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Abstract

In this study, we have reported a facile preparation of zeolite 4A from Ethiopia kaolin for the adsorptive removal of methylene
blue (MB) dye. The formation of highly crystalline and pure phase zeolite 4A with cubic morphology was confirmed by powder
X-ray diffraction (XRD) and scanning electron microscope (SEM) analysis. The efficiency of zeolite 4A for abatement of MB
was investigated at varying adsorption parameters. Response surface methodology coupled with Box Behnken Design (RSM-
BBD) was employed to optimize adsorption parameters. High regression (R? = 0.9947) and the low probability (p value <0.0001)
values signify the validity of the quadratic model to predict the removal (%) of MB. The maximum MB removal (%) was 99.37%
at the optimum combination of 50 mL of 10 mg/L of MB, 39.05 mg zeolite 4A, and 179.82 contact time (min). The adjusted R-
square (Rzadj) and standard deviations (SD) were validated the best fitting of pseudo-second-order kinetics and the Langmuir
isotherm model for experimental values. The maximum adsorption capacity (Qpax) Of zeolite 4A towards MB was found to be
44.35 mg g . Electrostatic interaction, hydrogen bond, and n to 7t bond formation are predicted to be the plausible interaction
mechanism of MB to the surface of zeolite 4A. The Fukui function and vibration analysis based on the density functional theory

(DFT) further strengthened the proposed mechanism.
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1 Introduction

Colored organic compounds discharged from different indus-
tries such as textiles, food, rubber, plastics, and paper, have
taken a substantial contribution to the pollution environment.
Such organic compounds show an adverse effect on the aquat-
ic environment by decreasing the intensity of sunlight that
reached the bottom [1]. Various colorants also behave as car-
cinogenic and mutagenic for aquatic lives [2]. Moreover, such
organic compounds cause severe health problems, including,
kidney dysfunction, brain, liver, central nervous, and repro-
ductive system [3, 4]. Methylene blue is one of the commonest
cationic dyes used in textile, chemical laboratories, staining
cells in biology, medical science, and other dyeing industries
[5, 6]. However, long-term exposure to MB can trigger serious
health issues such as anemia, vomiting, nausea, and
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hypertension [7, 8]. Hence, it requires unwavering effort from
the scientific community to introduce warranted techniques
for the removal of dyestuffs from contaminated water.
Photocatalysis [9], coagulation [10], membrane filtration
[11], Fenton oxidation, biological treatment [12], and adsorp-
tion [13, 14] methods have been reported for abatement of dye
from water. Among all, adsorption has taken the best alterna-
tive because it works in a simple operation set up and high
efficiency [15, 16].

Activated carbon is the most widely used adsorbent mate-
rial for the removal of dyes, but at the same time, it is expen-
sive. Thus, searching for low-cost, sustainable sources and
efficient adsorbents that substitute activated carbon is the
prime concern in the field. Activated carbon from plant bio-
mass [17, 18], Chitosan, and chitin [19, 20] from shrimp
wastes, bentonite [21], and kaolin [22] clays have been report-
ed as the low cost and highly efficient materials for the remov-
al of dye. Kaolin is one of the most abundant and cheap clays
widely utilized for numerous applications including the ad-
sorption of water pollutants [23, 24]. It is mainly composed
of kaolinite mineral which is a 1:1 aluminosilicate consisting
of Si0, (46.5%), Al,03 (39.5%), and H,O (14%) [25].
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Despite this, kaolin owing to the low surface area, low surface
porosity, and poor ion exchange capacity, is no longer used
for efficient removal of dye [26, 27]. Hence, different modi-
fication techniques are employed to enhance the adsorption
potential of kaolin such as surfactants capping [28], acid/base
treatment [29], intercalation with Fe;O,4 [30], mechanochem-
ical [31], conversion to zeolitic materials [32]. Highly valu-
able zeolite materials from kaolin show a considerable interest
due to hierarchical structure, high exchange capacity, environ-
mental compatibility, and reasonable costs [33]. In this regard,
there have been reported various zeolite types prepared from
kaolin such as zeolite A [34], zeolite 4A [35], zeolite NaP
[36], zeolite X [37], Zeolite Y [38], zeolite T [39], zeolite
KA [40], zeolite N [41], ZSM-5 zeolite [42], and zeolite P
[43]. The sources of kaolin from distinct regions and prepara-
tion methods are the causes for the formation of different types
of zeolite. Zeolite 4A has been used as a water softening, a
builder in detergents, separation, desiccant, catalysis, and
adsorption applications [44, 45]. Due to these purposes,
zeolite 4A has been prepared in excess than other types of
zeolites [35]. The preparation of zeolite 4A from kaolin is
carried out in a high-temperature activation of raw kaolin
(metakaolinization) followed by reacted with NaOH in a hy-
drothermal vessel [46, 47]. In this technique, the formation of
zeolite 4A is highly reliant on the calcination temperature [46,
48]. For the activation, a temperature ranging from 500 °C to
900 °C was reported in the literature [44, 45, 49]. However,
the activation temperature for zeolite 4A preparation is strong-
ly dependent on the composition and crystallinity of the raw
kaolin [48].

Hence, this work aimed to attempt the preparation of zeolite
4A from local Ethiopian kaolin at different metakaolinization
temperatures (600 °C to 800 °C). To the best of our knowl-
edge, there is no report on the preparation of zeolitic materials
from the Belesa kaolin, the southern part of Ethiopia.
Moreover, the study focused on the characterizations and ad-
sorptive removal of MB. Response surface methodology
(RSM) coupled with Box Behnken design (BBD) was
employed to optimize the adsorption efficiency of zeolite
4A. The plausible interaction mechanism of MB onto zeolite
4A was also investigated by computational analysis based on
the Density Functional Theory (DFT).

2 Materials and Methods

2.1 Materials

The raw kaolin was collected from Belesa district, Hadiya
Zone, Ethiopia (Fig. S1). Hydrochloric acid (HCI, 37%), so-
dium hydroxide (NaOH, 98%) pellets were procured from

Alphax Chemical Industry (India). MB (molar weight of
319.8 g/mol and A, =664 nm) with 99% purity was
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obtained from Sigma Aldrich. The rest of all chemicals used
in this study were analytically graded. Deionized water was
used throughout the whole experiment.

2.2 Preparation of Zeolite 4A from Kaolin

The raw kaolin was washed three times with distilled water to
remove surface contaminants then dried with ceramic crucible
at 100 °C for 1 h in the hot air oven. The dried kaolin was
crushed to fine particles using mortar and pestle for further
calcination process to get metakaolin. Specifically, 10 g of
powdered kaolin in a different crucible was calcined at a tem-
perature of 600 °C, 700 °C, and 800 °C each for 2 h. The
samples were removed from the furnace and allowed to cool
in vacuum desiccators. Then zeolite 4A was prepared from
metakaolin by modifying the protocol reported elsewhere
[33]. Herein, we have applied mild-hydrothermal conditions
where the reaction takes place in a reflux setup. Specifically,
5 g of metakaolin was fused with 50 mL of 4 M NaOH solu-
tion. The mixture was transferred to a round—bottom flask for
thermal treatment under reflux setup at 90 °C for 6 h. Finally,
the filtrate was washed using distilled water to remove excess
alkaline until the mixture became neutral. The as-prepared
zeolite 4A was dried in the oven at 105 °C for 5 h then cooled
in a vacuum desiccator.

2.3 Characterization Techniques

FTIR spectra were obtained from the pelletized of the powder
sample mixed with KBr using a SHIMADZU-IR PRESTIGE-
2 Spectrometer. The powder XRD patterns were recorded by
PANalytical X’pert pro diffractometer at 0.02 degrees/s scan
rate using Cu-ka 1 radiation (1.5406 A, 45 kV, 40 mA) to
investigate the crystal structure of raw kaolin and zeolite. The
surface morphology was investigated by scanning electron
microscopy (SEM) using a JEOL Electron Microscope oper-
ating at 15 kV. The surface charge of zeolite 4A was investi-
gated using the pH of point zero of charge (pHzpc) analysis.
Specifically, 50 mL of NaCl (0.1 M) solution was placed in a
100 mL flask. Then, the pH was adjusted with an initial value
2,4, 6, 8, and 10 using either sodium hydroxide (0.1 mol/L) or
hydrogen chloride (0.1 mol/L), and after that 0.15 g of zeolite
4A was added to each solution. After 24 h aging, the final pH
of the solution was measured. The plot of changing pH (pH
final - pH initial) against the pH of initials was used to predict
the pHzpc.

2.4 Statistical Optimization of Adsorption Studies

The adsorption efficiency of zeolite 4A to MB was carried out
in a batch adsorption mode. Explicitly, 50 mg of the zeolite
4A was added into 50 mL of MB solution (10-20 mg/L) and
stir continuously to adsorption equilibrium. The pH of the



Silicon (2022) 14:1629-1641

1631

solution was adjusted using HCI (0.1 mol/L) and NaOH
(0.1 mol/L). The % removal (Eq. 1) and adsorption capacity
at a time, q, (Eq. 2) of zeolite 4A towards MB were investi-
gated by measuring the absorbance at A, =664 nm. The
statistical optimization of MB adsorption mainly focused on
three independent factors (zeolite 4A dose (mg), contact time
(min), and concentration of MB (mg L"). These three vari-
ables are selected because adsorption processes are highly
reliant on them. The remaining variables including pH and
room temperature (25 °C) were constant throughout the whole
adsorption process. The statistical analysis was computed by
the Design Expert 11 software. The levels of variables for
RSM-BBD were based on Table 1.

Removal (%) = (C,—Cy)/Co*100 (1)
q = (Co=Cy) v/m (2)

Where C, is the initial concentration of MB (mg LY, C
the concentration of MB (mg L") ata time ‘t’, m is the mass
of the adsorbent and v is the volume of solution.

2.5 Adsorption Kinetics Models

The kinetics of MB adsorption was carried out at a fixed dose
of adsorbent (50 mg), 100 mL of 50 mg L™ of adsorbate, and
pH 8. Pseudo-first order (Eq. 3), pseudo-second order (Eq. 4)
and intraparticle diffusion (Eq. 5) kinetic models were
employed for fitting the kinetic data.

7 =4, ( l—exp<_k">) (3)
kag?t
gl 4
q: kzqet 1 ( )
6= C+ (ki ) (5)

Where k; (minﬁl), k> (g mg{1 minﬁl), and k;q (mg gf1 min’l/z)

are the rate constants for pseudo-first order, pseudo-second or-
der, and interparticle diffusion models respectively. g, and g, in
mg g ', are the theoretical adsorption capacity at a time (t) and
equilibrium time respectively. C (mg g ') is a constant related to
the thickness of the boundary layer.

2.6 Adsorption Isotherms Models

The adsorption isotherm studies were performed for 180 min
contact time by taking 50 mg of adsorbent and 100 mL of
various concentrations of MB ranging from 10 mg L' to
50 mg L' at pH 8. The Langmuir (Eq. 6), Freundlich
(Eq. 7), and Liu (Eq. 8) adsorption models were used to in-
vestigate the equilibrium data.

o Qmux K. C.
qe - 1 +KL Ce (6)
q.=Kp C/"" (7)
K Ce nr
_ Qmax ( g ) (8)

T K, )"

where g (mg g ") and ¢, (mg L") are equilibrium adsorption
capacity of adsorbent and the residual concentration of MB at
equilibrium, respectively; Qnax is the maximum adsorption of
the adsorbent (mg gfl); K¢ (ngfl), Kk (mg gf1 (mg Lty fy
and Kg (L mg ") are the equilibrium constants for Langmuir,
Freundlich, and Liu isotherm models, respectively; ng and n,
are the dimensionless exponents for Freundlich, and Liu iso-
therm models, respectively.

The degree of fitness of the kinetics and equilibrium data to-
wards the nonlinear curves of the models were validated by de-
termination of R-square, R* (Eq. 9), the adjusted R-square, Rzadj
(Eg. 10), and the standard deviation of residues, SD (Eq. 11).

2 2
2 (%‘.a —qexp) 2 (q,; _qi,model)
R2 _ exp ﬁﬂ; ) ( 9)
> (q,-.exp—lep)

R, = 1-(1-R) ( nl ) (10)

n—p—1

SD = \/ <$> > (‘]i,exp‘%,model)z (11)

where g o is adsorption capacity at a particular experimental;
Gexp 18 the average of all experimental q values; g moder 18
individual theoretical q value predicted by the model; p is
the number of parameters in the fitting model, and n is the
number of experiments.

Table 1 The experimental levels
of factors used for RSM-BBD

Factors Levels
Low (—1.000) Center (0.000) High (1.000)
A=x,: Contact time (min) 30 105 180
B=x,: Adsorbent dose(mg) 20 40 60
C=x3: MB concentration (mg/L) 10 15 20
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3 Results and Discussions
3.1 Characterizations of Zeolite 4A

The powder XRD patterns of kaolin and zeolitic material pre-
pared at different calcination temperatures are presented in
Fig. 1. The XRD phase identification of raw Ethiopian kaolin
(Fig. 2a) was found to be best fitted to kaolinite (COD: 00—
900-9230, Fig. S2) mineral [50]. Figure 2 b-c, show the
diffractograms of zeolitic materials obtained from different
temperatures. The zeolitic material prepared at 600 °C calci-
nation shows the formation of zeolite 4A with excess quartz
(Q) as an impurity. Whereas pure zeolite 4A (JCPDS 43—
0142) [51] was prepared at 700 °C and 800 °C (Fig. 2c and
d). Hence, metakaolin prepared from at 700 °C calcination,
due to an economic point of view, is recommended for the
preparation of zeolite 4A. Zeolite 4A has the diffraction peak
at2 0=10.14° 12.44°, 16.08°, 21.66°, 23.98°, 27.1°, 29.94°,
and 34.2° [51].

The FTIR spectra of raw kaolin and zeolite 4A are shown
in Fig. 2. The raw kaolin (Fig. 2a) shows the presence of a
well-identified peak at 3692, 3669, 3652 cm ', and 3620 cm ™'
due to O-H stretching is attributed to the highly ordered struc-
ture of the raw kaolin [52]. The vibrational peaks observed at
1020 cm ™' and 921 cm™" are due to Si-O-Si and Al-OH
stretching vibration, respectively [53]. Moreover, additional
peaks at 712, 692, 528 cm ! could be assigned to Si-O-Al
bending peaks. While Zeolite 4A (Fig. 2b) shows the broad
peak at around 3435 cm™' due to the O-H stretching of water
and O-H groups on the zeolite 4A surface [54]. The O-H
group bending vibration is located at 1660 cm . The charac-
teristic strong band of zeolite 4A at 999 cm ' can be assigned
to stretching vibration of Si—O and Al-O groups [54]. The

) A =zeolite 4A

A ()

Intensity (a.u)

10 20 30 ' 40
2 Theta (degree)

Fig. 1T The powder XRD patterns of (a) raw kaolin, (b), (c), and (d)
zeolite materials prepared at 600 °C, 700 °C, and 800 °C calcination
temperatures, respectively
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Fig.2 FTIR spectra of (a) raw kaolin (b) zeolite-4A prepared from kaolin

peaks observed at 672 cm ' and 555 cm™' can be attributed
to vibration modes of the zeolite framework [51]. The peak
located at 463 cm ™' relates to the bending vibration of Si-O or
Al-O groups in the zeolite structure [55].

SEM images were captured to investigate the surface mor-
phology of zeolite 4A. Figure 3 shows the SEM images zeolite
4A obtained from different magnification scale. The image
demonstrates the formation of a well crystallized zeolite 4A
with cubic morphology. The shape agrees with the zeolite 4A
reported by Dahani et al. [56] stating that zeolite 4A from
kaolin has cubic morphology. The average sizes of cube di-
ameters were found to be 1.16 pum.

3.2 Adsorption Studies

3.2.1 Point of Zero Charges (pH,,c) and Effect of pH
of the Solution

The pH value of the solution has an important role that causes
a change in the surface charge of the adsorbent. The hydroni-
um (H;0") and hydroxyl (OH ) ions absorbed on the adsor-
bent surface are responsible for the adsorption through elec-
trostatic interaction. Hence, the behavior surface charge is
explained based on the pH,,.. As it is shown in Fig. 4a, the
adsorbent surface became positively charged at the pH <
pHp,. (pH=6.86) due to the protonation of the carboxyl.
Under these conditions, the anionic dye preferentially
adsorbed onto zeolite 4A. Whereas, the pH > pHpyc, the sur-
face became negative due to hydroxylation of the zeolite sur-
face which in turn suitable for adsorption of the cationic dye.
Thus, the maximum removal of MB, a cationic dye, is expect-
ed at the high pH of the solution. The removal (%) of MB at
varying initial pH is presented in Fig. 4b. More than 90%
maximum removal was obtained at pH =8-10, and at the
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Fig. 3 The representative SEM
images of zeolite 4A at different
magnification scale

same time, poor adsorption efficiency is obtained at pH <6.
value. A similar analogy was reported by literature [8].

3.2.2 Statistical Optimizations of MB Adsorption

Optimizations of the adsorption variables using statistical ap-
proaches are crucial for saving time and resources. Moreover,
the statistical analysis gives clear information about the ad-
sorption variables and minimizes the experimental errors.
Herein, the BBD statistical approach coupled with RSM was
used to optimize the adsorption of MB into zeolite 4A. BBD is
second-order designs (Eq. 12) based on three-level factorial
designs [57]. The complete BBD matrix for the three impor-
tant factors [contact time (A), zeolite 4A (B) dose, and MB
concentration (C)] and response [Removal (%)] both the cod-
ed and real values are presented in Table 2.

n—=1 n
2 X biXiX;
i=1 j=i+1

Y=b0+2biXi+ZbiiX?+ (12)
i=1 i=1

where Y is the predicted response (Removal (%)) of MB, b is
a constant while, b;, b;;, and by; refers to the linear, quadratic,
and interaction coefficients, respectively. X; and X are lists of
the coded values of factors.

The empirical relationship between adsorption variables
and MB removal (%) efficiency generated from the BBD
was found to be as it is shown in Eq. 13.

Removal (Y) =+73.72+17.8 A

(13)
+10.4125 B-5.6125 C
-+0.7500 AB-3.20 AC-0.9250 BC-6.10 A2-2.27 B2

+5.83

Where the positive coefficients of factors show their role in
enhancing the adsorption removal (%) of MB and vice versa.
The statistical parameters from ANOVA are summarized in
Table 3. The F-Value (145.03) shows the significance of the
quadratic model to sufficiently explain the adsorption of MB
with only a 0.01% chance that an F-value larger than this due
to noise. The p value (<0.0001) further confirms the signifi-
cance of the model. Moreover, the linear (A, B, and C) and
quadratic (AC, Az, Bz, and Cz) terms of the quadratic equation
(Eq. 13) were significant (p value <0.05) in the 95% confidence
level. P values greater than 0.1000 indicate the model terms are
not significant, and therefore AB and BC interaction terms are

Fig. 4 (a) the point of zero ; 100
charges of zeolite, (b) the removal 21 (a) : (b)
(%) of MB at varying pH (with / : il
5% error bar) & ; - 90
14 | X
1 N
L © 80
:E- 1 Y BK ______________ é
3 | 3 701 {
| . [\
-1 | '{% -
: 60{ _ / L
2 L/ 6.86 ¢ {
2 4 6 8 10 2 4 6 8 10
Initial pH Initial pH
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Table 2 The RSM-BBD design

matrix of the three variables with Run Coded Values Real Values Response

coded and real values; and Order

Response with actual and Contact ~ Adsorbent  Concen-  Contact ~ Adsorbent  Concen-  Actual Predicted

predicted time dose tration time dose tration Value Value
1 —1.000 1.000 0.000 30 60 15 57.40 57.21
2 0.000 0.000 0.000 105 40 15 71.50 73.72
3 0.000 —-1.000 1.000 105 20 20 61.50 62.18
4 0.000 0.000 0.000 105 40 15 75.50 73.72
5 —-1.000 0.000 —1.000 30 40 10 57.20 58.06
6 —1.000 —1.000 0.000 30 20 15 37.40 37.89
7 1.000 0.000 1.000 180 40 20 83.30 82.44
8 1.000 0.000 —1.000 180 40 10 99.00 100.16
9 0.000 1.000 1.000 105 60 20 79.80 81.15
10 0.000 0.000 0.000 105 40 15 72.90 73.72
11 1.000 1.000 0.000 180 60 15 94.80 94.31
12 0.000 —1.000 —1.000 105 20 10 72.90 71.55
13 —1.000 0.000 1.000 30 40 20 54.50 53.34
14 0.000 0.000 0.000 105 40 15 73.20 73.72
15 0.000 1.000 —-1.000 105 60 10 94.90 94.23
16 1.000 —-1.000 0.000 180 20 15 71.80 71.99
17 0.000 0.000 0.000 105 40 15 75.50 73.72

not significant. There is also a 47.39% chance that a Lack of Fit
F-value larger this due to noise. Model validation further inves-
tigated using regression (R?) analysis. The Predicted R?
(0.9584) is in reasonable agreement with the Adjusted R?
(0.9878) because their difference is less than 0.2. This implies
that the quadratic model (Eq. 4) is adequate to explain the
interaction between factors and removal (%) of MB.

Figure 5 shows the diagnostic plots that give further infor-
mation about the validation of model adequacy. The plot of
predicted and actual removal (%) of MB (Fig. 5a) shows data
are well fitted to the linear regression. This is shown that the
model adequately explains the experimental range. Figure 5b
shows the plot of normal % probability against externally
studentized residuals also known as the normal plot of

Table 3 The ANOVA analysis of MB adsorption based on the Quadratic model
Source Sum of Squares df Mean Square F-value p value Fit Statistics
Model 4009.12 9 445.46 145.03 <0.0001 SD=1.75
Residual 21.50 7 3.07 - - CV(%)=2.42
Lack of Fit 9.29 3 3.10 1.01 0.4739 R?=0.9947

Predicted R=0.9584
Pure Error 12.21 4 3.05 - - Adjusted R*=0.9878
Terms Coefficients SE Coefficients Mean Square F-value p value
Constant 73.72 0.7838 - - -
A 17.80 0.6196 445.46 825.24 < 0.0001
B 10.41 0.6196 2534.72 282.39 < 0.0001
C -5.61 0.6196 867.36 82.05 < 0.0001
AB 0.7500 0.8763 252.00 0.7325 0.4204
AC -3.25 0.8763 225 13.76 0.0076
BC —0.9250 0.8763 42.25 1.11 0.3262
A? —6.07 0.8541 3.42 50.55 0.0002
B’ -2.30 0.8541 155.26 7.24 0.0311
c? 5.85 0.8541 22.23 46.95 0.0002
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residuals. Basically, the studentized residuals are useful for
detecting the outliers. The arrangement of points on this graph
(Fig. 5b) is linear, which designates the adequacy of the model
and the normal distribution of errors across all runs. Figure Sc
demonstrates a plot of externally studentized residual versus
the run number, that conducts a t-test for each residual. The
points dropping outside the red limits are considered as out-
liers. Therefore, all the points in Fig. 5S¢ within the range of the
model assumptions and there are no outliers observed. The
comparative effect of all the adsorption factors at a particular
point in the design space is obtained from the perturbation plot
(Fig. 5d). The perturbation plot helps to identify the factor that
most influences the removal (%) of MB dye. The steepest slope
for factor A (slope =17.8) than B (10.4125) and C (— 5.6125)
shows that MB removal (%) is sensitive to contact time.
Relatively, the flat line for factor “C” shows minimal depen-
dence of MB removal on this factor.

The 3D surface plot of the adsorption process helps
to visualize the interaction between factors for the re-
moval (%) MB. Figure 6 shows the 3D surface plots of
MB adsorptive removal (%) at varying contact time
(min), zeolite 4A (mg), and MB concentration (mg/L).

Fig. 5 The diagnostics curves of

(a)

Predicted vs.

As it is shown in Fig. 6a, the MB removal (%) in-
creased with an increase in both zeolite 4A dose and
contact time at a constant concentration of MB. While
Fig. 6b shows, at constant zeolite 4A dose, the removal
(%) increased when the adsorption time increased and
the concentration of MB decreased. On the other hand,
Fig. 6¢ shows an increased MB removal (%) was ob-
served as the zeolite dose increase and MB concentra-
tions decreased at a fixed contact time.

Generally, statistical optimization of the adsorption
process aims to achieve the desired goal such as maxi-
mize, minimize, within the range, target, and none for
the responses and factors [58, 59]. Herein, numerical
optimization was desired to maximize removal (%) and
factor values within the range. For example, Fig. 7
shows the maximum desirability ramp for the optimum
combination of contact time (30—180 min), zeolite dose
(2060 mg), and MB concentrations (10-20 mg/L) to
get maximum adsorption efficiency. Thus, the maximum
adsorptive removal of MB was found to be 99.37% at
the optimum combination of 10 mg/L of MB, 39.05 mg
zeolite 4A, and 179.82 contact time (min).
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Fig. 6 The 3D surface plots for
the removal of MB at different
factors (a) the zeolite dose and
contact time, (b) the initial MB
concentration and contact time,
and (c¢) the MB initial
concentration and zeolite dose

Removal (%)

3.2.3 Adsorption Kinetics Analysis

The nonlinear form of pseudo-first order, pseudo-second-or-
der, and intraparticle diffusion models were used to assess the
kinetics of MB adsorption onto zeolite 4A. The nonlinear
kinetic curves and kinetic parameters are presented in Fig. 8
and Table 4, respectively. The statistical parameters, SD and
Rzadj, were used to evaluate the fitting of the kinetic data. The
close agreement between the experimental value and model-
predicted value was recognized by a lower SD and higher
Rzadj value [60]. As it is shown in Table 4, the pseudo-
second-order kinetic model exhibits the lowest SD
(0.7491 mg gfl) and Rzadj (0.99). This implies the adsorption
capacity at a time t (q,) obtained from the experiment shows a

12
10 20

80

20B; Zeolite 4A (mg)

good agreement with the model value. Moreover, the adsorp-
tion equilibrium time can be derived from the best fitted ki-
netic model at tys (min), the time when 95% of the absorbent
saturation. The pseudo-second-order, best-fitted model, pre-
dicts 252.08 min equilibrium time is required to attain 95%
(43.93 mg g saturation. However, the adsorption capacity
obtained at 120 min, 150 min, and 180 min is 41.64 mg gﬁl,
4248 mg g ', and 43.065 mg g, respectively, are compara-
ble results to tgs (min). The adsorption capacity value at
252.08 min and 180 min shows only a decimal point variation
and therefore 180 min could be considered as the equilibrium
time. Fifty percent saturation of adsorbent surface can also be
investigated from the tsy (min) value. As it is shown in
Table 4, tso (min) = 13.26 which indicates the fast adsorption

Fig. 7 The desirability ramp for
optimization of three factors
(contact time, zeolite 4A dose,
and MB concentration) for the
maximum degradation (%) of MB 30

A:Contact time = 179.82

179.82 39.0485

| |
180 20 60

B:Adsorbent dose = 39.0485

10.0452

10

I

C:Concentration = 10.0452

1

1
20 374 99

Removal = 99.3759
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Table 4 The parameters of

Pseudo-first-order, Pseudo- Pseudo first-order parameters

Pseudo second-order parameters Interparticle diffusion parameters

second-order, and interparticle

diffusion kinetic models k; (min~")=0.05
qe (mg g )=41.57
R%,5=0.98

SD (mg g H)=1.7701
tso(min)=13.86
tos (min)=59.93

kig (mg g71 min’1/2)=2.98
C (mg g ")=9.34

k> (g mg ' min')=0.0016
qe (mg g ')=46.24
R%,5=0.99 R%,5=0.81

SD (mg g )=0.7491 SD (mg g )=6.2235
tso(min)=13.26 -

ts (min)=252.08 -

50
- _®
] /'—.:':___.,._.O=.—_ ..........
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Fig. 8 The kinetics plots of MB adsorption onto zeolite 4A at 50 mg
adsorbent, pH 4, and 50 mg L' MB

process takes place in the first 13 min for attaining 50%
saturation.

3.2.4 Adsorption Isotherm Analysis

Langmuir, Freundlich, and Liu [60] adsorption isotherm
models were applied to investigate the equilibrium phenomena.
The nonlinear curves and parameters of the adsorption models
are depicted in Fig. 9 and Table, respectively. One hundred
milliliters of various concentrations of MB (10 mg L™" to
50 m Lfl) at a fixed dose of zeolite 4A (50 mg), pH = 8, room
temperature (25 °C) for 180 min (equilibrium time) contact
time were employed to investigate the adsorption isotherm.

Rzadj and SD statistical parameters were also used to investigate
the best fitting curve to the equilibrium adsorption data. The
Langmuir model owing to the highest Rzadj value (0.94) and
minimum SD value (2.5088 mg g ') than Freundlich and Liu
(Table 5) is recommended for investigating the equilibrium
process. The maximum sorption capacity (Qu.x) predicted
based on the Langmuir model is 44.35 mg g .

3.3 Plausible Adsorption Mechanism

Figure 10 shows the plausible adsorption mechanism of MB
onto the zeolite 4A surface. The adsorption of MB can pro-
ceed via electrostatic interaction, hydrogen bonding, or n to 7t
(coordinative covalent bonds) between the zeolite surface and
MB dye [61]. The zeolite surface at pH > pHpzc (6.86) be-
comes a negative (Si—O ") where an electrostatic interaction
takes place between the cationic MB through N* atom. The
hydrogen bond between the silanol (Si-O-H) group of zeolites
with N-atom of MB (Fig. 10) is another possible interaction
that helps for the adsorption process. Besides, the n to 7t is an
alternative interaction between ionic charge (Si-O ) of zeolite
surface and an empty orbital of S atom in the aromatic struc-
ture of MB. The lone pair electron from oxygen atom transfer
to S atom is used to make coordinate covalent bonds. The
adsorption mechanism of MB onto zeolite 4A was further
investigated by the first principle analysis. Herein, the density
functional theory (DFT) was employed to optimize and fre-
quency analysis of MB, representative zeolite structure, and
zeolite-MB using the Gaussian 09 software. The B3LYP func-
tional with a 6-31 g* a basis set was used to compute the
structure. The Fukui function analysis [62, 63] was also used
to investigate the local reactivity sites of MB. Figure 11 shows

Table 5 The adsorption isotherm

parameters of Langmuir, Langmuir parameters

Freundlich parameters Liu parameters

Freundlich and Liu models
Quuax (g g ')=44.35
K (L mg"=2.71
R%adj=0.94
SD (mg g )=2.5088

Ky (mg g ' (mgL™')"""=30.23 Quax (Mg g )=42.99

np=7.54 K, (L mg =261
R’adj=0.75 n=141
SD (mg g )=4.5536 R%adj=0.92

SD (mg g 1)=2.6332
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Fig. 9 The equilibrium isotherm plots of MB adsorption onto zeolite 4A
at pH 8, 50 mg adsorbent, and 180 min contact time

the frontier molecular orbitals (MO), highest occupied MO
(HOMO) and lowest unoccupied MO (LUMO) energy gap
(AE) of MB. As shown in Fig. 11, an electron acceptor center
or LUMO of MB resides on S atoms and this implies that
electron zeolite surface (Si-O ) can make a dative bond to S
atom of MB. Whereas, the HOMO of MB is a nucleophilic
center that is shown that the N atom is responsible for the
formation of H bonding to the silanol group of zeolite surface.
The Fukui function, f(r) (Eq. 14) gives numerical information
about the reactivity of an atom in a molecule, especially the
frontiers MOs based on the change in electron density of a
molecule at a given position.

f(r) B a]iiz)li:ZOn (14)

Fig. 10 The plausible adsorption o
mechanism of MB onto zeolite T~ _/O\ /O\S/ \ .
4A in the alkali solution OI /Sl\ /Si\ Al /%

& O~ ¢c;

/u/xo N AO0 T 3

N o

Ui _Si S

0.6

where p(r) is the electron density at a position of “r”” and “N” is
the total number of electrons. The finite electron difference at
a position (an atom) can be given by, electron gain (N + 1) and
electron loss (N-1) system, Egs. 15 and 16 respectively.

f(r) = AN+179N (15)
£7(r) = qy—ang (16)

where f* (r) and f (r) are the condensed Fukui function for the
LUMO (electrophilic) and HOMO (nucleophilic), respective-
ly. The calculated Fukui function is presented in Table S1. As
shown in Table S1, the highest electrophilic Fukui function
(f*) is located in the sulfonium sulfur S(20) while the nucleo-
philic function (f") observed at C(27) and N (21). Therefore,
the adsorption of MB dye onto the zeolite 4A surface is pref-
erentially made interaction through the sulfonium sulfur. Such
interaction is further supported by the frequency analysis of each
representative zeolite structure and MB-zeolite 4A (Fig. S3).
The Fukui function analysis, HOMO-LUMO diagram, and fre-
quency analysis agree with each other.

4 Conclusions

In conclusion, highly crystalline and pure phase zeolite 4A
with a cubic morphology was prepared from Ethiopian kaolin
using a facile low-pressure hydrothermal method. The adsorp-
tive efficiency of zeolite 4A towards MB dye from aqueous
solution studied at varying pH, zeolite 4A dose (mg), contact
time (min) and concentrations of MB (mg/L). The adsorption
efficiency of zeolite 4A was found to be maximum in a basic
solution above the pHpyzc (6.86). Statistical optimization of
adsorption factors such as zeolite dose, contact time and con-
centrations of MB, at fixed pH =8 and temperature (25 °C)
was found to be a well-fitted BBD model. The high regression
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(R*=0.9947) and the low probability (p value <0.0001)
values signify the validity of the quadratic model to predict
the removal (%) of MB. The maximum adsorptive removal of
MB was found to be 99.37% at the optimum combination of
10 mg/L of MB, 39.05 mg zeolite 4A, and 179.82 contact time
(min). The kinetics and isotherm of the adsorption study con-
firm pseudo-second-order and Langmuir isotherm are the
best-fitted models for the experimental data. Kinetics study
investigates 180 min as the equilibrium adsorption time. The
maximum adsorption capacity (Qmax) Was 44.35 mg g ' from
the Langmuir isotherm model. The mechanism of MB adsorp-
tion onto zeolite 4A is governed by the hydrogen bond, dative
bond, and electrostatic interaction forces.
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