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Abstract: A Y-type zeolite was prepared from illite clay, which was activated and synthesized by
a solid-phase alkali fusion technique with reduced reaction conditions and crystal methods. The
optimal synthesis conditions were investigated using the Box-Behnken design for a NaOH/illite (mass
ratio) of 1:2, an activation temperature of 185 °C, and an activation time of 2.7 h. The synthesized
Y-type zeolites were characterized by various analytical techniques such as FT-IR, XRD, and SEM,
and the results obtained show that small amounts of quartz and P-type zeolites are present in
the synthesized products. The mixture was classified as a zeolitic mineral admixture (ZMA). The
adsorption performance of ZMA on Pb(II) and Cu(II) in solution was evaluated by batch adsorption
experiments. The results showed that ZMA had good adsorption performance for Pb(II) and Cu(II),
with maximum adsorption amounts of 372.16 and 53.46 mg/g, respectively. From the investigation,
it was concluded that the adsorption process is chemisorption occurring in monomolecular layers
and relying on electrostatic adsorption, ion exchange and complexation of hydroxyl groups on the
ZMA surface for heavy metal cations. The ZMA reusability result shows that sodium chloride has
the ability to regenerate the active site by restoring the ion exchange capacity without significant loss
of Pb(Il) and Cu(Il) adsorption.

Keywords: zeolite-Y; heavy metals; bio-retention system; illite; kinetics

1. Introduction

The amount of heavy metal ions in wastewater is increasing rapidly due to the rapid
development of the current industrial economy, which threatens the ecological balance and
human health [1]. Lead ions (Pb(Il)) are toxic and can damage the kidneys, liver, brain
function, cellular processes, and the human reproductive system if ingested improperly [2].
Similarly, improper intake of copper ions (Cu(lIl)) can lead to severe capillary damage, liver
and kidney damage, stomach, and intestinal irritation, anemia, etc. [3]. Hence, the removal
of metal ions from the aqueous environment has been a popular research area for scientists.

Adsorption [2], membrane filtration [4], ion exchange [5], and electrochemical treatment [6]
are currently used for heavy metal removal. Among these, adsorption is widely used due
to its high efficiency, easy operation and recoverability [7]. Materials such as biochar [8],
nanofibers [9], clay [1], metal organic frameworks [10], powdered marble [11], and activated
charcoal [12] can be extensively used as adsorbents. However, adsorbents are expensive,
and regeneration of adsorbents, recovery of heavy metals and secondary contamination
are also a problem. In this context, zeolites are widely used as adsorbents for heavy
metal removal because of their unique properties: low cost, high specific surface area, ion
exchange capacity, affinity for heavy metal cations, and excellent heat resistance [13].

Y-type zeolite as a synthetic zeolite has a typical microporous structure (50% pore
volume, 7.4 A pore size, high acidity, etc.) and a three-dimensional channel system. It
has a high cation exchange capacity, hydrothermal stability, and adsorption properties,
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and has a large specific surface area due to its well-developed pore structure [14]. Y-
type zeolite has been shown to be an excellent heavy metal adsorbent [15-17] and can
effectively adsorb heavy metal pollutants present in urban stormwater runoff such as lead,
copper, cadmium, and chromium. Khalilet et al. [18] used a 3D-printed Y-shaped zeolite
adsorption device for the removal of Pb(II) and Cu(Il) with an efficiency of more than 90%.
Yusof and Malek showed that the adsorption capacity of common Y-type zeolite for Cr(VI)
and Cs(II) is low [19], and for the treatment of wastewater containing Cr(VI) and Cs(II)
organic modification is needed to enhance the treatment capacity. Y-type zeolite is not
limited to heavy metals and has recently been used to remove lanthanides as well [20].
However, the available reported raw materials for the synthesis of Y-zeolites are expensive
and the synthesis process is energy-intensive. There is an urgent requirement for a low-
energy synthetic method and inexpensive chemical materials for the synthesis of Y-type
zeolites. Recently, Kankara clay [21] and Attapulgite clay [22] have been used to synthesize
Y-type zeolites.

As a natural clay mineral with abundant reserves, illite contains a large amount of
silica and aluminum elements and can be used as a cheap synthetic raw material for Y-type
zeolite. Studies have been conducted on the use of illite as a raw material for the synthesis of
zeolites [23]. However, such methods require extremely high temperatures for calcination,
and the extremely high energy consumption does not correspond to the concept of a green
environment. Rayalu et al. [14] used an alkali fusion hydrothermal synthesis method to
synthesize zeolite molecular sieves with good crystallinity, which reduced both the reaction
time of the overall synthesis and the amount of waste water.

Diatomaceous earth, which contains a large amount of undefined silica, was chosen
as an additional source of silica and can be further activated using high temperature
calcination to make it easier to precipitate in alkaline environments [24], thus crystallizing
with activated illite to form Y-type zeolites.

Currently, illite is only used as an additive in cosmetic, rubber, ceramic and other
industries, with no depth of processing, resulting in low value-added products and few
applications. The synthesis of Y-type zeolite as a raw material for use in the field of
environmental protection can broaden the direction of its development and use, as well as
reduce the cost of heavy metal adsorption management.

Therefore, in this study, illite clay was used as a raw material to activate illite and
synthesize Y-type zeolite by a solid-phase alkaline fusion method with reduced reaction
conditions and a crystal method. The synthesis conditions were systematically optimized
using response-surface modeling. The structures of the synthesized Y-type zeolites were
characterized by SEM, XRD, and FTIR. Additionally, adsorption kinetics and adsorption
isotherm models were used to analyze the adsorption mechanism in adsorption experiments.

2. Materials and Methods
2.1. Materials

The raw material illite was purchased from HebeiYanxi Mineral Products Processing
Plant, and diatomite was purchased from Xilong Chemical. The general chemicals HNOj3,
NaSiO3-9H,0, Pb(NOs),, and CuSOy4-5H,0 were purchased from Sinopharm Chemical
Reagent. 1000 pg/mL standard solution of Pb(II), Cu(ll) is the national standard sample
produced by Steel Research Nachem NCS. All chemicals used in the experiments were
of analytical grade and used without further purification. All aqueous solutions used for
adsorption studies were prepared with deionized water.

2.2. Preparation of Synthetic Y-Type Zeolite from Illite
2.2.1. Pretreatment of Illite Minerals

The illite activation process adopts the process of solid-phase alkali melt pretreatment.
In this process, the illite, NaOH and pure water were ground until fully mixed to destroy the
original layered silica-alumina molecular structure of illite. The mass ratio of raw materials
is R:1:0.3. The homogeneous solid mixture was heated at the temperature T (50~250 °C) by
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maintaining air circulation for a certain time t and then crushed into powdery samples to
obtain activated illite powder, which was named AAP-T-R-t (akali activation product).

2.2.2. Synthesis of ZMA-T-R-t from AAP-T-R-t

The Y-type zeolite crystal seed solution was configured according to the method of
LotfiSellaoui [25]. In this method, 4.1 g of NaOH, 2.1 g of NaAlO, and 20 g of pure water
were fully mixed, then 22.7 g of sodium silicate was added and stirred for 10 min and aged
at room temperature for 1 day to obtain a Y-type zeolite crystal seed solution. Diatomaceous
earth was activated in a muffle furnace at 400 °C for 4 h to obtain heat-treated diatomaceous
earth to adjust the elemental silicon content of the intermediate product [24,25].

Figure 1 shows the flow chart of Y-type zeolite synthesis. In this process, 34 g of pure
water, 5 g of illite activation product AAP-T-R-t, a certain amount of heat-treated diatoma-
ceous earth and 8 g of crystal seed solution are aged thoroughly at room temperature for
24 h. The homogeneous mixture of solids was then placed in a stainless steel autoclave
lined with PTFE and heated to 100 °C for 6 h. The sample was fully crystallized and the
mixture was classified as ZMA. Next, the synthesized ZMA pellets were collected, cleaned
with pure water and dried at 80 °C for 12 h. The pellets are named as ZMA-T-R-t according
to the different activation conditions.

NAOH illite

“U1 | ool

Mix and grind ~ Knead into strips Heating activation

<
o ol

Mixed with

the seed solution

@\"

clean

Y-type zeolite

Figure 1. Diagram of synthesis of Y-type zeolite.

2.3. Instrumentation and Techniques

X-ray diffraction (XRD) measurements were performed on a diffractometer (Smart-
lab 9kw, Rigaku, Tokyo, Japan), operating at 40 kV and 40 mA with Cu Ka radiation
(A = 1.5406 nm). The surface topography of Zeolite-Y was observed by SEM (Quanta 250
FEG, FEI, Thermo Fisher Scientific, Waltham, MA, USA). The powder sample was placed
on the base and Fourier transform infrared spectroscopy (Nicolet iS20, Thermo Scientific)
was used to detect the functional surface groups of the sample in the 4004000 cm. The
Pb and Cu content in the solution was determined with a SavantAA atomic absorption
spectrometer (SAVANTAAZ, GBC).
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2.4. BBD Optimizes the Synthesis Conditions of Y-Type Zeolite

The Box-Behnken design (BBD) is a mathematical statistical method for evaluating
the effect of independent variables on response variables, as well as for modeling and
process optimization. The method is widely used to optimize the conditions for zeolite
synthesis [26,27]. Based on the results of the univariate analysis test, alkaline soil ratio,
activation temperature, and activation time were selected as the independent variable
factors for analysis of the BBD test with Pb(II) removal rate as response value, and 17 sets of
experiments were designed according to the Box-Behnken Design response surface method
in Design-Expert 10.0 software.

The calculated input variables of the BBD model and their ranges are summarized
in Table 1. According to Table 2, the parameters were alkaline to soil ratio, activation
temperature, and activation time, and the rest of the adsorption test conditions were the
same. The experimental design matrix with original and coded variables are presented in
Table 2. Among them, 12 center point repetitions of the analytical test were conducted five
times. A quadratic polynomial was used to describe the relationship between the selected
variable factors and the Pb(Il) removal rate, and the quadratic polynomial equation is
shown in Equation (1).

. 3 3
Y(%) =Bo+ Y BiXi+ Y | BiX? + TiciBiiXiX; 1

Table 1. Coded levels of input variables.

Coded Level of Variables

Original Variable Encoding Variable
-1 0 1
NaOH/1illite A 0.8 1.0 1.2
Temperature (°C) B 1.0 2.0 3.0
Time (h) C 12 1.4 1.6

Table 2. Box-Behnken experimental design matrix with original and coded variables.

Coding Variables Original Variables
Standard
X1 Xp X3 NaOH/Illite  Temperature (°C)  Time (h)
1 -1 -1 0 0.8 100 2
2 1 -1 0 1.2 100 2
3 -1 1 0 0.8 200 2
4 1 1 0 1.2 200 2
5 -1 0 -1 0.8 150 1
6 1 0 -1 1.2 150 1
7 -1 0 1 0.8 150 3
8 1 0 1 1.2 150 3
9 0 -1 -1 1 100 1
10 0 1 -1 1 200 1
11 0 -1 1 1 100 3
12 0 0 1 1 200 3
13 0 0 0 1 150 2
14 0 0 0 1 150 2
15 0 0 0 1 150 2
16 0 0 0 1 150 2
17 0 0 0 1 150 2

Y is the predicted answer, (3 is a constant coefficient, 31, 32, 33 are linear effects, 311,
22, B33 are square effects, $12, 313, B23 are interacting effects and ¢ is the error of prediction
equation. The Design-Expert10.0 software was used for data analysis and plotting the
diagrams in the BBD method.
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The batch experiments designed according to the BBD method were performed in
50 mL conical flasks containing 50 mL Pb(II) (300 mg/L) and 0.05 g adsorbent, then
shaken at 25 °C for 180 min. After adsorption, the upper solution was filtered through a
0.45 um membrane and the Pb(IT) concentration in the solution was measured. The removal
percentage (R%) of Pb(Il) and the equilibrium adsorption capacity (qe) were determined
using the following equations [28], respectively:

100(Co — Ce)

R% =
% Co

()
where R, Cy, C, represent the removal rate of heavy metal ions, the concentration of heavy
metal ions in the initial solution (mg/L), and the equilibrium concentration of heavy metal
ions (mg/L).
(G —Ce)V

qe - m (3)

The equations ge, m and V represent the mass of heavy metal ions adsorbed per
unit mass of adsorbent (mg/g), the amount of adsorbent dosed (g) and the volume of
solution (L).

2.5. Adsorption Kinetics and Isotherms

Adsorption experiments were performed in 250 mL conical flasks. Before performing
batch experiments, all conical flasks used were soaked in 5% HNOj for 24 h to eliminate
metal contamination from the glass walls, then washed with ultrapure water and dried in
an oven at 60 °C for 12 h. 50 mL of adsorbent containing different metal concentrations
and 0.25 g were placed in the bottle. Next, the bottles were shaken at 25 °C and 150 rpm.
Simultaneous blank experiments (without adsorbent) was performed.

Kinetics experiments were performed with initial concentrations of the metal ions
Pb(Il) and Cu(Il) of 300 mg/L and 100 mg/L, respectively. Adsorbent concentration
of 1g/L; Solution pH is 5. The solutions were collected at the given time intervals (2,
5, 10, 30, 60, 90, 120, 180 min) and filtered through 0.45 pm filter paper for analytical
determination. Residual concentrations of liquid phase metals were determined using
flame atomic absorption spectrometry.

Metal adsorption isotherms were performed at 15, 25 and 35 °C; Pb(II) initial concen-
trations of 300, 400, 500, 600, 700 mg/L; The initial concentrations of Cu(II) were 50, 100,
150, 200, 250, 300 mg/L; The adsorption time was 120 min. All other conditions were the
same as those used in kinetic experiments.

2.6. Desorption and Reusability of ZMA

In order to study the reusability of ZMA adsorption material, three different eluents,
namely pure water, sodium acetate and sodium chloride system, were used to perform
an adsorption-desorption cycle. This cycle was performed with Pb(Il) adsorption, and
the adsorption capacity of each cycle was measured. In each experiment, adsorption
experiments were performed as mentioned before with 300 mg /L Pb(II) solution for 120 min
and the residual aqueous solution concentration was measured by atomic absorption
spectrometry. Then, for the reusability test, the adsorbent was rinsed with pure water and
0.2 M sodium acetate and sodium chloride system. The adsorbent was dried at 80 °C before
the next adsorption, and the process was repeated three times.

3. Results and Discussions
3.1. Characterization of the Synthesized Y-Type Zeolite

ZMA has octahedral particles with diameters of 1~4 um and smooth surfaces, and
there is particle aggregation in Figure 2a. These particles have the characteristics of Y-type
zeolites [29]. In addition, there is a larger spherical particle composed of nanospheres,
which may be a FAU zeolite [30] or a P-type zeolite [31]; a heterocrystal produced during
the crystallization process. After solid-phase alkali fusion activation, the illite contains a
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large amount of undetermined material and the original lamellar structure of illite is not
observed in the activation products (See Figure 2b) [32]. This suggests that low-temperature
alkali melt activation can effectively break down the structure of the and convert it into
silicates and aluminates, which can be dissolved, causing them to polymerize in solution to
form amorphous silica-aluminate gels that crystallize in hydrothermal reactions to form
Y-type zeolites [33].

Figure 2. SEM images of (a,b) ZMA and (c,d) alkali activation product.

FTIR analysis of illite and synthesized Y-type zeolite were performed separately as
shown in Figure 3. The FTIR spectrum of ZMA with the peak located at 454 cm ! indicates
the T-O-T bending vibration (T = Si/Al). The peak at 690 cm~! (743 cm™!) indicates the
internal (external) T-O-T (T = Si/Al) symmetric vibration of the synthetic zeolite [34], and
the peak at 990 cm ™! (1467 cm™1) is the internal (external) T-O-T (T = Si/Al) asymmetric
vibration [35-38]. The two peaks located at 672 and 610 cm~! are double-ring vibrations,
indicating the presence of zeolites with double-ring structures [39]. The peaks at 1648 and
3475 cm ™! are bending and stretching vibrations of the O-H group [40], with the strong and
broad peak at 3475 cm ™!, while the peak at 1648 cm ! is associated with water molecules
adsorbed in the cavity of the molecular sieve [41]. It can be noted that these two peaks,
located at 539 and 467 cm ! in the characteristic mapping of illite, do not appear in the
mapping of ZMA, which represent the S5i-O-Al groups in the clay structure [42]. There was
no peak of 781~800 cm~! in ZMA which represents Si-O-Si of quartz [43]. The absence
of characteristic peaks of quartz and clay in the final product confirms that illite can be
effectively activated by low-temperature solid-phase alkali fusion, and its activator can
then be hydrothermally synthesized to produce Y-type zeolite. However, the intensity of
the characteristic peak of the synthesized product was not high, indicating the low purity
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Transmitrance(%)

of the sample. This can be caused by the high adsorption properties of the sample, which
easily binds to water in air, or by the limitation of the crystallization time, resulting in
incomplete crystallization.

672

743

454
/

" 3475

990

— /MA
illite

500

1000

1500 2000 2500 3000 3500 4000

Wavenumber (cm™)

Figure 3. FTIR spectrums of the illite and ZMA.

As shown in Figure 4a, the characteristic peaks of illite at 26 = 8.84°, 17.73°, 27.84°,
and 39.46° disappear, but the characteristic peaks of quartz at 26 = 20.84°, 26.62°, 36.52°,
50.12° and 59.92° are preserved. This is because the alkali fusion process before the low-
temperature solid phase can only destroy part of the molecular structure of illite, but not
the quartz contained therein. It indicates that high temperature calcination of illite cannot
effectively change the structure of illite, and only high temperature fusion with alkali
at 700 °C can effectively activate it, but quartz is still present in the activation products,
which is consistent with the conclusion of Khalifa et al. [44]. The presence of Y-type
zeolite, P-type zeolite and quartz in ZMA is indicated in Figure 4b. The generation of
P-type zeolites in ZMA may be related to the hydrothermal crystallization reaction time or
temperature, as a reaction time that is too long or not long enough may cause the generation
of heterocrysts. A too high temperature may also cause this phenomenon; further research
on the crystallization conditions is needed. However, the generation of small amounts of
P-type zeolite does not affect the synthesis of Y-type zeolite molecular sieve ZMA, because
P-type zeolite is also a molecular sieve which possesses a high ion exchange capacity and
can adsorb heavy metals efficiently [45]. From XRD data it can be said that Y-type zeolite is
successfully synthesized without the use of additional Al and Si sources other than illite clay.



Water 2023, 15, 1171

8 of 18

Intensity

(a) :

*
| *

S Y TN Y

* *K * *
S} A_J._Juj_\ 11U )\ ,_hi._m,,,k‘ s

* lllite (b) V¥ Zeolite-Y
SiO, Si0,
@® Zeolite-P

Intensity

o
Yiy
.

(T Il

Tl

Ml | l

1 TT"

FAVE W W

10 20

VTN VT e O
30 40 50 607 70 10 20 30 40 50 60 70

2Theta (degree) 2Theta (degree)

Figure 4. XRD patterns of (a) illite and (b) ZMA including zeolite-Y, Zeolite-P material.

3.2. BBD Experimental Analysis

The results of the statistical analysis obtained by the Box-Behnken design are shown
in Table 3. The normal probability plot and the actual vs. predicted control plot are shown
in Figure 5, where the experimental values match well with the predicted values and show
no significant deviations. The results of the analysis of variance (ANOVA) based on the
selected impact factors are shown in Table 4. The results showed that factors A, B, C, AZ,
B? and C? had a significant effect (p < 0.05) on the Pb?* adsorption capacity R (%) of the
synthesized products. Based on the experimental results, the second-order polynomial
obtained by fitting the response values to the regression with the variable factors having
significant effects is shown in Equation (4).

R(%) = 85+ 4.75 x A +11.38 x B4 5.38 x C + 1.25 x AB*>40.5 x BC — 3.5A% — 5.75B2 — 2.75C> 4)

Table 3. Box-Behnken experimental design matrix with original and coded variables and experimental results.

Standard

B %R Standard B %R

O O IO WN -

0.8
1.2
0.8
1.2
0.8
1.2
0.8
1.2

100
100
200
200
150
150
150
150
100

61 10 100
66 11 200

A

1 82
1

83 12 1 150

1

1

1

1

1

70
92
85
85
85
85
85

93 13 150
67 14 150
78 15 150
79 16 150
91 17 150
62

W WRFRLFNNNN|A
MNRONNRNNWR~|A

According to Table S1, the correlation coefficient of the model, R? < 0.0001, indi-
cates that the model is very accurate and the adjusted R? values are very close to the
predicted R? values (Adj R?> — Pred R? < 0.2), further confirming the applicability of the
polynomial model.

Three-dimensional response surfaces plotted as a function of two input parameters
are often used to understand the interactions between the independent variables and to
determine the best conditions for achieving the highest response values [46]. The 3D
response surface plot of this test is shown in Figure 6. As shown in Figure 6a, the removal
rate of Pb?* increased with the increase of activation temperature. The highest removal
rate was 95.15% at high activation temperature and high NaOH/illite ratio. The Pb**
removal rate decreased significantly with decreasing NaOH/illite ratio and activation
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time, but the enhancement of both had only a slight effect on the increased removal rate
in Figure 6b. Figure 6¢c shows that the removal rate of Pb increases with the increase of
activation temperature and activation time. The main objective of this statistical study was
to maximize the adsorption capacity of the material by optimizing three key variable factors.

100 -
L |
90 - .
3 A
= 80 8o
> Ja
) /
Q
= 70 - i}
2 m
[aB} m
60 - M
/
50 A
T T T T T T
50 60 70 80 90 100
Actual Values

Figure 5. Predicted vs. observed values for adsorption efficiency.

Table 4. Analysis of variance parameter for Pb2* separation.

Source DF SS MS F-Value p-Value Remark
Model 8 1699.38 212.42 82.90 <0.0001 Significant
A-NaOH/illite ratio 1 180.50 180.50 70.44 <0.0001 Significant
B-Activation temperature (°C) 1 1035.13 1035.13 403.95 <0.0001 Significant
C-Activation time (h) 1 231.13 231.13 90.20 <0.0001 Significant
AB 1 6.25 6.25 2.44 0.1570
BC 1 1.00 1.00 0.39 0.5496
A? 1 51.58 51.58 20.13 0.0020 Significant
B2 1 139.21 139.21 54.33 <0.0001 Significant
2 1 31.84 31.84 12.43 0.0078 Significant
Residual 8 20.50 2.56
Lack of Fit 4 20.50 5.12
Pure Error 4 0.000 0.000
Cor Total 16 1719.88

Note: SS sum of squares, DF degrees of freedom, MS mean sum of squares.

The validation tests were performed under the optimized conditions of response
surface. Considering the convenience of the synthesis process, the optimal synthesis
conditions were modified, and the modified conditions and experimental results are shown
in Table S2. The modified illite activation condition is NaOH/illite (mass ratio) 1.2, the
activation temperature is 185 °C, and the activation time is 2.7 h. The zeolite material
synthesized from activated illite under these conditions showed a removal rate of 94.5%
for Pb, which was very close to the model prediction of 95.15%. It was proved that
the illite activation conditions optimized by the response surface model were feasible,
and subsequent experiments were conducted using the zeolite material synthesized by
activating illite under the adjusted conditions, which was named ZMA.
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Adsorption efficiency (%)

Adsorption efficiency (%)
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Figure 6. Response surface plots for adsorption efficiency as a function of activation temperature
and NaOHe/ illite ratio (a); activation time and NaOH /illite ratio (b); activation time and activation
temperature (c).

3.3. Adsorption Isotherm

To further elucidate the adsorption behavior of ZMA for Pb(II) and Cu(Il), experiments
according to the isothermal adsorption equations of Langmuir and Freundlich [36] were
performed at three different temperatures (15, 25, 35 °C). Isothermal adsorption equations
from Langmuir and Freundlich are given in Equations (5) and (6).

Ce - 1 + Ce (5)
e qmk, Y4m
1
Ing, = ;lnCe + In K¢ (6)

gm is the maximum adsorption in (mg/g); g. is the adsorption capacity of the adsorbent
at a given moment; C, is the metal ion concentration at equilibrium (mg/g); and K is the
Langmuir adsorption equilibrium constant (L/mg). The Freundlich empirical constant (Kr)
reflects the adsorption potential, and Freundlich empirical constant (1/n) responds to the
adsorption strength. These parameters can be obtained from the plot of In (g.) versus In
(Ce), as shown in Figure 6. Table 5 shows that the Freundlich intensity constant of ZMA is
n > 1, pointing to good adsorption of Pb?* and Cu?* by ZMA.
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Table 5. Isothermal adsorption fitting data of Pb(II) and Cu(II).
(me/e) Langmuir Freundlich
T Ge.expmg/g
o Qe,cal(mg/g) KL R? x> Kr n R? X2

Pb(II)
15°C 345.69 350.15 0.32 0.9672 0.2388 261.59 18.79 0.7724 1.1985
25°C 334.95 372.16 0.25 0.9959 0.0299 268.66 17.06 0.6666 2.9341
35°C 379.83 384.75 0.21 0.9930 0.0446 273.73 16.84 0.6694 3.9399
Cu(Il)
15°C 49.25 51.17 0.11 0.9907 0.0868 22.27 6.62 0.9674 0.2361
25°C 52.37 53.47 0.12 0.9698 0.0449 29.90 9.45 0.7947 0.8478
35°C 52.27 54.14 0.12 0.9387 0.1049 28.40 8.63 0.8438 0.7354

Note: x? is the Chi-Square value.

As shown in Figure 7 and Table 5, the adsorption amounts of Pb(I) and Cu(ll) in-
creased almost linearly at low equilibrium concentrations, but leveled off at high equilib-
rium concentrations. When the initial concentration of Pb(II)(Cu(Il)) is higher than about
400 mg/L (100 mg/L), the adsorption amount of the metal increases slowly and approaches
the adsorption maximum.

60 |(b)
55
& &
&0 5 50
g =
o o 45
o o
40
300 ] L Experim.ental datal 35 : ® Experimental data
Langmuir Langmuir
280 ====Freundlich 30 ==== Freundlich
0 50 100 150 200 250 300 350 0 50 100 150 200 250
Ce (mg/L) Ce (mg/L)

Figure 7. Isothermal adsorption fitting curve of Pb(Il) (a) and Cu(Il) (b) at different temperatures
(Blue 35 °C, red 25 °C, gray 15 °C).

The adsorption amount of Pb(I) and Cu(Il) by ZMA increased with the increase of
temperature and initial concentration, indicating that the adsorption was endothermic.
High temperature can improve the adsorption capacity, because as the temperature of the
adsorption system increases, the kinetic energy of the cation increases [47]. Comparing
the correlation coefficients and Chi-squared (x?) of the two models, the Langmuir model
correlation coefficients R? for Pb(IT) and Cu(II) are greater than 0.967 and 0.938, respectively,
higher than the Freundlich model, and at the same time X2 values are lower than Freundlich
model. As the value shown in Table 5 suggests, the lower x? values and the higher R?
values are best fit for the models. The Langmuir model agrees better with the data from
the adsorption tests than the Freundlich model, which implies that the Pb(II) and Cu(II) at
ZMA adsorption is mainly monolayer adsorption [48].

The maximum adsorption capacities for Pb(II) and Cu(II) at 15 °C, 25 °C, and 35 °C
were calculated by the Langmuir model to be 352.46 mg/g, 371.51 mg/g, and 383.39 mg/g
and 48.78 mg/g, 51.91 mg/g, and 53.56 mg/g, respectively, which were consistent with
the actual adsorption data, while the Freundlich model could not predict the saturation.
The value of Freundlich’s empirical constant 1/n < 1 usually indicates that the adsorption
capacity is only slightly suppressed at lower equilibrium concentrations [49], and ZMA
is preferable for both Pb(II) and Cu(Il) adsorption. Meanwhile, the adsorption amount of
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ZMA on Pb(II) was much larger than that on Cu(II), which indicated that the affinity of ZMA
for Pb(Il) was stronger than that of Cu(Il), that is, it was more selective for Pb(II) adsorption.

3.4. The Adsorption Kinetics

The ideal adsorption material should have higher Pb(Il) and Cu(II) adsorption capacity.
The adsorption capacity was carried out at pH 5 and a concentration of Pb(II) and Cu(II) of
300 mg/L and 100 mg/L, respectively. In both cases, the adsorption of Pb(II) and Cu(II)
started rapidly and then saturated at any given time. The adsorption of Pb(Il) and Cu(II) is
shown in Figure 8, where Pb(II) is more strongly adsorbed compared to Cu(Il). This is due to
the higher concentration of the solution and the affinity of metal ions to interact with ZMA.
The results obtained are in line with previous studies using synthetic mineral to removal of
Cd(II) and Pb(II), with lower pH and higher concentration improving the adsorption by
enhancing the ion-exchange and followed by precipitation and adsorption [2].
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Figure 8. Non-linear fitting of pseudo-1st-order and pseudo-2nd-order for (a) Pb(II) and (b) Cu(II)
adsorption by ZMA.

Kinetic analysis is important for understanding the adsorption process and it can
demonstrate the adsorption rate as well as the residence time of ions in the adsorption
system. In order to be able to elucidate the adsorption behavior of ZMA for Pb(Il) and
Cu(Il), quasi-primary and quasi-secondary kinetic models were used to fit the adsorp-
tion data in Figure 7. The quasi-level dynamics and model equations are shown in the
Equations (7) and (8).

In(g. — q¢) = Ing, — Kyt (7)

t 1 1
q ko2 " e t ®

In the above equation, g; and g, refer to the mass of Pb(II) or Cu(Il) adsorbed per unit mass of
adsorbent (mg/g) at a given time and equilibrium state, respectively. k (min~1), ky (g/mg-min)
are the rate constants for the quasi- and quasi-secondary kinetic models, respectively.

As in Figure 8, the maximum time required for equilibrium is 180 min. The adsorption
process of ZMA on Pb(Il) and Cu(Il) is very fast: the removal of lead and copper ions by
the ZMA material reached the highest rates of 93.2% and 51.6%, respectively, at 30 min;
the adsorption of Pb(II) and Cu(ll) by ZMA reached an equilibrium adsorption capacity of
91.43% and 84.00% within the first 10 min. This behavior is related to the well-developed
porous structure of synthetic zeolites and the abundance of active sites on the structure
which are easily accessible to lead and copper ions to form complexes.

Considering the assumption of the kinetic models, the pseudo first-order is used
for reversible reactions in which equilibrium is attained between liquid and solid phases.
In the pseudo second-order model, the chemisorption mechanism (electron sharing or
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electron transfer between the adsorbent and the adsorbate) controls the adsorption rate.
Combining the model parameters in Table 3 with the fit of the kinetic model in Figure 7,
the pseudo second-order model with R? > 0.999 and lower x? values (less than 0.5) is the
best model for describing the kinetics of lead and copper ion adsorption. Furthermore,
the pseudo-first-order model shows higher x? values, indicating that the experimental
values are far from the simulated values, and that the saturation of Pb(II) and Cu(II) does
not follow the pseudo-first-order model (see Figure 8). The adsorption process may be
controlled by a chemisorption mechanism involving ion exchange or -OH complexation.
The adsorption rate of ZMA on heavy metal cations decreases as the adsorption process
proceeds, due to the decrease in the number of active sites that can be bound on the ZMA
surface as the adsorption proceeds [50].

3.5. Desorption and Reusability of ZMA

Considering the need to economize the adsorption process, it is essential to reuse the
adsorbent through a process called desorption and carry out harmless treatment. This
experiment attempts to use three eluents to regenerate Pb(Il)-loaded ZMA. Sodium chloride
and sodium acetate were chosen as the eluents, pure water was used as the blank control
group, and the removal amount after the initial adsorption was used as the basis for
comparison (100% regeneration efficiency). As shown in Figure 9, sodium acetate has
the best regeneration effect after three adsorption-desorption cycles. Compared with
sodium chloride, sodium acetate has a better regenerative effect, which is 67.8~89.9% and
66.6~89.9%, respectively. On the other hand, the ineffective regeneration of ZMA by H,O
shows that physical adsorption is not the dominant factor in the process of metal cation
adsorption by ZMA. In practical application scenarios, heavy metals adsorbed by ZMA are
stable and not easily desorbed. Effective regeneration of ZMA by sodium salt confirmed
the presence of ion exchange in the Pb(Il) adsorption process.
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Figure 9. Comparison of three kinds of eluent in three adsorption—-desorption cycles of ZMA
with Pb(II).

Both eluents caused the regeneration rate of ZMA to decrease with increasing re-
generation time, but the regeneration rate was still at least 66.6% after three regeneration
times. This is in line with relevant studies on sodium ion-modified zeolite [16], since the
adsorption of heavy metal cations by zeolite is mainly due to ion exchange, and the use
of high-concentration sodium ion solution can regenerate the active site on the surface of
zeolite and restore ion exchange capacity. From this it can be concluded that both sodium
acetate and sodium chloride can regenerate ZMA. Since the regeneration efficiency of
sodium chloride is slightly lower than that of sodium acetate with increasing regeneration
time, sodium acetate is a more suitable eluent for ZMA regeneration.
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3.6. Mechanism Analysis

FT-IR characterization results proved that the surface of ZMA is rich in -OH functional
groups, as they are prepared from illite. Ion exchange is one of the important properties
of illite clay, and hence the ion exchange property is likely to be observed in ZMA sur-
faces. Basically, heavy metal cations hydrate with water molecules, and the hydration
radius is inversely proportional to the cation radius, so Na* and K* have a small hydra-
tion radius to exchange easily with heavy metal ions [51], and the exchange mechanism
between ZMA-rich Na+ and K+ and heavy metal ions in the adsorption system is shown in
Equations (9) and (10).

Z—Nat /Kt +Pb*" —» Z—Pb*" + Nat/K* ©9)

Z —Nat /Kt +Cu?*" - Z—Cu’t +Nat/ K" (10)

In addition to ion exchange, the surface reactive groups of ZMA, such as hydroxyl
radicals, react with heavy metal cations (Pb(Il) and Cu(II)) to form complexes or precipitates,
making heavy metals more stable after being adsorbed. These chemical reactions and the
ion exchange that takes place within the pore channels within the zeolite are irreversible
adsorptions, stronger than electrostatic adsorption, which is a weaker bond. This is one of
the main reasons why the ZMA enhances the fixation effect of heavy metals and reduces
the risk of migration. This phenomenon is also justified by a reusability study of Pb(I)-
adsorbed ZMA, where water shows less regeneration compared to sodium acetate and
sodium chloride eluent. This ZMA has potential application in a bio-retention system.

3.7. Comparison of Synthesised ZMA with Other Adsorbents for PB(II) and Cu(1I) Adsorption

Many studies on the applicability of zeolite for removing heavy metals have been
published in the last 3 years. The adsorption capacity of various zeolites and zeolite-
modified adsorbents is shown in Table 6. The results show that the natural zeolites, Y-type
zeolite, P-type zeolite, Mg zeolite, and FAU-type zeolite, have all been used for Cu(Il) and
Pb(II) removal in the past three years. These data show the importance of this type of
study. It can be seen that studies on Y-type zeolite for removing heavy metals are dominant
compared to others because of its good adsorption capacity under weak acidic conditions,
and also can improve adsorption capacity with organic modifications. At the same time,
Y-type zeolite has a higher cation exchange capacity, resulting in enhanced ion exchange
to accelerate strong metal removal with higher cationic pollutants. The results show that
the adsorbent made from illite in this study has a very high Cu(Il) and Pb(II) removal
capacity, which is higher than other adsorbents. Being inexpensive and non-toxic, this new
adsorbent is not only a potential adsorbent, but also an environmentally friendly material
that can be reused and regenerated for multiple uses. Not only can this adsorbent be used
in industrial heavy water treatment, but it can also work at a low pH, which is suitable for
use as an adsorbent in heavy metal treatment of storm water runoff.

Table 6. Comparison of adsorption capacity of zeolite adsorbent for Cu(II) and Pb(II) adsorption.

Type and Capacity of

Zeolite Type Modifier Synthetic Method Heavy Metal Adsorption Reference

. I - Cu105.82mg/g

Y-type zeolite glutamic acid or L-arginine Hydrothermal method Pb 83.26 mg /g [52]
. Ag 32091 mg/g

Y-type zeolite prep.ared seed gellof soc.h.um Hydrothermal synthesis Cu86.32mg/g [25]

aluminate and sodium silicate

Co124.82mg/g

Yotype zeolite Class C fly ash Fusion-hydrothermal Cu235mg/g 53]

method Ni170 mg/g
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Table 6. Cont.

. i . Type and Capacity of
Zeolite Type Modifier Synthetic Method Heavy Metal Adsorption Reference
Aluminum nitrate nonahydrate . Pb 649 mg/g
. . . Facial hydrothermal Cd210mg/g
P-type zeolite and Sodium metasilicate h [45]
nonahydrate method Cu90mg/g
Zn 88 mg/g
Hydrothermal Cd 67.01%
Na-X zeolite H3PO,4 modified hydrochar yaror Cu 57.01% [54]
carbonization method
Pb 78.72%
. . . Pb 99.03 mg/L
Mg-Zeolite Magnesium chloride Ion-exchange 99.86% remaval [55]
Chifeng zeolite . L. Pb 75 mg/L (75%)
(Natural-China) Calcination Cu 40 mg,/L (40%) [56]
Pb6.5mg/g
Natural zeolite - - Cu22mg/g [57]
Cd1l4mg/g
. . Alkaly hydrothermal Pb18.1 mg/g
Zeolite JIS Type-II fly ash treatment Hg 5.6 mg /g [58]
Natural zeolite . N Pb71mg/g
(Indonetian) HCl acid activation Cu 61.56 mg/g [59]
Natural zeolite 3-Aminopropyltriethoxysilane Cu20.66 mg/g [60]
Pb 100 mg/g
FAU-type zeolite Vermiculite-kaolinite clay Hydroth ermal Cu46.7mg/g [61]
crystalization
Cd419mg/g
FAU-type zeolite Lithium silica fumes Hydrothermal treatment Cu94.46 mg/g [62]
Y-type zeolite . Pb372.1 mg/g Present
(present study) Illite clay Hydrothermal treatment Cu 5346 mg/g study

4. Conclusions

In this study, a Y-type zeolite molecular sieve was successfully synthesized by hy-
drothermal crystallization using illite as the raw material and low-temperature alkali melt
activation. The mathematical model and response surface fitted by the Box-Behnken design
test results analysis were able to determine the optimal activation conditions for illite. The
optimal activation conditions were sodium hydroxide/illite (mass ratio) of 1.2, activation
temperature T of 185 °C, and activation time t of 2.7 h.

The simulation of the adsorption isotherm and the isothermal equation were studied.
The adsorption of ZMA was very fast for Pb(II) and Cu(Il), and the adsorption equilib-
rium was reached at about 60 min with the maximum adsorption amounts of 372.16 and
53.46 mg/g for Pb(ll) and Cu(ll), respectively. In isothermal adsorption experiments,
two adsorption isotherm models, Langmuir and Freundlich, were used to fit at three differ-
ent temperatures. The Langmuir isotherm model and the quasi-secondary kinetic model
can describe the adsorption process more precisely. The adsorption process is considered
to be mainly chemisorption occurring in monomolecular layers, relying on electrostatic
adsorption, ion exchange, and complexation of hydroxyl groups on the ZMA surface for
heavy metal cations.

In a future study, this material will be used in a bioretention system to remove effluent
heavy metals in further studies to specifically identify the binding sites for zeolite and the
structural property relationships.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/w15061171/s1, Table S1: Summary of quadratic model; Table S2: The
experimental results are verified under optimized conditions; Table S3: Parameters of kinetic models
predicting the experimental data for Pb(II) and Cu(II).
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