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ARTICLE INFO ABSTRACT

Keywords: Removal of Rhodamine B (RhB) from aqueous solutions was performed by the batch adsorption
Rhodami.ne B process. Colemanite was characterized as an adsorbent by Fourier Transform Infrared Spectros-
Colemanite copy (FTIR), X-Ray Diffraction (XRD) and X-Ray Fluorescence (XRF). The effects of contact time,
WaStewéter the effect of the initial concentration of the dye, the amount of adsorbent and temperature pa-
Adsorption . . J. .

Kinetic models rameters on the removal of RhB were investigated. Equilibrium adsorption data of RhB on
Isotherms colemanite were analyzed using the Langmuir, Freundlich and Dubinin-Radushkevich isotherm

models. It was found that the isotherm that showed the highest correlation with experimental
data was the Langmuir isotherm. Using the Langmuir isotherm, the theoretical adsorption ca-
pacity was calculated as 42.02 mg/g. Adsorption kinetics were analyzed with Pseudo-First-Order,
Pseudo-Second-Order and Intraparticle diffusion models. As a result of the calculations, it was
determined that the most appropriate kinetic model was the Pseudo-Second-Order kinetic model.
Thermodynamic studies have shown that adsorption is a physical, non-spontaneous, exothermic
process in which randomness at the solid-liquid interface decreases. According to the results
obtained, it can be said that colemanite can be used as a suitable adsorbent in the removal of
Rhodamine B dye from wastewater.

1. Introduction

Wastes from many industries such as the textile, paper, chemistry, fertilizer, pesticide, metal plating, battery, food and medicine
industries pose a significant threat to useable clean water resources [1]. In general, dyes block the penetration of sunlight into the
water depths, increase the chemical oxygen demand of water and reduce the dissolved oxygen level. This causes the death of aquatic
creatures and reduces water quality. It also causes bad odors in water [2].

RhB, a cationic dye, is the chloride salt of N-[9-(2-carboxyphenyl)-6-(diethylamino) 3H-xanthen-3-ylidene]-N-ethylethanaminium
[3]. RhB is widely used in many industries, including the cosmetics, food, paper, leather and textile industries [4]. Since its aromatic
rings have high physicochemical, thermal and optical stability, RhB is not completely degraded by general physicochemical and
biological processes [5]. RhB is highly toxic and causes irritation in the eyes, skin and respiratory tract. Since the N-ethyl groups in the
aromatic rings of RhB cause the dye to be highly toxic and carcinogenic, its use in the food and cosmetics industry is banned in many
countries [6,7]. It is very important to remove RhB, which is so harmful to living things, from wastewater.

Different methods are applied to remove dyes from wastewater such as coagulation, ozonation, flocculation, chemical oxidation,
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ion exchange, reverse osmosis, photocatalysis, precipitation and adsorption [8,9]. Many of these methods have disadvantages such as
high energy costs, complicated processes and the formation of undesirable by-products. However, adsorption is a highly preferred
method because it is a cheap, easy and effective method [4,6]. Depending on the interactions between the adsorbent and the adsorbate,
the adsorption process, that is retention of the adsorbate on the adsorbent surface, consists of three steps: (i) transport of dye molecules
from the aqueous solution to the adsorbent surface, (ii) adsorption on to the adsorbent surface and (iii) desorption of dye molecules
from the adsorbent surface to the aqueous medium [10].

There are studies in the literature of the use of different adsorbents to remove RhB from wastewater: kaolinite, montmorillonite
[11], hypercrosslinked polymeric [12], raphiahookerie fruit epicarp [13], coffee grounds [14], banana peel [15], chitosan-pectin
bio-adsorbent [16], pomegranate peel [4], and TiOy-loaded chitosan biochar [17]. However, no study has been found in which
colemanite was used as an adsorbent in the removal of RhB from wastewater.

The aim of this study was to remove Rhodamine B from wastewater using colemanite. For this purpose, the effects of the dosage
amount of the adsorbent, the initial concentration of RhB, contact time and temperature parameters were investigated by working with
the batch adsorption process. Using experimental data, the isotherm and kinetic models that best describe the adsorption were
determined and thermodynamic parameters were calculated. The adsorption mechanism of RhB dye on colemanite was explained.

2. Material and method

In this study, cationic Rhodamine B (Isolab, Germany, 99 %) with molecular weight 479.01 g/mol and [UPAC name N-[9-(ortho-
carboxyphenyl)-6-(diethylamino)-3H-xanthen-3-ylidene] diethyl ammonium chloride was used as the adsorbate. Ground colemanite
(CagBe011.5H20) was obtained from Eti Mining (Turkiye). During the experimental studies, all solutions were prepared with ultrapure
water. Calibration graphs were drawn with different concentrations of RhB dye at a wavelength of 554 nm using a UV-Vis spectro-
photometer (Shimadzu, Japan).

In adsorption experiments, pH (4.6), stirring speed (400 rpm) and volume of RhB solution (50 mL) were kept constant, and the
effects of adsorbent dosage (0.03-0.28 g), initial concentration of RhB (5-200 mg/L), solution temperature (25-60 °C) and contact
time (5-240 min) were examined. At the end of adsorption, solid/liquid separation was carried out by centrifugation. The absorbance
values of the liquid phase were measured. The equilibrium adsorption amount or adsorption capacity qe (mg/g) and the removal
efficiency of RhB from aqueous solutions were calculated with Equation (1) and Equation (2) respectively.

(G —C)V
q=%" )
Removal efficiency = (C"C;Ce).loo @

The properties of colemanite were examined using Rigaku ZSX a Primus II X-ray Fluorescence (XRF) spectrophotometer, Perki-
nElmer spectra BX 400 Fourier Transform Infrared Spectroscopy (FTIR), Quantachrome Autosorb-6 Brunauer-Emmett-Teller (BET), a
Malvern laser particle sizer and Rigaku Ultima IV XRD. In the adsorption studies, a Shimadzu UV 1800 UV-VIS spectrophotometer and
a Hanna model HI 221 pH meter were used.

3. Results and discussion
3.1. Characterization

In this study, characterization was performed by XRF, BET, FTIR and XRD analysis. Chemical analysis of the colemanite sample
(except BoO3) was determined by XRF. The amount of BO3 in the sample was determined by the volumetric method given in the

literature [18].
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Fig. 1. XRD analysis of colemanite sample.
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According to the chemical analysis results, the colemanite contained 42.69 % B203, 34.44 % CaO, 5.22 % SiO2 and 2.90 % MgO.
The mineral purity of the colemanite of this sample was calculated as 84.02 %. The BET surface area of the colemanite was measured as
10.12 m?/g. The grain size of the colemanite with a sieve ratio of 90 % was measured as 72.30 pm.

Fig. 1 shows the XRD analysis results of ground colemanite. Strong peaks of 15.74° (020), 22.14° (021), 23.07° (210), 27.06° (22-
1), 28.43° (031), 31.77° (040), 35.13° (022), 43.15° (051) and 45.11° (212) were observed in the crystal planes. These crystal planes
and peak angles match well with JCPDS card number 01-074-2336, whose crystal planes belong to colemanite.

A few weak peaks were observed in crystal planes at 23.07° (012), 29.40° (104) and 35.96° (110). The angles and crystal planes at
which these peaks are observed matched well with JCPDS card number 00-005-0586 to the calcite mineral. These XRD results indicate
that the main mineral was colemanite and the minor mineral calcite.

3.2. Effect of adsorbent dosage

While investigating the effect of the amount of colemanite on the adsorption of RhB, the initial concentration of RhB (200 mg/L),
stirring speed (400 rpm), solution pH (4.26) and time (60 min) were kept constant. The amount of colemanite was varied between 0.03
and 0.28 g/50 mL. In this study, the stirring speed was taken as 400 rpm. There are many studies in the literature on adsorption
experiments being performed at a stirring speed of 400 rpm [19-24].

Fig. 2 shows the effect of adsorbent dosage on adsorption capacity and removal efficiency. It was observed that as the amount of
adsorbent increased, the adsorption capacity decreased and the dye removal percentage increased. As the amount increases, the
number of dye molecules per unit surface area of the adsorbent also increases. The empty active sites on the surface are filled more
quickly and the adsorption capacity decreases over time, but as the amount of adsorbent increases, the surface area of the adsorbent
increases, the amount of dye adsorbed on the unit surface increases and the removal percentage increases over time. In Fig. 2, as the
amount of adsorbent goes from 0.03 g/50 mL to 0.28 g/50 mL, the adsorption capacity and removal percentage take decreasing values
from 40.10 mg/g to 22.82 mg/g respectively, and reach 12.63 %. It is seen that the values increase from 1 to 64.19 %. Since the amount
of adsorbent with which the highest adsorption capacity was obtained in equilibrium was 0.03 g/50 mL, this value was used when
studying the effects of other parameters.

Li et al. [17] reported that the adsorption capacity of TiOs-Loaded Chitosan biochar (TiO3/CSB) decreased as the amount of
adsorbent increased in the adsorption of RhB dye.

3.3. Effect of initial concentration of Rhodamine B

While examining the effect of the initial concentration (C,) of RhB on adsorption, the amount of colemanite (0.03-0.28 g/50 mL),
stirring speed (400 rpm), solution pH (4.26), time (60 min) and temperature (25 °C) were kept constant, and the initial concentration
of RhB took values varying between 5 and 200 mg/L. Fig. 3 shows the effect of RhB initial concentration on adsorption capacity and
removal efficiency. As a result of the experimental studies, it was found that as the initial concentration increased, the adsorption
capacity increased but the removal percentage decreased. As the initial concentration increased from 5 mg/L to 200 mg/L, the
adsorption capacities increased from 7.82 mg/g to 40.10 mg/g. On the other hand, removal efficiencies decreased from 93.85 % to
12.63 %. The highest adsorption capacity in equilibrium was reached at 200 mg/L. Therefore, 200 mg/L was chosen as the optimum
initial concentration.

Ribeiro dos Santos et al. [25] stated that an increase in initial concentration accelerates the dye-colemanite interaction by
increasing the number of dye molecules penetrating the colemanite surface per unit time and therefore increases the adsorption
capacity.

3.4. Effect of contact time

The significance of contact time in the removal of RhB was optimized by working at different initial concentrations (5-200 mg/L)
and different durations (5-240 min). During optimization, the amount of colemanite (0.03 g/50 mL), stirring speed (400 rpm),
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Fig. 2. Effect of adsorbent dosage on adsorption capacity and removal efficiency.
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Fig. 3. Effect of RhB initial concentration on adsorption capacity and removal efficiency.

solution pH (4.26) and temperature (25 °C) were kept constant. The effect of contact time on adsorption capacity and removal effi-
ciency is given in Fig. 4. It can be said that the system reaches equilibrium in 60 min and the adsorption capacity increases up to this
point and remains constant after that. Over time, empty active sites on the adsorbent surface may reach saturation, causing the
adsorption capacity to stabilize. Rahdar et al. [26] state that, while there are many sites for the adsorption of RhB on the adsorbent
surface in the first minutes of adsorption, over time the number of RhB molecules in the surface and bulk phases becomes equal, and
after this point, the adsorption capacity does not change since the adsorption and desorption rates will be equal to each other. Based on
the equilibrium condition, the optimal contact time can be taken as 60 min.

3.5. Effect of temperature

In the temperature dependence study of adsorption, the initial concentration of RhB dye (200 mg/L), solution pH (4.26), stirring
speed (400 rpm) and the amount of colemanite (0.03 g/50 mL) were taken as constant parameters, while adsorption experiments were
conducted at solution temperature of 25-60 °C. Fig. 5 shows that the adsorption capacity decreases with increasing temperature.
Therefore, it can be said that the adsorption process is exothermic. Adsorption capacities at temperatures of 25, 40 and 60 °C were
found to be 41.35, 40.19 and 36.71 mg/g respectively. There are studies reporting a decrease of adsorption capacity with temperature
[2,13].

3.6. Modeling of adsorption isotherm

The Langmuir adsorption isotherm model is defined as the monolayer and homogeneous adsorption of the adsorbate on the
adsorbent surface. It emphasizes that the active sites on the adsorbent surface have equal affinity and surface energy towards the
adsorbate molecules [27]. The mathematical Equation (3) for the Langmuir isotherm model is also included.

C_ 1 G

9e KL Qm Qm

Langmuir model parameters were calculated from the slope and the y axis intercept of the plot of C./q, versus C,. The dimensionless
equilibrium parameter (Ry) is determined using Equation (4).
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Fig. 4. Effect of contact time on adsorption capacity and removal efficiency.
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Fig. 5. Effect of temperature on adsorption capacity.

The dimensionless equilibrium parameter (Ry) calculated using Langmuir isotherm constants gives information about whether the
adsorption process is irreversible (Ry, = 0), favorable (0< Ry, < 1), linear (R, = 1) or unfavorable (Ry, > 1) [28].

The Freundlich adsorption isotherm model assumes that the adsorbent surface consists of heterogeneous active regions, and a
multilayer adsorption occurs on the adsorbent surface [29]. The Freundlich isotherm is expressed as Equation (5) for linear adsorption.

Inq.=lnQ, +%1n C. 5)

1/n in the range of 0.1-1.0 demonstrates good adsorption. The parameters 1/n and Ky were taken from the intercept and slope of
the linear plot of ‘Ing.’ versus ‘InC,’ of the Freundlich isotherm model [29].

The Dubinin-Radushkevich (D-R) adsorption model is an empirical model used to determine adsorption free energy and
porosity. This model states that the adsorbent surface is heterogeneous and shows the Gaussian energy distribution of adsorption on
heterogeneous regions. The D-R model is used to determine whether the adsorption process is physical or chemical [6]. The conformity
of the experimental data to the linear form of the Dubinin-Radushkevich isotherm is determined using Equation (6).

Ing,=InQ, + p.€? )
Polanyi potential was calculated with Equation (7).
e=RT(1+ 1 7)
- C

If E < 8 kJ/mol, physical interactions are dominant in the adsorption process. If 8<E < 16 kJ/mol, adsorption occurs by ion ex-
change. If E > 16, the adsorption is chemical [6]. Adsorption energy (E) was calculated using Equation (8).

E=——— (8)

In this study, the maximum adsorption capacities and isotherm constants calculated by applying the obtained experimental data to
each adsorption isotherm model are given in Table 1, and Fig. 6 shows adsorption isotherm models for RhB on colemanite of a) the
Langmuir isotherm, b) the Freunlich isotherm and c) the Dubinin-Radushkevich isotherm. R? values of the Langmuir, Freunlich and
Dubinin-Radushkevich isotherms were found to be 0.9981, 0.9127 and 0.9692 respectively. When R? values are compared, it is clear
that the highest correlation coefficient is obtained in the Langmuir isotherm model. Therefore, we can describe the adsorption of RhB
dye on colemanite by the Langmuir isotherm.

Table 1
Parameters of adsorption isotherm models of RhB on natural colemanite.
Linear isotherm Parameters Values
Langmuir Qm, cal. (Mg/g) 42.02
Ry, 0.019
K;, (L/mg) 0.264
R? 0.9981
Freundlich Qm, cal. (Mg/g) 13.87
1/n 0.2499
R? 0.9127
Dubinin - Radushkevich Qm, cal. (Mg/g) 36.58
p 0.17
E (kJ/mol) 2.41
R? 0.9692
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Fig. 6. Adsorption isotherm models for RhB on colemanite of the a) Langmuir isotherm, b) Freunlich isotherm and ¢) Dubinin-
Radushkevich isotherm.

3.7. Chi-square statistical analysis of isotherm models

Chi-square statistical analysis is an analysis that shows how close the adsorption capacity calculated from the adsorption isotherm
model is to the experimental adsorption capacity value. In other words, Chi-square statistical analysis is an error analysis. The lower
the Chi-square value, the lower the error. In this analysis, the isotherm model with the y? value closest to zero is the most suitable
adsorption model. Chi-square values were calculated by using Equation (9).

e i (qexp - qcal)z

i=1 Gexp

(9)

Here Qeyp is the experimental adsorption capacity (mg/g), and qca is the adsorption capacity calculated from the isotherm model (mg/
g). In this study, isotherm models were examined by performing Chi-square analysis in order to verify the most appropriate isotherm
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describing the adsorption system, and the results are given in Table 2.

The x2 values calculated for the Langmuir isotherm model, Freundlich isotherm model and Dubinin-Radushkevich (D-R) isotherm
were 0.011, 18.260 and 0.550, respectively. When y? values are compared, it can be said that the model that best describes the system
is the Langmuir isotherm model. Although the y? value of the D-R isotherm model and the 2 value of the Langmuir isotherm model are
close to zero, the R? value of the Langmuir isotherm model is considerably larger than the R? value of the Dubinin-Radushkevich (D-R)
isotherm model. Based on this, the most suitable isotherm model according to statistical chi-square analysis is the Langmuir isotherm.
In addition, the fact that the experimental adsorption capacity (qexp, 41.35 mg/g) and the theoretical adsorption capacity (Qp, 42.02
mg/g) are very close to each other is another indicator that supports the Langmuir isotherm as the most suitable isotherm.

There are studies in the literature in which the adsorption of RhB with different adsorbents fits the Langmuir isotherm model [8,
30-33]. Table 3 shows the comparison between this study and studies in the literature in terms of maximum adsorption capacities. As a
result of the comparisons, it can be said that colemanite can be used as a potential adsorbent in the removal of RhB dye from
wastewater.

In this study, the maximum adsorption capacity for the removal of RhB dye with colemanite was found to be 42.02 mg/g. In the
literature, maximum adsorption capacities for the adsorption of RhB ranging from 3 to 161 mg/g have been found.

3.8. Determination of adsorption kinetic model

In order to determine the most suitable kinetic model for the adsorption of RhB dye on colemanite, the adsorption mechanism and
rate determining step were determined by applying the experimental data to the Langregren or pseudo first order (PFO) model and the
pseudo second order (PSO) and Intra-particle diffusion (IpD) models. The correlation coefficients obtained from each kinetic model
and the coefficients of the model are listed in Table 4.

The mathematical expression of the pseudo first order kinetic model, known as the Langregren equation, is given in Equation (10).
qe was calculated from the slope of the graph and the intersection of the y-axis Kj.

In(q. —q;)=Ing. - K; t (10)

The mathematical equation of the pseudo second order kinetic model is given in Equation (11). qc is calculated from the slope of the
graph and Kj is calculated from the y-axis intersection [34].

t 1 t

= + —
qt K2 i qg qe

11

The intraparticle diffusion model, formulated from the Weber and Morris model, is another kinetic model used to determine the
rate-determining step of the adsorption process. In an adsorption process, the dye in solution is transported to the adsorbent surface by
mass transfers such as surface diffusion, film diffusion and pore diffusion. The IpD model allows it to be learned whether adsorption is
diffusion controlled. The mathematical expression of the intra-particle diffusion model is given in Equation (12). If the rate controlling
step is intra-particle diffusion, the q; = f (t'/2) graph gives a linear graph [33].

q. =K,t'?+C (12)

When determining the kinetic model in an adsorption process, the correlation coefficients of each graph drawn by applying experi-
mental data to different kinetic models must be close to one (R%) and the theoretical (qca;, mg/g) and experimental (Qexp, mg/g)
adsorption capacities must be close to each other. While making a kinetic analysis of the adsorption of RhB dye on colemanite, the
amount of colemanite (0.03 g/50 mL), stirring speed (400 rpm), solution pH (4.26) and temperature (25 °C) were kept constant.
Meanwhile, kinetic calculations were made using different initial concentrations of RhB dye (5-200 mg/L) and the adsorption ca-
pacities obtained at each concentration point in the 5-240 min interval. Parameters of adsorption kinetic models and maximum
adsorption capacity (Qmax) of RhB on colemanite are given in Table 4.

Considering the correlation coefficients (R?) of the kinetic models, the R? values of the PFO and IpD kinetic models are quite low.
The qca1 and gexp values in the models in question are not close to each other. These results prove that neither the PFO nor the IpD
models are kinetic models that describe adsorption. Since the R? value of the PSO model is close to one and the theoretical (qcal, mg/g)
and experimental (qexp, mg/g) adsorption capacities calculated for each initial concentration in the PSO model are close to each other,
it can be said that the kinetic model sought is PSO. In the PSO kinetic model, the theoretical adsorption capacity (qcq)) was calculated as
41.49 mg/g and the experimental adsorption capacity (qexp) was calculated as 41.35 mg/g at 200 mg/L, where the highest adsorption
capacity was obtained. There are studies in the literature where the adsorption kinetic model of RhB dye fits the PSO model [31,35,36].
PSO kinetic model graphs for RhB onto colemanite are given in Fig. 7.

Table 2

R? and chi-square (Xz) values of adsorption isotherm models of RhB on colemanite.
Isotherm models R? s
Langmuir isotherm 0.9981 0.011
Freundlich isotherm 0.9127 18.260
Dubinin-Radushkevich isotherm 0.9692 0.550
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Table 3
Comparison of maximum adsorption capacities of different adsorbents in the removal of RhB dye from aqueous solutions.
Adsorbent Isotherm Qmax, Mg/g References
Modifying Fe304 nanoparticles Langmuir 161 [30]
Nanoscaled ZnO Freundlich 97 [8]
Natural colemanite Langmuir 42 This study
Eichhornia crassipes Langmuir 27 [31]
Almond shell Langmuir 14 [91
Ferromagnetic BiFeO3 Langmuir 12 [45]
Natural diatomite Freundlich 10 [32]
Expanded Perlite Langmuir 3 [33]
Table 4
Parameters of adsorption kinetic models and maximum adsorption capacity of RhB on natural colemanite.
Co Qe Pseudo First order Pseudo Second order Intraparticle Diffusion
exp (PFO) (PSO) (InP)
mg/L mg/g Qe K, R? Qe Ky R? C Kiq R?
mg/g mg/g mg/g mg/g.mi

5 7.97 0.98 -3E-03 0.7562 8.05 0.0487 1.0000 5.34 0.205 0.7193

25 30.47 14.79 -8E-05 0.9842 31.35 0.0037 0.9977 15.92 0.973 0.9350

50 34.36 7.79 -2E-04 0.9423 34.60 0.0232 1.0000 26.52 0.703 0.7027

75 36.50 3.71 -1E-04 0.7911 36.63 0.0334 1.0000 31.45 0.395 0.7119

100 40.96 7.03 -7E-05 0.9946 41.32 0.0084 0.9997 33.70 0.513 0.9305

200 41.35 5.49 -9E-05 0.9867 41.49 0.0163 1.0000 35.89 0.406 0.8442

3.9. Thermodynamic parameters

Thermodynamic parameters related to adsorption provide information about whether the adsorption process is endothermic or
exothermic, whether it is spontaneous or not, and the disorder of the system [26]. Enthalpy change (AH®), entropy change (AS°) and
Gibbs free energy change (AG®) are the thermodynamic parameters that define the system. equations (13)-(15) that enable the
calculation of these parameters are given below.

AG®° =AH° — T.AS° (13)
AG° = — R.T.InK4 (14)
AS° AH°
InKg=—" — ’
n Ky R RT (Van’t Hoff plot) (15)

The values of AH® and AS° are obtained from the slope and intercept of the plot between In K4 and 1/T (Van’t Hoff plot). Adsorption
experiments were carried out at 25, 40 and 60 °C to determine the thermodynamic parameters. The plot of the Van’t Hoff equation (In
Kq versus 1/T) calculation of thermodynamic parameters for the adsorption of methylene blue on to colemanite is given in Fig. 8.
Calculated thermodynamic parameters for the adsorption of RhB are listed in Table 5. It can be seen that all the Gibbs free energy
change (AG®) values are positive and increase with increasing temperature. The Gibbs free energy change at 25, 40 and 60 °C are
calculated as 3.65, 4.01 and 4.46 kJ/mol, respectively. These positive AG® values indicate that the adsorption process of RhB onto
colemanite is not spontaneous.

In this study, the enthalpy change (AH®) found for the adsorption of RhB dye on colemanite is —3.29 kJ/mol. Since the enthalpy
change is negative, this adsorption process is an exothermic reaction. Azeez et al. [2], Postai et al. [37] and Elmoubarki et al. [38]
reported that negative entropy indicates that the disorder at the solid-liquid interface decreases in adsorption.

The entropy change (AS®) for the adsorption of RhB dye on colemanite was found to be —23.28 J/mol.K. Since the entropy change
is negative, this adsorption process can be attributed to the low affinity of colemanite for RhB molecules. Similar results were found in
other studies [4,14].

3.10. Adsorption mechanism of Rhodamine-B on colemanite

The effect of pH on the zeta potentials of the colemanite is given in Fig. 9. The zeta potential of the colemanite mineral has a
negative surface charge between pH = 2.2 and 11.1. Furthermore, the surface charge of colemanite was found to be —9 mV at pH = 2.2
and —21 mV at pH = 11.1 [39].

In this study, the pH of RhB solutions was kept constant at 4.25. At pH = 4.25, the surface charge of colemanite will be negative.
Since the affinity of the positively charged RhB dye to the negatively charged colemanite will be high at pH = 4.25, it can be said that
there will be a strong electrostatic interaction between RhB and colemanite.
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The mechanism of adsorption of RhB on colemanite is given in Fig. 10. Colemanite is negatively charged and RhB is positively
charged. With the help of van der Waals interaction, it forms a complex that reduces the repulsive forces of oppositely charged
adsorbent-adsorbate, This complex reduces the hydrophobic interactions and van der Waals interactions between the same charged
dye particles. Pal et al. [40] reported that the interaction of dye particles with the aqueous medium becomes easier with the decrease in

hydrophobicity.

In Fig. 10, the three coordinated boron atoms (B3) in colemanite act as acceptors because their p, orbitals are empty. RhB, on the
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Table 5
Thermodynamic parameters of adsorption of RhB on to natural colemanite.
Temperature AG® kJ/mol AH° kJ/mol AS° R?
K J/mol.K
298 3.65 -3.29 —23.28 0.9975
313 4.01
333 4.46
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Fig. 9. Effect of pH on the zeta potentials of the colemanite [39].

other hand, carries aromatic rings with an electron-rich « electron system. These rings act as donors. Strong intermolecular bonds can
be established through the n-p, interaction formed between three coordinated boron atoms and aromatic rings. The negatively charged
oxygen (-O-) attached to the four coordinated boron atoms (B4) in colemanite can interact electrostatically with the positively charged
nitrogen atom (+N~1Y in the RhB molecule [41]. -B-O-B- bonds, which act as bridges between the two B,O3 hexagonal rings in
colemanite, can increase the electronegativity of colemanite, strengthening the electrostatic interaction with RhB and increasing
adsorption [39], and hydrogen bonds can be established between the nitrogen (N) atom in the amine group in RhB and the OH group
attached to the four coordinated boron atoms in colemanite [41].

It was determined that the adsorption of RhB dye on colemanite obeyed the pseudo second order (PSO) kinetic model and was
described by the Langmuir adsorption isotherm. The PSO kinetic model can be attributed to chemisorption [42]. The Langmuir
isotherm can indicate that adsorption can occur chemically and in a single layer. However, determining kinetic and isotherm models
may not be fully sufficient to elucidate the adsorption mechanism. For this purpose, changes in chemical bonds due to
adsorbent-adsorbate interaction during adsorption were determined by FTIR analysis. FTIR spectra of colemanite before and after
adsorption are given in Figs. 11 and 12.

Table 6 shows FTIR data before and after adsorption of RhB onto colemanite. The -OH groups found in water molecules give peaks
in the IR region in the range of 3250-3600 cm L. It was observed that the -OH groups in colemanite gave peaks in similar places both
before adsorption (3212.50 em ™)) and after adsorption (3220.59 cm ™). At this point, the shifts in the frequencies of water molecules
before and after are insignificant in terms of the adsorption of RhB on the adsorbent surface. The peak shifts of -OH groups do not
support the adsorption of the dye.

However, the tensile deformation of H-O-H bonds in the FTIR of colemanite before adsorption belongs to the peak seen at 2106.75
cm L. After adsorption, this peak shifted to 2339.47 em L. This shows that the dye is retained on the surface. While the symmetric
stretching vibration of the B3~O bond was observed at 1118.60 cm ™" before adsorption, the same peak shifted to 1131.98 cm™! after
adsorption. The symmetric stretching of the B3~O bond which was observed at 1014.41 cm™! before, shifted to 1002.8 cm™! after-
wards. Symmetric stretching vibration of the B4 — O bond was 758.97 before adsorption and 728.36 cm ™.

The stretching vibration of the C = O bond in the carbonyl group of the carboxyl group is observed at 1641.23 cm™! and the vi-
bration of the Ar — C bond is observed at 1317.23 cm™!. These peaks show that the RhB dye is adsorbed on the colemanite surface.

In adsorption studies with colemanite in the literature, stretching vibrations of the O-H bond in colemanite are observed at fre-
quencies of 3603 cm ! [39], in the band range of 3310-3235 cm! [43], at frequencies of 3326.91 and 3609.50 cm? [44] and in the
3189-3727 cm ™! band range [46]. Symmetric stretching vibrations of Bs — O and B4 — O bonds in colemanite are at 916.29 cm ™! and
655 cm ! [44], and 882 and 756 7 cm ! [36] and 762.14 cm ™! [44]. In various studies, the bending vibration of the B-O-H bond was
measured at 1224.57 cm ™! [44], at 1315 and 1228 cm ! [46], and at 812 em ! [43].

When the data are combined, due to the displacement of the characteristic peaks in colemanite, it can be said that RhB is adsorbed
on colemanite.

4. Conclusions
In this study, Rhodamine B (RhB), a cationic dye, was removed from aqueous solutions by the adsorption method using natural
colemanite as an adsorbent. Based on both the R? values of the adsorption isotherm models and the statistical chi-square (y2) analysis,

it was determined that the Langmuir isotherm model was the most suitable for RhB adsorption on to colemanite. The maximum
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Fig. 11. FTIR spectrum of natural colemanite before adsorption.

adsorption capacity value of 42.02 mg/g calculated for the Langmuir isotherm model is very close to the value of 41.35 mg/g found for
the experimental adsorption capacity. A removal efficiency of 95 % was achieved at low RhB concentrations. Pseudo-first-order model,
pseudo-second-order model and intraparticle kinetic models were analyzed using experimental data. The pseudo-second-order kinetic
model best described the adsorption of RhB dye on natural colemanite. As the amount of adsorbent increased, the adsorption capacity
decreased and the dye removal percentage increased. The g, value increased slowly with increasing contact time. As the temperature
increased, the adsorption capacity decreased. Therefore, the adsorption process can be conducted successfully at room temperature.
Thermodynamic studies have determined that the adsorption process is exothermic and not chemically spontaneous. It has been shown
that the randomness at the solid-liquid interface decreases in the adsorption process. As a result of both the Dubinin—-Radushkevich
isotherm and thermodynamic calculations, it was determined that the adsorption process of RhB dye on natural colemanite was
controlled by physical adsorption. The adsorption mechanism can be explained as adsorption occurring due to the electrostatic
attraction between the positively charged RhB dyestuff and the negatively charged surface-charged colemanite. This is attributed to a
physical adsorption process between RhB and colemanite. It can be explained that the adsorption of negatively charged colemanite and
positively charged RhB cation occurs due to electrostatic attraction forces. Natural colemanite can be a successful and inexpensive

11
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Table 6

FTIR data before and after adsorption of RhB onto colemanite.
Vibrations in bonds Before adsorption After adsorption
O-H bond in H,0 3212.50 3220.59
Stretching deformation of H-O-H bond 2106.75 2339.47
Symmetric stretching vibration in B3-O bond 1118.60 1131.98
Symmetric stretching of the B3-O bond 1014.41 1002.8
Symmetric stretching vibrations of the B4-O bond 758.97 728.36

adsorbent in the treatment of wastewater containing RhB dyes. Since RhB is carcinogenic, its use in coloring food and cosmetics is
banned in many countries.
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