogas slurry [13], activated carbon, and clay mate-
rials, clay-based materials can be considered as the most abun-
dant and cheap raw materials which showed high adsorption
capacity for colored compounds in wastewater [14, 15].

Vermiculite clay minerals are naturally occurring triocta-
hedral 2:1 phyllosilicate. They possess permanent negative
charges and only partly exchangeable and hydrated interlayer
ions like Ca**, Mg2+, and Na™. Vermiculite is a natural and
modified material that was used for the adsorption and
removal of many types of textile dyes from wastewater [16].
Vermiculite adsorbed 107mgg"' of basic blue [17] and
2.2mg-g "' of pyronine Y [18]. Also, methylene blue and crystal
violet onto natural vermiculite were investigated. Maximum
dye loading was 0.083 and 0.103 mmol-L", respectively [19].
Vermiculite was also used as a composite (Agl-Bi,MoOg/ver-
miculite) for the adsorptive and photocatalytic degradation of
dyes [20]. In the present work, it was tried to test the adsorp-
tion and removal of BF from wastewater using locally available
vermiculite. The reason for using vermiculite and not smectite
is that it has a larger (negative) charge (>0.6 per formula unit),
arising mostly from the substitution of AI’* for Si** in tetrahe-
dral sites [21, 22].

The hydrophobic character is a feature of BF molecules
when occurs at a higher pH value, but at low pH values, its
hydrophilicity and solubility are enhanced because the
amino group of BF reaches the ionized state [23].

The present study is aimed at characterizing the TKC
local clay and investigating the possible use of this clay as
an efficient available and cheap adsorbent for wastewater
treatment, due to the wide usage of BF dye and its toxicity
in the wastewater.

2. Materials and Methods

2.1. Materials. Basic fuchsin (BF) is a dark green powder that
will turn red in solution. Its molecular formula is C,,H,,N,
¢ HC], and its maximum wavelength is 546 nm. Natural clay
(TKC) was used in the adsorption process for the removal of
basic fuchsin dye from wastewater.

2.2. Characterizations of Adsorbent. The chemical composi-
tion of the powdered TKC was determined by XRF with a
PANalytical Axios spectrometer (ALMELO, Netherlands).
The clay samples were prepared by mixing with a flux mate-
rial (lithium metaborate Spectroflux, Flux No. 100A, Alfa
Aesar) and melting into glass beads. The beads were ana-
lyzed by wavelength dispersive XRF. To determine loss on
ignition (LOI), 1000 mg of sample material was heated to
1030°C for 10min. XRD pattern was recorded using a
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PANalytical X’Pert PRO MPD 0-9 diffractometer (Cu-Ka«
radiation generated at 40kV and 30 mA), equipped with a
variable divergence slit (20 mm irradiated length), primary
and secondary soller, Scientific X’Celerator detector (active
length 0.59°), and a sample changer (sample diameter
28 mm). The samples were investigated from 2° to 85" 20
with a step size of 0.0167° 20 and a measuring time of 10s
per step. For specimen preparation, the top-loading tech-
nique was used. For the detailed clay mineralogical investi-
gation, a texture slide of the <2 um fraction was prepared.
15 mg per cm” clay was used to record an XRD scan. An ali-
quot of 1.5mL of suspension was deposited on the circular
(diameter = 2.4cm) ceramic tile which was 3mm thick.
The suspension was filtered through the tile using a vacuum
filter apparatus. Furthermore, the specimens were stored over-
night in an ethylene glycol (EG) atmosphere at 60°C. The clay
films were measured from 1° to 40° 20 (step size 0.03° 26, 55
per step) after cooling to room temperature, representing EG
conditions. For measuring midinfrared spectra, the KBr pellet
technique (1 mg sample/200mg KBr) was applied. Spectra
were collected on a Thermo Nicolet Nexus FTIR spectrometer
(MIR beam splitter: KBr, detector DTGS TEC). The resolution
was adjusted to 2 cm™'. Measurements were conducted before
and after drying the pellets at 150°C in a vacuum oven for 24 h.
The surface emergence and microregion adsorbent before and
after adsorption were measured using a scanning electron
microscope (SEM, S-400 N, Hitachi).

2.3. Adsorption Studies. Adsorption experiments were carried
out in batch systems to achieve the optimum operating condi-
tions for the removal of the selected dye 0.1 g of clay mixed
with 50 mL BF dye solutions of the desired concentration in
100mL polyethylene dark bottles in a thermostatic shaker
bath (GFL 1083) at the desired temperatures (20-50°C). After
5-300 min, the dispersion was centrifuged at 4000 rpm for 5
minutes to remove the clay from the solution which was spec-
troscopically investigated concerning its dye concentration. A
Cary 60 UV-Vis spectrophotometer adjusted to 546 nm was
used. The adsorption capacity (q) of the dye for each step
was calculated using the following equation:

(Co B Ce) 14

qu’ (1)

where C,and C, represent the initial and equilibrium concen-
trations (mg-L "), respectively, V is the volume of the solution
(L), and m is the mass of the adsorbent (g).

The impact of the contact time was first evaluated by
varying the contact time (0 to 300 min) at room tempera-
ture. The initial pH effect of the BF solution was investigated
in the range from 2.0 to 11.0. Different BF concentrations
(10 to 400 mg-L™") were utilized to study the impact of the
initial BF concentration. The weight of the clay was varied
from 0.025 to 0.25g.

2.4. Desorption of BF from the TKC. To conduct the desorp-
tion experiments, the adsorption procedure was carried out
using 0.1g TKC with 50mL of 150 mg-L" BF shaking for
180 minutes at 30°C. The adsorbed BF onto TKC was
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FIGURE 1: XRD pattern of random powder, air-dried, and EG saturated.

separated from the solutions and allowed to air-dry until it
had reached a constant mass. By accounting for the dye con-
centrations in the solution that remained after the treatment,
the amount of dye that had been absorbed was calculated.
Following that, 2.00 g of dry, BF-adsorbed TKC was mixed
for 1 hour with 50.0 mL of pH-adjusted water and then left
to stand for 1 hour. The amount of desorption was esti-
mated, and the concentration of BF that was leached out
was calculated. For various beginning pH ranges (2-12),
the desorption experiment was repeated.

3. Results and Discussion

3.1. Characterizations of Adsorbent. X-ray diffraction pat-
terns of TKC are shown in Figure 1 for random powder,
air-dried, and ethylene glycol (EG) saturated mounts. The
peak observed at 14.2A was almost entirely shifted to
16.3 A with EG saturated pointing towards the dominance
of vermiculite [24] because smectite would shift to higher
values. The powder pattern (randomly oriented mounts)
proved the presence of calcite 3 A, quartz 3.4 A, muscovite
9 A, and chlorite (mainly based on the (002) basal reflection
at 7.1A and the remaining intensity at 14A after EG
solvation).

The FTIR spectra of the TKC clay sample are dominated
by a trioctahedral 2: 1 clay mineral (vermiculite) as indicated
by XRD (Figure 2). The spectra at 3622 and 3420 cm ™" and
3547 cm™ ' were assigned to the OH-stretching of vermiculite
and Fe-chlorite, respectively [25, 26]. OH-bending of water
was determined by the bands at 1796 and 1637 cm™", while

the bands at 2412, 1900, 1431, and 712 cm ™" were due to cal-
cite [27]. The identification of quartz was characterized by
the doublet spectra of 792cm™' and 800cm™'. The main
spectral feature at about 1027 cm™" was related to the Si-O
stretching of all silicates present in the sample. Infrared
spectroscopy confirmed the qualitative mineral composition
determined by XRD. However, X-ray fluorescence (XRF)
was used for determining the chemical composition of
TKC, which is following XRD and IR data. The XRF values
were 46.4, 0.7, 13.3, 6.4, 0.1, 4.6, 10.6, 0.7, 2.1, 14.7, and
99.8 mass% for SiO,, TiO,, Al,O,, Fe,O;, MnO, MgO,
CaO, Na,0, K,0, LOI, and the sum of elements.

The morphological properties of TKC before and after BF
adsorption were analyzed by using scanning electron micros-
copy (SEM) which is a valuable tool for precise measurement
and analysis of very small features and the morphology of the
sample. A flake-like TKC adsorbent particle’s surface is shown
in Figure 3, both before (Figure 3(a)) and after (Figure 3(b))
BF adsorption. As can be observed in Figure 3(a), TKC has a
rough surface with pores that can be identified as dark spots.
These pores are then filled with BF dye molecules following
adsorption as shown in Figure 3(b). It was possible to see the
pores becoming blocked and the material shrinking as a result
of BF adsorption.

3.2. Adsorption Studies

3.2.1. Study the Effect of Contact Time. The study of the con-
tact time effect on the adsorption of BF dye was carried out
at different temperatures (Figure 4). The quick absorption of
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FIGURE 2: FTIR spectra of the TKC clay.

the dye can be noticed in the first 50™ minutes of the adsorp-
tion process, which is due to the presence of a high number
of empty adsorbent sites and the high affinity of solute con-
centration to the surface. The adsorption rate becomes
slower after a period (>2 hours), and equilibrium was
reached after 180 min of shaking the solution of the BF dye
and TKC adsorbent at different temperatures. A 240-
minute reaction time was used as a reference to ensure that
equilibrium was reached and approached the constant values
72.75, 72.91, 73.5, and 73.8 mg-g_1 at 20, 30, 40, and 50°C.
The rate of dye adsorption onto the interior sites of the
adsorbent particles in batch adsorption was controlled by
the adsorption of dye molecules in the bulk solution onto
the interior sites of the adsorbent particles [28].

The results (Figure 4) illustrate that increasing tempera-
ture may enhance the diffusion rate of the BF molecules from
the bulk solution to the adsorbent surface, which means that
there is a directly proportional relationship between tempera-
ture and the adsorption capacity of BF by TKC.

3.2.2. Study the Effect of the pH of the Solution. To investigate
the effect of pH on TKC adsorption capability, the study was
carried out with various initial pH levels ranging from 2 to
11. The removal efficiency (percent) and adsorption capacity
(mg-g') were shown versus the various initial pH. The
adsorption is found to be strongly reliant on the pH of the
solution, which influences the adsorbent’s surface charge,
degree of ionization, and dissociation of various functional
groups on the active sites [29]. The dye’s highest uptake occurs
at pH values greater than 4, as seen in Figure 5, which is likely
due to the hydrophobic nature of BF at higher pH values.

Therefore, all the subsequent studies were performed at
the normal pH of the dye which was 6.8. The clay, however,
is trioctahedral, and as a result, variable charge effects are
supposed to be restricted to higher pH values.

3.2.3. Point-Zero Charge (PZC) of Adsorbent. The PZC of the
clay was measured using the pH drift method (Khan and
Sarwar 2007). Series solutions of different pH were prepared
by using HCI and NaOH; 0.1 g of the TKC was added to
50 mL of each adjusted solution in a sealed vial and equili-
brated for 24 hours. The final pH was measured and plotted

against the original pH; the PZC was determined as the pH
at which the curve crossed the pH, ;.1 = PHgna line. This
point is related to the charge on the particle’s surface and
is greatly influenced by the pH’s effect on the charge on
the TKC surface. As a result, it has an impact on a wide
range of colloidal material properties, including their size
and shape, stability, electrolyte interaction, suspension rhe-
ology, and ion exchange capacity.

PZC of TKC (Figure 6) also explains the reason for the
high adsorption of BF around neutral pH. The TKC adsor-
bent surface becomes negatively charged at pH values higher
than 8.2, whereas it is within the opposite state for pH < 8.2.
Figure 5 shows that the adsorption of BF onto TKC is high-
est for PZC above 8.2, which indicates that the negative form
of TKC is responsible for adsorption in this range [30].

3.2.4. Study the Effect of Adsorbent Dosage. Applying varying
concentrations (0.025 to 0.25g) of adsorbent while main-
taining all other experimental conditions constant (50 mL
BF dye CO:ISOmg-L'l, pH=6.8, temperature=30°C, and
240 min equilibrium time shaking) was used to determine
the adsorbent dosage influence. As shown in Figure 7, the
adsorption capacity (mg-g") and removal efficiency (per-
cent) were plotted versus the clay weight dosage. When the
overall surface area of the adsorbent (the number of adsorp-
tion sites) grows, as does the amount of the adsorbent, the
percentual absorption removal of BF dye increases, until it
reaches an equilibrium to approach the constant value of
74.38 mg-g’' adsorption capacity, or 99.17% removal. As a
result, TKC is considered a more effective adsorbent when
compared to other adsorbents, such as the adsorption per-
formance of BF on alkali-activated diatomite [9] and the
use of HCl-treated malted sorghum mash [30].

3.2.5. Study the Effect of the Initial Concentration of BF Dye.
The effect of the dye’s initial concentration was investigated
in the range of 10 to 400 mg-L ™', while maintaining all other
experimental conditions constant. Figure 8 shows that there
is a direct proportion between the equilibrium adsorption
capacity (g,) and the initial dye concentration from
10mg-L" to 200mg-L™". However, the percentage removal
of dye ions decreased. The higher percentual uptake at lower



Adsorption Science & Technology

SEM MAG: 50.0 €2 | | MIRA3 TESCAN

View field: 4.15 ym D"tte(m/d/y) 12/08/22

4] ' S
SEM MAG: 50.0 kx Det: InBeam |11 MIRA3 TESCAN
WD: 5.00 mm _ 1 pym
View field: 4.15 ym

FiGURE 3: SEM of the TKC: (a) before BF adsorption; (b) after BF adsorption.
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FiGUrE 5: Effect of pH on the adsorption of 150 mg-L™" of BF on TKC at 30°C.

dye concentrations was related to the available larger surface
area of the adsorbent being for adsorption. While at a higher
concentration of dye, the percentual uptake decreased, and
this is because of the reducing number of available sites for
adsorption due to saturation of adsorption sites. At a higher
concentration of dye, the ratio of the initial number of moles
of dye to the adsorption sites available was higher, resulting
in a lower percentual removal [31].

3.2.6. Kinetic of Adsorption. The study of adsorption kinetics
is significant to explore kinetic parameters (solute uptake
rate determination and governs residence time or efficiency
for sorption) because they can provide valuable information
on the mechanism of the adsorption process. Preliminary
investigations show that the adsorption kinetics at different
temperatures increase with increasing contact time

(Figure 9). The kinetic studies further suggest that the
adsorption equilibrium was attained within about 180 min.

The two most common kinetic models, pseudo-first-
order and pseudo-second-order models, were applied for
adsorption kinetics.

(1) The Pseudo-First-Order Equation. Lagergren proposed
this equation, which is the most common kinetics equation,
and it was most significant over the initial stage of the
adsorption processes [32].

The pseudo-first-order equation describes the adsorp-
tion of solid/liquid systems given as

q: = %(1 - e_klt) .

(2)
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The linearized form is

log (9, — q,) =log q, - ) (3)

1y
2.303

where k; is the pseudo-first-order rate constant (min") of
adsorption and g, and g, are the amounts of the BF dye
(mg/g) adsorbed at equilibrium and at time ¢.

The Lagergren pseudo-first-order kinetic plots for the
adsorption of BF dye on TKC were studied at different tem-
peratures (Figure 9).

(2) The Pseudo-Second-Order. Both Ho and Mckay proposed
this model depending on the hypothesis that the adsorption
follows second-order chemisorption [33, 34].

The pseudo-second-order is assumed that the adsorption
capacity is proportional to the number of binding sites occu-
pied on the adsorbent. It is more likely to predict the behav-
ior over the whole range of adsorption and agrees with the
chemisorption mechanism being the rate-controlling step
[35]. The linear form of the pseudo-second-order model is
as follows:

1 t
—_ =t —,

4
a kg q, @

where g, is the amount of adsorption at any time (mg-g "), k,
is the rate constant of the pseudo-second-order model
(gmg-min™"), g, is the amount of adsorption equilibrium
(mg-g'l), and t is the time (min).
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FIGURE 9: Nonlinear regression plots of pseudo-first-order and pseudo-second-order kinetics for the adsorption of BF dye on TKC at

different temperatures.

The pseudo-first and second-order kinetic plots for the
adsorption of BF dye on TKC were calculated at different
temperatures as illustrated in Figure 9. Table 1 shows that
the corresponding kinetic parameters were evaluated from
nonlinear regression fittings, and the kinetic parameters
(rate constants k; and k,, correlation coefficients, and pre-
dicted (g, ) values) are presented in Table 1.

The experimental higher value of R? and lower values of
SSE are presented in Table 1 for the kinetic models. All of
the information and the results from Figure 9 and Table 1,
like the correlation coefficient values (R?), the rate constants

of the kinetic models (K, and K,), and the calculated maxi-
mum adsorption capacity (q,) from the experiment com-
pared with that obtained from the kinetics model, show
that the data were better fitted with the pseudo-second-order
model as compared to the pseudo-first-order model. The
result showed that the pseudo-second-order correlation coeffi-
cient values for BF adsorption onto TKC of R?=0.767,
0.788,0.905, and 0.983 at 293, 303, 313, and 323K, respec-
tively, while the pseudo-first-order correlation coefficient
values of R* =0.348, 0.356, 0.509, and 0.838 at 293, 303, 313,
and 323K, respectively. The experimental values (q,) of BF
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TaBLE 1: Kinetic model parameters for the adsorption of BF on TKC.

Kinetic parameters 293

149.5

Kinetic models
Gexp (mggi ' )

Temperature (K)
303
167.5

313
177.5

323
186.3

9o (mgg™) 69.83106 + 1.26091

70.54346 = 1.19893 72.05584 + 0.80815 73.00539 £ 0.26722

st k (min’l) 0.47594 + 0.02687 0.39655 + 0.05393 0.37066 + 0.07084 0.36236 + 0.07184
Pseudo 1% order N
R 0.348 0.356 0.509 0.838
SSE 163.3 148.1 67.9 7.6
Gealc (mg-g’l) 73.75046 + 0.10077 73.45156 + 0.4151 72.37468 + 0.80579 71.72428 + 0.88367
J k, (g-mg'l-min'l) 0.02653 +0.00122 0.01478 +0.00175 0.01159 +0.00223 0.01112 +0.00229
Pseudo 2" order 5
R 0.767 0.788 0.905 0.983
SSE 58.4 48.7 13.2 0.8
1/Tk
0.00305  0.0031 0.00315 0.0032 0.00325 0.0033 0.00335 0.0034 0.00345
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FI1GURre 10: Plot of LnK, versus 1/T (K) for BF on KTC adsorbent.

onto TKC were 149.5,167.5,177.5,and 186.3 g. g'1 at 293,303,
313, and 323K, respectively, which were closer to that
obtained from the pseudo-second-order kinetics model as
compared to that of the pseudo-first-order. Also, the fast-
kinetic adsorption of AFD in the first 30 minutes followed
by gradual adsorption can be seen from the rate constant from
both the pseudo-first-order and pseudo-second-order. The
value of K, and K, was determined, indicating that the faster
rate of adsorption is more directed towards that of the pseudo-
second-order.

The study of the temperature effect on the rate at which
BF is adsorbed from solution also allows for an evaluation of
the activation energy (Ea) for the sorption reaction; the Ea
can be calculated from the Arrhenius equation:

k, = Ae E/RT, (5)

The E, value was calculated from the slope of the plot of
In k, vs. 1/T (Figure 10), according to the Arrhenius equa-
tion (Equation (6)).

E

o (6)

Ink,=InA - R
RT

where E, (J-mol™), A (g-mol'1~s'1), K, (g~mol'1-s‘1), R
(8.314)-K "mol™"), and T(k) are the activation energy of
the adsorption and the Arrhenius per-exponential factor,
rate constant for pseudo-second-order, and the gas constant
and temperature, respectively.

Low activation energies (<40 kJ-mol™) indicate the phys-
ical nature of the adsorption process, while the value of E,
(>80kJ-mol ™) indicates chemisorption. In the present case,
E, was found to be (22.68 kJ-mol™") which is consistent with
physisorption [14].

3.2.7. Adsorption Isotherms. Investigating the mechanism of
the adsorption process depends on the distribution of the
adsorbate between solution and adsorbent at equilibrium
conditions when the dynamic balancing between the con-
centrations of adsorbate in bulk solution with that of the
interface is established. The data obtained from the sorption
equilibrium can be used to acquire the adsorption capacity
and certain constants whose values express the surface prop-
erties and affinity of a sorbent.

In the present study, Langmuir and Freundlich’s iso-
therm parameters were used for the interpretation of the
equilibrium adsorption data.
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TaBLE 2: Isotherm parameters for the adsorption of BF dye onto TKC adsorbent.

Isotherm models Isotherm parameters

Temperature (K)

293 303 313 323
q,, (mgg") 132.30323 +9.3445  126.75118 + 13.68696  138.08058 + 14.21631  149.16508 + 15.80561
K; (Lmg™) 0.21934 + 0.0377 0.26587 + 0.07655 0.29393 +0.07778 0.35393 + 0.08827
Langmuir R, 0.029 0.024 0.022 0.018
R? 0.977 0.935 0.947 0.951
SSE 213.2 653.6 593.4 572.5
Ky (mgg') (Lmg™') 28.52537 £4.66085  28.74579 + 5.86427 32.76571 + 5.95929 38.49453 + 6.56976
. ny 2.21404 +0.3234 2.18457 +0.39493 2.16319 +0.36822 2.11376 +0.38198
Freundlich
R? 0.910 0.876 0.884 0.863
SSE 835.6 1244.6 1297.6 1600.2

The Langmuir isotherm model assumes that monolayer
adsorption of the adsorbate over specific homogenous sites
on the adsorbent surface occurs due to the certain number
of fixed adsorption sites with equivalent properties [36].

The Langmuir isotherm can be expressed in the follow-
ing equation (Equation (7)):

qm KLCE

:7’ 7
1+K;C, @)

9.

@where g, and g, are the amounts of the adsorbate
adsorbed per unit weight of clay (mg-g') at equilibrium
and monolayer saturation, respectively, K; is the Langmuir
equilibrium constant, and C, is the concentration of the
adsorbate in solution at equilibrium (mg-L™).

The values of K; and g,, were calculated from the non-
linear regression analysis at different temperatures

(Figure 11 and Table 2). The maximum dye adsorption
capacity by TKC was found to be 149.2mgg"' or
0.44mmol-g”" at 50°C, which is close to the range of the
CEC value of the vermiculite. Therefore, the main adsorp-
tion mechanism is cation exchange which is not surprising
since the molecule is similar to other index cations that
could be adsorbed by the clay. The values of K; increased
with increasing temperature, indicating that increasing tem-
perature induced a higher maximum adsorption capacity.

The essential feature of the Langmuir isotherm can be
expressed in terms of a dimensionless factor called separa-
tion factor also called equilibrium parameter (R;) which is
shown in the following equation [37]:

1

Ri=—n—r,
1+K; G,
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TaBLE 3: Thermodynamic parameters for the adsorption of BF dye onto TKC.
-1 o -1 o -1 AG? (k]-mol’l)

Co (mgL™) AH" (i-mol) AS” (ig-mol) 293K 303K 313K 423K
50 18.59 0.09 -7.22 -8.10 -8.98 -9.86
100 15.99 0.08 -7.62 -8.43 -9.23 -10.04
where K; is the Langmuir constant and C, is the initial con-
centration of the adsorbate. The shape of the isotherm indi- 10 4 *
cates by the value of R; to be either unfavorable (R, > 1),
linear (R, =1), favorable (0<R;<1), or irreversible *
(R, =0). 8 1

The Freundlich equation is an empirical equation that
describes multilayer adsorption of the adsorbate on a hetero- T 6 - 8
geneous adsorbent surface. Equation (9) represents the line-
arized Freundlich isotherm [38]. . i

1/
QE:Kf+Cen’ (9)
2 u

@where K and n are the Freundlich constants representing B
adsorption capacity and intensity, respectively. 05 1.0 L5 2.0 25 3.0

The adsorption capacity K increased directly proportional C, (mgL™)

to increasing temperature as represented in Table 2. The magni-
tude of n values (that gives a measure of the favorability of
adsorption) between 1 and 10 (1/# less than 1) represents favor-
able adsorption. In the present study, the value of n presented
the same trend, indicating favorable adsorption [2].

Based on the high correlation coefficient R?, it has been
deduced that the Langmuir model is better fitted to the
experimental data.

3.2.8. Thermodynamic Studies. The effect of temperature on
the adsorption is important to estimate the thermodynamic
parameters such as AG’, AH®, and AS’, which are useful in
determining whether the adsorption reaction is endother-
mic or exothermic and the spontaneity of the adsorption
process.

The Gibbs free energy AG® (kJ-mol™) of adsorption was
determined from the following equation:

AG" = -RTInKec. (10)

Standard entropy change AS® (kJ-mol K !) and standard
enthalpy change AH® (kJ-mol) of the adsorption process
can be found from the van’t Hoff equation as shown as follows:

AG® = AH® — TAS’,
AS AH? (11)

InKe= 2> - 2%
MR T RT

Kc is calculated using the following equation:

Cs
Kec=—, 12
== (12)

where K, is the equilibrium constant and C; and C, are the
equilibrium concentration (mg-L'l) of the dye on the adsor-
bent and in the solution, respectively [39].

Ficure 12: Concentrations obtained for desorbed BF dye at
different initial solution pH values.

The values of the thermodynamic parameters are pre-
sented in Table 3. The negative value of AG” at all tempera-
tures indicates the feasibility and spontaneity while the
positive value of AH® substantiates the endothermic nature
of the adsorption process. Also, if the AS® value is positive,
the process would become more spontaneous on raising
the temperature [40].

The positive value of AS® indicates that some structural
changes may have taken place due to the affinity of interac-
tions of dye molecules with active groups in the clay surface;
therefore, the randomness at the solid/liquid interface dur-
ing the adsorption is increased, despite the liberate inorganic
cations from the clay causing an overall increase in entropy
analogous [14, 41].

4. Desorption Study

A desorption study was conducted by altering the starting
solution pH to examine the ability of adsorbed BF dye to
leach into the solution under various conditions. Figure 12
displays the concentrations for samples desorbed with dis-
tilled water at various medium pH levels following pread-
sorption of a mixture of synthetic dye effluents with a
concentration of 150mg-L"'. The results show that the
desorption considerably increases at pH values below 2.5
and decreases with increasing medium pH. The reason
why BF dye adsorbed on TKC is probably that BF is hydro-
phobic at higher pH values, as mentioned in the adsorption
of dye with increasing pH of the medium, confirming the
research’s results. Therefore, highly acidic media are pre-
ferred for desorption. However, the reusability of the TKC
is somewhat problematic, and further research is required.
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More importantly, desorption experiments show that the BF
dye adsorbed on the TKC adsorbent will not leach to the
environment under normal conditions.

5. Applications on Real Samples

The BF-containing wastewater samples (laboratory wastewater)
were taken from the Medical Laboratory Science (MLS) Depart-
ment of Komar University, as a true sample for the remediation
application of wastewater through the use of TKC natural clay.
The real samples include detectable (BF) with a noticeable
amount (160 mg-L'l) of BF depending on whether the used
amount of distilled water was for washing and liberating the
excess of the BF that was used in excess for coloring the bacteria
species. The pH of the wastewater (real) samples was measured
and was found in the range of 7.2-7.7. Adsorption tests were
carried out using the TKC described in the current work. The
final concentration following adsorption of BF after adsorption
onto TKC was 4.76 mg-L™". These results showed that the adsor-
bent was capable to eliminate BF from wastewater (real sam-
ples) at a rate of greater than 97%.

6. Conclusion

The surface of natural local clay (TKC) is a more effective
adsorbent for the removal of hydrophilic organic com-
pounds such as basic fuchsin dye from aqueous solution; this
is due to the electrically charged and hydrophilic character-
istics of the surface. The parameters that affected the adsorp-
tion such as pH, contact time, temperature, adsorbent dose,
and initial dye concentration were determined. The influ-
ence of the initial pH of the solution on the adsorption
showed a significant effect, and the efficient pH was obtained
at the normal pH of the BF dye (pH = 6.8). The maximum
amount of dye adsorbed is about 149.2mgg’' or
0.44 mmol-g"', which is close to the CEC value of the vermic-
ulite. Cation exchange, hence, is supposed to be the domi-
nant adsorption mechanism which is also in agreement
with the kinetic and thermodynamic results. The negative
value of AG® indicated spontaneity at study temperatures,
and the positive values of AS® show the affinity of the adsor-
bent to the adsorbate. The positive values of AH* and the
adsorption of the dye are favorably influenced by the
increase in temperature indicating the endothermic nature
of the adsorption process. Also, the sorption kinetics
followed the pseudo-second-order model. The calculated
activation energy for the adsorption is 22.68 kJ-mol ™" indicat-
ing that the adsorption falls in the range of a physisorption
process and has a low potential barrier. The results of the
present investigation indicate that TKC has a suitable
adsorption capacity for the removal of BF dye in wastewater.
These results, therefore, are of great importance for the
removal of toxic dyes from wastewater and sewage and
applied to real sample wastewater.
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In order to simulate and calculate the leaching process of ionic rare earths more realistically, a digital model of ionic rare earths
with real size, shape, seepage channel, and pore ratio and distribution at the mesoscopic scale was constructed based on nuclear
magnetic resonance imaging (NMRI) technology. And the in situ leaching mining process was simulated and calculated by using
three control equations of solution seepage, ion exchange, and solute migration. The reliability of the NMRI model was verified by
the results of the indoor column leaching experiment, and the influence of the injection intensity and leaching agent concentration
on the leaching of rare earth ions was analyzed. The results show that there are dominant seepage channels in the ore body, and
the rare earth ion exchange reaction and migration in the dominant channel area are completed first. By analyzing the leaching
results of rare earth ions under the working conditions of different injection strengths and different concentrations of leaching
agent, the results show that the injection strength and the concentration of leaching agent have an obvious promoting effect on
the leaching of rare earth ions in a certain range. The injection strength of 0.5~1.0mL/min and the concentration of

0.20~0.25 mol/L leaching agent are considered to be more economical in practical engineering.

1. Introduction

Ion-adsorbed rare earth minerals are mainly distributed
in the south of China and are named for rare earth ele-
ments adsorbed in the form of cations on the surface of
clay minerals weathered by granite or volcanic rocks.
They are unique and important rare earth minerals in
China [1, 2]. Rare earth cations adsorbed on the surface
of clay minerals undergo ion exchange reaction in strong
electrolyte solution and enter the solution [3]. Based on
this characteristic, in situ leaching technology is devel-
oped to mine such rare earth minerals [4, 5]. In the
actual promotion and application process of this technol-
ogy, key issues such as leaching cycle, leaching rare
earth concentration, and leaching efficiency have always
been the focus of technical personnel and scientific
researchers in the industry [6-8].

At present, many researchers describe the leaching pro-
cess by establishing numerical models [9-11] and study the
leaching process and mechanism by means of numerical
simulation. Sheikhzadeh et al. [12] established an unsteady
two-dimensional model of the unsaturated flow of the liquid
in the uniform spherical ore bed based on the mass conser-
vation equation of the liquid phase in the ore bed and the
particles and solved the model with the full implicit finite
difference method and obtained the influence of the periodic
permeability of water on the saturation and vertical velocity
distribution in the ore body. Liu et al. [13] established the
governing equation for the elastic deformation seepage of
ore and the governing equation for mass transfer, solved
the two governing equations through porosity coupling,
and simulated the change law of the concentration of leach-
ing agent and leaching ion in constant head leaching. Hu
et al. [14] used Kerr model, Vanselow model, and Gapon
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model to describe the solid-phase rare earth ion exchange
process; analyzed the error between the calculated value
and the test value under those three models; and proposed
the suggestion of using Kerr model to describe the solid-
phase rare earth ion exchange process. Long et al. [15] used
the convective dispersion equation to describe the solute
transport process in the one-dimensional column leaching
test of ionic rare earth and analyzed the influence of different
concentrations of leaching agents on the leaching rate of rare
earth. Wu et al. [16, 17] established a fully coupled flow-
reaction-deformation-mass transfer model in the leaching
process on the basis of the original results, considering the
deformation factors of ore in the leaching process, and stud-
ied the distribution of porosity, saturation, leaching agent
concentration, and leached ore concentration in the ore pile
under the condition of one-dimensional fixed spray and
fixed water head. Based on the mass conservation of fluid
and solute, combined with the influence of consolidation effect
on soil mass, Tan [18] established a coupled numerical model
of seepage-reaction-stress of ionic type rare earth in situ leach-
ing and studied the distribution and space-time evolution of
seepage field, stress field, and concentration field under differ-
ent injection pressure, axial pressure, and confining pressure
factors during column leaching, respectively.

Most of the previous studies treated ore bodies as homo-
geneous porous media without considering the influence of
the nonuniformity of particle size and the disorder of parti-
cle distribution on the seepage flow of rare earth ore bodies
[19-21]. With the development of testing technology, more
and more researchers try to use NMRI, CT, and other tech-
nologies to study the internal pore structure of ore bodies.
Ma et al. [22, 23] used CT technology to collect pore images
of ore and rock granular media and found that the porosity
of ore and rock media in heap leaching system had spatial
and temporal variability. Li et al. [24] established the ore
body pore model of different layers of ion-type rare earth
ore through CT scanning technology and analyzed the influ-
ence of ion-type rare earth cavity process on the ore body
pore network. Yang et al. [25] explored the microstructure
change rule of ion-type rare earth ore body during leaching
by NMRI technology and analyzed the influence of leaching
agent pH on the leaching rule of ion-type rare earth.

In order to reflect the real seepage channel and the process
of complex ion exchange and migration in the rare earth ore
body, this paper constructed the seepage channel in rare earth
ore body by NMRI technology and established a numerical
model of seepage-exchange-migration in situ leaching of ionic
rare earth on the basis of Navier-Stokes equation, exchange
reaction equation, and convection-diffusion equation. COM-
SOL Multiphysics multiphysical field coupling software was
used to study the seepage-exchange-migration evolution law
in the leaching process under different injection strengths and
leaching agent concentrations and analyze the effect of this
law on the leaching of rare earth ions.

2. Theory and Model

In the process of ionic rare earth in situ leaching, the leach-
ing agent enters the interior of the ore body through the lig-
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uid injection hole and reacts with the rare earth ions
adsorbed on the surface of the ore body to make them parse
and leach out along with the seepage process [26, 27]. As
shown in Figure 1, according to the ionic rare earth leaching
kinetics of related research [28, 29], ionic rare earth leaching
process, the leaching agent (taking magnesium sulphate
solution as an example) first contacts with the liquid film
layer on the surface of the rare earth ore particles. The mag-
nesium ions in the leaching agent contact with the surface of
the mineral particles through diffusion (liquid film diffusion)
and then exchange with the rare earth ions on the surface of
the ore body particles. After the ion exchange reaction
between rare earth ions and magnesium ions, rare earth ions
are resolved from the surface of the ore body, while magne-
sium ions are adsorbed to the particle surface of the ore body
(ion exchange reaction). In the process of exchange reaction,
magnesium ions can reach the surface of rare earth ion
adsorption only through diffusion through the solid film
layer of magnesium ion adsorption, and ion exchange reac-
tion occurs with the adsorbed rare earth ions (solid film dif-
fusion). The exchange rare earth ions enter the leaching
agent by diffusion and exude the ore body with the leaching
agent, so that the leaching process of rare earth ions is
completed.

From this point of view, the efficient leaching of rare
earth ions is not only related to the seepage of leaching agent
and ion migration but also closely related to the ion
exchange reaction on the particle surface of ore body. There-
fore, the leaching process of rare earth ions can be regarded
as a coupling process of seepage, exchange reaction, and ion
migration.

2.1. Flow Control Equation. Assuming that the leaching
agent is incompressible, its flow process in the pores of the
ore body can be described by the Navier-Stokes equation
[30], and the continuity equation is as follows:

Veu =0, (1)

where u is the velocity vector of the fluid (m/s). The equa-
tion of motion is as follows:

p[% + (u-V)u} = Ve [—p1+ u(Vu)+ (V)| +F,  (2)

where p is fluid pressure (Pa); p is the fluid density (kg/m’);
u is hydrodynamic viscosity; I is a unit tensor; ¢ is time (s);
and F is the volume force vector (N/m®).

2.2. Ion Exchange Governing Equations. When the leaching
agent flows in the pore, it also exchanges with rare earth ions
adsorbed on the particle surface of the ore body [31]. It is
assumed that rare earth ions adsorbed on the particle surface
of the ore body transfer along the tangential direction of the
surface, and this process can be described by Fick’s law:

N;;=-D;Vc (3)

where N ; is the surface molar flux, mol/(mes); D,; is the
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FIGURE 1: Schematic diagram of the rare earth ion exchange
reaction.

surface diffusion coefficient of the substance i (m?/s); and c,;
is the concentration of surface material i (mol/m?). The gov-
erning equation of each substance concentration on the par-
ticle surface of the ore body is as follows:

oc,;
a;’l ==V,oNy; + R, (4)

where R; is the sum of source terms caused by surface reac-
tion and adsorption analytical phenomenon (mol/ (m?es)).

2.3. Solute Transport Governing Equation. After the
exchange reaction, the rare earth ions enter the leaching
agent and migrate in the ore body with the seepage process
[32]. Considering convection and diffusion, the migration
process of rare earth ions with leaching agent between pores
of the ore body can be described by the convection-diffusion
equation:

dc.
a_ctl + ueVc¢; = Ri+VeD,Vc;, (5)

where ¢; is the concentration of substance i (mol/m®); D; is
the diffusion coefficient of the substance i (m?/s); R, is the
reaction rate of the substance i (mol/(m®es)); and u is the
velocity vector of the fluid (m/s).

3. Model Establishment and
Reliability Verification

3.1. Model Establishment. In the process of in situ leaching of
ionic rare earth, the leaching agent fills the pores inside the
ore body. The principle of magnetic resonance imaging is
the resonance phenomenon of hydrogen protons under the
action of strong magnetic field. The magnetic resonance
imaging is obtained by data reconstruction of resonance tra-
jectory data. In addition, the nuclear magnetic resonance test
has the advantages of simple operation and accurate data,
which provides convenience for the imaging of ion-type rare
earth pore seepage channels in saturated state. The test sam-
ples on this paper were collected from an ionic rare earth

mining area in Longnan County, Ganzhou City, Jiangxi
Province. As shown in Figure 2, in order to obtain a more
real internal pore structure of ionic rare earth ore body, in
situ leaching stope, Luoyang shovel was used to dig to the
bottom of the topsoil layer, a transparent acrylic pipe with
a length of 300 mm and a diameter of 42 mm was driven into
the ore body, and the tube body was drawn out to obtain a
section of undisturbed ore body. A section of cylindrical
sample with a height of 100mm was intercepted, part of
mineral soil at both ends of the sample was removed, and
permeable stone was inserted to seal both ends of the sam-
ple. The samples were saturated with water for 48 h, so that
the pores of the cylindrical sample will be filled with water.
In order to eliminate the disturbance caused by sample
interception and closed treatment, a nuclear magnetic reso-
nance instrument (manufacturer: Suzhou Niumai Analytical
Instrument Production Co., LTD., model: MesomR23-
060H-I) was used to scan and image the 60 mm length of
the sample in the middle of the sample in the axial direction.
In the gray scale map of pore imaging generated, the higher
the water content of ore samples, the stronger the NMR sig-
nal, and the brighter the pixels displayed in the image [33].
In order to reflect the characteristics of mineral soil aggre-
gate structure, Mimics image control software was used to
perform light source correction, image segmentation, filter-
ing, and denoising on the image to digitize the solid phase
skeleton and pore channels [34] and generate a two-
dimensional geometric model of 42 mm x 60 mm (hereinaf-
ter referred to as the NMRI model).

The upper and lower boundaries of the model are inlet
and outlet boundaries, respectively, and the left and right
boundaries are flux-free boundaries. The wall of the seepage
channel is the “surface region,” and the leaching agent
exchanges with the rare earth ion adsorbent on the “surface
region.” It is assumed that only the rare earth ions repre-
sented by yttrium (Y) element are uniformly distributed on
the surface region, with a concentration of 0.12mol/m?.
Studies on the leaching kinetics of in situ leaching show that
[35, 36] mineral ion leaching is a process controlled by sur-
face reaction, which is mainly affected by the exchange rate
of leaching agent cation and mineral cation in leaching
agent. In this study, magnesium sulphate solution is consid-
ered a leaching agent [37], and the chemical reaction equa-
tion between magnesium ion and rare earth ion can be
expressed as follows:

[AL(Si,04)(OH)] - 2nRE**(s)
+3nMg** (aq) = [A1,(Si,0,0)(OH),] . 3nMg** (s)
+2nRE* (aq)

(6)

According to the above chemical reaction equation, the
related exchange reaction rate, diffusion coefficient, and dis-
persion coefficient were calculated by the “reaction engineer-
ing” interface in COMSOL Multiphysics multiphysical
coupling software. The model was imported into that soft-
ware for coupling solution of the above governing equations.
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FIGURE 2: Construction steps of the NMRI model.
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FiGUure 3: NMRI model and uniform model.

3.2. Test Method. In this study, the conditions of leaching
agent concentration of 0.25mol/L and injection strength of
1.0mL/min were selected, and the wuniform two-
dimensional geometric model (hereinafter referred to as
the uniform model) and the results of laboratory experiment
were used for comparison with the NMRI model for
validation.

As shown in Figure 3, it is assumed that the porosity of
the uniform model is consistent with that of the unchanged
ore sample measured in the laboratory test to be 0.37, and
the particle diameter is 1.985 mm, and it is uniformly dis-
tributed in the model of 42 mm x 60 mm. The initial and
boundary conditions are consistent with the NMRI model.

As shown in Figure 4, the ore sample selected for the
indoor leaching test is the ore sample in the same interception
section of nuclear magnetic imaging, and the leaching mother
liquor is collected at the outlet end, and the content of rare
earth ions in the mother liquor is measured by EDTA volu-
metric method (measured every 10 min and recorded) [38].

3.3. Verification of Simulation Results. Figure 5 shows the
comparison between experimental results and simulation
results of the average concentration of leached rare earth
ions (hereinafter referred to as leaching concentration)
changing with time under the condition of injection strength
1.0 mL/min and leaching agent concentration 0.25 mol/L. It
can be seen from the figure that the change of leaching con-
centration over time in the NMRI model is similar to that in
the laboratory test: the leaching agent has not reached the
outlet at the initial stage of liquid injection, and the leaching
concentration remains at a low level. When the leaching
agent flows out from the outlet, the leaching concentration
gradually reaches the peak, and the peak leaching concentra-
tions under the NMRI model and the laboratory experiment
are 9.1g/L and 7.8g/L, respectively. With the continuous
infusion, the leaching concentration continued to decrease

and gradually approached 0.0g/L. At the same time, the
decrease of rare earth ion concentration on the surface of
ore body leads to the slowdown of chemical reaction rate,
and the change rate of leaching rare earth ion concentration
gradually decreases. According to the change of leaching
concentration with time, the leaching process of the NMRI
model and laboratory test can be divided into initial stage,
ascending stage, peak stage, descending stage, and trailing
stage. However, the variation of the average concentration
of leached rare earth ions under the uniform model is quite
different from that of the former two models. The difference
is shown in the rising stage. The difference is shown in that
the leaching concentration rises rapidly to the peak value of
13.1g/L in a short time, during which there is a period of
slow decline, and then enters a sharp descent process (the
leaching concentration plummets to 0.0 g/L). The leaching
process of the uniform model can be summarized as initial
stage, ascending stage, peak stage, slow descent stage, and
sharp descent stage.

Figure 6 shows the steady-state flow field cloud images of
the uniform model and the NMRI model. In the uniform
model, the distribution of the flow field around a single par-
ticle shows a certain regularity: the flow velocity on the left
and right sides of the particle is larger, and the flow velocity
at the smaller channel width is larger, and the maximum
flow velocity can reach 6 x 107 m/s. The velocity at the
upper and lower ends of the particle is very small, with the
lowest velocity close to 0m/s. The flow field in the NMRI
model is more complex than that in the uniform model.
On the whole, there is a dominant channel near the middle
line in the vertical direction of the geometric model, which
is divided into two tributaries from top to bottom. The flow
velocity in the dominant channel area is larger than that in
the nondominant channel area, and the maximum flow
velocity can reach 6 x 107 m/s. The distribution of the flow
field around a single particle is irregular, and the velocity at
different locations is different.

Figure 7 shows the distribution cloud of rare earth ion
concentration of the uniform model and the NMRI model
at different times. In the uniform model, the particle size is
small and the distribution is uniform, the leaching agent per-
colates uniformly downward in the pore, and the degree of
rare earth ion exchange reaction is the same at the same level
height, making the exchange reaction mainly concentrated
in 25-170 min. However, the particle size and particle distri-
bution of the NMRI model are nonuniform, and the flow
field is more complex than that of the uniform model, which
is similar to the seepage situation of ion-type rare earth min-
erals under real conditions. The exchange reaction in the
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dominant channel region occurred preferentially than that
in the nondominant channel, and the exchange reaction
lasted from 11 to 270 min. Therefore, the nonuniform model
can reflect the exchange and migration of rare earth ions
during in situ leaching to a certain extent.

4. Results and Discussion

4.1. Effect of Injection Strength on Leaching of Rare Earth
Ions. In order to deeply understand the influence of the
injection intensity on the leaching of rare earth ions, this
study adopts the NMRI model and keeps the leaching agent
concentration of 0.2 mol/L constant. The seepage-exchange-
migration process of saturated leaching ore under different
injection intensities (0.2 mL/min, 0.5mL/min, 1.0 mL/min,
and 2.0 mL/min) was studied.

Figure 8 shows the steady flow field cloud diagram under
different injection intensities. With the increase of injection
strength, the difference of flow velocity between dominant
channel area and nondominant channel area is more obvi-
ous, and the maximum flow velocity is 1.3 x 10~ m/s, 3.2
x 107 m/s, 6.5x 10* m/s, and 1.3 x 10~ m/s, respectively.
As the flow rate in the dominant channel is greater than that
in the nondominant channel, the leaching agent passing
quantity in the dominant channel is greater than that in
the nondominant channel in unit time. The flow velocity
in the nondominant region is smaller than that in the dom-
inant region, and increasing the injection intensity has lim-
ited effect on the flow velocity in the nondominant region,
so the flow velocity change in this region is not obvious.

As shown in Figure 9, when the injection intensity is
0.2 mL/min, the peak leaching concentration is 8.9 g/L; when
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the injection intensity increases to 0.5 mL/min, 1.0 mL/min,
and 2.0 mL/min, the peak leaching concentration is 8.3 g/L,
7.8 g/L, and 7.3 g/L, respectively. This indicates that the peak
concentration decreases with the increase of injection
strength. At the same time, with the increase of liquid injec-
tion intensity, the corresponding time of peak concentration
is t =400 min, ¢ = 165 min/t = 80 min, and t = 38 min, and
the leaching concentration curve moves forward as a whole,
indicating that increasing the liquid injection intensity can
accelerate the whole leaching process to a certain extent, to
shorten the leaching cycle.

Taking the time corresponding to the peak concentra-
tion of 5% in the initial stage, corresponding to the peak
concentration of 50% in the rising stage, corresponding to
the peak concentration in the peak stage, corresponding to
the peak concentration of 50% in the falling stage, and cor-
responding to the peak concentration of 20% in the trailing
stage as the representative times of the corresponding stages
(as shown in Figure 10), Figure 11 shows the distribution
cloud diagram of leached rare earth ion concentration at
each stage under different injection intensities. In the initial
stage, the exchange reactions are mainly concentrated in the
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middle and upper part of the model. The surface reactions at
the inlet end and the upper dominant channel are com-
pleted, and the rare earth ions migrate toward the outlet
end with the leaching agent, so the concentration of rare
earth ions there is low. In this stage, the replaced rare earth
ions are mainly distributed in the upper nondominant chan-
nel and the middle dominant channel. The flow rate of the
leaching agent in the nondominant channel is low, and the
transport speed of leached rare earth ions in this region is
less than that in the dominant channel, so the concentration
of rare earth ions in the nondominant channel is higher at
the same height at this stage. When the injection intensity
increases, more leaching agents exchange reaction with the
ore body in unit time, and the highest rare earth ion concen-
tration in the upper nondominant channel also rises. Rising
phase exchange reaction is mainly concentrated in the cen-
tral model; the rare earth ions are mainly distributed in part
of advantage channels and the upper advantage in the area;

this phase is an obvious advantage bigger than the channel,
and the rare earth ion migration velocity of nondominant
channel, rare earth ions in the nondominant channel, and
highest concentration increase with liquid injection strength
and rise. The exchange reactions in the peak stage are mainly
concentrated in the middle and lower part of the model, and
the rare earth ions are mainly distributed in the lower dom-
inant channel and the middle and lower nondominant chan-
nel regions. When the injection intensity increases, the
highest leached rare earth concentration in the middle non-
dominant channel increases, while the rare earth ion con-
centration in the lower region decreases. This is also
mutually verified with the phenomenon that the peak leach-
ing concentration decreases with the increase of injection
strength. The exchange reactions in the descending stage
and trailing stage are mainly on the left and right sides of
the lower part of the model, and rare earth ions are mainly
distributed in the lower nondominant channel region. When
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the injection intensity increases, the overall concentration of
rare earth jons in the middle and lower nondominant chan-
nel regions increases. It is obvious that the increase of injec-
tion intensity can promote the exchange reaction, and the
rare earth ions in the nondominant channel region can be
replaced more effectively. Convection in the dominant chan-
nel plays a dominant role in the migration of rare earth ions,
while convection in the nondominant region has a relatively
small effect on the migration of rare earth ions. Therefore,
the migration velocity of rare earth ions in the dominant
channel is greater than that in the nondominant region.

Figure 12 shows the total amount of leached rare earth
ions and the total amount of magnesium sulphate under dif-
ferent injection strengths. It can be found from the figure
that the total amount of magnesium sulphate (hereinafter
referred to as the total amount) has a linear relationship with
the intensity of the injection liquid, and the total amount of
leached rare earth ions increases with the increase of the
intensity of the injection liquid. Compared with 0.2mL/
min, the total dosage of 0.5mL/min was increased by
150%, and the total amount of leached rare earth ions (here-
inafter referred to as the total amount of leached) was



Adsorption Science & Technology 11
1150 . . . . 04 ~
ey o
£ 1118.63 I g
§ 1103.21 2
2 1100 ~ -03 &
« 1085.32 =
g 0.245 z
g
S 1050 0.175 02 ¢
QL o
= 0.140 g
o L
— N
g S
S 10001 98038 L01 E
]
<
: .
© 0.070 =
= bS]
950 T T T T 0.0 =
0.1 02 025 0.35

Leaching agent concentration (mol/L)

Total amount of leached RE** ions
The total amount of magnesium sulphate

FiGURE 15: The total amount of leached RE*" ions and the total amount of magnesium sulphate under different leaching agent

concentrations.

increased by 8.9%; the total amount of 1.0mL/min was
increased by 100% compared with 0.5 mL/min, and the total
amount of leaching was increased by 2.9%. Compared with
1.0 mL/min, the total dosage of 2.0 mL/min was increased
by 100%, and the total leaching amount was increased by
1.5%. The increase of the total leaching amount decreased
with the increase of the injection liquid intensity (i.e., the
total dosage of magnesium sulphate). Combined with the
analysis of the influence of liquid injection intensity on the
flow velocity, it indicates that the limited effect of increasing
liquid injection intensity on the flow velocity in the non-
dominant channel leads to the limited effect of increasing
liquid injection intensity on the promotion of ion exchange
reaction in the region.

Therefore, it is obvious that the influence of liquid injec-
tion intensity on leaching of rare earth ions is mainly
reflected in the following aspects: with the increase of liquid
injection intensity, the flow rate of all parts of the seepage
channel increases accordingly, and more leaching agents
enter the ore body and react with rare earth ions within a
unit time, which accelerates the migration velocity of leach-
ing rare earth ions and accelerates the whole leaching pro-
cess. Moreover, the increase of the flow rate in the
nondominant channel promotes the rare earth ion exchange
reaction in this region. Due to the limitation of its promot-
ing effect, the total amount of leached rare earth ions does
not have a linear relationship with the injection intensity,
but the growth rate decreases with the increase of the injec-
tion intensity. Based on the above analysis, after comprehen-
sive consideration of factors such as leaching period, leached
rare earth ion concentration, and total amount of magne-
sium sulphate, it is concluded that under this model, the
injection intensity of 0.5~1.0 mL/min is more economical.

4.2. Influence of Leaching Agent Concentration on Rare Earth
Ion Leaching. In order to deeply understand the influence of
leaching agent on the leaching of rare earth ions, the NMRI
model was used in this study. By controlling the injection

strength of 0.5mL/min, the seepage-exchange-migration
process of saturated leaching under different leaching agents
(0.10mol/L, 0.20mol/L, 0.25mol/L, and 0.35mol/L) was
studied.

It is clear from Figure 13 that when the leaching agent
concentration is 0.10 mol/L, the peak leaching concentration
is 4.8g/L, and when the injection intensity increases to
0.20mol/L, 0.25mol/L, and 0.35mol/L, the peak leaching
concentration is 8.3g/L, 9.7¢/L, and 12.0 g/L, respectively.
It indicates that the peak concentration increases with the
increase of leaching agent concentration. Meanwhile, with
the increase of leaching agent concentration, the corre-
sponding time of peak concentration is =208 min, =
165 min, t=159 min, and =142 min, and the leaching
concentration curves are basically in the same position, indi-
cating that the acceleration effect of increasing leaching
agent concentration on the whole leaching process is very
limited, and the leaching cycle is basically unchanged.

The information given by Figure 14 is about the distribu-
tion cloud diagram of leaching rare earth ion concentration
in each stage under different leaching agent concentrations.
The representative time selected at the corresponding stage
in the leaching process in the figure is as described in Section
4.1. On the whole, in the concentration of ore leaching
reagents, the migration process of rare earth ions is roughly
the same, and the main distribution area of rare earth ions is
roughly the same as well. The difference is that the concen-
tration of rare earth ions in the same distribution area in
each stage increases with the increase of leaching agent,
and the concentration of rare earth ions in the dominant
channel and nondominant channel increases accordingly.
This is because the increase of leaching agent concentration
accelerates the exchange reaction rate, and more rare earth
ions are leached per unit time, indicating that the increase
of leaching agent concentration can promote the ion
exchange reaction in all regions.

Figure 15 demonstrates the total amount of leached rare
earth ions and the total amount of magnesium sulphate
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under different leaching agent concentrations. As shown in
the figure, the total dosage is linearly related to the injection
strength, and the total amount of leached rare earth ions
increases with the increase of the injection strength. The
total amount of 0.20 mol/L increased by 100% compared
with 0.10 mol/L, and the total amount of leaching increased
by 10.7%. Compared with 0.20mol/L, the total dosage of
0.25 mol/L increased by 25%, and the total leaching amount
increased by 1.6%. Compared with the total dosage of
0.25 mol/L, 0.35 mol/L increased by 40%, and the total leach-
ing amount increased by 1.4%. The increase of the total
leaching amount decreased with the increase of leaching
agent concentration (i.e., the total dosage of magnesium sul-
phate). Therefore, the promoting effect of leaching agent
concentration on ion-exchange reaction in all regions is
limited.

Therefore, the influence of leaching agent concentration
on rare earth ion leaching is mainly reflected in when the
concentration of leaching agent increases, the ion exchange
reaction rate increases accordingly, and more rare earth ions
are replaced into the leaching agent per unit time. However,
the promoting effect of leaching agent concentration on ion
exchange reaction is also limited. Based on the above analy-
sis, after comprehensive consideration of factors such as
leaching cycle, leaching rare earth ion concentration, and
total magnesium sulphate consumption, it is concluded that
under this model, the leaching agent concentration of
0.20~0.25 mol/L is more economical.

5. Conclusion

In this study, the three governing equations of solution seep-
age, ion exchange, and solute migration of ionic rare earth in
situ leaching ore were used to construct a meso-ore body
seepage channel model by using NMRI technology, and
the reliability of the model was verified by indoor column
leaching experiment. On this basis, the effects of injection
strength and leaching agent concentration on the leaching
of rare earth ions were discussed. The main conclusions
are as follows:

(1) This model can simulate the internal seepage of ionic
rare earth ore bodies at mesoscale. The internal seep-
age of ionic rare earth ore bodies at the mesoscale is
more complex, and the flow field distribution is
irregular, and there are dominant channels

(2) At the mesoscale, the ion exchange reaction in the
dominant channel is completed preferentially than
that in the nondominant channel region, and the
migration of rare earth ions in the dominant channel
with leaching agent is more affected by convection,
and its migration velocity is greater than that in the
nondominant channel region

(3) Increasing the injection strength and leaching agent
concentration can promote the exchange and migra-
tion of rare earth ions. Based on the limitation of the
promotion effect, the injection strength of
0.5~1.0mL/min and the concentration of

Adsorption Science & Technology

0.20~0.25 mol/L leaching agent are considered to be
more economical in practical engineering
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The adsorption of As(V), Pb(II), Cd(II), and Cr(III) ions from aqueous solutions on natural and modified chabazite was studied.
The functionalization of chabazite was performed via a protonation and calcination with the aim of generating Lewis acid sites to
improve its anion exchange properties. The surface and physicochemical properties of both adsorbents were studied and
compared. The adsorption isotherms of tested heavy metal ions were quantified and modeled to identify the best isotherm
equation. Steric parameters for the adsorption of these ions were also calculated with a monolayer statistical physics model.
Natural chabazite showed the maximum adsorption capacity for Pb(II), while the modified zeolite improved its As(V)
properties in 79%. These results showed that the modified zeolite was able to remove both cations and anions from aqueous
solution. The application of this functionalized chabazite can be extended for the removal of other anionic pollutants from

water, thus opening the possibility of preparing new adsorbents with tailored properties for water treatment.

1. Introduction

Heavy metal pollution is a relevant environmental problem
worldwide due to its significant potential hazard to ecosys-
tems and human health [1]. In particular, heavy metals
dissolved in aqueous media are priority in terms of environ-
mental protection because they are more toxic than the
atomic form [2]. These soluble heavy metals include arsenic
(As), lead (Pb), cadmium (Cd), and chromium (Cr), which
are nonbiodegradable and have no physiological function.
They have been reported as hazardous pollutants due to
their toxicological profile, high solubility, environmental

persistence, and accumulation into the food chain [3, 4].
Therefore, these dissolved heavy metals are classified as
potentially toxic elements (PTEs).

According to the International Agency for Research on
Cancer (IARC), these PTEs are also considered as carcino-
genic [5] where their main exposure routes are the inhala-
tion of contaminated air, skin absorption, and ingestion of
polluted food or water [6-9]. Consequently, it is necessary
to develop cost-effective and sustainable methods and mate-
rials to reduce the concentrations of these toxic species from
polluted water and industrial effluents [10]. Nowadays, the
adsorption is a simple and reliable technique for water and
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wastewater treatment where its success mainly depends on
the preparation of an effective adsorbent [11]. The most
used adsorbents are activated carbons, zeolites, silica gel,
activated alumina, and biochar [12-15].

Natural zeolites offer several advantages for water treat-
ment. They are low-cost minerals present in various parts
of the world, have pore sizes < 20 A, and, consequently, are
capable of adsorbing or rejecting molecules, which make
them suitable as molecular sieves [16]. Zeolites also adjust
the pH of the media, and their application usually does not
generate additional environmental pollution [17].

In terms of chemical composition, zeolites are alumino-
silicates with a structure consisting of a tetrahedral arrange-
ment of silicon (Si**) and aluminum (AI**) cations with four
oxygen anions (O”") at the vertices. This composition gener-
ates a three-dimensional framework containing SiO, and
AlO, tetrahedral building blocks with permanent negative
charges [18], which are balanced by monovalent or divalent
counterions (e.g., alkaline or alkaline earth metals) that have
the capability of acting as adsorption sites [19]. The adsorp-
tion process is controlled by the zeolite properties like ion
exchange capacity and selectivity [20].

Chabazite is a zeolite used worldwide due its high surface
area and physicochemical properties as ion exchanger
[21-23]. Its framework has units of six double rings (D6R)
interconnected through 4 rings, forming a 3-dimensional
channel system that presents large ellipsoidal cavities with
apertures consisting of 8 rings with a diameter of 3.8 A in
the cation-free condition [24, 25].

Natural chabazite can adsorb cationic species due to its
negative charge. Different studies have reported the removal
of different cations using this zeolite, thus obtaining a max-
imum adsorption capacity of 175mg/g of Pb(II) [26];
120mg/g of Cd(Il) [27]; 4.5mg/g of Ni(Il) [28]; 4.2-
8.9mg/g of Cu(Il), Co(Il), Zn(II), and Mg(II) [29]; and 30-
45mg/g of NHj [30, 31]. It has been established that its
adsorption properties to remove cationic species in water
treatment follow the next selectivity: Cs* > NHj > K" >
Pb** > Nat > Ba** > Cd*" > Sr** > Cu?* > Zn** [32].

On the other hand, the chabazite can be tailored via dif-
ferent processes to improve its adsorption performance for
the removal of organic molecules and negatively charged
species. For example, this material can be synthetized from
urban wastes like cement and used to adsorb 129 mg/g of
methylene blue [33]. This zeolite with the incorporation of
copper was also able to adsorb NOx where the results
showed that Cu-CHA catalysts prepared with a conventional
wet ion exchange method outperformed the NOx conversion
obtained with samples prepared via chemical vapor deposition
and solid-state ion exchange [34]. A chemical treatment based
on hexadecyltrimethylammonium bromide (HDTMA-Br)
helped to change the external surface of this zeolite from neg-
ative to positive, thus being able to adsorb 26 mg/g of Cr, 03
[35], 6.9 mg/g of AsO;", and 3.3 mg/g of PO;™ [36].

A straightforward modification process to improve the
properties of zeolites relies on the decationation using differ-
ent interchange ions like NH,CI, NaCl, or Cu(NO,), with
the subsequent calcination at >450°C. This approach has
been used to modify the surface properties of zeolites with
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the aim of removing anions in aqueous solution. Some
examples are the removal of fluoride using clinoptilolite with
a maximum adsorption capacity of 12.3 mg/g [37], the gaso-
line desulfurization employing 5A and 13X zeolites with a
removal of 16.7mg/g [38], and the nitrite removal from
wastewater [39]. The superficial zeolite modification using
NH,CI and a subsequent thermal treatment have been uti-
lized to tailor synthetic chabazites for the thermal degrada-
tion of high-density polyethylene to low molecular mass
hydrocarbons [40] and the adsorption of ethane (41 mg/g)
and propane (81 mg/g) [41]. This material had been also
employed as a catalyst in the methanol to olefins reaction
(forming polyaromatic coke species) [42]. However, this
approach has not been applied to improve the chabazite
properties for the adsorption of anionic pollutants from
water. Also, its impact on the cation adsorption properties
of natural zeolites has not been analyzed in detail.

The aim of this study was to develop an effective and
low-cost protocol to tailor the surface properties of the cha-
bazite for the improvement of the adsorption of anionic spe-
cies. This method was based on the decationation with
NH,CI and protonation and subsequent calcination of natu-
ral chabazite. Results showed that this functionalization
route was successful to generate Lewis acid sites (LAS) on
this zeolite, thus increasing its anion adsorption properties.
The performance of natural and modified zeolites was tested
on the removal of As(V), Pb(II), Cd(II), and Cr(III) ions.
The adsorption isotherms were correlated and analyzed with
the Langmuir, Freundlich, Sips, Liu, and statistical physics
models. The adsorption properties of these adsorbents were
compared and correlated with their ion exchange capacity
and chemical composition. The mechanisms of chabazite
modification and adsorption of tested ions were analyzed.
Finally, this study showed that the modified chabazite can
be used to remove both anions and cations of water pollut-
ants, thus being a promising approach for low-cost water
depollution.

2. Methodology

2.1. Preparation of Modified Chabazite. Natural zeolite used
in this study was obtained from a mineral deposit from the
state of Sonora, Mexico. The natural chabazite (labelled as
CH-N) was sieved to obtain a particle size < 125 ym, and
these zeolite particles were utilized in the surface modifica-
tion process, which was implemented according to a method
adapted from Ghasemian et al. [43]. This method involved
the following steps: (a) Homogenization: 50 g of zeolite was
mixed with 500mL of 2N NaCl solution, stirred at
500 rpm and room temperature for 24h [44]. Zeolite was
washed several times with deionized water and dried at
100°C for 24 h. The sample obtained from the homogeniza-
tion process was represented by the label “Z-Na”. (b) Deca-
tionation: the dry zeolite was treated with ammonium
chloride because the exchange of Na* is better for zeolites
with NH} [45]. 12.5 g of homogenized chabazite was mixed
with 250mL of 1N NH,CI at room temperature for 24h
under constant stirring. The final zeolite was washed with
hot deionized water and dried at 100°C. The sample
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obtained from the decationation process was labelled as “Z-
NH, ™. (c) Thermal treatment: decationated zeolite was cal-
cined at 500°C for 3 h using a heating rate of 5°C/min. Then,
the sample was washed with deionized water and dried at
100°C for 24h. Finally, this modified zeolite (labelled as
“CH-MS”) was characterized and used for the adsorption
experiments. Flow diagram of this process is included as
Supplementary Information.

2.2. Chemical Characterization of Zeolite. The identification
of the crystalline phases present in the zeolite samples was
carried out by X-ray diffraction (XRD) analysis. XRD pat-
terns were recorded with a diffractometer Siemens D5000
at room temperature. Samples were scanned within 20 angu-
lar range of 5-50° with a step size of 0.020° for 10s.

The textural parameters were determined by the
Brunauer-Emmett-Teller method (BET) using a surface area
and pore size analyzer (Quantachrome model nova 3200e).
The samples were introduced into glass cell and degassed at
200°C for 10h. N, physisorption was measured at -196.15°C.

The surface morphology of the zeolite samples was
examined by using a scanning electron microscope (SEM)
JEOL, model JSM-6610LV equipped with a microanalysis
system model DX-4 energy dispersed spectroscopy (EDS).
CH-N and CH-MS samples were placed on a fine coat brand
carbon coater for this analysis.

Infrared spectra were obtained using Fourier transform
infrared spectrophotometer (Thermo Scientific Nicolet
iS10 FTIR). First, CH-N and CH-MS samples were dried
at 70°C for 24h to remove the moisture. Spectra of the
samples were recorded in the region of 4000-600cm™.
FTIR analysis was also performed to determine the acid
centers of tested adsorbents via the adsorption of pyridine.
Samples of CH-N and CH-MS were subjected to vacuum
and then exposed to pyridine atmosphere for 24h. FTIR
spectra of pyridine-loaded samples were recorded and
analyzed.

The thermogravimetric analysis (TGA) was done using a
PerkinElmer equipment (model Pyris Diamond TGA/DTG)
calibrated with indium and gold samples from 25 to 660°C
and 1063°C, respectively. 0.2 mg of zeolite sample was ana-
lyzed in the temperature range of 25-700°C with increments
of 10°C/min.

The procedure established by Corbin et al. [46] was uti-
lized for the determination of chemical composition of CH-
N and CH-MS. The samples were sieved to obtain a particle
size of 0.18 mm, and then, 0.1 g was mixed with 0.2g of
LiBO, and 0.4 g of Li,B,O,. The mixtures were placed in a
graphite crucible with a drop of LiBr (25%w/w) and calcined
for 30 min at 900°C in a muffle. The melted mixture was dis-
solved in 75 mL of HNO; (10%w/w), filtered and made up to
200 mL. The concentrations of dissolved metals were quanti-
fied with a Thermo Scientific Inductively Coupled Plasma
Optical Emission Spectrometry (ICP-OES). Multielement
solutions containing Fe, Mn, Ca, Mg, K, Si, Na, Al, Sr, Pb,
Sn, Hg, Cd, Zn, As, Ni, Cr, Mo, and Ba were used to prepare
the calibration curve where high purity standard solutions
(1000 mg/L) of each metal and deionized water were
employed for this purpose.

2.3. Surface Properties of Zeolites. The pH of the point of
zero charge (PZ) of the zeolites was determined preparing
solutions with pH between 2.27 and 6.75 (with a constant
ionic strength of 0.01 M) via the mixing of certain volumes
of 0.01M NaOH, HNO;, and NaNO; with 0.005g of the
samples at 25°C under constant stirring of 30 rpm for 5 days
in an orbital shaker. Finally, the zeta potential of the zeolite
particles was obtained using the zetameter (Zetasizer,
Malvern model Nano series).

Cation exchange capacity (CEC) was obtained using a
methodology reported by Ming & Dixon [47] where 1g of
CH-N and CH-MS samples was saturated with Na* ions
(using 50 mL of 1N C,H;NaO, for 24h) and washed, and
the exchange of Na* ions for NH," ions was done using
50 mL of 1N C,H,NO, at room temperature for 24h. Na*
ion concentration was measured with an ICP-OES, and the
CEC (meEq/g) was determined with the following equation:

mEq [Na*] V.100
CIC = , (1)
100g m MW

where [Na + | is the Na™ concentration (mg/L), V is the vol-
ume (L), m is the mass of chabazite (g), and MW is the Na*
molecular weight (mg/mEq).

2.4. Adsorption Studies Using Zeolites. Adsorption studies
were conducted with both zeolites CH-N and CH-MS in
glass Erlenmeyer flasks containing 0.05g of the adsorbent
and 0.040 L of the pollutant solution. These studies were per-
formed at pH 4 where the solution pH was adjusted by add-
ing HNO; or NaOH and mixing with a glass stirrer. Note
that this solution pH was selected to avoid the precipitation
of Cd(IT) and Pb(II) ions as hydroxides (i.e., Cd(OH), and
Pb(OH), at pH > 5 and 6, respectively) [48, 49] and to pre-
vent the zeolite dealumination [31, 50]. Other studies have
also reported that a maximum adsorption capacity of Pb(II),
Cd(II), and Cr(III) ions can be obtained with different
adsorbents at pH 4 [48, 51, 52]. Initial concentrations of 1-
59, 20-500, 10-112, and 5-93 mg/L for As(V), Pb(II), Cd(II),
and Cr(III), respectively, were used in the adsorption exper-
iments. These solutions were prepared with J.T. Baker stan-
dard solution of 1000mg/L of each metal and deionized
water. The suspensions (adsorbent+pollutant solution) were
stirring at 50rpm and 25+0.50C in a thermoregulated
orbital shaker (IKA model KS 4000) for 5 days. This time
was enough to reach the equilibrium according to prelimi-
nary adsorption experiments at tested conditions. The quan-
tification of metal concentrations was done using ICP-OES.
The calibration curve for the quantification of these metals
was obtained with solutions that were prepared using a high
purity standard solution (1000 mg/L) of each adsorbate and
deionized water. The removal of ions per unit mass of adsor-
bent (i.e., adsorption capacity) was expressed as g, (mEq/g)
and calculated with the mass balance given by the following
equation:

q. = %(Co - CE)’ (2)



where C, and C, are the initial and equilibrium concentra-
tions (mEq/L) of tested ion in the aqueous solution.
Finally, the speciation of tested heavy metals was obtained
by means of Hydra-Medusa speciation software at pHO-
14 and 25°C.

2.5. Isotherm Modeling. The experimental equilibrium data
were modeled to analyze As(V), Pb(II), Cd(II), and Cr(III)
adsorption and to explain the interactions of these heavy
metal ions with CH-N and CH-MS samples. The best iso-
therm model for the removal of these pollutants was also
identified. Therefore, four different isotherm models were
tested using a nonlinear regression procedure. They corre-
sponded to two-parameter (Langmuir and Freundlich) and
three-parameter (Liu and Sips) isotherm models.

Langmuir is a monolayer adsorption model where the
adsorbent saturation occurs assuming active sites with the
same energy. This model considers that there is only one
interaction corresponding to one active site per specie,
and this isotherm is presented in equation (3) [53].
Freundlich is a multilayer adsorption model where the
energy of active sites is not homogeneous, and this model
is commonly applied to analyze heterogeneous systems.
This isotherm model is presented in equation (4) [54].
Alternatively, Sips model can be reduced to the Freundlich
and Langmuir models at low and high concentrations,
respectively, and it presents the advantages of these two
models since it is a combination of them. This isotherm
model is given by equation (5) [55]. The Liu isotherm is a
Langmuir-Freundlich type isotherm that has the advantage
over the Sips model because its exponent has no restrictions
in terms of its maximum value where it is >0. This iso-
therm is presented in equation (6) [56]. In summary, the
corresponding equations of these isotherm models are
given by

2= s G)
q,=KpC.'", (4)
_ q4sKsCs i (5)
¢ 1+KChs
_ qp(K pCe)"LF

1= 1+ (K, ;Ce)'LF’

where q;, g5, and g, are the maximum adsorption capac-
ities of the Langmuir, Sips, and Liu equations (mEq/g);
K;, K, K;p, and K are the constants of the Langmuir,
Sips, Liu (L/mEq), and Freundlich (mEq/g)(L/mEq)"™*
isotherms; and np, ng, and n;; are the dimensionless
exponents (parameters related to the adsorption intensity
that represents the relative distribution of the heterogeneity
and the energy of the adsorption sites) of the Freundlich,
Sips, and Liu equations, respectively.

A nonlinear least squares method based on an optimiza-
tion algorithm was used to obtain the isotherm model
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parameters. The Solver tool of Microsoft Excel software was
used to minimize the sum of the square error (ERRSQ) [57]:
< 2
(ERRSQ): Z (qt,meas - qt,calc)i > (7)
i=1

1

where g, ... is the adsorption capacity from the experiment
(mEq/g), g, .. is the adsorption capacity calculated with the
isotherm model (mEq/g), and N is number of experimental
points.

To compare and assess the performance of the isotherm
models, three statistical metrics were calculated: determina-
tion coefficient (R?), the average percentage deviation
(%D), and chi-square (X?) [57-59]. These metrics are given
by the following equations:

N —\2
R2 — Zi:l (qt,calc - qt,meas) (8)
N N2 N 2°
Zi:l (qt,calc - Qt,meas) + Zizl (qt,calc - qt,meas)
1 -
%D = ﬁz 7”1"“16; B1cale ] .100%, (9)
i=1 t,meas
=N 2
X2 _ ! (qt,meas - qt,calc) ) (10)
I=1 qt,calc

A monolayer adsorption model [60] was also utilized in
the isotherm data correlation with the aim of analyzing the
main steric parameters involved in the removal of these ions.
This model was defined by

nadsN zeolite
= 11
e L+ (Cmed/ce)nads ( )

where n,,, is the number of ions adsorbed per functional
group of zeolite, N, (mEq/g) is the quantity of zeolite
functional groups involved in the adsorption of these pollut-
ants, and C,, .4 (mEq/L) is the adsorbate concentration at the
half saturation condition, respectively.

3. Results and Discussion

3.1. Surface Chemistry Characterization of CH-N and CH-
MS. Figure 1 shows the X-ray diffraction patterns of both
zeolites used in this study. For CH-N, it was possible to con-
firm the presence of the expected chabazite structure charac-
terized by its main peaks at 9.39° (1 0 1), 20.43° (-2 1 0), and
30.37° (-3 1 1) according to the JCPDS card 34-137 [61].
This result also agreed with the calculated XRD patterns
reported for this zeolite [62]. X-ray diffraction pattern of
CH-MS indicated that the crystalline structure remained
after the modification process, thus preserving all the inten-
sity peaks similar to CH-N. These findings could suggest
that the modification took place only on the external surface,
which agreed with the previous studies [63, 64]. Addition-
ally, it was possible to observe an increase in the intensity
of the peaks in the modified zeolite. This observation agreed
with other studies (e.g., [37]) where an increment of the
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FiGURrk 1: X-ray diffraction patterns of CH-N and CH-MS. Label “Theoretical” corresponds to the calculated pattern from International

Zeolite Association, which was used as a reference pattern.

TaBLE 1: Textural properties of CH-N and CH-MS samples.

Surface area Pore diameter Pore volume

Zeolite (m?/ 2) (nm) (cm®/ g)
CH-N 324.2 2.94 0.198
CH-MS 325.9 3.04 0.216

intensity after a similar modification to a natural zeolite was
also identified.

The textural properties of CH-N and CH-MS are given
in Table 1. According to these results, CH-N surface area
(324.4 m*/g) was higher than some values reported in the lit-
erature for natural zeolites such as 2.7 m*/g for perlite con-
sisting of zeolites X (FAU type), P (GIS type), and
phillipsite [65]; 20.3, 42, and 258 m?*/g for clinoptilolite
[66-68]; 68 and 305 mz/g for modernite [68, 69]; and 202
mz/g for a natural chabazite from Mexico [31]. However,
this value was lower than 1100 m*/g of a natural chabazite
supplied by Minerals Research-Clarkson, NY, USA [70].

Regarding the texture properties of CH-N and CH-MS,
the differences between their surface areas and pore diame-
ters were 0.52% and 3.35%, which were not significant
because they were within the error interval of the equipment
used in sample analysis. Nevertheless, the difference in pore
volume corresponded to an increment of 8.33% that was sta-
tistically significant. It is convenient to remark that the
behavior of the texture properties of different zeolites sub-
mitted to the similar surface modification treatment has
been associated to the changes on their micropore structure.
Both increments and reductions in these textural parameters
have been reported. For instance, Saucedo-Delgado et al.

[37] reported an increment of 90.6 and 22% in the surface
area and pore volume of clinoptilolite. On the other hand,
Albayati and Kalash [71] proved that the functionalization
(via the reaction between the silylating agent and the silanol
groups) of mesoporous silica MCM-41 incremented the sur-
face area from 28.7 to 300 m*/g, while the calcined MCM-41
showed the highest surface area (i.e., 1000 m*/g). In the con-
trary case, a decrease of 15.5 and 23% in pore diameter and
surface area of modernite was reported by Mori et al. [72],
while Atiyah et al. [73] obtained surface areas of 845 and
45 m*/g for the mesoporous silica SBA-15 and its function-
alized form NH,/SBA-15, respectively, thus indicating a sig-
nificant decrement of this textural parameter.

SEM micrographs of chabazites showed the typical
rhombohedral crystals that were consistent with the previ-
ous studies [31, 74, 75]. By comparing these micrographs,
it was possible to observe that CH-N (Figure 2(a)) presented
a well-defined structure, while CH-MS (Figure 2(b)) showed
partially formed rhombohedral structures. This could be
explained because during the modification process, the min-
erals were washed several times, which could fragment the
zeolite agglomerates. Chemical analysis of CH-N crystals by
SEM-EDX (Figure 2(a)) indicated the presence of the charac-
teristic elements of zeolites: Si, Al, O, Mg, Ca, K, and Na. On
the other hand, EDX results showed that the exchangeable cat-
ions (Na™ and Ca") of CH-MS (Figure 2(b)) were expelled out
from the framework, where this effect agreed with the result
obtained by Barrer et al. [76] and Ghasemian et al. [43]. This
behavior can be explained by the fact that, during the homog-
enization phase carried out for chabazite, Na* displaced the
majority of Ca**. Then, the sodium ions were exchanged with
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FIGURE 2: (a, b) SEM micrographs and (¢, d) SEM/EDX elemental microanalysis for CH-N and CH-MS samples.

the ammonium ions when the zeolite was treated with NH,Cl
because the thermodynamic affinities for the exchange reac-
tions in chabazite followed the next sequence: NH; >
Na* > Ca®*, which were given by the standard free energies
of exchange [76].

Figure 3(a) presents the FTIR spectra of CH-N and CH-
MS at 4000-600 cm ™. At 750-650 and 1250-950 cm ™', these
spectra displayed the internal vibrations of TO, tetrahedron
(T=Si and Al) named as OH stretching (indicated by the
four-membered ring structure) and asymmetry stretching.
The absorption band between 570 and 635cm’™ indicated 6-
membered rings. The external vibrations of the tetrahedron
(i.e., T-O double ring, symmetry and asymmetry stretching)
appeared at 650-500, 820-750, and 1150-1050 cm™, respec-
tively [77]. The absorption bands observed at 1640, 3600,
and 3380 cm™ were characteristic to the water bending vibra-
tion, isolated, and H-bonded hydroxyl groups, respectively
[78]. These three bands for CH-N sample showed higher
intensities than those observed for CH-MS, thus indicating
that CH-N had a higher water content that was lost in the
modified zeolite upon calcination. Another major difference
was that CH-MS sample showed an absorption band at
3640 cm™" corresponding to the hydroxyl group formed dur-
ing the modification process [79]. Both types of vicinal
hydroxyl groups were observed via the bands at 3640 and
3700-3740 cm’! that was associated to the silanol nests [80].

It was possible to observe that CH-MS did not present
the characteristic bands of NHj form (i.e., the Lewis bond
NH, at 1630cm™, while NH} is characterized by bands
between 1400 and 1500 cm™ and NH stretching frequencies
at 3800 cm™) because they disappeared due to the heating at
290°C [81].

Figure 3(b) reports the FTIR spectra of CH-N and CH-
MS samples loaded with pyridine at 1400-1700cm™. The
absorption bands at 1640 and 1545 cm™" have been attributed
to the pyridine adsorption and were characteristic of the
Bronsted acid sites (BAS). The bands located at ~1430 and
1490cm™ corresponded to hydrogen-bonded pyridine (H-
pyridine), while the bands identified at 1590 and 1450 cm™
have been attributed to coordinately bound pyridine, thus
being an indicator of Lewis acidity [82-84]. The intensity of
the absorption bands of LAS (1450 and 1590 cm™)) and BAS
(1640cm™) in the spectrum of pyridine-loaded CH-MS were
higher than those of the other zeolite sample. This was due
to the modification where BAS and LAS sites were formed.
Emeis [85] reported similar results where pyridine adsorption
was studied for natural and calcined modernite at 550°C for
2h. Other studies of Ward [86] showed an infrared spectrum
of pyridine adsorbed on a rare earth Y zeolite calcined at 430
and 680°C, while Wu and Weitz [87] reported the results for
a ZSM-5 zeolite modified (protonated with nitrate salt and cal-
cined at 500°C).
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FIGURE 3: FTIR spectra of CH-N and CH-MS samples (a) without and (b) with loaded pyridine.
Figures 4(a) and 4(b) show the thermogravimetric  of both samples decreased considerably with the increase of

(TGA) and differential (DTG) analysis curves for CH-N temperature up to ~600°C. Then, there was a slow and pro-
and CH-MS samples. TGA results indicated that the weight  gressive weight reduction. The weight loss was 16.55% for
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FIGURE 4: Results of TGA and DTG for the zeolite samples: (a) CH-N and (b) CH-MS.

TaBLE 2: Chemical composition of the chabazite and its modified form.

Zeolite widh Si/Al ratio
Fe Ca Mg K Si Na Al Others

CH-N 3.76 5.95 431 3.12 60.11 3.65 18.22 0.88 3.3

CH-MS 3.75 0.00 3.98 3.00 64.65 0.00 24.10 0.52 2.8

CH-N and 19.92% for CH-MS. DTG curve showed the water ~ responding to the loss of structural water for this sample,
loss from CH-N sample in two steps. The first step at 81°C ~ which occurred during the zeolite calcination at 500°C. It
was attributed to the humidity loss of the zeolite, while the  should be noted that other studies have reported the decom-
second step at 118°C corresponded to the loss of structural  position of NH,Cl at 310°C [89]. Based on the DTG curve of
water from the zeolite. The decomposition of calcium car-  CH-MS, it was concluded that this compound was not pres-
bonate was associated to the peak at 270°C, which was con- ent in the modified zeolite. This finding could be due to the
sistent with the study of Stakebake [88] that indicated that  previous release of NH,; in the calcination stage of the mod-

this phenomenon could occur before 310°C. ification process, which was consistent with the FTIR results
For the case of CH-MS sample, the loss of water  that confirmed the absence of this compound.
adsorbed on the zeolite (humidity) occurred at 109.98°C. It The chemical composition of CH-N and CH-MS is

is convenient to highlight that there was no other peak cor-  presented in Table 2. It can be observed that the weight
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FIGURE 6: Zeta potential versus pH for CH-N and CH-MS samples.

fractions of exchangeable cations in CH-N decreased in  EDX results of CH-MS (Figure 2(d)) where the exchange-
the following order: Ca®*, Mg®*, Na*, and K*. On the  able cations Na* and Ca® were expelled out from the
other hand, the chemical composition confirmed the framework.
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FIGURE 7: (a) Arsenic, (b) lead, (c) cadmium, and (d) chromium speciation as a function of solution pH in aqueous solution.

Table 2 shows Si/Al ratio of 3.3 for the CH-N sample
that matched with the value of 3.2 found by Leyva-Ramos
et al. [31], which was also between the range of 1.43-4.18,
3.2-3.8, and 2-4 obtained by Gottardi & Galli [90], Zamzow
et al. [91], and Metwally & Attallah [92], respectively. Si/Al
ratio of CH-MS sample was 2.8, which was lower than the
value found for CH-N sample. The decrease in the Si/Al
ratio of these samples coincided with the results reported
by Panayotova [93] where a natural zeolite from Kardjali
was modified by heating at 373°C and using 2 mol/dm”® of
NaOH solution.

The significant decrease in the Si/Al ratio between CH-
N and CH-MS samples was caused by the superficial mod-
ification of the zeolite, whose steps are schematized in
Figure 5. After homogenization (Z-Na) and decationization
(Z-NH,"), NH, was removed by a thermal treatment at
>290°C. This sample was named protonated form of zeolite
(H-Z). This process generated BAS and was accompanied
by the formation of free protons that attacked the tetrahe-
dral aluminum lattice, thus causing the formal bond
between aluminum and oxygen broken, and the corre-
sponding formation of hydroxyl groups as silanol (Si-

OH). This process was reversible since the interaction of
silanols with aluminum formed the protonated zeolite and
vice versa [79, 94]. Note that Iler [95] established that the
condensation of silanol groups was higher in the presence
of excess salts at pH 4-8. Therefore, the pH7 and the appli-
cation of 2M NH,CI solution in the chabazite modification
process provided the optimal conditions for the formation
of silanol groups. They can be eliminated with the consec-
utive washing of material during the modification process.
Therefore, it was reflected as an increase in the proportion
of Al in the zeolite framework and a change in the Si/Al
ratio.

3.2. Surface Properties of Zeolites. Figure 6 shows the results
of the pH of PZ for both zeolites. It was concluded that the
CH-N and CH-MS surfaces were negatively charged at
tested adsorption conditions. Similar findings have been
reported in the literature for clinoptilolite and other zeolites
treated with NH,Cl and calcination process [86, 96].

The negative charge for CH-MS was an expected result,
which can be explained considering that the modification
process was carried out at high temperature (i.e., 500°C).
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FIGURE 8: Isotherms for the adsorption of (a) As(V), (b) Pb(II), (c) Cd(II), and (d) Cr(IIT) on CH-N and CH-MS zeolites at pH 4 and their

correlation with Liu model.

Ward [86] indicated that if the calcination process occurred
at >480°C, BAS became LAS because the bounds of H-Z
were very weak and easily removable (ie., this process is
called dehydroxylation or water loss). This phenomenon
caused the formation of trigonal silicon ions and accessible
trigonal aluminum [81] that can accept a pair of electrons,
and therefore, it can adsorb anions. Figure 5 illustrates the
formation of LAS where the negative charge of CH-MS is
clearly outlined.

The surface interactions involved in the adsorption of
anions on this modified zeolite can be explained as fol-
lows: CH-MS zeolite showed a negatively surface charge
in the aqueous solutions that caused the attraction of H"
ions from the solution, while the HO™ ions were attracted
by the trigonal silicon ions, thus forming silanols. The
adsorbate anions in the solution can interact via electro-
static attraction with the LAS [97] since they are the active
sites in the zeolites [98]. This mechanism agreed with that

proposed by Uytterhoeven [81] for water, Lewis acid cen-
ters, and molecules with lone pairs of electrons such as
NH;. On the other hand, the cations can be attracted by
the negative charges of the CH-MS during the adsorption
process. Note that the divalent cations could interact with
more than a single site of the zeolite during the interface
phenomenon [99]. It could be expected that the adsorp-
tion of cations on CH-MS was associated to an ion
exchange. As explained, the interaction of silanol groups
with acid centers of a zeolite generates a protonated zeo-
lite. But this process was not reversible at 25°C because
the zeolite was not reheated and the dehydroxylation did
not occur.

CEC of CH-N and CH-MS was 1.68 and 0.53 mEq/g.
These values showed a significant decrease of 68.45% of this
property with respect to a CH-N sample. This result was
because the ion exchange behavior of zeolites depends on
the internal properties like chemical composition, framework
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TaBLE 3: Results of isotherm fitting using the Langmuir, Freundlich, Sips, and Liu equations for the adsorption of As(V), Pb(II), Cd(II), and
Cr(IIT) on CH-N and CH-MS zeolites.

Model parameters*

Ion Zeolite R? %D X? Model
Imodel (mg/g) Imodel (mEq/g) Kmodel Miodel
0.024 1.954 0.984 8.473 1.01x 1072 Freundlich
W) c 1.324 0.047 1.219 0.979 14.509 3.32%x107° Langmuir
As(V H-N
2.226 0.079 0.330 0.701 0.973 6.539 8.43%x 107" Liu
2.226 0.079 0.460 0.685 0.982 6.166 8.15%x 107" Sips
0.045 1.600 0.934 24.330 8.01x107° Freundlich
3.015 0.107 0.825 0.973 14.473 3.44%1073 Langmuir
As(V) CH-MS 4
2.902 0.103 0.924 1.105 0.988 8.683 2.22 x10° Liu
2.902 0.103 0.933 1.162 0.974 7.82 2.20%x 107 Sips
0.851 3.008 0.992 11.949 0.056 Freundlich
114.989 1.109 5.537 0.956 27.56 2.591 Langmuir
Pb(II) CH-N .
235.960 2.277 0.307 0.0407 0.992 9.656 0.048 Liu
232.429 2.244 0.635 0.410 0.989 9.778 0.049 Sips
0.314 4.885 0.962 10.525 0.026 Freundlich
42.279 0.408 7.576 0.995 2.219 1.27x1073 Langmuir
Pb(II) CH-MS 4 .
43.656 0.421 5.365 0.864 0.997 1.136 4.36 x 10 Liu
43.656 0.421 6.976 0.864 0.998 1.135 436x 107 Sips
0.273 2.582 0.997 4.194 4.98x1073 Freundlich
18.716 0.333 4.250 0.983 5.967 8.38x 1073 Langmuir
Cd(1II) CH-N 4
25.236 0.449 1.796 0.660 0.997 2.048 7.95%x 10 Liu
25.236 0.449 1.472 0.6604 0.995 2.047 7.95x 107 Sips
0.104 8.139 0.882 4.564 1.63x107° Freundlich
6.126 0.109 23.016 0.995 0.716 5.29x107° Langmuir
Cd(I1) CH-MS 5
6.126 0.109 22.54 1.051 0.996 0.632 4.76 x 10~ Liu
6.126 0.109 26.10 1.047 0.996 0.631 477%107° Sips
0.876 9.718 0.838 7.111 0.035 Freundlich
19.680 0.855 190.38 0.441 12.302 0.090 Langmuir
Cr(III) CH-N ]
45.773 1.990 0.451 0.194 0.962 8.401 0.034 Liu
44.719 1.944 0.889 0.195 0.809 8.397 0.035 Sips
0.455 2.457 0.986 11.058 0.078 Freundlich
17.259 0.750 2.049 0.914 20.917 0.671 Langmuir
Cr(III) CH-MS ]
25.495 1.108 0.629 0.544 0.966 12.965 0.075 Liu
24.434 1.062 0.842 0.559 0.941 13.310 0.0811 Sips

*Gimodel (41> 91> and ¢g) is the maximum adsorption capacities of the Langmuir, Liu, and Sips equations. K, 4 (K}, K|, K, and K ) is the constant of the
Langmuir, Liu, Sips (L/mEq), and Freundlich (mEq/g) (L/mEq)"™" equations. 11,4, (1> ng, and n1) is the dimensionless exponent of the Liu, Sips, and

Freundlich equations.

structure, and charge density [100], besides the external
properties like size, shape, charge, and concentration of ions
[101]. As stablished by Jacobs and Leuven [102], the average
reaction rate per site will be related with the chemical com-
position, thus generating an increment almost linearly of
the frequency of silanol groups with a decrement of Si/Al
ratio of the framework [103], which was coupled with the

formation of LAS containing trigonal silicon ions. This
explained that the change in the Si/Al ratio of CH-MS sam-
ple caused a decrement of the number of active sites because
of the formation of the silanol groups and the trigonal sili-
con ions. This pointed out that the silanol groups were not
active centers such these cannot serve as adsorption sites
[80]. Although LAS were active sites, they can attract
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TABLE 4: Maximum adsorption capacities for the removal of As(V), Pb(II), Cd(II), and Cr(III) using different materials.

Ton Adsorbent

Gmax (ME/8)

Isotherm model Reference

Baskan & Pala [126]

. - . 3
Clanpt:zgtfnzré?ﬁgosvil? 11t:ee natural 920>(<)61§ Freundlich Velazquez-Pefia et al. [128]
’ Elizalde-Gonzaélez et al. [127]
Chabazite modified with Fe and Zr 0.068 Freundlich Velazquez-Pena et al. [128]
Hydrated cement 1.92 Langmuir Bibi et al. [129]
As(V) Bone char 2.45 Langmuir Alkurdi et al. [118]
Activated carbon from oat hulls 3.09 Langmuir Chuang et al. [134]
Graphene oxide modified by iron-manganese .
binary oxide (FeMnOx/RGO) 11.5 Langmuir Zhu et al. [135]
Magnetite nanoparticle coated zeolite 19.39 Freundlich Liu et al. [130]
Carbon nanotubes coated with zirconium oxide 124.6 Liu et al. [131]
. g . Kragovi¢ et al. [136] Mozgawa &
Clinoptilolite 14.25-22.60 Freundlich Bajda [137]
Cocoa pod husk and watermelon rind 20.10-98.06 Rendlich-Peterson Liu et al. [138]
Clinoptilolite natural and its NH,"and Na* forms 120.2-142.8 Langmuir Leyva-Ramos et al. [139]
Pb(II) Chabazite 175 — Kesraoui-Ouki et al. [26]
Synthetized zeolite from lithium leach residue via .
hydrothermal method 487.80 Langmuir Lv et al. [140]
Carbon foam 491.0 Sips Lee et al. [141]
Synthetized zeolite from bagasse fly ash 625.0 Langmuir Jangkorn et al. [142]
Erionite and clinoptilolite 2.54-4.63 Sips Herndndez-Montoya et al. [120]
. . . Rozumova et al. [143]
Peanut husk and corn stalk industrial waste 7.68-12.63 Langmuir Zheng et al. [107]
Carbon nanotubes oxidized with HNO, 11.1 — Li et al. [144]
Cd(In) Chabazite 13.26 Freundlich Panuccio et al. [145]
Synthesized coal fly ash zeolite 26.25 Langmuir Javadian et al. [146]
Fly ash treated with NaOH 48.31 Langmuir Buema et al. [147]
Activated carbon derived from bagasse 49.07 Freundlich Mohan & Singh [148]
Grape pomace activated carbon 75.61 Langmuir Sardella et al. [149]
Fibrous activated carbons 3.52 Langmuir Aggarwal et al. [150]
Granulated activated carbon 13.31 Langmuir Aggarwal et al. [150]
Cr(IIT) MnO,-modified magnetic biochar derived . Maneechakr & Mongkollertlop
19.92 Langmuir
from palm kernel cake [151]
Natural clinoptilolite 21.20 — Mozgawa & Bajda [137]
Multiwalled carbon nanotube 13.2 — Kumar et al. [152]
Magnetic zeolite/chitosan composites 25.67 Langmuir Liu et al. [153]
Porous Fe;0, hqllow mlcros.pheres/graphene 3233 Langmuir Liu et al. [154]
Cr(VI) oxide composite
Functionalized multiwalled carbon nanotube
with H,S0,/HNO, solution 8283 - Kumar et al. [152]
Ionic liquid impregnated exfoliated graphene oxide 285.71 Temkin Kumar et al. [155]

anions. As a result of the interaction of BAS and LAS, the
zeolites present a superacidity [104] since both sites act syn-
ergistically potentiating the acidity [105]. As stablished by
Barthomeuf [106], an acidic environment in zeolites affects
the number of interchange sites, their location, density, and
efficiency.

The value of CEC of CH-N was within the range of
values reported for natural chabazites from Japan, Christmas

Arizona, and a zeolite provided by American Colloid Co.,
which showed values of 1.87, 1.95, and between 0.08 and
2.61 mEq/g, respectively [20, 70, 107]. The decrease in CEC
agreed with Ferrer [108] that used a clinoptilolite submitted
to the same surface treatment and subsequent calcination at
500°C. These authors reported CEC values of 11.76 and
6.33 mEq/g for natural and modified materials, respectively.
This treatment generated a change of 46% in this property,
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which was lower than that obtained with chabazite. In this
direction, Moreno-Tost et al. [109] use Cu-exchanged mor-
denite and clinoptilolite with the subsequent calcination at
550°C. These authors found a change in the CEC of 86%
with respect to a natural clinoptilolite and 68% for natural
modernite.

3.3. Analysis and Modeling of Adsorption Isotherms. Figure 7
shows the speciation diagrams of the different metals in the
aqueous solution as a function of solution pH. The predom-
inant ionic forms for tested adsorbates at pH 4 were Pb>* and
Cd** for Pb(II) and Cd(II), while H,AsO; and (CrOH)**
were the dissolved species for As(V) and Cr(IIl) during the
adsorption experiments. Therefore, the experimental iso-
therms of the adsorption of As(V), Pb(II), Cd(II), and Cr(III)
on CH-N and CH-MS samples are reported in Figure 8, and
the fitting results using the models of Langmuir, Freundlich,
Sips, and Liu are shown in Table 3.

The adsorption capacity on CH-N and CH-MS followed
the next sequence: Pb(II) > Cr(III) > Cd(II) > As(V), which
agreed with the results obtained by Caputo and Pepe [32].
Experimental data showed that As(V) adsorption capacity
was 0.034 and 0.061 mEq/g for CH-N and CH-MS, respec-
tively, thus indicating that the zeolite functionalization
improved in 79% its removal performance for this ion. Pb(II)
adsorption capacities of CH-N and CH-MS were 1.10 and
0.41 mEq/g, respectively, while the Cd(II) and Cr(III) adsorp-
tion capacities of these zeolites were 0.29 and 0.11 mEq/g and
1.02 and 0.69 mEq/g, respectively. These reductions (33-67%)
in the adsorption capacities of these cations were directly
related to CEC decreased 68.45% due to the zeolite modifica-
tion and the generation of BAS and LAS on the adsorbent sur-
face. These adsorption capacities were not attributed to the
surface area and pore diameter of tested zeolites, since both
samples showed similar textural parameters.

The maximum exchange degree of Pb(II) on CH-N was
an expected result, which can be explained according to the
Eisenman-Sherry theory [110, 111]. Particularly, Pb(II) ion
has a lower value of hydration enthalpy and a higher value
of equilibrium constant (which is generally utilized as a mea-
sure of the cation exchange selectivity) in chabazite than
those reported for the other two cations.

The chabazite has four classes of cation sites, named CI,
C2, C3, and C4, where C1 sites are located in the center of
the small cage (D6R) and they can be accessed through 6-
membered ring, thus representing 20% of the overall CEC
of this zeolite. C2-C4 sites are located in the large ellipsoidal
cavities, and they can be accessed via 8-membered ring [112,
113]. According to the Double Selectivity Model (DSM) pro-
posed by Pepe et al. [114], these types of sites are named
group “I” and group “IL.” It could be expected that large ions
like (CrOH)2+ could not access to Cl, while Pb(II) and
Cd(II) can interact with these sites [115, 116]. So, the reduc-
tion of CEC in the modified zeolite was mainly associated to
the loss of active sites in group I and group II, which were
involved in the generation of Lewis acid centers. This phe-
nomenon affected the final adsorption properties of the
modified zeolite for cationic species. It is also important to
mention that the significant reduction (up to 67%) of Pb(II)
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TaBLE 5: Calculated steric parameters for the adsorption of Cd(II),
Pb(II), Cr(III), and As(V) on CH-N and CH-MS zeolites.

Adsorbate Zeolite Mags Interpretation
CH-N 0.69 Multianchorage
As(V) L.
CH-MS 1.68 Multi-ionic
Pb(II) CH-N 0.41 Mult?anchorage
CH-MS 0.88 Multianchorage
cd( CH-N 0.68 Mult?anchorage
CH-MS 0.89 Multianchorage
CH-N 0.76 Multianchorage
Cr(III) )
CH-MS 0.39 Multianchorage

adsorption properties of CH-MS was associated to Na* ions
that were expelled out from the zeolite framework during the
modification process. Previous studies have reported that
Na* can be completely exchangeable by Pb>*, thus explain-
ing the adsorption capacities of natural chabazite [116, 117].

Table 3 indicates that the g; values obtained with the
Langmuir model were lower than ¢, and gy values calcu-
lated by the Liu and Sips models. These findings agreed with
other studies reported for the adsorption of As(V), Pb(I),
Cd(II), and Cr(IIT) ([118-121]). On the other hand, the np
values of the Freundlich model ranged from 1.60 to 9.71
for the adsorption of tested ions, thus indicating a favorable
removal process [54, 122]. The Langmuir constant K; can be
associated to the bonding energy between the zeolite and
ions [123], and this parameter ranged from 1.21 to 190.38
(L/mEq), thus suggesting a good adsorption affinity between
the zeolite and tested ions.

In terms of modeling, X* has been widely used to analyze
the error distributions of data sets and to identify the most
suitable equation for the calculation of adsorption isotherms
(58, 124, 125]. Therefore, X* was employed to characterize
the performance of tested isotherm models for both zeolites.
This statistical metric indicated that the three-parameter iso-
therm models (ie., Liu and Sips) showed the better fit of
experimental data, thus presenting X* values lower than
those obtained for the two-parameter isotherm models of
Langmuir and Freundlich. Herein, it is convenient to recall
that the use of the Sips equation is usually restricted to the
fact that its dimensionless heterogeneity factor ng must be
between 0 and 1 [55, 122]. Results reported in Table 3 indi-
cated that the calculated ng values for As(V), Pb(II), Cd(II),
and Cr(III) adsorption on chabazite modified did not comply
with this restriction. Therefore, the Liu isotherm (X? = 4.76 x
107> — 0.075) was selected as the best model to correlate these
experimental adsorption isotherms (see Figure 8).

For illustration, Table 4 shows a comparison of the max-
imum adsorption capacity for the removal of different ions
using several adsorbents. Overall, the results confirmed that
the protonated chabazite was more effective for the removal of
As(V) than other zeolites reported in the literature like clinop-
tilolite, modernite, and chabazite [126-128], as well as other
waste materials like hydrated cement and bone char [118,
129]. However, the adsorption capacities of CH-N and CH-
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MS were lower than the values reported for advanced mate-
rials like graphene oxide and carbon nanotubes [130, 131].

This study confirmed that the functionalization of zeo-
lites to remove anions is a promising approach to improve
the performance of these materials in water treatment. For
example, the clinoptilolite modified with NH,Cl plus its sub-
sequent thermal treatment at 500°C increased its fluoride
adsorption capacity by 2.33-fold with respect to the natural
zeolite [37]. Other study showed that a natural zeolite rock
treated at 800°C increased its anion adsorption capacity with
respect to the uncalcined zeolite [39]. Another example is
the thermal treatment (at >500) of different mesoporous sil-
ica sieves like MCM-41, MCM-48, SBA-15, and Co/MCM-
41 to improve the removal of sulfur from diesel [132, 133].

With respect to the performance of natural chabazite for
the removal of cations, its Pb(II) adsorption properties are
competitive and can outperform the results obtained using
watermelon rind and other zeolites like natural and modified
clinoptilolite and chabazite [26, 138, 139]. Even after its
functionalization, the protonated chabazite showed a Pb(II)
adsorption capacity higher than those of cocoa pod husk
and natural clinoptilolite [136-138]. However, this modified
zeolite can be outperformed by, for example, carbon foam
and zeolites synthesized by complex processes from lithium
leach residue and bagasse fly ash ([135, 141, 142]).

For the case of Cd(II) adsorption, CH-MS can outper-
form erionite and clinoptilolite [120], while the adsorption
properties of CH-N were better than those reported for car-
bon nanotubes and biomass wastes like peanut husk and
corn stalk [143, 144, 156]. However, fly ash treated with
NaOH outperformed this zeolite [147]. Also, the adsorption
capacities of natural and modified chabazite for Cd(I)
removal were significantly lower than those obtained with
activated carbon [148, 149].

For the case of Cr(III) and Cr(VI) adsorption, CH-MS
outperformed different activated carbons, magnetic zeolite/
chitosan composites, multiwalled carbon nanotube, and nat-
ural clinoptilolite [137, 150-152]. On the other hand, the
adsorption properties of CH-N were higher than those
reported for magnetic zeolite/chitosan composites and
porous Fe;O, hollow microspheres/graphene oxide compos-
ite [153, 154]. However, its removal performance was lower
than the reported for functionalized multiwalled carbon
nanotube with H,SO,/HNO; solution and ionic liquid
impregnated exfoliated graphene oxide [152, 155].

In summary, these results indicated that CH-MS could
be considered a promising adsorbent for the removal of
anions and cations from polluted water. This adsorbent
could be applied in the depollution of other matrices like soil
or mining waste, which also contain both types of ionic
pollutants.

With respect to the interpretation of the adsorption mech-
anism, the steric parameters related to the adsorption of
Cd(II1), Pb(II), Cr(III), and As(V) on CH-N and CH-MS are
reported in Table 5. In particular, 7,4, ranged from 0.41 to
0.76 for the adsorption of cations and n,4, = 0.69 for the anion
adsorption on CH-N. These results suggested that the removal
of Cd(II), Pb(II), Cr(III), and As(V) can be classified as multi-
anchorage where two adsorption sites from this zeolite could
participate during the removal process [60]. For the case of
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modified chabazite, the calculated n,,4, values ranged from
0.39 to 0.89 for the adsorption of heavy metal cations, while
N, was 1.68 for the adsorption of As(V) anions (see
Table 5). These results indicated that the Pb(II), Cd(II), and
Cr(III) adsorption prevailed as multianchorage, and a multi-
ionic adsorption occurred for the As(V) removal with CH-
MS sample. The amount of adsorption sites of CH-N that were
involved in the adsorption of these pollutants was 0.12-
1.19 mEq/g, while the adsorption sites of CH-MS that partici-
pated in the adsorption were 0.04-0.48 mEq/g. These calcula-
tions were consistent with characterization results and CEC
values that indicated the loss of some adsorption sites due to
the zeolite modification protocol. As illustrated in Figure 5,
the framework vacancy generated during the surface modifica-
tion of chabazite allowed that its adsorption sites could inter-
act with more than one As(V) anion, thus causing a multi-
ionic adsorption of this pollutant.

4. Conclusions

This study has proved that a low-cost and straightforward
protocol can be used to modify and tailor the surface prop-
erties of chabazite for the adsorption of anionic pollutants
from aqueous solutions. This zeolite surface modification
allowed to generate Lewis acid centers that could act as elec-
tron pair acceptors, thus increasing up to 79% the As(V)
adsorption properties. However, the adsorption of Pb(II),
Cd(II), and Cr(III) cations of this modified chabazite
decreased 33-67%. This reduction of the cation adsorption
properties was generated by a decrement of its cation
exchange capacity and the loss of Na* exchange sites from
zeolite surface. Statistical physics calculations indicated that
the adsorption of all these ions on natural chabazite was a
multianchorage phenomenon, while the As(V) adsorption
on modified chabazite was a multi-ionic process. A reduc-
tion of the number of zeolite adsorption sites after surface
functionalization was confirmed that affected the removal
of cationic species. Natural chabazite can be considered an
outstanding adsorbent for the Pb(II) removal with adsorp-
tion capacities higher than 100 mg/g. The application of this
modified chabazite can be extended for the removal of other
relevant anion pollutants from water. Further studies should
be also focused on its application to depollute other real-life
matrices (e.g., soil and wastewater) containing both anionic
and cationic toxic compounds.
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