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ABSTRACT ARTICLE HISTORY

This study describes the removal of methyl orange (MO) and methyl Received 22 May 2021

red (MR) dyes from water samples using morpholinomethylcalix[4] Accepted 2 September 2021
arene immobilised silica (MIS) resin. The silica surface has been mod- KEYWORDS

ified by p-morpholinomethylcalix[4Jarene moiety and was charac- DFT and computational
terised by FT-IR spectroscopy and SEM techniques. The adsorption chemical calculations; calix
capacity of MIS-resin was checked through batch adsorption experi- [4]arene; silica resin; methyl
ments under the optimised conditions of pH, MIS-resin dose, time, and orange and methyl red dyes;
temperature. Results show that adsorption of MO and MR dyes are equilibrium; kinetic and
highly affected by the change in pH; thus, the higher adsorption ~ thermodynamic modelling
percentages were achieved at pH 5.3 and 6.6 respectively. The adsor- studies

bent dosage has been optimised and it was noticed that the max-

imum adsorption was achieved by using 40 mg.L™" of MIS-resin dose.

The adsorption rate of dyes was investigated by applying the pseudo-

first and second-order kinetic models and it has been observed that

the experimental data shows a better correlation coefficient with the

pseudo-second-order kinetic model. The feasibility of adsorption was

analysed by thermodynamic parameters such as AHS, AG®, and AS°

values indicate that the adsorption of dyes is exothermic and sponta-

neous. The equilibrium data have been validated using Langmuir and

Freundlich models and the Langmuir model has a good correlation

coefficient (R? 0.99). The MIS-resin was applied onto industrial effluents

and it has been observed that the prepared resin is a very efficient

adsorbent for the treatment of dyes contaminated wastewater. The

adsorption of MO and MR dyes onto MIS-resin was well defined by

computational chemical modelling at the B3LYP/LANL2DZ/6-311++G

(d,p) level using GO9W software.

1. Introduction

Dyes are widely used in textile, paper, pharmaceutical, food, cosmetics, and chemical
industries respectively [1]. Synthetic colourants are highly stable towards the light,
biodegradation, and oxidation reaction due to their complex chemical structure and
synthetic origin, which enhance their application in the industrial sector. It has been
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estimated that the per-year production of dyes is above 7 x 10°, of which 10-15%
are discharged as effluents in freshwater [2]. Discharge of a huge amount of syn-
thetic dyes in freshwater produces undesirable serious environmental impact.
Though the release of these colours at very low concentrations causes serious
disaster to aquatic and human beings. Synthetic dyes in freshwater stop sunlight
and oxygen penetration due to their deep colour and causes derogatory effects on
the photosynthetic-activity of an aquatic system [3]. Therefore, it is necessary to treat
the industrial effluents before drained into freshwater. In this regard, many techni-
qgues were developed for the treatment of dyes contaminated water such as adsorp-
tion, membrane, reverse osmosis, oxidation, electrochemical, coagulation and
fluctuation. However, adsorption has proved to be a cheaper, simple, easier, and
most efficient process for the decontamination of wastewater [4-7].

For the effective removal of dyes from wastewater, the adsorbent should be inexpen-
sive, stable, regenerable, and efficient [8-11]. Previously different adsorbents have been
used for the adsorptive removal of dyes. Adsorbents can be classified as organic (natural
polymers/synthetic polymers) and inorganic (silica SiO,, alumina Al,O3;, MgO, etc.).
Inorganic adsorbents based on SiO, have commonly used adsorbents for water pollutants
due to their thermal and chemical stability towards different environmental conditions.
The surface of silica is comprised of silanol groups which can be modified by immobilisa-
tion of organic moieties [12]. The modified silica has better adsorption efficiency, selec-
tivity, stability, and high adsorption capacity, which is applicable for the treatment of
a wide variety of water pollutants. The silica surface can be modified by different organic
compounds but the attachment of calix[n]arene derivatives increases their application in
the field of separation science and technology [13-16].

The calixarenes are cyclic oligomers prepared from the base-catalysed reaction of
phenol and formaldehyde. The calixarenes are comprised of upper and lower rims
that can be functionalised by a variety of functional groups [17-19]. In literature,
calixarenes modified silica-based adsorbents have been used for the adsorption/
removal of dyes such as p-tert-butylcalix[4]arene and p-tert-butylcalix[8]arene immo-
bilised on silica surface for the adsorption of RB-5 and RR-45 dyes from water [20,21].
Another study was performed using calix[4]arene-based resin for the removal of
methyl orange and methyl red dyes from water under the optimised parameters
[22]. In another study, the lead sulphide modified calix[6]arene was used as an
efficient regenerable adsorbent for the methylene blue dye [23], while the cationic
dyes (methylene blue and toluidine blue) were removed using calix[4]arene cross-
linked polymer [24]. In our previous studies many calix[4]larene based resin have
been reported for the removal of dyes such as piperdinomethylcalix[4]arene silica
resin was applied for the removal of RB-19 dye [25], p-diethanolaminomethylcalix[4]
arene immobilised silica (DIS) resin used for removal of the DB-38 dye [26], and calix
[4]arene-silica resin was utilised for the adsorption of RY-18, RR-2, RB-13, and RB-171
dyes [27].

Herein, we have evaluated the application of morpolinomethylcalix[4]arene immo-
bilised silica resin for the removal of methyl orange and methyl red dyes from water.
In addition, the density functional theory (DFT) based calculations were also per-
formed to describes the adsorbent and adsorbate interaction.
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2. Materials and Methods
2.1. Chemicals and Instrumentations

The methyl orange and methyl red dyes were purchased by Merck Company.
The real dye contaminated water samples have been obtained from local textile
industries of Karachi-Sindh Pakistan. The 0.1 M HCI/NaOH solutions were used to
adjust the pH of the dye solution. Thermo Nicollet 5700 FTIR spectrometer (WI.
53,711, USA) have been used for FTIR purpose. JSM-6380 instrument used to perform
Scanning electron microscopic (SEM) studies. UV-VIS spectrophotometer (Agilent
Carry-100) was used for UV/VIS analysis. The pH metre (wtw) is used for pH
measurement.

2.2. Synthesis

The compounds (1-4) shown in scheme 1 have been prepared according to previously
reported methods [13,28,29].
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Scheme 1. Synthesis rout of morpholinomethylcalix[4]arene immobilised silica resin.
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Scheme 2. The schematic representation of synthesis of MIS-resin and equilibrium experiments.

2.3. Adsorption Methodology

Batch adsorption methodology was applied to check the adsorption efficiency of MIS
resin. During equilibrium experiments, the pH, concentration, dosage, and effect of
temperature were optimised. Thus, different doses were examined ranging from 10-
50 mg/10 mL of dyes keeping other parameters constant. The pH of the dye solutions
were optimised from acidic to basic using NaOH and HCI (0.1 M). The dye solutions were
equilibrated on the mechanical shaker at 25°C, rpom 130 for 60 minutes by adding an
optimised resin dose. The MIS resin from the solutions was filtered and remaining
concentrations were analysed by ultraviolet-visible spectrophotometer and % adsorption
and (ge) were calculated using equations 1 and 2 (Scheme 2).

G —C

% Adsorption = x 100 (1

i

G—-C)V
Qezg( m ) (2)

Where Ci and Cf is the initial and final concentration (ppm), V is the volume (mL) of dyes
and m is the mass of MIS-resin in (mg).

2.4. Computational study

The highest occupied molecular orbital energy (EHOMO), lowest empty molecular orbital
(ELUMO), energy gap (E), hardness (n), softness (o), electronegativity (x), chemical poten-
tial (u), electrophilic index (w), nucleophilicity (g), electron acceptance power (w+),
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electron donation power (w-), electron transfer fractions (AN) and polarisability (a) of the
studied dyes were investigated by Conceptual Density Functional Theory (CDFT). The
ionisation energy (I) and electron affinity (A) specified in theory are presented through the
following equations 3 and 4 [30].

I = —Enomo (3)

A= —Eumo (4)

The hardness (n), softness (o), electronegativity (), chemical potential (u) were calcu-
lated from the following equations 5-7 [31].

1[0%E I—A
72 [W] w2 ®
o=1/n (6)
OE I+A
u B _X B |:8_N:| v(r) T <T> (7)

An electrophilic index (w) based on chemical hardness and electronegativity was
calculated by equation 8 [32]. The nucleophilicity (€) is a form of electrophilicity index
equation 9.

w=x"/2n (8)

e=1/w 9)

Electron accepting (w") and electron donating (w~) power values, depending on the
ionisation energy and electron affinity of the inhibitory molecules can be calculated using
equation 10 and 11 [33].

w™ = (1+3A)%/(16(1 — A)) (10)

w™ = 31+ A)’/(16(I — A)) (1)

The polarisability (a) is calculated using equation 12 based on the diagonal compo-
nents of the polarisability tensor.

<d> =1/3 [axx + ayy + azz] (12)

3. Results and Discussion
3.1. Characterisation

3.1.1. FT-IR Spectroscopy

FTIR spectroscopy is an analytical technique commonly used for functional group analysis.
In this study, FTIR analysis has been performed (Figure 1) in which spectrum of silica has
peaks at 3464, 1619 cm™" for Si-OH and Si-O stretching respectively; while the peaks at
1072 cm™" is of OH bending. The spectrum of morpholinomethylcalix[4]arene has been
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Figure 1. FTIR spectra of silica, morpholinomethylcalix[4]arene and MIS-resin.

characterised by the peaks at 3378, 2915, 2353, 1474 and 1272 for OH, C-H, C=C, C-O and
C-N stretching frequencies respectively; while 1102 is OH bending frequency. The spec-
trum of MIS-resin has new peaks at 3427, 2347, and 1469 cm™' for OH, C = C,
C-O stretching frequencies respectively while the peak at 1076 is of OH bending
frequency.

3.1.2. Scanning Electron Microscopy (SEM) Characterisation

Figure 2 shows the SEM images of pure silica and MIS-resin. Image (A) is of silica surface
which is smooth and crystalline while image (B) is of MIS-resin which is rough amorphous.
The roughness of the MIS-resin surface is formed due to the immobilisation of morpho-
linomethylcalix[4]arene onto the silica surface.

3.2. Resin Dosage

The resin doses were optimised from 10-50 mg.L™" at the constant concentration (5ppm)
as shown in Figure 3. It is clear that the adsorption percentage increases by increasing the
MIS-resin dosage and then becomes constant after 40 mg.L™". The addition of a further
higher amount of resin does not affect % adsorption, thus all the experiments were
performed at 40 mg.L™". In previous studies, the calix[4]arene-based silica resins were
used for the adsorption of dyes such as adsorption of congo red was performed using
100 mg.L™" of calix[4]arene-based resin [34]. Similarly, the adsorption of RB-19 dye was
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Figure 2. SEM images of pure silica (A) and MIS-resin (B).
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Figure 3. Effect of resin dosage on adsorption percentage of MO and MR dyes.

performed using 25 mg.L_1 of calix[4]arene-based resin [25]. Moreover, the p-sulphona-
tocalix[8]arene silica-resin was applied for the adsorption of MB dye from water using
50 mg.L_1 of resin for maximum % adsorption [35].

3.3. Effect of pH

The pH of the solution is important in adsorption because it has a major role in the
attraction of adsorbate species on the adsorbent material. Herein, the pH of MO and MR
dyes have been optimised from acidic to basic range as shown in Figure 4. It has been
observed in Figure 4, that the adsorption percentage of MO and MR dyes are maximum at
acidic to neutral pH and decreases in basic media. Thus, it can be said that at basic pH,
negatively charged binding sites enhanced at dye molecule as well as resin surface that
may produce electrostatic repulsion forces and due this repulsion adsorption percentage
decreases at higher pH value. At low pH, H* ions are present in excess on dye molecule
sites that produce an electrostatic attraction towards electron-donating moieties such as
nitrogen and oxygen group present onto resin surface. By increasing the pH of solution,
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Figure 4. Effect of pH on the adsorption percentage of MO and MR dyes.

the number of positive ions is decreased and less attraction has been observed. In
previous studies, the adsorption dyes have been performed using calix[4]arene based
adsorbent and it has been observed that the maximum adsorption was obtained at the
acidic to neutral pH. The adsorption of (DB15) and Chicago sky blue (CSB) has been
performed at pH 2.0-5.2 using calix[4]arene-based copolymer adsorbent [36]. The adsorp-
tion of RB-19 dye using calix[4]arene based silica resin was performed at the acidic to
neutral pH [25]. In addition, the calix[4]arene XAD-4-resin was used for the adsorption of
methyl orange and methyl red dyes from water at acidic to neutral pH [22].

3.4. Adsorption kinetics study

The kinetic study of MO and MR dyes has been evaluated on MIS-resin. The kinetic
experiments were conducted by adding 40 mg of MIS-resin into a flask containing
10 mL of each dye solution. The uptake process of dyes using MIS-resin was examined
at different time intervals (5 — 120 min) at 298-308 K and after completion, the MIS-resin
was filtered off through filter paper. The kinetic data and rate of reaction were calculated
using pseudo-first-order and pseudo-second-order models respectively. The linear forms
of these models are given as equations 14 and 15.

In(ge — gr) = Inge — knt (14)

t_ (L) n (l> (1s)
ge \k2q? Qe
Where g; and g, (mol/g) are the adsorbed amount of dyes at time t (min) and at an
equilibrium respectively while the k, (g/mol.min”) and k; (1/min) are rate constants of
both models, respectively. The effect of contact time on adsorption percentage at various

temperatures is shown in Figure 5 for methyl orange and methyl red dyes. It has been
observed that the adsorption percentage increases initially and then becomes constant
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Figure 5. Effect of contact time on the adsorption of methyl orange (MO) and methyl red (MR) dyes by
resin at various temperature.
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Figure 6. The plot of pseudo first and second order kinetic model for the adsorption of methyl orange
(MO) and methyl red (MR) dyes by MIS-resin at 298 K.

after 15 minutes because after 15 minutes almost dyes concentrations have been a/
dsorbed. Moreover, the adsorption percentage was also slightly decreased with tempera-
ture increasing the temperature (298 to 308 K).

The rate of adsorption was fast initially and then becomes constant after 15 min
due to availability of a large number of binding sites of the resin surface. The linear
fitting of pseudo first and second kinetic models are shown in Figure 6 at 298 K
clearly describes the fitting of the pseudo second order model very well. The
corresponding parameters of both models are given in Table 1. In Table 1 the methyl
orange and methyl red dyes show very poor correlation coefficient values while both
dyes have better correlation coefficient values (R [2]=0.999). Thus results suggest that
the adsorption of methyl orange and methyl red dyes follows the pseudo second
order kinetic model very well.
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Table 1. The kinetic parameters of pseudo-first-order and pseudo-second-order for the MO and MR
dyes adsorption onto resin.
Pseudo first order Pseudo second order
Dyes ge (mg.g™") Ky (min™") 4 ge (mg.g™") K, (g.mg”".min™") R
MO dye 0.42 0.0019 0.843 3.80 0.119 0.991
MR dye 0.73 0.0013 0.566 499 1.634 0.999

18.0
16.0 1 L 2
14.0 -
12.0 A
10.0 -
8.0 -
6.0 -

e e

0-0 T T T T
3.2 33 33 33 33 33 34 34

InKc¢
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Figure 7. Van't Hoff plot for the adsorption of MO and MR dyes on MIS-resin.

Table 2. Thermodynamic parameters for the adsorption of MO and MR dyes onto MIS-resin.

Dyes AH (KJ/mol) AS(KJ/mol) AG(KJ/mol)
MR 298 K 303 K 308 K
—-0.524 -1.646 —39.91 —23.57 -23.19
InKc =16.1 InKc =9.2 InKc =9.2
MO -0.112 —0.334 -12.23 -10.04 -8.90
InKc = 4.9 InKc = 4.0 InKc =3.5

3.5. Thermodynamic study

The thermodynamic parameters (AH, AG and AS) are the most important parameters for the
adsorption of methyl orange and methyl red dyes from water by MIS-resin. The values of AH,
AG and AS determine the spontaneous or non-spontaneous nature of the reaction. The
thermodynamic parameters can be calculated from the following equations 16 and 17.

—AH AS
Ink, = —4+— 1
N K¢ RT + R (16)
AG = —RT Ink, (17)

Where In k. is the thermodynamic equilibrium constant, T is the temperature in Kelvin and
R is the ideal gas constant (8.314 J.mol " K™"). The values of AG and AS were calculate
obtained from the slope and intercept of the graph Ink. vs 1/T as shown in Figure 7.

The constant values of thermodynamic parameters are given in Table 2. The negative
values of AG demonstrate that the adsorption of MO and MR dye is spontaneous and
decreasing the negative values with increasing the temperature suggests that adsorption
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is not favourable at the higher temperature. The values of AH for MR (—0.524) and MO
(=0.112) indicate that the adsorption of dyes onto resin is exothermic while the values of
(-AS) for both dyes indicate that the randomness increased at the solid surface in solu-
tion [37].

3.6. Adsorption isotherm

To describe the adsorption capacity as well as physical or chemical nature of adsorption;
two models (Langmuir and Freundlich) are generally applied to experimental data. The
linear form of both models is given in equations 18 and 19.

(&) (@) (3) “8>

log Cags = log A + (;) log Ce (19)

Where C, is the equilibrium concentration, C,g, is adsorbed concentration. The Q (mg.g™")
is the adsorption capacity of resin. In equation 19 A is the adsorption capacity and 1/n is
adsorption intensity.

The isotherm models of MO and MR are shown in Figure 8 and it has been noticed that
the adsorption capacity is increasing with increasing initial concentrations of both dyes
and becomes constant after saturation of MIS-resin surface. All the constant parameters of
both models are given in Table 3. From the table, it is clear that the linear correlation
coefficients calculated from the Freundlich equation were less as compared to the
Langmuir model. It can be observed obviously that the Langmuir isotherm model for
MO and MR dyes could better describe the equilibrium data.

3.7. Computational details

3.7.1. Optimised structure
Methyl orange and methyl red compounds are optimised at B3LYP/6-31 G(d) levels.
Optimised structures of compounds studied were given in Figure 9.

0.14 3
0.12 Langmuir model » 25 Freundlich model
0.1
2
£ 0.08 3
= =
9} O -15
2 g
Q —
® MO dye 11
i ® MO dye
1 aye
: -0.5 4 MR dye
T T T T T 0
0 2 4 6 8 10 15 1 0.5 0 05 1 15 2 25
Ce (ppm) log Ce (ppm)

Figure 8. Langmuir and Freundlich isotherm models for the adsorption of MO and MR dyes from
water.
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Table 3. Langmuir, Freundlich, adsorption isotherm parameters.

Parameters Langmuir Model Freundlich Model

MO dye

Q(mg.g™ 1754 -

b(Lmg™) 0.41 -

A - 0.026

1/n - 0.556

R? 0.99 0.890

MR dye

Q(mg.g™" 156.25 -

b (Lmg™) 0.51 -

A - 9.290

1/n - 0.572

R 0.978 0.919
Methyl orange Methyl red

-3 0e . 9d b
teelpss g tatest

Table 4. The calculated quantum chemical descriptors at B3LYP/6-31 G(d) level .

Methyl orange Methyl red
Evomo (eV) -5.1169 —5.0809
Erumo (eV) —1.8264 —1.7200
AF (eV) 3.2904 3.3609
n (ev) 1.6452 1.6805
c(ev 0.6078 0.5951
X (eV) 3.4717 3.4005
u(ev?) -34717 —3.4005
» 3.6629 3.4406
£ 0.2730 0.2907
w* 1.3714 1.2901
W™ 5.6040 5.3510
AN 0.4098 0.4224
a 270.09 218.62

3.7.2. Chemical reactivity analysis

For the studied dye molecules, calculated (Ejomo), (ELumo), energy gap (AE), hard-
ness (n), softness (o), electronegativity (x), chemical potential (u), electro accepting
power (w*), electro donating power (w~) and polarisability (a) values obtained using
the B3LYP method and 6-31 G(d) basis set of Density Function Theory (DFT) are
listed in Table 4.

The chemical hardness can be explained as ‘the resistance against electron cloud
polarization of compounds’ [38]. This quantity is one of the important descriptors
considered in the reactivity analysis of chemical species. The hard molecules have
low electron donating capability. According to maximum hardness principle [39]
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imparted to science after hard and soft acid-base principle (HSAB) by Pearson,
a chemical system at equilibrium wants to reach to the state of maximum hardness.
It can be understood from here that chemical hardness is a measurement of the
molecular stability. Soft molecules have high electron donating capability. In the light
of the data presented in table 4, one can say that methyl red dye is more stable with
respect to methyl orange dye. Ghosh and co-workers proposed that softness is
proportional to the cube root of the polarisability. According to minimum polarisa-
bility principle introduced within the framework of maximum hardness principle, in
a stable state, polarisability is minimised [40] .Polarisability values also support the
agreement between Maximum Hardness and Minimum Polarisability Principle
because the polarisability values of methyl orange and methyl red dyes are 218.62
and 270.9 au, respectively.

Last electronic structure principle providing information about the reactivity of mole-
cules is minimum electrophilicity principle states that in a chemical reaction, the sum of
the electrophilicity indexes of products should be smaller than the sum of the electro-
philicity indexes of reactants. From here, it can be concluded that in a stable state,
electrophilicity also is minimised like polarisability. This principle also implies that methyl
red dye is more stable compared to methyl orange dye.

3.7.3. Frontier molecular orbitals and molecular electrostatic potential

The HOMO, LUMO and the HOMO-LUMO energy gap are parameters representing
chemical reactivity. The green and dark red isolates of HOMO and LUMO show the
electron density in the molecule with positive and negative values, respectively. The
molecular orbital energy diagram for HOMO and LUMO is shown in Figure 10.
According to the contour diagrams of the orbitals, although the HOMO molecular
orbital is concentrated on all molecules, the size of the lobes in the phenyl ring is
remarkable. When LUMO molecular orbitals are examined, it is seen that they have the
properties of m * molecular orbitals

Met-Red
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Figure 10. Frontier molecular orbitals of investigated molecules.
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Figure 11. MEP maps of MO and MR dye molecule.
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Figure 12. The number of reusability cycles of MIS-resin.

It provides information on molecular electrostatic potential (MEP), molecular electron
density and qualitative interpretation of chemical reactivity. MEPs are used to predict and
interpret both electrophilic and nucleophilic regions. MEP maps of the compounds
studied are shown in Figure 11.

The red coloured regions represent negatively charged areas of the molecule surface. It
can accept an electrophile to red areas. The red regions in the compounds are concen-
trated on the oxygen atom. In addition, nucleophilic reactivity regions in the maps are
indicated by the positive (light blue) regions of the MEP.

3.8. Reusability of MIS-resin

The most important feature of MIS-resin is reusability by washing with the mixture of
methanol and water by 1:4 respectively. Figure 12 demonstrates that there is no signifi-
cant change noticed in the adsorption percentage of MIS-resin after many of cycles of its
reusability.
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Table 5. The % removal of MO and MR dyes from wastewater samples.

MO dye Sample Concentration (ppm) Concentration (ppm) % Removal
before adsorption after adsorption

1 0.200 0.016 92.000

2 0.188 0.013 93.085

3 0.430 0.052 87.907

MR dye Sample Concentration (ppm) Concentration (ppm) % Removal
before adsorption after adsorption

1 0.0330 0.0010 96.969

2 0.0661 0.0021 96.823

3 0.0081 0.0002 97.531

3.9. Real Water Sample Analysis

The capacity of MIS-resin was checked by analysing the water sample obtained from
textile industrial effluents of Karachi-Sindh, Pakistan. Results show that the 40 mg/50 mL
of MIS-resin is enough to adsorb above 90% of dyes from water sample Table 5.

qe (mg.g™") or % Time

Adsorbent Dyes adsorption (min) pH Reference
Pillar[5]arene-modified zeolite Methyl orange 833 mg.g”" (85%) 150 5and 9 1]
(PANI)-coated graphene Methylene blue 99% and 91 30 7 1421
oxide doped with SrTiO3 and Methyl respectively
nanocube nanocomposites orange (MO)
p-Sulphonatocalix[8]arene Methylene blue 94% 10 9.5 (331
functionalised silica
resin
Organo-modified silkworm Methy! orange 87.03 mg.g” 60 3 w3l
exuviae
MIS-resin Methyl orange and  175.4 and 154.6 mg. 15 5.3 and 6.6 Current
Methyl red g~ respectively respectively study

3.10. Comparative Study

The results obtained during the experiments were compared with other published literature
given in Table 6. It is clear in table 6 that MIS resin has comparable capacities for MO and MR
dyes under the optimized parameters.

4. Conclusion

This study demonstrates the application of MIS-resin for the adsorption of methyl orange
and methyl red dyes from water. The resin has good efficiency and high adsorption
percentages for both dyes under the optimised parameters. Moreover, the experimental
data follows a pseudo second order kinetic model with a good correlation coefficient
value (R°=0.99). The thermodynamic parameters determine that the adsorption of MO
and MR dyes onto resin is exothermic and spontaneous. Equilibrium adsorption models
show that the Freundlich model was the best fit as compared to the Langmuir model. The
adsorption phenomenon of dyes and resin was highlighted by the DFT calculations. The
resin was also applied on real waste water samples and it is clear that the resin has good
efficiency to treat dyes contaminated wastewater.
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