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Abstract: The studies on dye removal from solutions attracted great attention due to the increased
use of color dyes in different fields. However, most of the studies were focused on dye removal
from a single solution. In reality, wastewater from the fabric industry could contain mixed dyes. As
such, evaluating different dye removal from mixed solutions may have more practical importance.
In terms of sorbents evaluated for dye removal, most of them were an organic type generated
from agricultural wastes. Clay minerals and zeolites were also studied extensively, because of
the vast reserves, inexpensive material cost, larger specific surface area (SSA) and high cation
exchange capacity (CEC). However, evaluating the factors controlling the dye removal from mixed
dye solutions was limited. In this study, the removal of cationic dyes safranin O (SO) and toluidine
blue (TB) by clinoptilolite zeolite (ZEO) was evaluated under single and binary systems. The results
showed that removal of TB was preferred over SO by approximately a 2:1 ratio. The counterion C1~
sorption from mixed dye solution helped the formation of mixed dye aggregates on mineral surfaces.
Molecular dynamic simulation confirmed the multilayer mixed dye formation on ZEO under high
loading levels.

Keywords: cationic dye; mechanism; removal; safranin O; toluidine blue; zeolite

1. Introduction

The extensive use of color dyes in modern society creates extraordinary stress on
their removal and disposal. Quantity-wise, as many as 10,000 dyes of different chemical
structures are commercially available and extensively used [1], more than 7 x 10° tons
of dyes are used in textile industry alone, and approximately 10-15% of these dyes are
discharged into water systems without treatment [2]. As environmental awareness and
concerns become an urgent issue, more research is devoted to dye removal in recent studies.

Commonly used methods for dye removal from water are physical, chemical, and
biological [3]. The advantage of degrading removal (both chemically and biologically) is its
partial or complete breakdown of the dye compounds to decrease their toxicity. However,
the disadvantage is its slow degradation rate and expensive catalyst costs. In contrast, the
advantage of sorptive removal (physical) is its fast rate of removal and low material cost.
On the contrary, the dispensing of the spent sorbents is a critical issue in dye remediation.
As such, sorbents of a high removal capacity and low material costs are always extensively
researched and explored. We evaluated the ability of five low-cost sorbents (bark, rice husk,
cotton waste, hair, and coal) to sorb two basic dyes: safranin O (5O) and methylene blue
(MB) from the solution, with monolayer saturation capacities of 1119, 838, 875, 190, and
120 mg/g for SO, and 914, 312, 277, 158, and 250 mg/g for MB, respectively [4].
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However, most of the evaluations were conducted for a single dye removal at a time,
not on a mixed dye, particularly for opposite charges. The same MB removal under the
same initial MB concentration of up to 100 mg/L, and the same contact time was achieved
from a single solution and a triple dye solution made of MB, methyl orange (MO), and
Congo Red (CR), as the initial concentration of MO and CR was kept at 5 mg/L [5]. This
may be due to significant difference between the concentrations of MB and the other
two dyes. In contrast, the sorption capacities were 42 and 26 mg/g from single dye
and triple dye solutions, but the data were not provided and the concentration changes
of the other two dyes were not monitored [5]. Halloysite was successfully tested for the
adsorptive removal of the cationic dye, Rhodamine 6G, and the anionic dye, Chrome azurol
S. Halloysite, and exhibited a higher removal capacity towards both dyes [6]. A cationic
dye, methyl violet 2B, and an anionic dye, azocarmine G2, were simultaneously removed
from an aqueous solution using a composite made of CrFeO3 with multi-walled fullerene
carbon nanotubes [7].

Metal-organic frameworks (MOFs), a class of crystalline material with a high porosity
composed of metal clusters and organic linkers, were tested for the removal of the sin-
gle dyes, MO and MB, and the mixed dyes, which were cationic and anionic in nature
(MO + MB) [8]. However, due to the ionic nature, the mixed dye removal was only tested
with a fixed initial concentration (10 mg/L) under different initial pH conditions, and a
significant removal enhancement (50-100%) was observed in the presence of the second
dye in comparison to the dye removal from single dye solutions [8]. The sorption of MB and
reactive orange 16 (RO16), an anionic dye, by ethylenediamine tetra-acetic acid modified
rice husk (ERH) showed an MB sorption capacity increase from 46 to 50 mg/g, from single
and binary systems, and an RO16 sorption increase from 8 to 17 mg/g, from single and
binary systems, but the mechanism of this increase was not discussed [9].

Kenaf core fiber (KCF) was chemically modified by the quaternized agent (3-chloro-2-
hydroxypropyl) trimethylammonium chloride to improve the removal of the anionic dyes,
Reactive Red-RB (RR-RB) and Reactive Black-5 (RB-5), from a binary aqueous solution
with removal capacities of 116 and 143 mg/g, respectively, obtained in contrast to the
capacities of 170 and 270 mg/g from single solution, respectively [10]. However, the
sum of the removal capacity for the two dyes was about the same as that for RB-5 and
the mechanism was attributed to chemisorption and internal diffusion, while the actual
mechanism should have been electrostatic interactions as the surface was positively charged
after trimethylammonium modification [10].

An organic-inorganic hybrid material, polyaniline-zirconium phosphoborate (PANI-
ZrPB) nanocomposite, was tested for the removal each dye from the binary mixtures of
MB-neutral red (NR), MB-crystal violet (CV), and CV-NR and a slight reduction in each
dye removal, from 94.5-92.73 to 90-82%, was observed in the MB-NR binary system and
a reduction from 95 to 89.5% was observed for the MB-CV binary system, which was
attributed to competitive sorption [11]. Although the calculated sorption capacities for MB,
CV, and NR were 71, 90, and 56 mg/g, respectively, the study was not conducted with
different concentrations [11].

Dyes can be organophilic and hydrophilic. For dyeing fabrics, the dyes are often
hydrophilic and can be further classified into cationic, anionic, and zwitterionic based on
their net charges in aqueous solution. To remove hydrophilic dyes from water, sorbents of
opposite charges are often selected and used. For the removal of cationic dyes, common
clay minerals of a high specific surface area (SSA) and cation exchange capacity (CEC)
were evaluated due to their net negative charges on the surface and inexpensive material
cost. For example, montmorillonite was tested for the removal of the cationic dyes acridine
orange (AO) [12], rhodamine B (RB) [13], and MB [14]. However, conflicting results
were found in recent studies. For example, the sorption of TB on bentonite was only
18.4 mg/g [2]. In contrast, the sorption of TB on a Na-montmorillonite (MMT) was up to
1773 mg/g [15]. The drastic difference between the sorption capacities of TB increased by
up to two orders of magnitude. In comparison, SO sorption on MMT was 380 mg/g [16].
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The sorption of CR and malachite green (MG), a cationic dye, by bentonite, whose CEC was
1.35 meq/g, was tested from single and binary solutions with sorption capacities of about
200 and 170 mmol/g for CR and MG [17]. In the mixed dye, the molar ratio of CR/MG
was 0.52, with the capacities about 90 and 100 mmol/g for CR and MG sorption [17]. The
cation exchange was interpreted as the mechanism for MG sorption, but no explanation
was provided for the fact that the dye sorption was more than 100 times the CEC value [17].

A study was conducted for the removal of a cationic dye, Basic Violet 16 (BVy;4), and
an anionic dye, Reactive Red 195 (RR195), from single and binary solutions by bentonites
and the results suggested an enhanced removal of one dye in the presence of the other dye
at an initial concentration of 20 mg/L [18]. However, the concentrations of the dyes were
determined using UV-Vis at the wavelengths of 548 and 540 cm ™! for BV and RRyg5 [18],
which definitely affected each other in the absorbance reading.

In comparison to phyllosilicates, tectosilicates, such as zeolites (ZEO), also have high
CEC and SSA values [19], making them one of the most environmentally friendly types of
sorbents for the removal of contaminants, mostly cationic, from water. The TB sorption on
Turkish ZEO was 55 mg/g or 170 mmol/kg [20]. A similar contradiction was also found
on ZEO. The SO sorption on ZEO resulted in a capacity of 0.08 mg/g in one study [21] and
43 mg/g in another study [22]. Clinoptilolite zeolite was studied for the sorptive removal
of Reactive Blue 21 (RB21) and Reactive Red 195 (RR195), both anionic dyes, under single
and binary dye systems, with sorption capacities of 9.7 and 3.2 mg/g for RB21 and RR195
in single solution system, respectively [23]. However, the mechanism of dye removal was
not discussed in their study.

As a phenothiazine basic dye, toluidine blue (TB) is commonly used in biotechnology
to stain tissues rich in DNA and RNA due to its high affinity for tissue components that
are acidic [24]. Safranin O (S5O), mostly used as food dye in the flavoring and coloring of
candies and cookies [25], is also commonly used for biological laboratory purposes [26].
Often, the biotechnological waste may contain mixed dyes. As such, their removal and
disposal are critical in waste management.

The previously motioned methods, including physicochemical, biological, and chemical
were commonly used for the removal of TB from water [27]. Similarly, these methods could
also apply to the removal of SO, as it was also a cationic dye. Among them, the sorptive
removal using natural materials was mostly effective in terms of costs and efficiency [28].

As such, it is critical to systematically study the interactions between color dyes and
earth materials under different physical and chemical conditions, as single dyes or as
mixed dyes. In this study, we investigated the sorption of TB and SO on a clinoptilolite
ZEQ under single dye and binary dye conditions. Our goal was to see whether differences
were present for the uptake of different dyes on ZEO. If so, what is the mechanism that
contributes to the differences? Answering this question could help future optimizations to
be made to reach the best dye removal efficiency from single and mixed solutions.

2. Materials and Methods
2.1. Materials

The TB (also called basic blue) has a CAS number of 92-31-9. It is in the chloride
form with a molecular weight of 305.82 g/mol and a solubility of 30 g/L (Acros). The
reported pKa values are 2.4 and 11.6 [29]. It is in a planner form with a length of 1.07 nm
and a width of 0.40 nm (Figure 1). The SO used is also in the chloride form with a CAS
number of 477-73-6, a molecular weight of 350.84 g/mol, a solubility of 50 g/L [30], and
a pKa value of 11 [31]. In terms of molecular size, it is 1.16 nm long by 0.96 nm wide by
0.4 nm thick, due to the twisting of the benzene ring (Figure 2).

The ZEO used is clinoptilolite obtained from St. Cloud mine in Winston, NM and
was used as received with a particle size of less than 200 mesh (0.074 mm). It has an SSA
value of 15.7 m?/ g with the external CEC (ECEC) value of 90 meq/kg [32]. A recent BET
measurement showed a very large mesopore size of 18 nm.
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Figure 1. Molecular structure of TB (a) and its pH-speciation (b).
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Figure 2. Molecular structure of SO viewed from different directions (a) and its pH-speciation (b).

2.2. Dye Sorption Experiment

For all experiments, 0.25 g of ZEO and 10 mL single or binary solution were used.
They were each mixed in 50-mL centrifuge tube, for a varying amount of time for the
kinetic study and 24 h for all other studies, in a reciprocal shaker at room temperature
(23 °C) and at a rotational speed of 150 rpm. Mixtures were centrifuged at 3500 rpm
for 10 min and the supernatant was passed through 0.45 pm syringe filters, before being
analyzed for equilibrium TB or SO concentrations using a UV-Vis method. The amount of
TB or SO sorbed was calculated by the difference between the initial and equilibrium TB or
SO concentrations.

For the sorption isotherm study, the initial concentrations varied from 0.3 to 2 mM
with equal concentrations for both dyes in the binary system and 0.6 to 4 mM for the single
dye system. For all other experiments, the initial concentrations were 1.2 mM each for
the binary system and 2.4 mM for the single dye system. For the pH study, the pH of the
mixtures was periodically adjusted to reach the final pH values between 3 and 11 with an
interval close to 1. For the ionic strength study, the solution ionic strength was adjusted to
0.001, 0.01, 0.1, and 1.0 M of NaCl using 5.0 mL of 0.002, 0.02, 0.2, and 2.0 M NaCl solution
with TB and SO stock solution, respectively. For the kinetic study, mixtures were shaken
for 0.1 to 24 h, while the temperatures were 23, 33, 43, and 53 °C.

2.3. Instrumental Analyses

The equilibrium TB and SO concentrations were determined using a UV-Vis spec-
trophotometer at a wavelength of 625 nm for TB [33], and 516 nm for SO [34,35]. A max-
imum absorption wavelength of 633 nm was also used in another study for TB [20] and
an absorption wavelength of 554 nm was also reported for SO [26]. An ion chromatog-
raphy (IC) with a PRP-100 anion exchange column was used to analyze the equilibrium
Cl~ concentration.



Crystals 2021, 11, 1181 50f 15

A Shimadzu 8100 spectrometer equipped with a quartz ATR was used to acquire the
FTIR spectra of the ZEO after equilibrating with different amounts of dyes, and the samples
were scanned from 400 to 4000 cm ™! with a resolution of 4 cm~!. A Shimadzu 6100 X-Ray
Diffractometer with a Ni filtered CuK« radiation at 30 kV and 40 mA was used to obtain
the X-ray diffraction (XRD) patterns of the samples. Samples were scanned from 5-40° (26)
with a scanning speed of 2° /min.

2.4. Molecular Dynamic Simulation

Materials Studio 6.0 software with ‘FORCITE” module was used for molecular dy-
namic simulation to investigate the interactions between the single dye or mixed dyes with
the ZEO to reveal configurations of sorbed dye molecules on the mineral surfaces. The
supercells were built based on 2a x 2b, 2a X 4c, or 2b X 4c, while the unit cell parameters
for ZEO were: a =17.688 A, b=17.902 A, c = 7.409 A, B = 116.5°, Z = 4. The number of
dye molecules used for the simulation was calculated from the SSA of the minerals and the
sorption capacity for each dye from the isotherm study. The simulation was performed at
298 K and the constructed model was optimized geometrically.

3. Results and Discussion
3.1. Subsection
Isotherms of Dye Sorption from Single and Binary Solution
The sorption of both dyes was fitted to different isotherm models and the Langmuir
isotherm model fitted the experimental data best (Figure 3a). It has the form of:

C, = KpSmCr

= LomtL 1
1+ K Cp, )

where C; and Cg are the dye concentrations in the solution (mmol/L) and the amount of
dye sorbed (mmol/kg) in the solid at equilibrium; the S;;, (mmol/kg) and K, (L/mmol) are
the Langmuir parameters reflecting the capacity of the dye sorption on, and the affinity of,

the dye for the ZEO.
150 _ , 100
. TB from single solution T8 from single soluion A
A =N s T
2 - 80 TB + SO from binary solution
100 o
_________________ _D_v._.._,._.._.._..gv_.._ulj._ 6 .

U]
TB + SO from binary solution
QOQ TB from binary solution

L ¢ > S 9——@————0——00-—
SO from binary solution (a)

50 SO from binary solution

(b)

15 20 25

Amount Dye Sorbed (mmol/kg)

Amount Dye Sorbed (mmol/kg)

0.0 0.5 1.0 1.5
Equilibrium Dye Concentration (mmol/L) Time (h)

Figure 3. Isotherm (a) and kinetic study of TB and SO sorption form single and binary solutions on ZEO. The lines are
Langmuir (a) and pseudo-second order (b) fit to the experimental data.

The Langmuir equation can be re-arranged into a linear form so that S, and Ky can be
determined by a linear regression:
CL 1 Cy

== = _= 2

The fitted results are S;;; = 63 and 33 mmol/kg and K; = 170 and 122 L/mmol for
the TB and SO sorption from a binary solution of equal initial concentrations on ZEO,
respectively. In contract, the SO sorption on ZEO from a single solution resulted in an S;, of
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79 mmol/kg and a K}, of 1808 L/mmol [36]. In this study, the sorption of TB from a single
solution resulted in an S;; of 126 mmol/kg and K} of 333 L/mmol (Table 1). As such, TB
had a much better affinity for ZEO in comparison to SO in the cationic form. A similar trend
was found for TB sorption from a single solution on the fibrous clay minerals palygorskite
and sepiolite [37]. The ECEC value of the ZEO was 90 meq/kg [32]. The S;, values for
TB and SO sorption from both single and binary solutions were close to the ECEC value,
strongly suggesting that cation exchange played a dominant role in the uptake of TB and
SO; both are cationic dyes from either single or binary solutions.

Table 1. Parameters of Langmuir and kinetic fits of TB and SO sorption on ZEO from single and binary solutions.

TB from Binary SO from Binary

Sum of TB + SO TB from Single SO from Single

Systems Solution Solution from Bl.nary Solution Solution 1
Solution
Sy (mmol/kg) 63 +2 33+2 9 +3 126 +£2 79 +2
K; (L/mmol) 170 £ 4 122 + 6 66 + 2 333+ 8 1808 + 120
ge (mmol/kg) 48 +1 43 +1 90M+1 96 t1 76 + 2
kqe 2 (mmol/kg-h) 164 £+ 30 54 + 14 181 +40 595 + 80 213 + 30
k (kg/mmol-h) 0.07 £ 0.01 0.03 £ 0.01 0.02 £ 0.005 0.1 4+ 0.001 0.04 £+ 0.01
T from [36].

In comparison, the sorption capacities of anionic dyes, RB21 and RR195, on clinoptilo-
lite from a single solution system were 9.7 and 3.2 mg/g for, respectively [23]. Additionally,
the sorption of basic red 18 (BR18) and basic blue 41 (BB41), both cationic dyes, on a
feldspar resulted in the capacities of 11.1 and 10.6 mg/g for BB41, and 10.8 and 7.2 mg/g
for BR18 from single and binary systems [38]. From a single solution, the TB sorption
reached a capacity of 28 mg/g, equivalent to 92 mmol/kg on gypsum [33], Moreover, the
TB sorption on bentonite was reported as low as 9.4 mg/g, or 30 mmol/kg [2], and as high
as 5.8 mmol/g on MMT [5], and both were attributed to chemisorption. The SO sorption
on palygorskite reached a capacity of 200 mg/g, or 570 mmol/kg [39].

3.2. Kinetics of Dye Sorption from Single and Binary Solution

The dye removal from single and binary solutions was relatively fast (Figure 3b).
Pseudo-second-order kinetics were used to fit the experimental data of RB21 and RR195
sorption on the clinoptilolite from single and binary solutions, with rates of 0.03—-0.3 and
0.003-0.05 g/mg min for the RB21 sorption from single and binary solutions, and 0.08-0.2
and 0.01-0.03 g/mg min for the RR195 sorption from single and binary solutions [23]. In
this study, the experimental data were fitted to several kinetic models with the pseudo-
second-order kinetics fitting the data best. It had the form of:

kgt
=7 + kq,t ©)

This could be converted into a linear form:

t 1 1
—=—+ —t (4)
qt kqe e

so that the parameters can be determined by linear fitting. In these equations, k (kg/mmol-h)
and kq? (mmol/kg-h) are the rate constants and initial rates of dye sorption on ZEO, g;
and g, (mmol/kg) are the amounts of dye sorbed at time ¢ and at equilibrium. The fitted
ge values were 48 and 43 mmol/kg for TB and SO sorption from a binary solution of
equal concentrations, with the coefficient of determination 2 greater than 0.995. The initial
rates and the rate constants for TB and SO sorption on ZEO were 164 and 54 mmol/kg h,
and 0.07 and 0.03 kg/mmol-h, respectively. In comparison, the g, values were 96 and
76 mmol/kg; the k values were 0.1 and 0.04 kg/mmol-h; and the kq? values were 595 and
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213 mmol/kg h for TB and SO sorption from a single solution (Table 1). The high-rate
constant and larger g, value for TB sorption was again confirmed by the isotherm study
and suggested a better affinity of TB for ZEO surfaces in comparison to SO. Previous results
showed that the k and g, values were about 200 g/mol-s and 90 mmol/kg for TB sorption
on a clinoptilolite zeolite [20] and the k and g, values were 0.56 g/mg min and 24.9 mg/g
for TB sorption on bentonite [2].

3.3. Influence of Solution pH, lonic Strength, and Temperature on Dye Sorption

Statistically speaking, the influence of the equilibrium solution pH (3-11) on the
sorption of TB (96 mmol/kg) from a single solution as well as TB (47 mmol/kg), SO
(44 mmol/kg), and TB + SO (90-93 mmol/kg) from s binary solution, was minimal
(Figure 4a). Additionally, the total amounts of dye sorption from single or binary so-
lutions were approximately the same as the ECEC value of the mineral. In contrast, TB
sorption on gypsum increased slightly in pH, from 3.5-6.5, but decreased significantly
when the pH further increased to 9 [33]. Additionally, as the initial solution pH increased
from 2 to 12, TB sorption on MMT increased from 30% to about 100% [15]. On the other
hand, TB sorption on Neem leaf powder decreased from 0.2 mg/g to 0.05 mg/g as the pH
increased from 1 to 11 [40].

-
o
o

BO@ﬁﬁm‘ﬁ‘ﬁl 4p & rh B

60 -
0P388 88 @ @ B ¢

20

(a)

Dye sorbed (mmol/kg)

100
80

60
40 8 ° ¢
20
6l . . (b)
-3 -2 -1 0
lonic Strength log (NaCl) (mol/L)

Dye sorbed (mmol/kg)

12

10 |
A

8 A
o

6 -
<

4 T . T
0.0030 0.0031 0.0032 0.0033 0.0034

11T (1/K)

LnK (L/kg)

Figure 4. Influence of equilibrium solution pH (a), ionic strength (b), and temperature (c) on dye
sorption. See Figure 3 for symbol legends.

Similarly, the influence of solution ionic strengths in terms of NaCl concentration also
had a minimal effect on the dye uptake on ZEO and the values were about the same as those
under different pH conditions, varying from 47 to 48, and from 43 to 45 mmol/kg for TB
and SO sorption from a binary solution, from 91 to 93 mmol/kg for TB + SO sorption from
a binary solution, and about 96 mmol/kg for TB sorption from single solution (Figure 4b).
Previous results showed that added salts, such as NaCl, CaCl,, Na,SO4, and NH4Cl in the
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Table 2.

range of 0-10% (w/v), had a minimal influence on the SO sorption on modified zeolite [19].
For a cation exchange reaction, increasing the ionic strength would reduce the amount
of target cations sorbed due to the competition for sorption sites on solid. The minimal
influence of ionic strength on dye sorption suggests that the cationic dyes, TB and SO,
are more competitive in the sorption sites in comparison to the inorganic cation Na*, or
perhaps, that the counterion CI™ might enhance the TB or SO sorption due to promoting
the sorption of the dimers of both dyes.

Under a different temperature, TB sorption from a single solution on ZEO was in the
narrow range of 95.5 to 95.8 mmol/kg. In contrast, from a binary solution TB, SO, and
TB + SO sorption were in the ranges of 46.6-47.8, 36-46, and 83-94 mmol/kg, respectively
(Figure 4c). Overall, for the binary solution, the dye sorption increased as the equilibrium
temperature increased from 23 to 53 °C. The solute distribution coefficient K; was defined
as the ratio of the amount of solute sorbed to the equilibrium solute concentration, and
could be related to the thermodynamic parameters of solute sorption by:

AH AS
InKj =——=+ —
nKy T TR ©)
where the AH and AS are the changes in enthalpy and entropy after dye sorption, and R
and T are the gas constants and the equilibrium temperatures in K. The changes in the free
energy of sorption AG are related to AH and AS by:

AG= AH — TAS (6)

The calculated thermodynamic parameters are listed in Table 2. Overall, the statisitcal
errors are somehow relatively large due to the fact that R? values of the linear regrations in
Figure 4c are relatively small (in the range of 0.7-0.8). Yet, overall, the AG® values were
more negative for TB sorption in comparison to SO and more negative for dye sorption
from a single solution in comparison to a binary solution, although the difference may
not be statistically significant. Moreover, the AG® values were in the range of —12.5 to
—24.4 kJ/mol, suggesting the net attractive interactions such as physical sorption or
electrostatic interactions between the dye molecules and the mineral surfaces. The AH®
values were negative for dye sorption from a single solution and positive from a binary
solution. As for the AS°, the values are relatively small. In comparison, the AG® value
was positive (80-90 k] /mol) for MB on a zeolite from ECC International [41]. The AG®
values for TB sorption on a bentonite were in the ranges of —1780 to —4950 kJ/mol, AH®
of —53,720 kJ/mol [2]; the extreme large negative values may be due to the incorrect
use of units associated with their values. On the other hand, TB sorption on Neem leaf
powder resulted in AG®°, AH®, and AS° values of —2 to —5 kg/mol, —53 kg/mol, and
—14 kg/mol [40], which might be measured in k] /mol, instead of kg/mol. The sorption of
SO on MSep resulted in a AG® value of about —15 kJ/mol, suggesting physi-sorption [42].

Thermodynamic parameters of TB and SO sorption on ZEO from single and binary solutions.

Minerals

AG® (kJ/mol) AH° AS°
306 K 316 K 326 K (kJ/mol) (kJ/mol-K)

TB
SO
TB + SO
TB single
SO single T

—-18£+15
—12+17 —14 +17 —16 £17 —-18 £ 17 37£8 0.17 £ 0.04
—14+16

—-20£15 -22+15 —24 £15 37 +7 0.19 £ 0.03

—16 £ 16 —18£16 —19+16 36+9 0.17 £ 0.03
—24+11 —24+11 —24+11 -19+£5 0.02 £0.02

—157+£0.1 —-155+0.1 —153+£0.1 —-15.0+£0.2 —22+4 —0.02 £0.01

T from [36].
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3.4. XRD Analyses

The XRD patterns of ZEO after equilibration with different initial concentrations from
single and binary solutions are plotted in Figure 5. The results showed that neither the
peak locations, nor the peak intensity or width, changed after dye sorption from single and
binary solutions, suggesting that the sorption sites for the organic dyes were limited to
the external surfaces only, although the ZEO is clinoptilolite with channel structures that
are available for the sorption and exchange of inorganic cations. In comparison, at the TB
sorption level of 0.2 g/g, the dpp1-spacing changed from 1.52 to 1.40 nm, indicating that the
TB intercalated into the interlayer of MMT [16].
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Figure 5. XRD patterns of ZEO after sorption from binary (a) and single TB (b) solution of different initial concentrations.
The insets are the XRD patterns of solid SO (a) and TB (b).

3.5. FTIR Analyses

The FTIR spectra of ZEO after the equilibration with single TB and binary TB and
SO solutions of different initial concentrations are displayed in Figure 6. For solid TB, the
bands were located at 1597, 1474, 1418, 1387, 1319, 1290, 1225, 1121, and 885 cm ! (Figure 6).
The band at 1597 cm~! was assigned to the aromatic ring [43] and it shifted to 1607 cm ™!
after being sorbed on ZEO (Figure 6¢,d). The band at 1319 cm~! was attributed to C=N
stretching in SO [44]. Additionally, the band at 1325 cm~ ! was assigned to N-(CHs), [45].
It was also a major band for TB and it shifted to 1333 cm~! after TB sorption on ZEO from
single and binary solutions (Figure 6¢,d). The shift from 1319 to 1335 cm ™! or from 1325 to
1335 cm ™! suggested strong interactions between the C=N functional group of TB and the
ZEQ surfaces or electrostatic interactions between N*-(CH3), and the negatively charged
mineral surfaces. A similar observation was found for TB sorption on the fibrous clay
minerals, palygorskite and sepiolite [37].

For SO, strong bands were located at 1639, 1609, 1485, 1323, and 1188 cm! (Figure 6c).
The only band after SO sorption from binary solution was the one at 1485 cm~! and its
location remained the same before and after SO sorption.

The results from FTIR study showed that TB played a more important role in the dye
uptake from single and binary solutions.

3.6. Counterion Cl~ Uptake Accompanying Dye Sorption

The analyses of the counterion C1™ in solution could reveal its function in dye uptake.
For TB sorption from a single solution, the amount of Cl1~ sorbed at a high TB loading was
about 10 mmol/kg, corresponding to about 10% of the TB sorbed. For SO sorption from a
single solution, no counter C1~ sorption was observed from the initial concentrations up to
2.5 mM. In contrast, the CI~ sorption was about 50 mmol/kg from a binary solution, about
50% of the total dye sorbed, suggesting a more dimeric formation of the same dye or the
bridging of different dyes by C1~ (Figure 7).
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3.7. Molecular Dynamic Simulation

The results from the molecular dynamic simulation showed the extensive TB molecules
aggregation on the surfaces of ZEO at the TB sorption capacity of 126 mmol/kg along
different crystallographic directions or different crystal faces (Figures 8-10). Similarly, at the
TB + SO sorption capacity of 96 mmol/kg, both TB and SO molecules formed aggregates
on ZEO surfaces (Figures 8-10), confirming the simultaneous uptake of C1~ at high SO
loading levels, revealed by the IC study. The clips of the simulation dynamics can be found
in the supporting documents. These results suggested that the admicelles of dye are the
final dye surface configuration are caused by the large ECEC value and limited external

SSA value of ZEO.
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Figure 8. Molecular dynamic simulation showing TB uptake (left) and TB + SO (right) on the {100}
surface projected along crystallographic c (a) and a (b) directions of ZEO.

Figure 9. Molecular dynamic simulation showing TB uptake (left) and TB + SO (right) on the {010}
surface projected along crystallographic a4 (a) and a (b) directions of ZEO.
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Figure 10. Molecular dynamic simulation showing TB uptake (left) and TB + SO (right) on the {001}
surface projected along crystallographic b (a) and c (b) directions of ZEO.

3.8. Discussions

Limited studies were conducted to investigate the uptake and removal of dyes from
mixed solutions. Previous studies showed that cation exchange and chemisorption were
the driving forces for SO uptake on a Yeman ZEO with a capacity of 120 mmol/kg [22]. The
sorption of MB on zeolites prepared from three Egyptian kaolins resulted in a capacity of
34-68 mmol/kg [43] and a TB sorption on Turkish ZEO had a capacity of 170 mmol/kg [20].
The sorption of SO on the same ZEO was 79 mmol/kg [36]. In this study, the TB sorption
from a single solution was 126 mmol/kg and both TB and SO sorption was 96 mmol/kg, in
agreement with the ECEC value of 110 meq/kg for the ZEO. Thus, the removal of cationic
dyes from single and binary solutions should be attributed to the cation exchange.

The TB molecule is 1.2 nm long by 0.52 nm wide by 0.17 nm thick with a planer
structure (Figure 1). The positive charge is localized on the dimethylamino group [46].
Similarly, the SO molecule is 1.16 nm long by 0.96 nm wide by 0.4 nm thick (Figure 1). The
extra width is due to a benzene ring attached to the N in the phenazinium with the positive
charges located on that N. (Figure 2). The differences in the locations of positively charged
N, should determine the interactions between the dye molecules and the negatively charged
mineral surfaces. As such, the interactions between TB* and ZEO may have much less
stereo hindering in comparison to SO* and ZEO, which can be attributed to the elevated
TB sorption on ZEO in comparison to SO.

Many organic dye molecules associate themselves into aggremers in a solution where
their concentrations are high. The simplest aggremers are dimers, in which two dye
monomers associate. The dimerization constant Kp is defined as:

[D]

Kp = [M_]z ()
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where the [M] and [D] are the dye monomer and dimer concentrations, respectively. For TB,
its Kp value in water is 10,300 M1 [45]. For MB, which has a similar structure to TB, the
Kp value in water is 4700 M~ [47]. In other studies, the reported Kp value in water was
10,500 [48] and 3311 [49]. Similarly, the reported logKp value of MB in water was 3.6 and
that of SO was 4.3, corresponding to about 4000 and 20,000 [50]. By using the Kp value
of 10,300 M1 at the highest input concentration of 4 mM for TB sorption from a single
solution, the initial monomer and dimer concentrations would be 0.4 and 1.8 mM. On the
contrary, if the Kp values of 10,300 and 20,000 were used at the highest input concentration
of 2 mM for TB and SO sorption from a binary solution, the initial monomer and dimer
concentrations would be 0.3 and 0.86 mM and 0.21 and 0.89 mM for TB and SO. Thus,
significant amounts of the sorbed TB or SO might result in a dimeric formation, as revealed
by a molecular dynamic simulation with the preferred dimeric aggregation of TB in the
antiparallel fashion in a form of the H type [51]. The lower equilibrium Cl~ concentration,
particularly when mixed dyes were present in solution also confirmed uptake of counterion
Cl™ accompanying mixed dye sorption. This also strongly suggests the formation of dimers
or bilayers of mixed dyes on ZEO surfaces.

4. Conclusions

In this study, the sorption of TB and SO from single and binary solutions on tectosili-
cate clinoptilolite zeolite was investigated under different experimental conditions. The
results showed that the TB sorption capacities from a single solution and the TB + SO
sorption from a binary solution matched well with the external cation exchange capacity
of the zeolite, and strongly suggested the cation exchange mechanism for the uptake of
cationic dyes TB and SO. The solution pH and ionic strength had a minimal influence on
the dye sorption from single and binary solutions, suggesting a higher affinity of cationic
dyes in comparison to inorganic cations. From a binary solution, TB sorption almost
doubled the SO sorption with equal input concentrations. The XRD results suggested
that the sorbed dye molecules were limited to the external surfaces of zeolite. The stereo
effect of SO may contribute to its reduced sorption. Due to the low specific surface area,
sorbed dye molecules aggregate into aggremers or admicelles on zeolite surfaces at higher
initial concentrations. The FTIR results suggested the participation of N*-(CHj3), with
zeolite surfaces for TB sorption in comparison to N* in the benzene ring for SO sorption.
The molecular simulation results confirmed dense TB or TB + SO aggregations on zeolite
surfaces. The results showed that zeolite was a good candidate for the sorptive removal of
cationic dyes from a solution and further column tests may be needed.
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