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Abstract: The extensive use of color dyes in modern society has resulted in serious concerns of water
contamination. Many organic dyes bear charges; thus, materials of opposite charges have been tested
for sorptive removal. However, the results from several studies also showed that anionic dyes methyl
orange (MO) and alizarin red S (ARS) could be removed from water using minerals of negative
charges, but the mechanisms were not addressed. In this study, negatively charged clinoptilolite was
tested for its removal of anionic dyes MO and ARS from water under different physico-chemical
conditions and to investigate the mechanism of Mo and ARS removal. The sorption capacities
were 166 and 92 mmol/kg for MO and ARS, respectively, confirming the uptake of anionic dyes
on negatively charged framework silicates. The influence of solution pH and ionic strength on MO
removal was minimal, indicating the strong affinity of anionic dyes for clinoptilolite in comparison
to other inorganic species. It was speculated that the N in the dimethyl group may bear a partial
positive charge, which may have a net electrostatic attraction to the negatively charged mineral
surfaces for MO sorption. For ARS, sorption may involve hydrogen bonding formation between the
dye and the clinoptilolite. Moreover, under the experimental conditions, the MO molecules form
dimers in solution via dimeric π-π interactions. Thus, the sorption of the dimers or aggregation of
the MO monomers and dimers on clinoptilolite surface was attributed to additional MO removal,
as suggested by molecular dynamic simulations. The speculation was supported by FTIR analyses
and molecular dynamic simulations. As such, negatively charged Earth materials may be used as
sorbents for the removal of certain anionic dyes via sorption, a new perspective for the innovative
use of Earth materials.

Keywords: clinoptilolite; mechanism; methyl orange; removal; sorption

1. Introduction

The extensive use of color dyes in modern society has resulted in their widespread
contamination of surface water in different parts of the world. As such, the effective
removal of dyes from wastewater has become an urgent issue. Dye removal could be
mechanistically divided into sorptive removal and degradative removal. For sorptive
removal, the affinity of the dyes for the sorbent surface and the interaction mechanisms are
the important factors for consideration. For degrative removal, effective yet inexpensive
catalysts, fast reaction rate, and reduced toxicity of the degradation products are the key
influencing parameters.

The fundamentals of dyes are the key factors for removal efficacy. Dyes can be divided
into cationic, zwitterionic, and anionic dyes based on the net charges when dissolved
in solution. Methyl orange (MO) is a water soluble anionic azo dye extensively used in
several industries including textile, paper, printing, and food industries, but it also has
carcinogenicity, genotoxicity, and mutagenicity [1]. It is stable and not easily degraded [2].
As such, its sorptive removal may be more promising. Due to its net negative charges in
solution, layered double hydroxides (LDH) that bear positive charges on the surface were
studied for its removal [3]. Similarly, alizarin red S (ARS) is also an anionic dye. It has been

Crystals 2022, 12, 727. https://doi.org/10.3390/cryst12050727 https://www.mdpi.com/journal/crystals

https://doi.org/10.3390/cryst12050727
https://doi.org/10.3390/cryst12050727
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/crystals
https://www.mdpi.com
https://orcid.org/0000-0003-1762-9676
https://doi.org/10.3390/cryst12050727
https://www.mdpi.com/journal/crystals
https://www.mdpi.com/article/10.3390/cryst12050727?type=check_update&version=1


Crystals 2022, 12, 727 2 of 16

used for decades to evaluate calcium-rich deposits by cells in culture [4]. Again, due to its
negative charges for ARS, LDH was studied for its removal of ARS [5].

In addition to the dye fundamentals, the sorbent materials are also important in sorp-
tive removal of dyes from solution. Earth materials, mostly clay minerals and zeolites, were
extensively evaluated for the removal of emerging contaminants from water, due to their
vast reserve, large specific surface area (SSA), and high cation exchange capacity (CEC).
However, due to similar charges between the anionic dyes and negatively charged sorbents,
modifications were often made. For example, montmorillonite (MT) was modified with a
cationic surfactant hexadecyltrimethylammonium (HDTMA) to increase ARS sorption [6]
or was intercalated with chitosan or modified with cationic surfactant to drastically in-
crease MO sorption [7–11]. Similarly, zeolite was also modified by cationic surfactants to
enhance MO sorption [12–14]. Composite materials of zeolite with other metals or organics
fabricated into nanofibrous materials also showed drastic MO sorption [15,16]. However,
these modifications would drastically increase the material costs.

Opposite to the modification to reverse surface charge, MO removal by negatively
charged raw clay minerals was also reported. Overall, they were made of illite and mixtures
of illite and kaolinite, with the MO removal slightly lower than the CEC values [17–19].
In addition, swelling clay minerals also showed significant MO sorption [20–22]. To the
extreme, MO sorption on ulexite, a boron mineral, can reach 1477.6 mg/g [23]. In addition
to batch study, MO removal by MT and acid-activated MT was evaluated from fixed bed
experiments. The MO removal capacity increased up to 8 times, while the sorption rate
decreased by 2–4 times after acid activation [24].

Similar to negatively charged phyllosilicates, zeolite, a negatively charged framework
silicate synthesized from fly ash, was evaluated for the removal of MO under different types
of modifications, primarily using cationic surfactants [25–28]. Separately, simultaneous
MO and safranin-T (ST) removal by synthetic NaX zeolite also showed great promise, but
the test was somehow problematic, as the amount of MO and ST input was much higher
than the NaX zeolite at the value of 250 mL of 5 mg/L solution to 1 mg of NaX [29]. Zeolite
was also evaluated for MO degradation after being doped by Ag and in the presence of
borohydride, with 50% of MO degraded in 43 min [30]. MO removal using artificial zeolites
beads, which were used for the removal of heavy metal via the ionic exchange process
and then treated with 1.0 M HCl, reached a capacity of about 100 mg/g [31]. Still, neither
chemical composition nor the types of zeolites were specified in their study.

As zeolite is a group of tectosilicates and clinoptilolite is a species of the zeolite group,
the research on dye, particularly anionic dye removal by clinoptilolite, is limited. The sorp-
tion of an anionic dye amido black 10B on clinoptilolite resulted in a capacity of 11 mg/kg,
in contrast to 55 mg/kg for a cationic dye safranine T sorption on the same mineral [32].
Clinoptilolite showed a sorption capacity of 0.9 mmol/kg for anionic dye direct red 23 after
being acid-modified [33]. Significant MO decolorization by CuS-incorporated clinoptilolite
was observed [34]. The sorption of three anionic dyes Everzol Black B, Everzol Red 3BS,
and Everzol Yellow 3RS H/C on clinoptilolite was up to 0.35 mg/g, but the mechanism of
the dye removal was not discussed [35]. The sorption of an anionic dye Congo red (CR)
on raw and Fe3+-grafted clinoptilolite showed a reversal of zeta potential to positive after
grafting and resulted in a CR sorption capacity of 37 mg/g, in comparison to 17 mg/g
(about 24 mmol/kg) on raw clinoptilolite [36]. The significant amounts of dye sorption
on raw clinoptilolite were attributed to the electrostatic attraction between the protonated
SiO4 surfaces and the negative charges of CR [36]. In contrast to MO, few reports were
made for ARS removal by zeolite. An SSZ-13 zeolite synthesized from coal bottom ash
showed ARS removal with a capacity of 210 mg/g [37].

Although several studies were conducted on MO removal using negatively charged
Earth materials [17–22], the mechanisms of MO removal were mostly not addressed. By
common perception, MO should be repulsed from the negatively charged mineral surface.
However, the MO sorption data in the literature [17–22,32–35] attracted our attention to
elucidate the MO removal mechanism using negatively charged Earth materials. As such,



Crystals 2022, 12, 727 3 of 16

our goals were (1) to evaluate framework clinoptilolite as the sorbent for the removal of
anionic using MO and ARS under different physico-chemical conditions; (2) to characterize
sorbents after equilibrated with different amounts of MO and ARS; and (3) to address the
mechanism of MO and ARS sorption on clinoptilolite using instrumental characterization
and molecular dynamic simulation; and (4) to shed a light on future studies and applications
using Earth materials for the removal of certain types of organic anions from water.

2. Materials and Methods
2.1. Materials

The MO (called Orange III, helianthine) used has an IUPAC name of sodium;
4-[[4-(dimethylamino)phenyl]diazenyl]benzenesulfonate, a formula of C14H14N3NaO3S,
and a CAS# of 547-58-0. The ARS used has an IUPAC name of 3,4-dihydroxy-9,10-dioxo-
9,10-dihydroanthracene-2-sulfonic acid and a CAS # of 130-223. Both are certified ACS
grade and were purchased from Fisher Scientific (Hampton, NH, USA). Their molecular
structures and pH speciation diagrams are illustrated in Figure 1. Both are in the Na+ form
with a formula mass of 327.33 g/mol for MO and 360.28 g/mol for ARS. The MO has a
melting point of 300 ◦C and is water soluble [38]. It has a pKa value of 3.47 [39], below
which the nitrogen bound to the dimethyl group is protonated and positively charged
(Figure 1c) and the solution is red; while above, the nitrogen is deprotonated and the solu-
tion is yellow in color [40]. The ARS is also water soluble, with a solubility of 77 g/L [41].
Its melting point is about 145 ◦C based on thermal gravity analyses [42]. It changes color
with solution pH from yellow to orange (pH 2–5), orange to red (pH 5–9) and red to purple
(pH 9–11) [43]. It has pKa values of 5.49 and 10.85 [44].
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Figure 1. Molecular structure of MO (a) and ARS (b) and their pH speciation diagrams (c,d).

The clinoptilolite used was provided by St. Cloud Mine in Winston, NM, USA. It is
commercially available and its material characterization has been extensively carried out.
It has a particle size less than 200 mesh (0.074 mm), an SSA value of 15.7 m2/g, and an
external CEC (ECEC) value of 90 meq/kg [45].

2.2. Sorption Experiments

For all the studies, 0.1 g (for MO study) or 0.2 g (for ARS study) of clinoptilolite and
10 mL of dye solution were mixed in 50 mL centrifuge tubes. The initial concentrations
varied from 0.01 to 2.0 mM for the isotherm study and 1.0 mM for all the other studies. For
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the pH study, the solution pH was periodically checked and adjusted to close to the values
of 2 to 11 at equilibrium. For the ionic strength study, the ionic strengths of the solution
were set at 0.001, 0.01, 0.1, and 1.0 M NaCl by mixing 5.0 mL of 2.0 mM dye solution with
5.0 mL of 0.001, 0.02, 0.2 and 2.0 M NaCl, respectively. For the temperature study, the
samples were equilibrated at 23, 33, 43, and 53 ◦C. The mixtures were shaken for 24 h at
150 rpm for all the experiments, except for the kinetic study, in which 0.1, 0.25, 0.5, 1.0, 2.0,
4.0, 8.0, and 24.0 h were used. Duplicates were run under each experimental condition.
After equilibrium, the mixtures were centrifuged for 10 min at 3500 rpm, followed by
filtering the supernatants with 0.45 µm syringe filters and then analyzed for equilibrium
dye concentrations using UV–Vis methods.

2.3. Instrumental Analyses

The maximum UV–Vis absorbance of MO was found at 464 nm [46]. Meanwhile, the
MO dimer had a maximum UV–Vis absorbance at 463 nm under unprotonated form with
zero acidity and the isosbestic point was found at 480 nm [47]. This wavelength was used
in the current study. Proper dilution was carried out to make the final absorbance values
less than 1.00. For ARS, the peaks were different under different equilibrium solution pHs.
As such, it was analyzed at 420 nm for pHs up to 8, and 530 between pH 8 and 11. The
calibrations were made using pH values of 3, 5, 7, 9, and 11 using both wavelengths and
the equilibrium ARS concentrations were determined by measuring the equilibrium pH
and using the calibrations corresponding to the pH.

For FTIR analyses, a Shimadzu 8100 spectrometer equipped with a quartz ATR was
used and the samples were scanned from 400 to 4000 cm–1 with a resolution of 4 cm–1. For
the X-ray diffraction analyses, a Shimadzu 6100 X-ray diffractometer with a Ni filtered
CuKα radiation at 30 kV and 40 mA was used. The samples were scanned from 5–45◦ or
5–55◦ (2θ) at a scanning speed of 2◦/min for the samples after MO and ARS sorption.

2.4. Molecular Dynamic Simulations

Molecular dynamic simulation was performed using Materials Studio 6.0 software
(BIOVIA, San Diego, CA, USA) with the ‘FORCITE” module to investigate the interactions
between the dyes and clinoptilolite surfaces to speculate the potential configurations of
sorbed dye molecules and the mechanisms of interaction on different crystallographic faces.
The unit cell parameters of the clinoptilolite were a = 1.769 nm; b = 1.790 nm; c = 0.741 nm;
and β = 116.3◦. The supercells were built with 2a × 4c; 2b × 4c; and 2a × 2b. The numbers
of dye molecules used for the simulation were based on the sorption capacity of the dye
from the isotherm study and the SSA of the clinoptilolite. The simulation was run at 298 K
and the constructed model was optimized geometrically.

3. Results
3.1. Isotherms of MO and ARS Sorption

The isotherm study was conducted first to determine the sorption capacity and to
set the initial concentrations for other studies. The measurement of 24 h was used for
the isotherm study to ensure that equilibrium could be reached and the kinetic results
confirmed that 24 h was sufficient (see later). The data were fitted to Freundlich, Langmuir,
and Temkin models and plotted in Figure 2a,b. For MO, the Langmuir isotherm model
resulted in the best fit to the experimental data, with an r2 value of 0.929 in comparison to
0.784 and 0.868 for the Freundlich and Temkin fits, respectively. For ARS, the Langmuir
isotherm model resulted in the best fit to the experimental data, with an r2 value of 0.995 in
comparison to 0.70 and 0.79 for the Freundlich and Temkin fits, respectively. The Langmuir
equation is expressed as

Cs =
KLSmCL

1 + KLCL
(1)

where CL and CS are dye concentration in solution (mmol/L) and amount sorbed on
clinoptilolite (mmol/kg) at equilibrium and Sm (mmol/kg) and KL (L/mmol) are the
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Langmuir parameters indicating the capacity of dye sorption on and affinity of dye for
clinoptilolite. Equation (1) can be transformed into a linear form to calculate the fitted
parameters from linear regression and is demonstrated by the following equation:

CL

Cs
=

1
KLSm

+
CL

Sm
(2)
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on zeolite.

For MO, the fitted Sm and KL values were 166 mmol/kg, or 54 mg/g, and 24 L/mmol,
respectively. The Sm value was almost twice the ECEC value of 90 meq/kg for the clinop-
tilolite [45]. In comparison, the Sm values of MO sorption were 82 to 181 mg/g on some
Morocco clays, with their CEC values of 9–171 meq/kg [17], 13.7 mg/g on a different
Morocco clay mainly made of kaolinite [18], and 113 mg/g on another Morocco clay made
of kaolinite and smectite with a CEC value of 253 meq/kg [19]. All these clay miner-
als bear negative charges on their surfaces. For ARS, the fitted Sm and KL values were
92 mmol/kg, or 32 mg/g, and 129 L/mmol, respectively. In comparison, the ARS sorption
on SSZ-13 zeolite converted from coal bottom ash showed an Sm value of 210 mg/g, or
about 580 mmol/kg [37]. The results from the isotherm study confirmed previous studies
of MO sorption on negatively charged clay minerals [17–19] and suggested that, in addition
to phyllosilicates, framework silicates zeolites are also good candidates for the sorptive
removal of anionic dye MO and ARS from solution. As such, other physico-chemical
conditions that affect MO and ARS sorption need to be evaluated and detailed mechanisms
of MO and ARS uptake on negatively charged mineral surfaces need to be addressed.

The separation factor (RL) was used to estimate a solute sorption toward an adsorbent by

RL =
1

1 + KLC0
(3)

where C0 (mmol/L) is the initial solute concentration. The value of RL would be an
indication of the nature of solute sorption with favorable sorption when 0 < RL < 1, linear
sorption when RL = 1, and unfavorable sorption when RL > 1 [48]. For MO, the RL values
in the isotherm study were all < 0.4, and 0.05 when an initial concentration of 1.0 mM was
used for all the other studies, suggesting a favorable uptake of MO on the clinoptilolite,
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which is confirmed in the thermodynamic study of MO sorption by the negative values of
free energy for MO sorption (see later). Similarly, for ARS, the RL values in the isotherm
study were all <0.04, and 0.01 when an initial concentration of 1.0 mM was used for all the
other studies, also suggesting a favorable uptake of ARS on the clinoptilolite.

3.2. Kinetics of MO and ARS Sorption

At an initial concentration of 1.0 mM, the sorption of MO and ARS on the clinop-
tilolite was fast, reaching equilibrium at about 4 h for MO and less than an hour for ARS
(Figure 2c,d). The data were fitted to several kinetic models including first order, pseudo-
second order, and intraparticle diffusion (Figure 2c,d) and the pseudo-second order kinetics
fitted the experimental best based on the comparison of r2 values. It has the form of

qt =
kq2

e t
1 + kqet

(4)

It can be re-arranged into a linear form, which is demonstrated by the following equation:

t
qt

=
1

kq2
e
+

1
qe

t (5)

Furthermore, the parameters can be determined by Equation (5) linearly. In the above
equations, k (kg/mmol/h) is the rate constant and kqe

2 (mmol/kg/h) is the initial rate
of dye sorption on clinoptilolite, qt and qe (mmol/kg) are the amounts of dye sorbed at
time t and at equilibrium. The fitted qe values were 92 and 50 mmol/kg for MO and ARS
sorption on the clinoptilolite, respectively, with the coefficient of determination r2 = 0.999.
The initial rates kqe

2 and the rate constants k for MO and ARS sorption on the clinoptilolite
were 400 and 670 mmol/kg/h and 0.05 and 0.3 kg/mmol/h, respectively. In comparison,
the qe values were 96 and 76 mmol/kg and the kqe

2 values were 595 and 213 mmol/kg/h
for TB and SO sorption from a single solution on the same clinoptilolite, respectively,
ref. [49] and the k and qe values for TB sorption on a clinoptilolite were about 200 g/mol/s
and 90 mmol/kg [50]. The similar qe and kqe

2 values again confirmed the capability of
negatively charged Earth minerals to sorb anionic dyes MO and ARS and suggested that
similar mechanisms might play a significant role in the sorption of anionic dye MO and
ARS vs. cationic dyes TB and SO, further suggesting the need for mechanism study of
anionic dye sorption by clinoptilolite.

3.3. Solution pH, Ionic Strength, and Temperature Effects on MO and ARS Sorption

The sorption of MO showed a slightly decreasing trend as the equilibrium solution
pH increased (Figure 3a), suggesting a slight competing effect between OH– and MO
under high pH conditions. In addition, the net surface charge for clinoptilolite was due
to permanent surface charge produced from isomorphic substitution in tetrahedral sites
of Si4+ by Al3+, with some originating from the pH-dependent surface charges due to
surface protonation (under low pH) and deprotonation (under high pH). For ARS, its
removal remained the same at 50 mmol/kg under different equilibrium pH conditions.
This is opposite to a previous observation that sorption of ARS on SSZ-13 zeolite decreased
from 100 to 20 mg/g as solution pH increased from 3 to 10 [37]. The influence of solution
ionic strength on MO and ARS sorption was also minute (Figure 3b), suggesting that the
influence of present inorganic cation Na+ and anion Cl– is small for MO and ARS sorption,
even though the concentrations were as high as 1.0 M. A similar observation was noticed
for cationic dyes TB and SO sorption on the same clinoptilolite [49]. Temperature-wise,
MO sorption on clinoptilolite was endothermic, resulting in more MO sorbed under higher
temperatures, in contrast to exothermic for ARS sorption (Figure 3c). The thermodynamic
parameters of solute sorption are related to the distribution coefficient Kd by

ln Kd = −∆H
RT

+
∆S
R

(6)
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where Kd is the ratio of solute sorbed on solids to the equilibrium solute concentration in
solution, ∆H and ∆S are the changes in enthalpy and entropy after MO uptake, R is the gas
constant, and T is the temperature in K. ∆H and ∆S can be used to solve the free energy ∆G
of solute uptake by

∆G= ∆H − T∆S (7)
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ARS sorption on clinoptilolite.

The calculated thermodynamic parameters of MO sorption using Equations (6) and (7)
are listed in Table 1, in which the ∆G values were in the ranges of –18 to –22 kJ/mol,
reflecting physical sorption, similar to the MO sorption values of –14 to –18 kJ/mol on
MT-CT [7], –16 to –19 kJ/mol on nanoparticles of a synthetic zeolite NaA/CuO [12], and
−14 to −15 on artificial zeolite [31]. The ∆G value was about 8–10 kJ/mol for MO sorption
on a Morocco clay [18] and was only 0.2–0.9 kJ/mol on a bentonite from Algeria [22].
For the same clinoptilolite, the ∆G values were in the ranges of –18 to –24 and –12 to
–18 kJ/mol for TB and SO sorption [49]. Thus, MO removal from solution by clinoptilolite
was spontaneous and endothermic in nature, due to its negative ∆G and positive ∆H values.
The relatively small values of ∆G reflected MO sorption that was mostly physical instead
of chemical. Opposite to MO, ARS sorption resulted in negative ∆H values, although ∆G
values are similar but of opposite trends.

Table 1. Thermodynamic parameters of ARS and MO sorption on clinoptilolite.

Dyes
∆G (kJ/mol) ∆H ∆S

296 K 306 K 316 K 326 K (kJ/mol) (kJ/mol/K)

MO −17.6 −19.0 −20.4 −21.7 23.5 0.14
ARS −20.8 −20.4 −19.9 −19.5 −34.0 −0.05

3.4. XRD and FTIR Analyses

The XRD results of clinoptilolite before and after MO and ARS sorption showed
no change in peak locations (Figure 4a). This suggested that MO sorption was on the
external surfaces of clinoptilolite. It must be noted that due to the smaller sample size, a
micro sample holder made of aluminum was used. As such, the strong peaks at 38.25◦

and 44.26◦ (2θ) for the samples with MO sorption were from [111] and [200] diffractions
of aluminum [51]. In addition, no peaks corresponding to crystalline MO appeared for
the clinoptilolite samples after MO sorption, suggesting that the removal of MO from
solution was via sorption instead of precipitation/recrystallization of MO from solution. For
crystalline ARS, the peaks at 26.38, 31.72, and 45.44◦ were to reflections of crystallographic
faces [−304], [222], and [–434] [42]. Similarly, the XRD patterns of clinoptilolite after ARS
sorption also showed no change in peak locations (Figure 4b), suggesting external surfaces
were responsible for ARS uptake. The sample holder was changed to glass to prevent the
aluminum peaks. However, the amorphous hump around 20–25◦ was due to the glass
sample holder.
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In the FTIR spectra of MO, the –C=C– stretching was observed at 1599 cm–1, the
–S=O stretching was observed at 1119.5 cm–1, and the –C=N stretching was observed at
1313.7 cm–1 [40]. In a different study, the bands at 2910, 1519, 1355, and 1115 cm–1 were
attributed to –CH3, C=C, C–N, and S=O, respectively [11]. In addition, the bands for νCC
vibrations were located at 1606 and 1519 cm–1 and a band located at 1366 cm–1 was assigned
to the azo group νN=N vibration [52]. In this study, the –C=C– stretching was observed
was at 1603 cm–1, the –C=N band was observed at 1364 cm–1, and the –S=O stretching was
observed at 1115 cm–1 (Figure 5a). After sorption, the –C=C– band shifted to 1607 cm–1

and the –C=N stretching shifted to 1371 cm–1 (Figure 5a), suggesting participation of N for
the interaction of MO with the clinoptilolite surface and dimeric π-π interactions between
MO molecules.
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(b) sorption from different initial concentrations.

For ARS, the bands at 1634, 1590, 1546, and 1499 cm–1 were assigned to ν (10-C=O),
ν (9-C=O), ν (Ar C=C), and ν (C–O), respectively, while the bands at 1191 cm–1 were
due to νas(SO3) [53]. In this study, the first two bands were located at 1634, 1587 cm–1

and the νas(SO3) band was located at 1193 cm–1 (Figure 5b). After ARS sorption, the
1193 cm–1 shifted to 1263 cm–1, suggesting participation of SO3 for ARS sorption on
clinoptilolite. Alternatively, the bands at 1666, 1635, 1590, 1441, and 1329 cm–1 were
assigned to (10-C=O), ν (9-C=O), ν (Ar C=C), ν (Ar C=C), and ν (2-C–O), respectively,
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while the band at 1236 cm–1 was assigned to hydrous SO3 [54]. The 1329 cm–1 band
shifted to 1350 cm–1 and the 1236 cm–1 band shifted to 1263 cm–1 after ARS sorption on
clinoptilolite (Figure 5b), suggesting ligand participation of O attached to C2 (Figure 1b)
and O on SO3 with Ca2+ on clinoptilolite surfaces.

3.5. Molecular Dynamic Simulation

The simulation of MO sorption on crystallographic ac direction is illustrated in
Figure 6 and the bc and ab directions can be accessed in the Supplementary Materials
(Figures S1 and S2). Due to limited SSA, the aggregation of MO monomers and dimers is
anticipated if all the sorbed MO is on the external surfaces of the clinoptilolite. On the
other hand, as the dimension of MO is 1.54 by 0.43 by 0.23 nm (Figure 1a) and the channel
sizes of the 10-member (tetrahedron) ring and 8-member ring parallel to c crystal direction
are 0.44 by 0.72 and 0.41 by 0.47 nm, respectively, and the 8-member ring parallel to a
direction is 0.4 by 0.55 nm [55], it is possible that the MO could penetrate the channels of
the clinoptilolite. However, the simulation did not have the function to allow molecules to
penetrate the internal channel. Furthermore, the kinetic study results showed equilibrium
at about 4 h (Figure 2b), also suggesting limited penetrability. As such, the extensive aggre-
gation of MO monomers and dimers indeed showed up on all the different surfaces and the
function of added Na+ as counterion did not affect the aggregation of MO monomers and
dimers much. The confirmation of MO aggregation on clinoptilolite surface may suggest
that molecular self-association played an important role in MO removal from solution and
onto solid surfaces, such as phyllosilicates, in previous studies [17–19] and tectosilicates in
this study.

The simulation of ARS sorption on crystallographic ac direction is illustrated in
Figure 7. Again, due to limited SSA, the aggregation of ARS is also anticipated if all
the sorbed ARS is on the external surfaces of the clinoptilolite. The dimension of ARS is
1.05 by 0.54 by 0.24 nm (Figure 1b). Thus, it is also possible that the ARS could penetrate
the channels of the clinoptilolite. In addition, the kinetic study results showed equilibrium
was reached in less than an hour (Figure 2d), also suggesting limited penetrability. As
such, similar to MO, the extensive aggregation of ARS indeed showed up on clinoptilolite
surfaces and the function of counterion Na+ did not affect ARS aggregation. The SSA of
the zeolite for ARS sorption in the previous study [44] was only 7.8 m2/g, half of the SSA
of the clinoptilolite in this study and the ARS sorption capacity was 580 mmol/kg [44], in
comparison to 92 mmol/kg in this study. The simulation from this study already showed
extensive aggregation. Thus, if molecular dynamic simulation was carried out for ARS
sorption for the previous study [44], the aggregation of ARS on the zeolite surface would
be more than 10 times higher.

3.6. Discussion

The possible pathways for MO sorption on crosslinked quaternized chitosan/bentonite
composites may include electrostatic interaction and hydrogen bonding [9]. Furthermore,
the possible mechanism of MO sorption on immobilized CS-MT could be mainly attributed
to electrostatic, n–π stacking, dipole–dipole hydrogen bonding interactions [11].

Mikheev et al. [47] pointed out that the ground state of MO consists of supra-molecular
dimers MO2, which, in aqueous low-acidic solutions, are reversibly protonated with the
formation of di- and tri-protonated forms that can dissociate into diprotonated monomers as
the acidity increases. In addition, the nitrogen atom of the azo group loses one sp2 electron
and bares a positive charge, resulting in the polarization of the N=N π bond and the positive
charge is partially delocalized into the aromatic ring to form the cation of a phenylaminyl
type [50]. The zwitterionic forms are the most stable of the MO structures [56]. As such,
the N-dimethyl group may bear a positive charge that might have electrostatic interactions
with negatively charged mineral surfaces. As such, it is no surprise that negatively charged
minerals, such as kaolinite, illite, MT, and zeolite, were evaluated for the removal of MO in
past studies. In this study, the MO sorption on clinoptilolite was also confirmed, with an
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MO sorption capacity close to twice of the ECEC value of the mineral, suggesting that, in
addition to electrostatic interactions between the partially positively charged N dimethyl
group and the negatively charged clinoptilolite surfaces, MO dimers played an important
role in MO sorption and aggregation on clinoptilolite.
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It was found that MO was almost completely dimerized above 0.2 mM and underwent
further aggregation above 1 mM [57]. A dimer constant of 9200 was reported for 25 ◦C [57].
The dimerization constant KD is defined as

KD =
[D]

[M]2
(8)

where [M] and [D] are the MO monomer and dimer concentrations, respectively. At the
highest initial MO concentration of 2.0 mM, the initial monomer and dimer concentrations
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would be 0.3 and 0.85 mM. Even under the lowest initial concentration of 0.1 mM, 0.05 mM
was in monomer form and the rest were in dimer form. The much higher initial MO dimer
concentration would result in a significant amount of MO dimer sorption on zeolite from a
solution chemistry perspective.
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The extreme high MO and MB sorption was found on metal–organic frameworks
(MOFs) made of zirconium–metalloporphyrin [58]. Moreover, a sorption isotherm study
showed that MO has a higher affinity for polycations poly (ethylenimine hydrochloride)
(PEI), through complexation via the formation of MO dimers [59]. As such, it is no surprise
that MO could sorb extensively on certain mineral surfaces that are negatively charged,
either through interactions with N or via dimeric π-π interactions. The kinetic results
showed that equilibrium could be reached in 4 h (Figure 2b). The time period may reflect
the MO aggregation on clinoptilolite surfaces, which is confirmed in the molecular dynamic
study. The mechanism of ARS sorption on zeolite was mainly attributed to the electrostatic
interactions between the sulfonate group SO3

– and the metal oxides on the surface of
zeolite and partially positively charged –NH3

+ and negatively charged mineral surfaces,
but the CEC value of the zeolite was not mentioned [37]. However, with a sorption capacity
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of 580 mmol/kg [37], just electrostatic interactions alone may not be enough to explain
this, and ARS molecular aggregations on the zeolite surface must have also happened.
In this study, the ECEC value was 90 meq/kg [44], while the MO sorption capacity was
166 mmol/kg, almost twice of the ECEC value; thus, aggregation of MO on the mineral
surfaces must be responsible for the additional MO sorption uptake (Figure 8a), in addition
to the monomer and dimer sorption (Figure 8b,c).
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and illustration of dimer interactions (c).

Previous results showed that ARS sorbed more on apatite than on calcite, but the
quantitative values were not provided, nor the mechanism of ARS sorption [60]. For ARS
sorption in clinoptilolite, the capacity was 92 mmol/kg, about the same as the ECEC of the
mineral. However, the FTIR results showed a significant shift of 2-C–O and SO3, suggesting
ligand formation of ARS with the external exchangeable cation Ca2+ on clinoptilolite
surfaces (Figure 9). In addition, ARS may form dimers in the presence of Ca2+ using O on
C9 and C1 (Figure 1b) [61]. However, it is not a traditional dimer and no dimer constant
was reported after an extensive internet search. Instead, the dimer was considered as Ca2+

bridging two ARS via complexation or ligand formation [61]. The simulation showed
extensive ARS aggregation. Some may show dimeric features (Figure 7). Thus, it is possible
that such ARS dimers bridged by Ca2+ on the external exchangeable site of clinoptilolite
may also occur on clinoptilolite surfaces.
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4. Conclusions

In this study, the sorptive removal of an anionic dye methyl orange (MO) and alizarin
red s (ARS) by the negatively charged framework silicate clinoptilolite was assessed under
different physico-chemical conditions. The repulsive interactions between negatively
charged mineral surfaces and negatively charged solutes should prevent the net uptake of
MO or ARS on clinoptilolite. The results from this study showed the solid uptake of MO
and ARS, both of which are anionic dyes, on negatively charged clinoptilolite surfaces. The
results further confirmed several literature reports that showed MO sorption on different
types of clay minerals and presented a new perspective of using Earth materials for the
removal of emerging contaminants. Based on the fact that the amount of MO removed
was 166 mmol/kg, close to twice of the external cation exchange capacity of the mineral,
it was speculated that the N in the dimethyl group may bear a partial positive charge,
resulting in a net attractive interaction with the clinoptilolite surfaces. Moreover, the MO
molecules formed dimers in solution under the experimental concentrations via dimeric
π-π interactions. These interactions may account for the high MO sorption capacity beyond
the ECEC value of the clinoptilolite. FTIR analyses and molecular dynamic simulation
supported the proposed dual mechanisms. As such, negatively charged Earth materials
could serve as sorbents for the removal of certain types of anionic dyes, such as MO, via
sorption. For ARS, its removal capacity was 92 mmol/kg, close to the external cation
exchange capacity of the mineral. As the major exchangeable cation of the mineral is
Ca2+, the ligand formation between O on the second C, as well as O with SO3 and the
Ca2+ on clinoptilolite surfaces, was responsible for ARS uptake. In addition, aggregations
and dimer formations on the mineral surfaces are anticipated, as revealed by molecular
dynamic simulations. This is a new perspective to extend the use of Earth materials for the
removal of emerging contaminants from water. Future studies using Earth materials for
water remediation should also be extended to certain types of anionic organic species.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/cryst12050727/s1: Videos S1–S8. They are movie clips for MO sorption on clinoptilolite along
a, b, and c crystallographic directions in the presence and absence of Na+ at MO sorption capacity as
indicated by file names and ARS sorption on clinoptilolite along b crystallographic direction. Also
available online are Figure S1: Molecular dynamic simulation showing MO uptake in the absence
(top) and presence (bottom) of counterion Na+ on the bc plane of zeolite projected along c (left) and a
(right) directions; and Figure S2: Molecular dynamic simulation showing MO uptake in the absence
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