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Abstract: This study investigated the potential of 4A zeolite, named4AZW in this work, generated by
natural gas dehydration units as solid waste after several treatment cycles, as a low-cost adsorbent
to separately remove two cationic dyes, methylene blue (MB) and malachite green (MG), from
an aqueous solution within a batch process. The adsorbent material was characterized by N2gas
adsorption–desorption, X-ray fluorescence spectrometry, X-ray diffraction, FT-IR spectroscopy, and
the determination of its cation exchange capacity and point of zero charge. The influence of key
operating parameters, such as the pH, adsorbent dosage, ionic strength, contact time, initial dye
concentration, and temperature, was investigated. Three independent variables acting on MB
adsorption performance were selected from the Box–Behnken design (BBD) and for process modeling
and optimization. An analysis of variance (ANOVA), an F-test, and p-values were used to analyze the
main and interaction effects. The experimental data were satisfyingly fitted with quadratic regression
with adjusted R2= 0.9961. The pseudo-second-order kinetic model described the adsorption of the
dyes on 4AZW. The equilibrium data were well-fitted by the Langmuir model for each adsorption
system (MB-4AZW and MG-4AZW) with maximum adsorption capacity (qmax) values of 9.95 and
45.64 mg/g, respectively, at 25 ◦C. Thermodynamics studies showed that both adsorption systems
are spontaneous and endothermic.

Keywords: 4A zeolite reuse; dye removal; adsorption kinetics; isotherms; response surface methodology

1. Introduction

Fossil fuels have always been the primary source of the global energy supply. Algeria
has an important energy potential: It holds the tenth largest gas reserve in the world and
the third largest oil reserves in Africa [1]. Among all fossil fuel energy sources, natural
gas (NG) is the cleanest and is a safe source when transported, stored, and used [2]. The
chemical composition of the crude NG found in oil and gas reservoirs is composed of
methane (as a major component), and in smaller quantities, ethane, propane, and butane,
among other gaseous hydrocarbons. It also contains undesirable compounds such as water
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vapor, carbon dioxide, nitrogen, and hydrogen sulfide [3,4]. In industrial use, natural gas
is subjected to different cleaning processes to meet product quality standards. Two main
standards can be distinguished: Liquid natural gas (LNG) and pipeline gas [5]. The water
vapor contained in NG must be removed from the gas stream for the following reasons:
Reducing the heating value of the produced gas, condensation of the water in the pipelines,
and the risk of corrosion [2].

Extensive literature is available on common gas dehydration systems including glycol
absorption, zeolite adsorption, and refrigeration-based systems [6]. Among these processes,
adsorption on zeolite, especially the Temperature Swing Adsorption (TSA) system, is
the most frequently used industrially for technical and energetic considerations [7]. The
simplest configuration for the application of a TSA system to obtain a continuous flow
of produced gas is the fixed double-bed system, with one operating in adsorption mode
and the second in desorption mode (regeneration) [5]. Due to the higher capacity of
water adsorption and selectivity, as well as its regeneration potential for several cycles of
adsorption, the 4A zeolite adsorbent is widely used for the fine drying of NG in the TSA
system [5,7].

Zeolites [8] are crystalline microporous aluminosilicates with a three-dimensional
framework structure bearing AlO4 and SiO4 tetrahedra. These are linked to each other by
sharing all of the oxygen to form interconnected cages and channels [9] with the character-
istics of high ion exchange capacity and excellent selectivity (size, charge, and shape) and
porosity on the surface [10]. Zeolites present a high potential for the purification of gases,
especially those containing moisture [11]. 4A zeolite belongs to the LTA-type, with a pore
size of 0.4 nm and a Si/Al ratio of approximately 1. This low Si/Al ratio, owing to the high
aluminum content, makes the material highly hydrophilic [12]. The dehydration unit in
the gas plant TFT of the Sonatrach company in Algeria generates important amounts of
4A zeolites after using the material in several adsorption and regeneration cycles, which
reduces its adsorptive capacity with respect to the desired product quality during the
dehydration operation. Under such a situation, the adsorbent is treated as solid waste to be
disposed of in the technical landfill center near the plant site. The reuse of this adsorbent in
wastewater treatment can be a possible way to valorize it by increasing its lifetime before it
is considered waste. Several studies have applied natural and synthetic zeolites [13–18], as
well as other eco-friendly materials [19], in wastewater treatment.

In the present paper, batch experiments were carried out to separately remove methy-
lene blue (MB) or malachite green (MG), two very popular and toxic cationic dyes [20,21],
by the adsorption technique using 4A zeolite solid waste from the gas dehydration unit
of TFT plant (Sonatrach company). This adsorbent material is named ‘4A zeolite waste’
(4AZW) here. The characterization of the 4AZW sample was performed by BET surface
area analysis, X-ray diffraction, and FT-IR analysis. The influence of temperature, pH,
amount of adsorbent, contact time, and initial MB or MG concentrations on the removal
rate of those dyes were studied under shaken conditions. Different classical kinetic models
were used to interpret the adsorption of each dye on 4AZW. Experimental equilibrium data
were fitted with Freundlich and Langmuir isotherm equations to determine the best-fitting
model. Additionally, in this work, it has been established that pH, the initial concentration,
and the amount of adsorbent interacted and ultimately affected MB removal efficiency by
the response surface methodology (RSM). This approach is a statistical application on the
basis of fitting empirical models to a set of data obtained from several experiments: It is
considered one of the most multivariate techniques used in process optimization [22,23].
By collectively optimizing all the affecting parameters, RSM can eliminate the limitations of
single factor-at-a-time experiments [24,25]. This global investigation allowed for the study
of new kinds of Zeolites.

This study on the investigation of the potential of 4AZW for the removal of two basic
cationic dyes, MB and MG, from aqueous solutions under batch experimental conditions
shows that wastewater treatment with this kind of zeolite constitutes an economical and
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efficient way to eliminate aqueous pollutants, which clearly meets the main aims of the UN
Sustainable Development Goals (UN SDGs).

2. Materials and Methods
2.1. Materials

The 4AZW used in this study was obtained from the gas dehydration unit of the
TFT plant (Sonatrach company, Hydra, Algeria). This material was received as a binder-
containing zeolite in the form of cylindrical pellets. After crushing, 100 g of the raw sample
with a particle size lower than 100 µm was dried at 110 ◦C for two hours and then dispersed
in 1 L of deionized water and mixed for 24 h to eliminate all water-soluble impurities. After
solid–liquid separation by filtration under a vacuum with Whatman® paper filter grade 40
(particle retention 8 µm), the obtained residue was calcined at 450 ◦C for 2 h to eliminate
all the organic compounds possibly retained during its initial use in the dehydration of the
gas and finally kept in a desiccator until tested.

Two cationic dyes were selected for this study: Methylene blue (MB) and Malachite
green (MG), obtained from Biochem Chemopharma (Cosne-Cours-sur-Loire, France). The
maximum absorbance wavelengths of MB (664 nm) and MG (620 nm) were determined
with a double beam UV–vis spectrometer (Specord 200 plus).

2.2. Characterization of 4AZW

The physicochemical properties of the solid material were determined using standard
analytical techniques. To obtain the specific surface area and pore structure of the material,
the Nitrogen adsorption–desorption isotherms at 77 K were measured with an automated
gas adsorption analyzer ASAP2000 (Micromeritics, Norcross, GA, USA) with ±5% accu-
racy. The total contents of chemical components were determined by X-ray fluorescence
spectrometry (XRF) using a Philips PW-2400 X-ray spectrophotometer with Rh and Au
excitation tubes. The X-ray diffraction (XRD) analysis of the samples was carried out via
a powder X-ray diffractometer (Bruker AXS) in the angular range of 2–60◦ in steps of2θ
with a scan rate of 0.025◦/s. For Fourier-Transform Infrared spectroscopy (FT-IR, Bruker
ALPHA), the spectrum was recorded in the 400–4000 cm−1 range.

The pH of 4AZW was measured as follows: A 1:2 (w:v) 4AZW: distilled water suspen-
sion was shaken for 24 h at 30 ◦C, then filtered, and the pH of the filtrate was determined
by a pH-meter [26]. The cation exchange capacity (CEC) of 4AZW was determined by the
BaCl2-triethanolamine procedure [27]. To determine the point of zero charge (pHPZC) of
the material, the ‘drift method’ was applied [28]: 0.2 g of adsorbent was added to 40 mL
of the 0.1 mol/L NaCl solution at different initial pH values (pHi) in the range of 3 to 12,
and agitated for 24h at room temperature; the final pH (pHf) values of solutions were then
measured, and ∆pH is plotted vs. pHi.

2.3. Adsorption Methodology

Batch adsorption experiments on the 4AZW adsorbent were conducted with either
MB or MG aqueous solutions. A stock solution of MB or MG (1000 mg/L) was pre-
pared by dissolving an accurately weighed quantity (1.0 g) of solid dye in 1 L of deion-
ized water; the solutions for adsorption tests were diluted from the stock solution to the
desired concentration.

One hundred milliliters of the dye solution at various concentrations were placed in
250 mL PE flasks with 0.1 g of the adsorbent and shaken (Labwit ZWY-304) at a speed of
200 rpm. The experiments were carried out at different pH (from 3 to 12) and temperature
(from 25 to 50 ◦C) values. The initial pH of the solution was adjusted to the desired value
by using either HCl or NaOH solutions (0.1 mol/L). Kinetics of adsorption was determined
by analyzing the dye uptake at different time intervals. From the kinetic experiments, a
time contact equal to 110 min was fixed for all following isotherm experiments in order
to reach a steady-state or pseudo-equilibrium. Solid and solution were separated using
a 0.22 µm cellulose acetate membrane filter, then the concentration of MB or MG in the
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supernatant was determined by a double-beam UV/vis spectrophotometer (SPECORD 200
plus). Kinetics of adsorption was determined by analyzing the dye uptake at different time
intervals.

Each experiment was carried out in triplicate and all calculations were conducted with
their average values; the maximum difference between the three values was less than 3%
of the mean. The adsorbed amount of MB or MG at equilibrium was calculated by the
straightforward equation:

qe =
(C0 −Ce).V

m
(1)

where qe (mg/g) is the equilibrium adsorption capacity of dye adsorbed per gram of 4AZW,
C0 and Ce are the initial and equilibrium concentrations (mg/L) of MB or MG, respectively,
V (L) is the volume of the dye solution, and m (g) is the weight of 4AZW. A linear calibration
curve was prepared with MB (R2 = 0.997) and GM (R2 = 0.999) for UV/vis quantification.

The adsorption yield (% removal from aqueous solution) of the dye is calculated as:

Yield (%) =
(C0 −Ce).100

C0
(2)

2.4. Experimental Design

To better understand the effect of important parameters such as pH, the initial concen-
tration, and the amount of adsorbent, a Box–Behnken design was applied to the removal of
MB, here selected as a dye model. In order to obtain the most important independent and
influential variables with the minimum number of runs, the response surface methodology
(RSM) proceeds by a two-in-one technique, i.e., both mathematical and statistical techniques
are used together to obtain a relationship between a response, here defined by the yield
removal (Yield (%)) as the dependent variable, and a number of independent variables
defined by X1, X2, . . . , Xn. Usually, RSM is combined with factorial design methods such
as the Box–Behnken design (BBD), i.e., a second-order multivariate design based on a
three-level incomplete factorial design with no axial points [29].

In our case, fifteen experiments were performed with three replicates at the center
point to estimate the pure error. Minitab® 17 software was used to apply the BBD model.
Experimental data were fitted to a quadratic model using a second-order polynomial model
as follows:

Yield(%) = β0 +
n

∑
i=1
βi.Xi +

n

∑
i=1
βii.X

2
i +

n−1

∑
i=1

n

∑
j=i+1

βij.Xi.Xj + ε (3)

where n, β0, βi, Xi and Xj, βii, βij and ε represent the number of variables, a constant term,
the coefficients of the linear parameters, the variables, the coefficients of the quadratic
parameters, the coefficients of the interaction parameters, and the residual associated with
the experiments, respectively. A total of 15 experiments were needed to estimate the
removal of MB on 4AZW.

The predicted values for the yield removal of MB were then obtained by applying
the quadratic model. The accuracy and fitness of the model were evaluated by an analysis
of variance (ANOVA): Various descriptive statistic parameters were used such as the
p-value, an F-test, degrees of freedom (df), the determination coefficient (R2), and the
adjusted determination coefficient (R2adj) [30,31]. Moreover, 3D-surface plots also allowed
to describe the effect on the desired response of interaction between two-by-two factors [32].

3. Results and Discussion
3.1. Characterization of Material

The physicochemical properties of the 4AZW sample are presented in Table 1. XRF
measurement showed that the main chemical components of the 4AZW are SiO, Al2O3,
Na2O, Fe2O3, CaO and K2O. The XRD pattern of our sample (Figure 1) corresponds well
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with the crystalline peaks of pure 4A zeolite. The diffraction peaks at 7.18◦, 10.17◦, 12.46◦,
16.11◦, 21.66◦, 23.99◦, 26.10◦, 27.11◦, 29.94◦, 32.54◦, and 34.17◦ are associated with (200),
(220), (222), (420), (442), (622), (640), (642), (820), (840), and (664) crystal planes of 4A
zeolite, respectively [10,33], indicating that the 4AZW has not undergone a serious loss in
its crystalline structure.

Table 1. Physicochemical properties of 4AZW.

Typical Parameters Value

SiO2 (%) 55.39 ± 0.88
Al2O3 (%) 27.18 ± 0.64
Na2O (%) 4.49 ± 0.52
K2O (%) 1.03 ± 0.12
CaO (%) 3.34 ± 0.41

Chemical composition P2O5(%) 0.79 ± 0.08
Fe2O3 (%) 4.47 ± 0.49
TiO2 (%) 0.32 ± 0.04
MgO (%) 2.99 ± 0.31

SBET (m2/g) 35.5 ± 0.3

CEC (meq/100 g) 120 ± 6

pH (1:2 w:v slurry)
pHPZC

11 ± 0.1
10.5 ± 0.1
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Figure 1. XRD pattern of 4AZW.

As shown in Table 1, the cation exchange capacity is 120 meq/100 g. The synthesized
material exhibits strong basicity (pH = 11 for the suspension slurry) suggesting the presence
of negative charges on the solid surface in an aqueous solution; this is also confirmed by
the value of pHPZC = 10.5 (see below). The BET/N2 specific surface area was 35.5 m2/g.

From FT-IR spectroscopy (Figure 2), the broad band at 3441 cm−1 and the sharp
absorption bond at 1660 cm−1 correspond to the stretching and bending vibration bands
of H-O-H derived from H2O present in 4AZW [34]. In addition, there are four distinct
absorption bands at 994, 787, 684, and 464 cm−1, which are assigned to the asymmetric
stretching vibrations of bridge bonds T-O-(T) where (T=Si or Al), symmetric stretching
vibrations of bridge bonds Si-O-Si, symmetric stretching vibrations of bridge bonds Si-O-Al,
and the bending vibrations O-Si-O, respectively [35].
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3.2. Effect of Initial Dye Concentration

Contact time data allow us to select the optimum shaking time to achieve a steady-
state of pseudo-equilibrium of the process. The corresponding data for the removal of MB
and MG are shown in Figure 3, hence the plateau becomes evident.
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Figure 3. Effect of contact time and initial concentration of dyes: (a) MB; (b) MG on the adsorption
capacity of 4AZW (S/L = 1 g/L, T = 25 ± 1 ◦C and unadjusted pH).

The qe values of both MB and MG sharply increased from 10 min to 50 min and
balanced beyond 70 min contact time. This can be related to the number of initially
vacant surface sites at the beginning. Over time, repulsive forces between the cationic dye
molecules adsorbed on the surface of 4AZW and the solution phase make the remaining
vacant surface sites more difficult to be occupied; thus, the adsorption slows down and
finally levels off. As can be considered obvious, increasing the initial concentration will
provide more driving force to overcome the mass transfer resistance between the solid and
liquid phases, then the qe values increase [36].
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3.3. Effect of theAdsorbent Dose

The effect of the mass of adsorbent (0.25 to 3.0 g/L) on the adsorption capacity and the
percentage of dye removal showed (Figure 4) that the removal of each dye increased when
the adsorbent amount increased, which could be attributed to the greater availability of
adsorption sites; after reaching a plateau, one can observe the steady-state of the (pseudo)
equilibrium, likely because of the saturation of the available adsorption sites as already
reported in several papers [37,38]. For the following investigations, equilibrium was
attained with a selected adsorbent dosage of 1 g/L.
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On the other hand, the increase in the adsorbent mass led to a decrease in the amount
of dye uptake per gram of adsorbent (qe). This drop in adsorption capacity is likely due to
sites remaining unsaturated during adsorption [39,40] and particle aggregation [41].

3.4. Effect of Ionic Strength

As can be observed from Figure 5, the co-existence of sodium cations and dye
molecules in the solution decreases the adsorption yield. Furthermore, the increase in
the ionic strength is unfavorable to the adsorption efficiency. Because the ionic strength
of the solution controls either electrostatic or non-electrostatic interactions between the
adsorbate and the adsorbent surface [42], the electrostatic attraction mechanism for our
cationic dyes can be suppressed with the addition of Na+ ions at a high concentration,
due to the competition for the active sites on the adsorbent surface, leading to electrostatic
repulsion [43].
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3.5. Effect of Solution pH

The pHpzc value of 4AZW is 10.5 (Figure 6). Then, at pH < pHpzc, the surface of the
adsorbent is predominantly positive; while when the solution pH > pHpzc, the adsorbent
surface is predominantly negative [44]. The effect of the initial solution’s pH (in the range
of 3 to 12) on the removal of each dye, at initial concentrations of MB and MG of 11.5 mg/L
and 45 mg/L, respectively, at 25 ◦C, is shown in Figure 7.
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Generally, for a cationic dye, at a lower pH, the percentage of dye removal will
decrease, but it will increase at higher pH values [45]. Although methylene blue has no
determinable pKa between pH 0 and 14, it is in the form MB+ in this aqueous pH range,
but several species can be formed according to the redox status of the solution [46]; for
malachite green, however, pKa = 6.90 [47]. Then, for MB or MG cations, the protonated
form is the predominant species in solutions at pH < pKa, and above this pH value, the
dye becomes ever more de-protonated.
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The highest adsorption capacities were obtained in the pH range of 5 to 10 for MB with
a maximum adsorption efficiency of 99% at pH = 8.5. For MG, a relatively high adsorption
capacity can be kept at pH = 5 to 11 with maximum adsorption of 99.5% at pH = 8 (Figure 7).
Similar observations have also been reported by other researchers [48–53].

However, a definitive explanation of this point cannot be established on the basis of
pH values only, because pH can be influenced, separately or together, by the surface charge
of the adsorbent, the degree of ionization of the adsorbate, and the extent of dissociation of
functional groups at the adsorbent active sites [44,54]. Lower sorption of dyes obtained at
very acidic pH values can be explained through the behavior of the zeolite in acidic and
basic mediums, as reported elsewhere [55].

First, zeolite in an acidic medium can easily exchange its M+ metal cation with protons
according to the following reaction:

[Z-OM]n + H+
(aq)� [Z-OH]n + M+

(aq) (4)

where Z is the Silicon or Aluminum atom at the solid surface and within the zeolite
structure. This ion-exchange reaction leads to an increase in the solution pH as observed in
Figure 7. If the initial H+ concentration is high, proton adsorption at the neutral surface of
the zeolite will take place:

[Z-OH]n + H+
(aq)� [ZOH2

+]n (5)

The protonation of the zeolite surface (Equation (5)) diminishes the possible dye
adsorption due to electrostatic repulsive forces that may occur between the zeolite surface
and the cationic dye. On the other hand, in an alkaline medium, hydroxyl ions can de-
protonate the surface as follows:

[Z-OH]n + OH-
(aq)�[ZO- ]n + H2O (6)

Under such conditions, the attraction forces between the negatively charged zeolite
surface and the positively charged MB and MG species favor the adsorption. Similar results
have been obtained with other inorganic pollutants such as heavy metals in wastewater by
using zeolite nanoparticles impregnated in polysulfone membranes [14].



Appl. Sci. 2022, 12, 7587 10 of 18

3.6. Kinetics Studies

Kinetics models are important before any further investigation intothe mechanism
of adsorption; the most popular are [56,57] the Lagergren′s pseudo-first-order and the
pseudo-second-order rate equations.

The pseudo-first-order equation is:

dqt
dt

= k1.
(
qe − qt

)
(7)

where qt (mg/g) is the adsorption capacity at time t (min), k1 is the rate constant of pseudo-
first-order adsorption (min−1), and qe (mg/g) is the equilibrium adsorption capacity.
Integrating Equation (7) for boundary conditions (t = 0, qt = 0 and t = t, qt = qt) leads to the
nonlinear equation:

qt = qe.
(

1− e−k1.t
)

(8)

The rate equation for pseudo-second-order kinetics was given as [58]:

dqt
dt

= k2.
(
qe − qt

)2 (9)

Integrating Equation (9), using the boundary conditions at t = 0, qt = 0 and with the
amount of dye adsorbed being qt for any time t, and after rearranging the corresponding
rate law, one obtains:

qt =
k2.q2

e.t
1 + k2.qe.t

(10)

where k2 (g/mg.min) is the pseudo-second-order rate constant.
The parameters obtained for the pseudo-second-order model are given in Table 2. At

different dye concentrations, the pseudo-first-order model could not describe the entire
range of adsorption time (detailed data not shown) and is limited only to the initial time
range, as also described by others [57]. However, the pseudo-second-order data treatment
presents higher determination coefficient (R2) values and lower values for error analysis
parameters. Furthermore, the corresponding qe(cal)values are in better agreement with
experimental data qe(exp). These results suggested that the pseudo-second-order model can
be used to represent our adsorption data kinetics. For each dye, the k2 value decreases
when its concentration increases, and this might be related to higher competition for the
adsorption sites when the dye concentration is high [59].

Table 2. Parameters for second-order kinetic model for removal of MB and MG dyes by 4AZW at
25 ◦C using nonlinearized model.

Parameters MB MG

C0 (mg/L) 5 15 20 25 10 20 35 50
qe(exp) (mg/g) 4.898 8.680 9.501 9.713 9.478 19.564 34.420 42.900
qe(cal) (mg/g) 4.903 ± 0.011 8.688 ± 0.091 9.560 ± 0.140 9.731 ± 0.117 9.503 ± 0.135 19.633 ± 0.153 34.480 ± 0.547 43.480 ± 0.646

k2 (g/mg·min) 0.198 ± 0.009 0.054 ± 0.007 0.034 ± 0.002 0.030 ± 0.002 0.072 ± 0.022 0.054 ± 0.013 0.015 ± 0.004 0.007 ± 0.001
R2 0.999 0.989 0.989 0.991 0.991 0.997 0.990 0.992

ARE (%)
SD

0.10
0.031

0.09
0.226

0.62
0.246

0.18
0.215

0.26
0.263

0.35
0.307

0.17
0.977

1.35
0.985

The relative error (ARE) function is a measure of the differences between the experi-
mental amount of adsorbed dye and the value predicted by the model:

ARE(%) =
100
n

n

∑
i=1

∣∣∣qe(exp) − qe(cal)

∣∣∣
qe(exp)

(11)

where n is the number of experiments (here n = 3). The values of ARE (%) for the second-
order kinetic model are presented in Table 2.
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3.7. Adsorption Isotherms

At higher initial dye concentrations, the mass transfer resistance between the solid
surface and the solution can be more easily overcome. With an increasing concentration of
dye, empty active centers at the adsorbent surface are rapidly filled. Thus, as the initial
concentration increased, the adsorption capacity increased [60].

For the optimization of an adsorption process, it is important to establish the most
appropriate correlation for the equilibrium curve. Two widely known isotherm models,
namely the Langmuir and Freundlich models [56,61], were used in this study to describe
the adsorption process of MB and MG onto 4AZW.

The Langmuir model assumes that only one solute species will occupy one active
site on the homogeneous surface of the adsorbent, and the corresponding nonlinear
equation is:

qe =
kL.Ce.qmax
1 + kL.Ce

(12)

where Ce is the equilibrium concentration of the adsorbate (mg/L), C0is the initial con-
centration of the adsorbate (mg/L), and qmax (mg/g) and KL(L/mg) are the maximum
adsorption capacity and a constant related to the energy of adsorption, respectively. One
can also introduce a separation factor:

RL =
1

1 + kL.C0
(13)

This is a useful dimensionless constant: The isotherm is either unfavorable (RL> 1),
linear (RL = 1), favorable (0 < RL < 1), or irreversible (RL = 0) [56]. For the adsorption of MB
and MG onto 4AZW, all the RL values are in the range of 0.008 to 0.043 and 0.015 to 0.064,
respectively. Then, the adsorption process is favorable.

The Freundlich isotherm is an empirical model assuming a process on heterogeneous
adsorption surfaces, and is not restricted to monolayer formation. The corresponding
nonlinear equation is:

qe = kF.C
1
n
e (14)

where kF (mg/g)/(mg/L)1/n and n (dimensionless) are constants representing the adsorp-
tion capacity and the adsorption intensity, respectively.

The Langmuir and Freundlich models were compared for our experimental results
(Figure 8). On the basis of R2 determination coefficients values, the Langmuir model
gave high values for both dyes (0.993 and 0.994; see Table 3), while those obtained by the
Freundlich model were lower (0.949 and 0.985, detailed data not shown). The Langmuir
maximum adsorption capacity (qmax) for MB and MG onto 4AZW at 25 ◦C is determined
as 9.95 mg/g (0.031 mmol/g) and 45.64 mg/g (0.125 mmol/g), respectively (Table 3).
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Table 3. Parameters of Langmuir isotherm for removal of MB and MG onto 4AZW at 25 ◦C.

MB MG

Langmuir qmax (mg/g) KL (L/mg) R2 SD qmax (mg/g) KL (L/mg) R2 SD

9.95 ± 0.16 4.45 ± 0.54 0.993 0.241 45.64 ± 1.17 4.34 ± 0.20 0.994 0.315

3.8. Data Analysis by Response Surface Methodology

The optimization of the adsorption of MB on the 4AZW process needs 27 (that is:
(3)3) experiences, but it can be reduced to 15 by using a BBD. The experimental design
matrix and the predicted values obtained by BBD are compared to experimental data in
Table 4, and the analysis of variance (ANOVA) allowed us to check the quality of the model
(Table 5). The relationship between the experimental response (Yield (%)) and the uncoded
forms of the three variables is:

Yield(%) = 69.88− 2.340X1 + 1406X2 − 6.50X3 + 0.0395X2
1 − 2605X2

2
+0.562X2

3 − 33.64X1.X2 − 0.1523X1.X3 + 19.7X2.X3
(15)

Table 4. The uncoded Box–Behnken design matrix of experiments for MB removal.

Run
Initial Dye Concentration

(X1) (mg/L)
Amount of Adsorbent

(X2) (g)
pH
(X3)

Yield (%)

Observed Predicted Residual

1 14 0.0250 4.0 42.46 43.00 −0.54125
2 8 0.0425 4.0 79.79 78.71 1.07375
3 8 0.0600 6.5 93.76 93.69 0.07000
4 8 0.0425 9.0 80.17 80.78 −0.61125
5 20 0.0425 4.0 40.05 39.44 0.61125
6 20 0.0250 6.5 20.34 20.41 −0.07000
7 14 0.0600 4.0 69.57 70.71 −1.14375
8 14 0.0425 6.5 53.15 52.89 0.25667
9 14 0.0250 9.0 39.92 38.77 1.14375
10 20 0.0425 9.0 31.29 32.36 −1.07375
11 14 0.0425 6.5 52.02 52.89 −0.87333
12 14 0.0425 6.5 53.51 52.89 0.61667
13 20 0.0600 6.5 43.31 42.77 0.53250
14 14 0.0600 9.0 70.47 69.93 0.54125
15 8 0.0250 6.5 56.66 57.19 −0.53250



Appl. Sci. 2022, 12, 7587 13 of 18

Table 5. ANOVA for the fit of the experimental results to response surface model.

Factor DF Sum of Squares Mean Square F-Value p-Value

Model 9 5719.41 635.49 395.15 <0.0001
X1- Initial concentration 1 3845.21 3845.21 2390.96 <0.0001

X2-m 1 1732.54 1732.54 1077.30 <0.0001
X3-pH 1 12.55 12.55 7.80 0.038

X1
2 1 7.47 7.47 4.64 0.084

X2
2 1 2.35 2.35 1.46 0.281

X3
2 1 45.48 45.48 28.28 0.003

X1×2 1 49.91 49.91 31.04 0.003
X1X3 1 20.88 20.88 12.99 0.015
X2X3 1 2.96 2.96 1.84 0.233

Residual 5 8.04 1.61

Lack-of-fit 3 6.83 2.28 3.77 0.217

Pure Error 2 1.21 0.60

Standard variation error S = 1.268; R2 = 99.86%; R2
adjusted = 99.61%; R2

predicted = 98.04%.

The model Equation (15) indicates that the initial MB concentration (X1) had a signifi-
cant effect (p< 0.001, F = 2390) on the yield, followed by the amount of adsorbent m (X2)
and the solution pH (X3) with a low F = 7.8. The positive coefficients of X2, (X2.X3) and
quadratic terms (X12, X32) indicated a direct effect on the removal yield of MB. In contrast,
the negative terms X1, X3, (X1.X2), (X1.X3) and the quadratic term (X22) had an inverse effect
on MB adsorption. In addition, ANOVA results (Table 5) showed that this regression model
was very significant with p < 0.0001 and F = 395.15. Moreover, regression analysis data
indicated that quadratic terms X12, X22, and the interactive term X2.X3 are not significant at
all (p > 0.05).

From Table 4, the agreement between the yield predicted by Equation (15) and the
corresponding experimental data is very strong: The values of the determination coefficient
R2 = 0.9986 and of its adjusted R2adj = 0.9961 indicate a good correlation between the
observed and predicted values of MB removal efficiency. Finally, one can conclude that this
experimental design is valid, because the error value is lesser than 5%.

Figure 9 illustrates the 3-D response surface plots of the removal efficiency of MB as a
function of two independent variables: (a) The initial concentration C0 and adsorbent dose
m, (b) the initial concentration C0 and pH, and (c) the adsorbent dose m and pH.

On the other hand, the optimum values of the variables X1, X2 and X3 were obtained
by solving the model Equation (15) with Minitab® 17, to establish the values of variables
maximizing the removal yield. Figure 10 shows the optimization diagram obtained with
the maximum desirability function (i.e., D = 1) for MB yield removal: In separate columns,
the response is related to each of the three factors: Red vertical lines indicate the current
factor settings, while the horizontal dotted lines show the response for the selected factor
levels. In our case, the simulation was adjusted to maximize the adsorption percentage.
The statistical sweet spot was determined for a maximal MB removal yield of 99.09% and a
desirability of d = 1.0, leading to: C0 = 8 mg/L, m = 0.06 g, and pH = 9.
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3.9. Thermodynamics Studies

To obtain complementary information on the feasibility of the process, standard
thermodynamic parameters were calculated for the adsorption of either MB or MG on
4AZW at temperatures varying from 25 to 50 ◦C: The Gibbs free energy change (∆G0),
enthalpy change (∆H0), and entropy change (∆S0).

The Gibbs free energy of adsorption ∆G0 is derived from:

∆G0 = −R.T. ln
(

K0
L

)
(16)

where R= 8.314 J/mol.K is the universal gas constant, T is the absolute temperature (K),
and KL

0 is the (dimensionless) ′thermodynamic′ Langmuir constant for the adsorption
process. This value is calculated from KL (L/mg) in the Langmuir model (Equation
(12)), after changing all concentrations to molar form and considering the standard state
C0 = 1 mol/L [61–63]:

K0
L = KL(L/mg) .1000 (mg/g) .M (g/mol) . C0 (mol/L) (17)
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where M = 319.85 g/mol or M = 364.91 g/mol are the molar mass of MB or MG, respectively,
and the factor 1000 converts g to mg.

The enthalpy (∆H0) and entropy (∆S0) parameters were estimated from the classical
thermodynamic relationships:

K0
L = exp

(
∆S0

R
− ∆H0

R.T

)
(18)

∆G0 = ∆H0 − T.∆S0 (19)

The non-linear plots (not shown) of the van′t Hoff Equation (18) allowed us to calculate
∆H0 (kJ/mol) and ∆S0 (J/mol.K). The values of ∆G0 (kJ/mol) were again calculated from
these values of ∆H0 and ∆S0 (see Table 6).

Table 6. Thermodynamic parameters for adsorption of MG and MB onto 4AZW.

Dye T (K) SD KL (L/mg) KL
0 (×106)

(Dimensionless) Ln KL
0 ∆G0

(kJ/mol)
∆H0

(kJ/mol)
∆S0

(J/mol.K)

MB

298 0.241 4.45 ± 0.54 1.42 ± 0.20 14.16 ± 0.14 −35.14 ± 0.37

18.68 ± 1.37 180.64 ± 4.09
303 0.287 5.24 ± 0.68 1.67 ± 0.25 14.33 ± 0.15 −36.04 ± 0.40
313 0.338 6.71 ± 0.75 2.14 ± 0.28 14.57 ± 0.13 −37.85 ± 0.37
323 0.359 7.96 ± 0.70 2.54 ± 0.27 14.75 ± 0.11 −39.65 ± 0.31

MG

298 0.315 4.34 ± 0.20 1.58 ± 0.10 14.27 ± 0.07 −35.41 ± 0.19

25.53 ± 1.12 204.53 ± 3.28
303 0.214 5.47 ± 0.37 1.99 ± 0.17 14.50 ± 0.09 −36.43 ± 0.24
313 0.384 7.20 ± 0.28 2.62 ± 0.15 14.78 ± 0.06 −38.48 ± 0.18
323 0.299 9.84 ± 0.44 3.59 ± 0.23 15.09 ± 0.06 −40.52 ± 0.20

The negative values of ∆G0 slightly increase as temperature increases from 298 to
323 K; while they are negative at different temperatures, the adsorption process of MB and
MG on 4AZW is favored and spontaneous. These values of ∆G0 increased in the order
4AZW-MB < 4AZW-MG indicating that the adsorption was more spontaneous for the
4AZW-MG system than for the 4AZW-MB one [62].

Furthermore, both ∆H0 values are positive, the characteristic of an endothermic
process; for each dye, ∆H0 < 40 kJ/mol, suggesting that their adsorption is a physically
driven process [64]. With positive ∆S0 for both dyes, there is an increase in the randomness
of the system due to the desorption of water molecules from the adsorbent surface; similar
results have also been reported by other research groups [51,65].

4. Conclusions

This study investigated the potential of 4AZWto remove two basic cationic dyes, MB
and MG, from aqueous solutions under batch experimental conditions. It was observed that
adsorption depends on the pH, adsorbent dose, contact time, and initial dye concentration.
It is interesting to note that the initial solution pH is one of the key parameters in the
MB and MG adsorption performance; the presence of salt in the solution decreased the
adsorption by competitive inhibition.

According to kinetic data, the adsorption process could be defined by a pseudo-
second-order kinetic model. The Langmuir model represented both systems (4AZW-MB
and 4AZW-MG) giving maximum adsorption capacity (qmax) values of 9.95 mg/g and
45.64 mg/g, respectively, at 25 ◦C. A thermodynamic study revealed that the adsorption
was spontaneous, endothermic, and physical in nature.

The analysis of our results performed by the Box–Behnken Design (BBD) for the
adsorption of MB on 4AZW allowed us to define the corresponding optimum conditions:
More than 99.09% MB removal with pH = 9; 4AZW load = 0.06 g in 50 mL; initial MB
concentration = 8 mg/L and 70 min removal time at 25 ◦C.

Thus, the large amounts of 4A zeolite generated as solid waste by the natural gas
dehydration units after several treatment cycles of the gas can be efficiently used as an
adsorbent for these cationic dyes, without any specific treatment. Although it is well known
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that zeolite is not a renewable natural resource, its use as an adsorbent has both practical
and cost-effective advantages.
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