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Mesoporous beta zeolites were fabricated by treating the parent beta zeolite (B) with two base-acid (BAB) and
acid-base (ABB) treatment methods. These zeolites were characterized by X-ray diffraction, N,-adsorption, and
lead ion adsorption performance in aqueous solution. BAB and ABB retain the main beta phase characteristics
and display mesoporous characteristics, while ABB exhibits a drastic decrease in crystallinity and a substantial
increase in nitrogen adsorption compared with BAB. The ABB adsorption ratio and quantity for lead ion reach
90.3% and 23.95 mg/g, which are higher than those of B and BAB under better conditions. Additionally, the
results for ABB effectively fit the pseudo-second-order adsorption equation and the Freundlich adsorption model
that predicts their lead ion adsorption being multilayer coverage one. Therefore, as a novel mesoporous zeolite,
ABB is an excellent lead ion adsorbent and has the potential to remove other metal ions and even organic
adsorbates. Also, method 2 (acid-base treatment) is a more effective approach for the synthesis of mesoporous

zeolites and even other advanced materials.

1. Introduction

Over the past decades, industrial development and continual
urbanization have led to growing waste production problems. They
include pesticides, pigments and dyes, heavy metals, and drug removal
treatments. Among these waste products, heavy metals are the most
dangerous [1] because their release into water bodies in certain amounts
(such as lead, copper, nickel, chromium, and cadmium) can cause high
toxicity to the human body, including carcinogenicity, teratogenicity,
and mutagenicity. Moreover, they can accumulate in living organisms
without being biodegraded, resulting in various disorders and diseases
even at low concentrations [2]. For instance, as a toxic contaminant,
lead is frequently found in industrial and productive wastewater
during the manufacturing process of storage batteries, leaded glasses,
pigments, paints, and dyeing and printing materials [3]. Lead exposure
can cause many health risks for humans, including damage to the liver,
kidney, and brain to induce mental retardation. Since lead pollution
in soil and water bodies can cause many hazardous impacts on human
beings, effective ways need to be developed to prevent this pollution [3]
or to recycle the waste lead for further industrial utilization. Therefore,
recycling heavy metals for the benefit of environmental or resource
reutilization has become a significant research topic.

Many approaches have been implemented to remove heavy
metals from water or aqueous mixtures; these include complexation,
reverse osmosis, ion exchange, physical adsorption, precipitation
neutralization, and sequestration [4]. Among them, the adsorption
method is widely preferable owing to its advantages of easy operation,
high efficiency, cost-effectiveness, and easy attainment of various
widely used adsorbents, such as carbon materials, inorganic oxides,
clay, polymeric materials, agricultural byproducts, and metal organic
framework (MOFs) [3-9]. As a kind of special inorganic oxide, zeolite

has been prioritized for application in research and industrial areas due
to its orderly pore structure, high specific area, and ion exchangeability.
Several previous studies have indicated that heavy metal ions can be
removed or adsorbed by various zeolites, including Beta [10], Y [11],
and ZSM-5 [12].

In addition to their use as adsorbents, zeolites can also be utilized
as catalysts. However, the pore diameters of zeolites are less than 1 nm,
limiting the access of bulky substrates to active sites on their surface.
For this reason, a novel kind of zeolite, termed hierarchical zeolite or
mesoporous zeolite, has been developed with better performance than
the parent zeolite in catalyzing various reactions [13-14]. Accordingly,
this novel hierarchical or mesoporous zeolite has the potential for use
as an adsorbent for organic pollutants largely due to its mesoporous
pore structure. For instance, mesoporous modified-HMOR and HZSM-5
samples were prepared by alkaline and/or acid treatment, including
soaking, leaching, and ion exchange of microporous parent zeolites,
and the obtained mesoporous zeolites exhibited a higher adsorption
rate and capacity than microporous zeolites for the removal of sulfuron
methyl [15]. What’s more, many papers reported various mesoporous
zeolites as adsorbents for the removal of organic dyes, drugs, petroleum
products, and volatile waste [16-18]. However, to date, only a few
studies have been performed on removing metal ions with hierarchical
or mesoporous zeolites, such as modified clinoptilolite, Y zeolite, and
Chabazite (CHA)-type zeolite[19-21]. To our knowledge, a study on
the mesoporous beta zeolite for the adsorption of heavy metals has not
been published in the past decades.

Therefore, we conducted the present research work to search for a
better method for fabricating the mesoporous beta zeolite and further
verify if this novel material possesses a preferable performance on
the adsorption of lead ions. Specifically, in this context, we prepared
the mesoporous beta zeolites with two methods: sequential base-
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acid treatment and sequential acid-base treatment. We also explored
the lead ion removal performance in water between the parent Beta
zeolite and the two mesoporous zeolites by their use as adsorbents.
Additionally, the characteristics of the adsorbents and the optimized
adsorption conditions were also systematically investigated.

2. Materials and Methods

2.1. Materials

In this study, all the chemicals used were of AR grade: beta zeolite
(Z 99.0%, Shanghai Research Institute of PetroChemical Technology,
Shanghai, China), sodium hydroxide (NaOH), and tetrabutylammonium
bromide (TBAB) (2 99.0%, Guoyao Chemical Reagent Co., Ltd., Jiangsu,
China), lead nitrate (2 99.99%, Tianjin Yaohua Chemical Reagent Co.,
Ltd., Tianjin, China), citric acid (2 99.5%, Tianjin Fuchen Chemical
Reagent Factory, Tianjin, China), ammonium fluoride (Z 99.0%, Xilong
Science Co., Ltd. Guangdong, China), and ammonium nitrate (2 99.0%,
Beijing Hongxing Chemical Plant, Beijing, China). Deionized water was
obtained from Xuchang University (0.1-1 MQ-cm, Henan, China).

2.2. Preparation of mesoporous Beta zeolite using method 1

Beta zeolite powder (20 g, B), TBAB (9.3 g), and NaOH (300 mL, 0.2
mol/L) were mixed in a 500 mL four-necked flask, followed by magnetic
agitation at 80°C for 30 mins. After centrifugation, the solid product
was obtained, dried at 90°C, and calcined at 550°C; the final product
was denoted as base-beta (BB). Next, three consecutive ammonium
exchanges were carried out to recover a H* form zeolite. Subsequently,
the H" form BB was treated with citric acid (300 mL, 0.06 mol/L)
at 60°C for 1 h under stirring, followed by centrifugation, washing,
drying, and calcination. The final product was denoted as BAB, with A
representing the acid (citric acid) treatment and BAB representing the
base and sequential acid treatment of Beta zeolite [22].

2.3. Preparation of mesoporous Beta zeolite using method 2

Briefly, 20 g of Beta zeolite (B) was ground into powder and mixed
with NH,F solution (100 mL, 0.36 mol/L), followed by agitation at room
temperature (RT), dried, and then subjected to calcination to obtain
sample AB, with sample A for acid (NH,F) treatment. Next, sample AB
(3 g) was subjected to base treatment (90 mL 0.2 mol/L NaOH solution)
at 80°C for 60 mins. After centrifugation, the base-treated sample was
obtained, followed by washing and drying. After conversion to H’, the
final product was defined as ABB, with B representing the base (NaOH)
treatment [23].

Methods 1 and 2 have been illustrated in Scheme 1.

2.4. Characterization of the B, BAB and ABB zeolite samples

X-ray diffraction (XRD) characterization of the three samples was
performed on a PHILIPS X'Pert-MPD PW3050 diffractometer (Tokyo,
Japan) under the conditions: CuK_ radiation, 40 kV tube voltage,
A=0.15418 nm, 30 mA tube current, 10°-90° angle range and 2°/min
scanning speed.

After degassing and treating all samples at 200°C for 3 hrs, N,-
adsorption-desorption characterization analysis was conducted at -196
°C on a Micrometrics ASAP 2010 automated instrument. The specific
surface area and pore size of the three samples were investigated by
Brunauer-Emmett-Teller (BET) and Barret-Joyner-Halenda (BJH)
analysis, respectively.

- NH,NO citric acid -
BB: Beta with R BAB: Beta with
method 1 ——>| H' [ — n
base treatment 3 eycles " form BB base-acid treatment

TBAB + NaOH

AB: Beta with| NeOH
acid treatment

Scheme 1. Flow diagram of synthesis methods of (1) BAB and (2) ABB.
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2.5. Lead ion adsorption experiments

Briefly, 25 mL of lead nitrate solution (100 mg/L) and a given
mass of zeolite sample were poured into a capped conical flask (50
mL), followed by oscillation of the flask for a certain amount of time
to ensure thorough adsorption and removal of lead ions. Next, the
mixture was collected and filtered to obtain 100 mL of supernatant
in a volumetric flask, and the residual lead ion concentration in the
adsorbed solution was measured through spectrophotometry on an
atomic adsorption spectrophotometer (WFX-1F2B2, China). The lead
ion adsorption quantity (Q, mg/g) and adsorption and adsorption ratio
(R, %) were determined using Eqs (1) and (2), respectively.

Q=1/C, % (C,-C) €Y
R=1/C, % (C,~C,) x 100% @

where C; represents the initial lead ion concentration (mg/L), C, is
the equilibrium lead ion concentration (mg/L), and C,, is the zeolite
amount of each sample (g/L).

The adsorption conditions and principles were investigated
through three groups of batch adsorption experiments, with the zeolite
amount, initial lead ion concentration, and treatment time selected as
variables, while the treatment temperature (RT) and pH (initial pH)
were considered constants. The detailed conditions for each adsorption
experiment have been described in the following section.

3. Results and Discussion

3.1. Characterization results of the B, BAB, and ABB zeolite samples

Figure 1 displays the XRD characterization results of the parent
beta zeolite (B) and its modified analogs (BAB and ABB). B displays a
typical diffraction pattern of the Beta zeolite, including a very strong
and sharp peak at 20 = 22.5° and several weak peaks at 20 = 11.8,
13.4, 14.5, 21.4, 25.4, 27, 28.8, 29.8, 43.5, and 56°. Moreover, the
two modified samples exhibit a remarkable crystallinity reduction. For
instance, ABB shows the absence of nearly all peaks except for a strong
intense peak at 20 = 22.5°, while at 20 = 22.5°, BAB also displays a
strong, intense peak, but with various weak peaks at 26 = 13.4°, 14.5°,
21.4°, 25.4°, 27°, and 43.5°, ascribed to the retention of beta zeolite
characteristics. These observations indicate that the microcrystalline
structures of the two samples were damaged by the acid and base
treatments; a larger damage extent was observed for ABB than for BAB.
However, the main structural characteristics (20 = 22.5°) of the beta
zeolite are maintained for these two samples, despite the absence of the
other crystalline diffraction patterns of the beta zeolite. Accordingly,
both BAB and ABB could be considered beta-type zeolites. To probe
their structural properties, the three samples were further investigated
in subsequent characterization tests [23-26]. Figures 2, 3, and Table 1
show the N, adsorption-desorption characterization results, the BJH
analysis results (pore structure), and the physical characteristic data
of the three samples, respectively. According to the IUPAC standard,
the parent zeolite beta (B) exhibits an I-type isotherm accompanied
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Figure 1. XRD analysis results indicating a serious crystallinity decrease for ABB while
a good crystallinity retaining for BAB. The black line represents the sample B (Beta
zeolite).
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Figure 2. Nitrogen adsorption-desorption analysis results indicating a large nitrogen-
adsorption volume increase for ABB while a substantial volume decrease for BAB.

0.8

102

dVidlogD

0.0 T T T T

0 10 20 30 40 50
Pore size D (nm)

Figure 3. Pore structure analysis results indicating mesoporous characteristics for
both ABB and BAB with mesoporous pores.

Table 1. Physical structure characterization results from the three samples.

Sample ABET(mZ/ g)* Daap d(nm)" Dmp J(nm)© lev(cm3/ g)!
B 459.08 7.1918 =1.8;7.6 0.341
BAB 147.58 11.9864 11.7 0.256
ABB 496.12 8.064 9.2 0.713

Notes: “BET specific surface area; "BJH adsorption average pore diameter (4V/A);
“Most probable distribution pore size; Total pore volume.

by an H4-type hysteresis loop [27], indicating that zeolite beta is a
combination of a microporous and limited mesoporous material. This
deduction can also be confirmed by the observation that the beta
zeolite possesses not only micropores but also mesopores (11.7 nm),
as shown in Figure 3. After treatment with base followed by acid, BAB
has a similar isotherm to that of beta zeolite with a wider and larger
hysteresis loop. Furthermore, the pore volume of BAB is lower than
that of B (0.256 cm?®/g versus 0.341 cm?®/g). Evidently, these changes
enabled BAB to develop the most probable distribution pore size of
11.7 nm, which is characteristic of a mesoporous material. Moreover,
ABB exhibits an IV-type isotherm, coupled with a H3-type hysteresis
loop, which is the key feature of a highly mesoporous material. More
importantly, the most probable distribution pore size of ABB is 9.2
nm, with a pore volume of 0.713 cm?/g, which is significantly larger
than that of both B (0.341cm?®/g) and BAB (0.256 cm®/g) [25-26, 28].
Moreover, the three samples have different specific surface areas, with
sizes in the order of ABB > B > BAB based on their respective adsorption
volumes; these results indicate that the impact of acid-base treatment is
more pronounced than that of base-acid treatment.

From the above-mentioned XRD and N,-adsorption results, it is
demonstrated that both two mesoporous zeolites are successfully
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Figure 4. Impacts of adsorption time on the quantity of lead ions adsorbed on the
three samples. Results: ABB having a higher adsorption quantity and an adsorption ratio
than B or BAB.

fabricated by base-acid treatment and acid-base treatment, respectively.
ABB acquires a large nitrogen adsorption volume increase despite a
serious crystallinity decrease. On the contrary, BAB suffers from a
substantial nitrogen adsorption volume decrease despite retaining a
good crystallinity. As a result, compared with method 1 (base-acid),
method 2 (acid-base) can be preferred for obtaining “real” mesoporous
zeolites.

3.2 Adsorption of the lead ions

3.2.1. Relationship between the lead ion adsorption performance and
adsorption time

Figure 4 displays the dependence of the lead ion adsorption
performance on the adsorption time (3 to 230 mins) for B, BAB and
ABB, and the other parameters were as follows: 4 g/L adsorbent
dosage, RT adsorption, and 114 mg/L lead ion concentration. Clearly,
for each sample, both the adsorption ratio and adsorption quantity
rapidly increase at the initial stage, followed by a slow increase before
finally reaching a saturation state. The three-stage trend follows the
adsorption model of a substance in solution to a porous material, and
three explanations are possible. First, in the early adsorption stage,
adsorption mainly occurs on the adsorbent’s outer surface, enabling
a significant increase in the adsorption rate. In the second stage, the
rate of increase in the adsorption ratio decreases, possibly due to a
decrease in the lead-ion concentration in the solution. Another possible
explanation is that during the second stage, adsorption mainly proceeds
on the inner surface of the pores of the zeolites, thereby reducing the
mass transport speed. Finally, the adsorption reaches a saturation state
because the adsorption sites have been occupied, and less lead ion
residue is present. This is roughly consistent with the heavy metal ion
adsorption trend for other porous materials [12, 14, 29].

In Figure 4, ABB also has a greater adsorption quantity and
adsorption ratio than B or BAB, and the adsorption rate for the three
samples follows this sequence: ABB > B > BAB; these results indicate
that ABB has best performance, and that BAB has the worst performance
with respect to the lead ion adsorption. For ABB, adsorption saturation
occurs within 145 mins, with a maximal adsorption capacity of 23.95
mg/g and a removal ratio of 90.3%.

3.2.2. Relationship between the lead ion adsorption performance and
adsorbent dosage

Figure 5 shows the impact of the adsorbent dosage (1-6 g/L) on the
lead ion adsorption performance of the three samples. The adsorption
tests were performed at a lead ion concentration of 114 mg/L, an
adsorption time of 150 mins and RT. ABB outperforms both B and
BAB with respect to the lead ion adsorption under the test conditions.
Specifically, the adsorption ratio of ABB rapidly increases and reaches
79.7% as the adsorbent dosage increases from 1 to 2.5 g/L; this was
followed by a slow increase of up to 92.3% at the 5 g/L dosage.
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Figure 5. Impacts of the different adsorbent amounts on the quantity of lead ion

adsorbed on the three samples. Results: ABB having a higher adsorption quantity and an
adsorption ratio than both B and BAB.

Finally, the adsorption ratio remains almost unchanged at 92.8% as the
dosage further increases to 6 g/L. These results indicate that a dosage
of 5 g/L adsorbent is sufficient to meet the adsorption requirements
in the following tests. After reaching a 92.3% adsorption ratio, the
low residual lead-ion concentration in the solution may cause the
adsorption rate to reach a plateau at a higher adsorbent dosage [30-
32]. However, compared with that of ABB, the adsorption ratios of B
and BAB linearly and slowly increase. Additionally, in the total dosage
range, ABB has a greater adsorption ratio and adsorption quantity than
B or BAB. Therefore, ABB has the optimal performance in terms of lead
ion adsorption among the three samples.

3.2.3. Relationship between the lead ion adsorption performance and its
initial concentration

The relationships of the lead ion adsorption ratio and adsorption
quantity with the initial lead ion concentration in the range of 47.5-
148.9 mg/L were examined at a 150 min adsorption time and 5 g/L
adsorbent dosage. Figure 6 shows that for each of the three adsorbents,
the adsorption ratio decreases, and the adsorption quantity increases
with increasing initial lead-ion concentration. This potentially occurs
because a rise in the initial lead ion concentration can increase the
absolute lead ion amount removed by each of the three adsorbents;
thus, the adsorption quantity increases when a defined amount of
adsorbent is utilized. However, a higher increase in the initial lead
ion concentration than in the lead ion removal was reported to reduce
adsorption rate [30].

In addition, when a certain amount of adsorbent is used, the
adsorption amount becomes fixed, indicating that a higher initial lead-
ion concentration can increase the residual lead amount and reduce
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Figure 6. Impacts of different initial lead-ion concentrations on the quantity of lead
adsorbed on the three samples. Results: ABB having a higher adsorption quantity and an
adsorption ratio than B and BAB.
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Figure 7. Lead ion adsorption quantities on the three samples at different adsorption
time points fitted by the pseudo-first-order adsorption equation. Results: well-fitting for
BAB and ABB while an obvious deviation for B.

the removal efficiency; this leads to an increase in the adsorption ratio
and a decrease in the adsorption quantity. These reasons are further
elucidated in the following sections. Figure 5 shows that ABB has a
greater adsorption ratio and a greater adsorption quantity than B
and BAB; these results further confirm that ABB has the best lead ion
adsorption performance among the three adsorbents.

3.2.4. Adsorption kinetic results

Adsorption kinetics can directly reflect the reaction rate of a process
and provide rich information on the adsorption mechanisms; thus,
research on adsorption kinetics plays a crucial role in the development
of advanced adsorbents [4, 33]. Currently the pseudo-first- and pseudo-
second-order equations are commonly utilized to study potential
adsorption mechanisms; the former is on the assumption of adsorption
rate dependence on adsorption quantity, and the latter involves the
chemical adsorption (i.e., electron pair sharing between the adsorbed
substance and adsorbent) [34]. In the adsorption kinetic analysis, the
adsorption time is used as a function of the adsorption rate (Figure 7).
The two models (Eq. (3) for the pseudo-first-order model and Eq. (4)
for the pseudo-second-order model) are applied to analyze the lead ion
test results [34]:

In(Q, — Q) =1nQ, -kt 3
t/Q, = (Q)/k, + t/Q, 4)
where k; represents the constant rate of the first-order Eq. (3) (1/
min); k, is the constant rate of the second-order Eq. (4) [g/(mg x min)];

and Q, and Q, are the adsorbate amounts (mg/g) at equilibrium (e) and
time t (min), and can be obtained by Eq. (1).

#Q, (min*g/mg)

T T T T T T 1T T T
100 120 140 160 180 200 220 240

AR L | T T
0 20 40 60 80
Adsorption time ({/min)

Figure 8. Lead ion adsorption quantities on the three samples at different adsorption
time points fitted by the pseudo-second-order adsorption equation. Results: better fitting
for B, BAB and ABB.
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Table 2. Adsorption parameters and correlation coefficients for the three
samples based on the pseudo-first-and pseudo-second-order adsorption
equations.

Pseudo-first-order kinetic model Pseudo-second-order kinetic
model
k, Q. Q. rid k, Q. rid
(1/min)® | (mg/g)* | (mg/g)° (g/(mg-min))° | (mg/g)"
B 0.021 19.13 7.86 0.9649 938.292 19.39 | 0.9974
BAB 0.011 13.93 4.93 0.6414 309.660 13.93 | 0.9917
ABB 0.039 23.95 5.56 0.9484 9107.998 23.83 | 0.9997

Notes: “Maximum adsorption quantity in experimental data; "Rate constant;
Equilibrium adsorption quantity; ‘Correlation coefficient; “Rate constant.

Figures 7 and 8 show the fitting results of the kinetic experimental
data, and Table 2 displays the specific parameters. B, BAB, and ABB
have linear correlation coefficients (%) of 0.9649, 0.6414, and 0.9484,
respectively, in the first-order model and 0.9974, 0.9917, and 0.9997,
respectively, in the second model; these results indicate that all three
samples are better fit by the second-order model. Based on this model,
ABB has the best adsorption performance among the three samples,
and the adsorption quantities are 19.39, 13.93, and 23.83 mg/g for the
three samples; these values are much closer to the actual experimental
data (19.13, 13.93, and 23.95 mg/g , respectively) than the first model
fitting results (7.86, 4.93, and 5.56 mg/g, respectively). Furthermore,
based on the r? values and contrast between plots, the second adsorption
fitting model can also be concluded to be better for all three samples;
this model has the best match with the adsorption performance of ABB
(Table 2).

3.2.5 Adsorption isotherm results

Adsorption isotherms can reveal the intrinsic relationship between
the adsorbent and adsorbate and provide information regarding the
adsorption quantity of the adsorbent with respect to the adsorbate; thus,
these isotherms have been regarded as the most crucial experimental
results in adsorption studies [4]. In this study, we used two common and
prevalent isotherms (Langmuir and Freundlich) to further explore the
relationship between the equilibrium concentration (C,) and adsorption
quantity (Q,) of the three adsorbents for lead ion adsorption [31]. The
two isotherms can be transformed into linear forms and expressed by
Egs. (5) and (6) [4].

C/Q.=1/(bQ )+ C/(Q, ) (Langmuir isotherm) (5)

where C, indicates the adsorbate equilibrium concentration
(mg/L); Q, is the adsorbate amount (mg/g) at equilibrium (e); Q.
is the monolayer maximal adsorption quantity of the adsorbent upon
saturation of its surface with the adsorbate molecules and is the
maximal adsorption quantity (mg/g); and b (L/mg) is a Langmuir
coefficient associated with the adsorption energy. The Langmuir model
is established by assuming the formation of a saturated monolayer
under the condition of the maximal quantity of the adsorbate on the
surface of the adsorbent [4], and both Q  and b can be estimated
based on the plot of C /Q, vs C,, respectively.

In Q, = In K, + (In C)/n (Freundlich isotherm) 6)

where K, represents the adsorbent’s adsorption quantity and 1/n is
the adsorption strength. 1/n and K, can be obtained based on the linear
graphs of InQ, and InC,, respectively. The Freundlich adsorption model
is established on the assumption of multilayer adsorption, which is a
continuous and uneven adsorption of an adsorbate on the surface of an
adsorbent even after saturation equilibrium [30].

According to the fitting results in Figures 9 and 10 and Table 3, the
r? values using the Langmuir model are 0.2226, 0.1545, and 0.9226,
and the r? values using Freundlich model are 0.1044, 0.3354, and
0.9392 for B, BAB, and ABB, respectively. These data indicate that the
ABB experimental data are effectively fit by the isotherms of both the
Langmuir and Freundlich models, while the B and BAB experimental
data clearly deviate from the two models. Due to higher r* value
using the Freundlich model than that of Langmuir model, the lead ion
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Figure 9. Lead ion adsorption quantities and equilibrium concentrations on the three
samples fitted by the Langmuir adsorption model. Results: serious deviations for B and
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Figure. 10. Lead ion adsorption quantities and equilibrium concentrations on the
three samples fitted by the Freundlich adsorption model. Results: serious deviations for
B and BAB while better fit for ABB.

Table 3. Adsorption parameters and correlation coefficients for the three
samples based on both Langmuir and Freundlich adsorption models.

Langmuir model Freundlich model
Q,..(mg/g)* | b (L/mgP’ r K n r
B 3.15 3.519 0.2226 7.335 11.840 0.1044
BAB -0.49 -9.464 0.1545 21.483 -3.235 0.3354
ABB 3.87 7.803 0.9226 6.220 2.455 0.9392

Notes: “Maximum adsorption quantity; "Langmuir constant associated with adsorption
energy; “Correlation coefficient; ‘Capacity of each adsorbent to adsorb lead ions;
Reciprocal of adsorption intensity.

adsorption on ABB zeolite can be considered multilayer coverage [30].
It is because that many defect sites, vacancies, or cluster regions in
ABB owing to an acid-base damage causes the surface non-uniformity
of adsorption sites [12]. Meanwhile, it may be because the hydrated
lead ion in initial solution has larger volume than lead ion and therefore
cannot be considered as a mass point. These two non-ideal factors result
in the compliance of ABB adsorption with the Freundlich rather than
the Langmuir model. Future studies will further examine the adsorption
trends for B and BAB.

Based on the characterization and adsorption results, the phase of
ABB can be concluded to retain its mesoporous characteristics although
its structure is greatly damaged. More importantly, among the three
samples, ABB exhibits the greatest lead ion adsorption ability since it had
the largest pore size. This phenomenon can be qualitatively explained,
and the adsorption mechanisms are proposed by two aspects as follows.
On the one hand, wider mesoporous pores and more vacancies in ABB
compared to those in B and BAB, are beneficial for Pb(II) ions diffusing
and interacting with adsorption sites. On the other hand, ABB has more
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Table 4. Comparison of the adsorption property (maximum adsorption
capacity, Q, . (mg-g™)) between ABB and different adsorbents reported in the
literature for lead ion.

Adsorbent Synthesis method Condition (pH; | Q. References
temperature) (mg-g?)

Nanometer RT pH 4.5; 25°C 131.71 [29]

MCM-41

Mesoporous Beta | Acid-base treatment | Initial pH; RT 23.95 Current

zeolite ABB study

Ca*-modified Hydrothermal pH 11.8; RT 23.36 [35]

zeolite

Kaolin Alkaline fusion pH 6.5; RT 14.64 [36]

Kazakhstani — pH 6.1 14 [371]

natural zeolite RT

Cellulose-based | Papaya peel powder | pH4; 30°C 6.45 [32]

bio-adsorbents

zeolite/MWCNT | Zeolite with carbon Initial pH; 48°C | 5.9 [38]
nanotube PAN

0Oil palm frond Agricultural waste pH 3.0; 20°C 5.32 [39]

CdZnS/ZnS Aqueous colloidal pH6.9; 61.1°C 3.56 [40]

quantum dots method

Mesoporous Y alkaline treatment pH6; 25°C 3.5 [20]

zeolite

MWCNT: multi-walled carbon nanotube, Initial pH means the pH value for the solution
without acid or base adjusting.

Si-O-Al, Si-OH and Al-OH clusters exposed on the pore surface after
acid-base treatment, which easily leads to the ion exchange reactions
or/and electrostatic interactions between Pb ion and H, Al or O atoms
[12]. Furthermore, Table 4 lists various types of commercial, natural,
and wastes adsorbents applied for lead removal in wastewater in some
previous studies [20, 29, 32, 35-40]. It can be seen that except for MCM-
41 mesoporous silica, ABB presents the highest adsorption capacity
compared with other analogues. Consequently, method 2 (acid-base
treatment) is a more effective approach for synthesizing mesoporous
zeolites and even other advanced materials. All these results motivate
us to further optimize the preparation procedure and elucidate the
mechanism of adsorption process in the following work.

4, Conclusions

BAB and ABB retain their Beta zeolite XRD patterns and display
mesoporous characteristics with mesoporous isotherms and mesopores
of 11.7 and 9.2 nm, respectively; these results show the successful
preparation of mesoporous beta zeolites by base-acid treatment and acid-
base treatment, respectively. However, ABB exhibits a drastic decrease
in crystallinity and a substantial increase in nitrogen adsorption volume,
while BAB retains good crystallinity and has a substantial decrease in
nitrogen adsorption volume. The lead ion adsorption quantities of the
three samples follow the sequence of ABB > B > BAB; this result agrees
with the order of their adsorption volumes. At 4 g/L adsorbent, 145 min
adsorption time, and 114 mg/L lead ion concentration, ABB reaches a
lead ion adsorption ratio and adsorption quantity of 90.3% and 23.95
mg/g, respectively. Additionally, the results for ABB are largely fitted by
the Freundlich adsorption model, in contrast to the major deviation of
B and BAB from both the Langmuir and Freundlich adsorption models.
Moreover, the pseudo-second-order adsorption equation effectively fits
the experimental results of the three samples; additionally, this equation
shows the best match with the performance of ABB and predicts its
lead ion adsorption as multilayer coverage adsorption. Therefore,
ABB is an excellent lead ion adsorbent and has the potential use for
removing other metal ions and even organic adsorbates. Also, method
2 (acid-base treatment) is a more effective approach for the synthesis
of mesoporous zeolites and even other advanced materials. As a result,
ABB type zeolites and their preparation method can be expanded
into more fields, such as adsorbents, catalysts, and ceramics. In the
following studies, we will further optimize the preparation procedure
and elucidate the mechanism of adsorption process.
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