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Bottom ash (BA) produced from the centralized incineration of industrial hazardous waste and medical waste
is a hazardous solid waste. Therefore, although challenging, it is necessary to develop recycling technologies
that can convert BA into useful products. In this study, we developed a method for the preparation of analcime
zeolite (ANA) via a BA acid leaching—melting—hydrothermal method. Unlike the existing method that involves
using fly ash via a hydrothermal technology to synthesize mixed zeolites, such as NaPl zeolite
(NaAlgSi;0O12-12H,0),  tobermorite  (CasSig(OH),046-4H,0),  sodalite  (NasAlsSisO1Cl)  and  ANA
(NaAlSi,O¢ - H,0), the acid leaching—melting—hydrothermal method was used to synthesize pure ANA. ANA
has application potential in the adsorption of wastewater pollutants. Herein, the synthesized ANA was used
as an adsorbent to adsorb tetracycline (TC), ciprofloxacin (CIP), norfloxacin (NOR) and enrofloxacin (ENR) in
water. Results of this study showed that ANA with a low impurity content could be synthesized using BA as
the starting material. The adsorption capacities of ANA for TC, CIP, NOR and ENR were 1342 mg g%,
643 mg g7, 56.5 mg g! and 43.8 mg g%, respectively. The adsorption process of TC by ANA was
studied. It was found that the optimal conditions were an adsorbent dose of 0.4 g L™, pH = 7, and

a contact time of 300 min. The maximum adsorption capacity was 936.86 mg g™, which was much higher
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Accepted 3rd June 2025 than the adsorption capacity of the existing zeolite for TC. The kinetic and isotherm fitting data showed

that the adsorption of TC on ANA mainly involved monolayer chemical adsorption, and the process was
more in line with the pseudo-second-order kinetic model and the Langmuir isotherm adsorption model.
These results confirm that ANA is an efficient and economical TC adsorbent.
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the leaching of heavy metals and pose a risk to the environment

Introduction

(cc)

With the rapid development of society, the production of
industrial hazardous waste' and medical waste* has increased
dramatically. The improper treatment of industrial hazardous
waste and medical waste can easily cause disease transmission
and pollution, posing huge threats to the environment.>” At
present, industrial hazardous waste and medical waste are
mainly incinerated in incineration plants,® leaving behind
about 80% bottom ash (BA).” According to the existing reports,
fly ash can be widely recycled. Compared with BA, it has
a higher yield, more complex components and lower toxicity.*™**
Therefore, BA has a higher potential for resource utilization.
However, BA is classified as hazardous waste because it contains
toxic substances (such as heavy metals). During conventional
treatment, BA is usually dumped in landfills, which can lead to
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(soil, surface water, and groundwater).*>*?

In the existing literature, BA is mostly used to make building
materials (such as the production of aggregates in cement
stabilized macadam,'**> backfill materials,'®* mixed cement,”
concrete,'" and microcrystalline glass®), and there is a risk of
heavy metal precipitation. In recent years, the conversion of
waste into adsorbents to improve the environment has provided
a promising option for alleviating the strain on natural
resources and the environment.* Among such wastes, the use
of BA to synthesize zeolites not only offers the advantages of
stabilizing a variety of heavy metals, small volume change
before and after treatment, and simple operation® but also
exhibits good ion-exchange, adsorption and catalysis abilities,
acid and alkali resistances and thermal stability, along with
high economic and practical value.****

With the rapid growth of the economy, there is an increasing
demand for improved medical care, hygiene and food safety,
which has led to the widespread use of antibiotics. Large
quantities of antibiotics are released into the environment,
leading to a growing problem of antibiotic pollution.*® Antibi-
otic pollution exists not only in water bodies, but also in soil, air
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and agricultural products, posing a serious threat to human
health and the ecological environment, and further endan-
gering sustainable economic and social development.*® There is
a strong link between economic development and environ-
mental protection,” and to ensure human health and the
sustainable development of the ecological environment, there is
an urgent need to take effective measures to reduce and effec-
tively deal with the pollution of antibiotics.

In this study, BA was converted into an analcime zeolite
(ANA) adsorbent material with a high utilization value by
a hydrothermal synthesis method. Different from the mixed
zeolite synthesized by the existing hydrothermal method, the
hydrothermal method can be used to synthesize pure analcime
zeolite in a reduced synthesis time. It was applied here to
simulate the removal of tetracycline (TC), ciprofloxacin (CIP),
norfloxacin (NOR) and enrofloxacin (ENR) from wastewater to
achieve the purpose of treating waste with waste, thus
improving the comprehensive utilization value of BA as well as
providing a feasible technical route for solving the problem of
antibiotic water pollution.

Experimental section
Materials and chemical reagents

BA was sourced from Xinjiang Jinpai Environmental Tech-
nology Co., Ltd. Hydrochloric acid (HCl, 37%), sodium
hydroxide (NaOH, =98%) and potassium fluoride (KF, 99.99%)
were purchased from Macklin Chemical Reagent Co Ltd
(Shanghai, China). Tetracycline (TC, C,,H,4N,0g), ciprofloxacin
(CIP, CHFN;03), norfloxacin (NOR, C;6H;3sFN3;0;3) and enro-
floxacin (ENR, C;oH,,FN303) were obtained from Adamas
Chemicals Co Ltd (Shanghai, China). All the chemicals were
used without further purification.

Methods

Synthesis of analcime. The flowchart for the synthesis of
analcime from BA is presented in Fig. 1. First, BA was reacted
with 4 mol per L HCl at 90 °C for 2 h (solid-liquid ratio of 1: 5),
and then separated as a solid-liquid by centrifuge, and dried at
105 °C for 24 h. After drying, the product was mixed with NaOH
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Fig. 1 Flowchart for the synthesis of analcime from BA.
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to obtain a gray-alkali mixture (ash-alkali ratio of 2: 1), which
was placed in a nickel boat and heated to 550 °C and main-
tained there for 1 h. Afterwards, the mixture was cooled to room
temperature and then taken out, and the obtained molten
product was called molten ash. Next, the molten ash and
deionized water were placed in a reaction kettle (solid-liquid
ratio of 1: 4) and reacted at 180 °C for 4-12 h. The solid samples
were dried at 105 °C for 24 h to obtain the analcime zeolite
sample. The phase purity of the synthesized ANA was deter-
mined from the corresponding XRD patterns of the phase-pure
samples.

Adsorption of antibiotics. Calculated amounts of antibiotics
(TC, CIP, NOR and ENR) were dissolved in deionized water to
obtain solution concentrations of 100 and 20 mg L~ ", respec-
tively. The pH of the exchange solution was set to neutral (7 +
0.2) by adjusting the solution with 0.01 M HCl and 0.01 M NaOH
solutions. The adsorption experiments were performed in
a temperature shaker for 24 h (at R.T. 25 £+ 1 °C, adding 50 mL
TC, CIP, NOR and ENR solution) to 20 mg ANA, respectively.

The equilibrium adsorption capacity (Q.) and treatment
efficiency (T %) were calculated from eqn (1) and (2).

Qe = [(CO - Ce) V]/M (1)
T% = [(C, — C)ICy x 100] )

where Q. (mg g~") is the adsorption capacity, T (%) is the
treatment efficiency, C, (mg L") is the initial TC concentration,
C. (mg L") is the residual TC concentration, V (mL) is the
aqueous solution volume and M (mg) is the mass of the
adsorbent.

Instrumentation and characterization techniques. The
elemental composition of BA was determined by X-ray fluores-
cence spectrometry (Panaco Zetium, the Netherlands). The
phase and crystal structure of BA and the synthesized phases of
ANA products were determined using by X-ray diffraction (XRD;
Germany Bruker, D2PHASER). The topography, composition,
and structure of the sample surface were determined by field
emission scanning electron microscopy (FESEM; Hitachi,
SEM5000). A V-Sorb-2802-TP surface area analyzer was used to
measure the Brunauer-Emmet-Teller (BET) surface area and
corresponding pore volume. The particle sizes of the samples
were analyzed using an NKT6100-D particle-size analyzer. FT-IR
data were collected from 4000 cm ™' to 400 cm™ "' in trans-
mission mode using a Thermo Nicolet iS5 instrument with
aresolution of 4 cm™". Thermogravimetric (TG) and differential
thermal analysis (DTA) were performed on 10-20 mg samples
using a SETSYS Evolution model TG-DTA instrument (Setaram,
France). Antibiotics concentrations were determined by
ultraviolet-visible spectrophotometry (UV-vis; UV-1700PC).

Results and discussion
Characterization of the experimental products

The major and trace elements in the samples were determined
by XRF, as shown in Table 1. BA contained CaO, Al,O3, SiO,. The
SiO, content was 12.718% and the ratio of Si/Al in this BA was

RSC Adv, 2025, 15, 27076-27083 | 27077
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Table 1 Major and trace elements in the samples obtained using XRF and their masses
BA Acid-leached ash Molten ash
Element compositions
(simple substance forms) wt% Mass (mg) wt% Mass (mg) wt% Mass (mg)
Ca 23.824 4764.8 27.336 1011.432 11.432 571.6
Cl 6.412 1282.4 13.33 493.21 7.844 392.2
Na 6.23 1246 1.354 50.098 38.836 1941.8
Si 4.846 969.2 30.244 1119.028 20.035 1001.75
Al 1.637 327.4 2.091 77.367 1.5 75
Fe 1.36 272 3.491 129.167 0.97 48.5
Ti 0.946 189.2 0.519 19.203 0.153 7.65
F 0.692 138.4 — — — —
Mg 0.385 77 0.241 8.917 0.139 0.695
K 0.267 53.4 0.255 9.435 0.167 8.35
Ce 0.048 9.6 — — — —

2.96, which is an ideal composition for the synthesis of
zeolites.”*?" Although the content of heavy metals in BA was
small, the variety was considerable. It was necessary to pretreat
BA to prevent the precipitation of heavy metals in the synthetic
zeolite. After acid treatment, 20 g of BA was converted into 3.7 g
of acid-leached ash, and then 5 g of molten ash was be further
obtained by alkaline treatment. The XRF element mass ratios
were analyzed, and the calculation results for the element
masses are shown in Table 1. The acid treatment method could
significantly remove most of the impurities, including Ca, Cl,
Fe, F and Ce. Alkali treatment could further remove some
elements such as Ca, Cl, Fe, and Ti.

Next, the physical phase and chemical composition of the
BA, acid-treated ash and molten ash were investigated by XRD
and the results are presented in Fig. 2a. The XRD pattern of BA
showed diffraction peaks associated with quartz, along with
peaks for NaCl, CaCO; and Ca(OH),. However, the diffraction
peak intensities of NaCl, CaCO; and Ca(OH), in BA became
weakened or even disappeared after the samples were treated
with acid. Moreover, alkali treatment introduced NaOH, while
retaining Al(OH); and SiO, for the subsequent synthesis of
higher-purity analcime zeolites. The alkali treatment converted
insoluble quartz into more soluble amorphous silica, which
improved its solubility and consequently the rate of zeolite
formation.*

The alkali-treated fly ash was hydrothermally reacted at 180 °©
C for 4-12 h, as shown in Fig. 2b. The synthetic ANA displayed
eight distinct XRD diffraction peaks located at 15.84°, 18.30°,
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Fig.2 XRD patterns of the (a) experimental products and (b) analcime
zeolite synthesized at increasing hydrothermal reaction times.
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25.99°, 30.58°, 33.31°, 35.88°,47.80°, and 52.53°, corresponding
to the (211), (220), (400), (332), (431), (521), (640), and (651)
crystal planes of the standard card of ANA (PDF#41-1478),
respectively. The characteristic diffraction peaks correspond-
ing to analcime zeolite appeared in all samples after 4-12 h
hydrothermal reaction. The formation of analcime zeolite could
be achieved after 4 h hydrothermal treatment. In the observed
diffraction peaks (e.g:, 15.84° and 25.99°), the intensity of some
peaks slightly increased with prolonging the hydrothermal
synthesis time. Simultaneously, certain impurity peaks (e.g:,
27.8° and 29.3°) showed a mild reduction in intensity with
extending the synthesis time. Considering both the synthesis
cost and efficiency of analcime (ANA), this study ultimately
selected 4 h as the optimal hydrothermal synthesis duration.
The microstructure, chemical composition, and size of the
samples were characterized by SEM, as illustrated in Fig. 3. As
illustrated in Fig. 3a, BA was in the form of large lumps with no
special morphology, but following acid treatment, BA became
smaller in size and displayed a dispersed porous structure
(Fig. 3b). The surface became dense and smooth when further
activated by NaOH at high temperature (Fig. 3c), which was due
to the transformation of SiO, into an amorphous glassy phase

Fig. 3 SEM images of BA (a), acid-leached ash (b), molten ash (c) and
ANA (d and e) and EDS elemental mapping of ANA (f-k).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Particle-size distribution of the samples (a), DTA-TG analysis of
the samples (b and c), FT-IR spectrum of ANA (d), BET surface area
measurement using nitrogen adsorption—desorption isotherms (e),
and adsorption capacity of ANA for antibiotics (f) (the initial concen-
tration of contaminants was 100 mg L™%).

during alkali fusion, making it easier to dissolve in the hydro-
thermal solution. ANA had a flower-like and needle-like three-
dimensional structure (Fig. 3d and e). The EDS scanning
image displayed the presence of various elements on the ANA
surface, including Na, Al, Si, O, C, and S (Fig. 3f).

The particle-size distributions of the experimental products
are illustrated in Fig. 4a. The particle-size-distribution curves
for BA, acid-treated ash and molten ash all showed a single-peak
distribution with peaks at 87.4, 54.7 and 102.2 um, respectively.
In contrast, ANA showed a bimodal distribution, with peak
maxima at 7.1 and 139.8 pm. The results of the particle-size
analysis are listed in Table 2. The smaller particle-size distri-
bution of the acid-leached ash was due to the dispersion of
crystals as a result of the acidolytic reaction. The larger particle
size of the molten ash was due to the heating of NaOH and the
higher reaction temperature, which caused some of the solids to
melt and agglomerate.

Thermogravimetric analysis was performed on the ANA,
acid-treated ash, and molten ash. The thermogravimetric curves
for heating from 50 °C to 800 °C under a N, atmosphere are
presented in Fig. 4b and c, with a gradual loss of moisture. The
DTA-TG curves showed three weight loss peaks at 80.8 °C,
135.1 °C and 573.7 °C for the acid-treated ash and four weight
loss peaks at 109.3 °C, 174.1 °C, 635.7 °C and 753.8 °C for the
alkali-treated ash. In particular, two significant dehydration
episodes were observed at 85 °C and 231 °C for ANA. After the
temperature was increased to 300 °C the curve became
smoother and the sample stabilized. Since no organic materials
were present in the sample, the first two losses should

Table 2 Data from the particle-size analysis
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correspond to the removal of physically adsorbed water and
occluded water from the sample, respectively. The weight loss
peak of the acid-leached ash at 573.7 °C was caused by the
decomposition of residual calcium carbonate,* and the weight
loss peaks of molten ash at 635.7 °C and 753.8 °C were pyrolysis
reactions of NaOH.** The synthesized ANA was quite stable at
high temperature, which proved that the ANA has good thermal
stability.

The total weight losses of the acid-leached ash, molten ash
and ANA were 18.4%, 24.0% and 25.04%, respectively. The
weight loss of ANA mainly appeared at 100 °C, which was caused
by the evaporation of physically adsorbed water. The results
indicated that analcime zeolite could adsorb more water
molecules and store them in its porous structure. The water
absorption was related to the number of pores in the specimen,
and based on their SEM images, it was evident that the acid-
leached ash and molten ash with dense and smooth surfaces
lacked a porous structure, while ANA possessed a flower-like
structure with dense pores.

Information related to the chemical bonds or functional
groups in the ANA was obtained using FT-IR spectroscopy, as
illustrated in Fig. 4d. The data shown are similar to those in the
literature, indicating that the synthesized material was a rela-
tively pure analcime zeolite.*® The absorption peaks for O-H
stretching and bending were located at 3466 and 1646 cm™ ",
respectively.’® In particular, the band at 3466 cm ™" was associ-
ated with the asymmetric stretching mode of water coordinated
at the pore edge, while the band at 1646 cm ™' was attributed to
zeolite water in the zeolite pore.”” The band located at
1026 cm ™" was attributed to the O-Na-O stretching mode, while
the bands located at 875 and 450 cm ™' were attributed to the Si-
O-Si symmetric stretching vibration, and the symmetric
stretching vibration of the four-membered ring.*®

Fig. 4e illustrates the N, adsorption-desorption isotherm for
ANA at 77 K. Zeolites are typical microporous materials with
a pore size of less than 2 nm, but in this study, the BET
adsorption isotherm did not show steep nitrogen uptake at low
P/P°, indicating the lack of a type I adsorption behavior in ANA.
As a result, ANA showed little or no microporous structure. ANA
pore sizes in the range of 2-50 nm corroborated those of typical
mesopores showing a type IV behavior.** The specific surface
area of ANA was 20 m® g~ *. The vertical H3-type hysteresis loops
in ANA greater than 0.9 (P/P,) suggested that the pores may be
slit-like.* The pore-size-distribution curves (dV/d log D curves)
of ANA presented a mesopores distribution of 2-50 nm and
a macropores distribution of 50-200 nm. The studied ANA

Particle-size diameter (um)

Volume weighted Weight specific

Experimental products dqo dso doo mean D [3, 4] surface S/g (m? kg™ ")
BA 8.4 52.2 148.9 67.1 89.8
Acid-leached ash 8.0 40.5 110.5 51.4 92.2
Molten ash 16.6 87.9 281.2 121.8 54.0
ANA 9.3 89.6 282.2 121.6 70.1

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 3 TC removal by different adsorbents

Adsorbent OQmax (Mg g ™) Adsorbent dose (g L") Ref.
Calcium-modified corn stover biochar 33.53 1.0 41
Ferroferric oxide nanoparticle-assisted powdered activated carbon 199.25 0.5 42

Fe-N modification biochars 156.00 1.0 43
Hydrochar thermally activated in air + N, at 500 °C 196.70 1.0 44

ANA 936.86 0.4 This work

possessed pores distributed in the range of 35 nm and 10-
140 nm.

ANA adsorption of antibiotics

The adsorption rate of ANA for antibiotics is shown in Fig. 4f.
The adsorption efficiencies of the synthesized analcime for TC,
CIP, NOR and ENR (100 mg L' 50 mL) were 53.7%, 25.5%,
22.6% and 17.4%, respectively. The adsorption capacities for
TC, CIP, NOR and ENR (100 mg L™, 50 mL) were 134.2, 63.8,
56.5, 43.5 mg g !, respectively. ANA has a high adsorption
capacity for antibiotics and can adsorb a variety of pollutants.
ANA prepared from BA can be widely used in medical waste-
water treatment. The recycling and resource utilization of
hazardous waste could thus be realized.

Compared with other adsorbents in previous studies, it was
found that the adsorption capacity of TC on ANA was signifi-
cantly higher than that on other reported adsorbents (Table 3).
Despite using small quantities of ANA adsorbent, it demon-
strated a large adsorption capacity, and its potential as an
adsorbent. ANA had excellent TC adsorption performance, so
ANA was selected to adsorb TC in the adsorption kinetics and
isotherm studies.

Effect of the adsorbent dose and pH

Fig. 5a shows the effect of the ANA dose on TC. With the
increase in dose, the removal efficiency of TC also increased.

(a) (chs
250 2422 s
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o 35
g’ 150 134.2 Qe 23
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@ 100 48 © "
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a

Fig.5 Effect of adsorbent dose (a) and pH (b) on the adsorption of TC,
and the zeta potential of ANA (c).
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When the dose of ANA was increased from 0.2 to 2 g L™, the
adsorption rate of TC increased rapidly, but the adsorption
capacity decreased gradually. When the adsorbent concentra-
tion was 0.2 g L™, the adsorption capacity Q. was 242.2 mg g%,
and the adsorption efficiency was 51.3%. When the adsorbent
concentration was 0.4 g L™, the adsorption efficiency of TC was
greatly improved to 53.7%, and the adsorption capacity was
reduced to 134.2 mg g~ '. At 2 g L', although the adsorption
capacity was only 27.641 mg g ', the treatment efficiency
reached 58.538%. This was because an excessive adsorbent dose
provides too many adsorption sites, reducing the utilization
rate and adsorption capacity of the adsorbent.** Considering the
cost-effectiveness and the TC-removal performance of ANA, the
ANA adsorbent concentration of 0.4 g L™ " was selected as one of
the optimum concentrations.

The effect of different pH values on the adsorption of TC by
ANA is shown in Fig. 5b. The highest adsorption rate of TC by
ANA was 53.7% and the adsorption capacity Q. was 134.2 mg
g ! at pH 7. Under alkaline conditions (pH 8-11), the adsorp-
tion capacity of the adsorbent ANA for TC gradually decreased
with the increase in pH value, and the adsorption capacity
decreased from 109.0 to 98.5 mg g~ . In the solution system, TC
is an amphoteric molecule, and its dissociation constants were
3.3,7.7 and 9.7, respectively. When the pH value was lower than
3.3, the cationic form TCH;" of TC became the main existing
form in the solution. With the increase in pH value to 7.7, TC
mainly existed in the form of TCH3. When the pH value was
further increased to above 9.7, the anionic forms TCH™ and
TC?>~ became the dominant species.***” Based on the zeta
potential in Fig. 5c, the results show that ANA was negatively
charged in the pH range of 3-11. The adsorption capacity of
ANA to TC was weak, which may be attributed to the negative
charge interaction between TC and ANA due to electrostatic
repulsion when the pH value exceeded 8.

However, In the acidic environment (pH 3-6), the adsorption
capacity of TC by the adsorbent ANA showed an upward trend
with the increase in pH value, and its adsorption capacity
increased from 41.8 to 53.75 mg g~ '. Therefore, under acidic
conditions, ANA has a strong reduced adsorption capacity for
TC. When the pH value decreased to 3, the removal efficiency
was further reduced despite the competitive adsorption effect.
This phenomenon could be attributed to the fact that under
acidic conditions, the high concentration of H" and H;0" in the
system competes with TC for adsorption sites, resulting in
a decreased adsorption capacity of ANA for TC with the decrease
in pH value.” In addition, the silica-alumina structure of ANA

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Effect of concentration on the adsorption (a), pseudo-first-
order kinetic model and pseudo-second-order kinetic model of
30 mg L™ (b) 60 mg L™t (c) and 100 mg L™ (d) of TC.

may be damaged to a certain extent under lower pH condi-
tions.* Therefore, the subsequent experiments were carried out
by adjusting the pH to pH 7 to assess the solubility of the TC
solution.

Adsorption kinetic study

Fig. 6a shows the adsorption kinetic curve of TC on ANA at 25 °C
when the initial concentrations were 30, 60 and 100 mg L7,
respectively. The adsorption of TC increased significantly at the
initial stage, and the upward trend decreased after 200 min. The
adsorption equilibrium of TC on ANA was reached at about
300 min. The adsorption process of TC by ANA could be divided
into three stages: rapid adsorption in the early stage, slow
adsorption in the middle stage and adsorption equilibrium in
the later stage. At the initial stage of adsorption, there were
a large number of free adsorption sites on the surface of ANA,
and the concentration gradient between the surface and TC was
the largest. TC molecules were rapidly transferred from the
solution to the adsorption sites of ANA. With the progress of the
adsorption process, the adsorption sites were gradually occu-
pied by TC, and the repulsive force of the adsorbed TC mole-
cules on the remaining TC molecules in the solution was
enhanced, which led to a decrease in the adsorption rate of
ANA, and then adsorption equilibrium was reached.>

The kinetic constants of the two models are listed in Table 4.
The correlation coefficients of TC evaluated by the pseudo-first-
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order kinetic model were 0.825-0.935, respectively. The calcu-
lated equilibrium adsorption capacity Q. .. (Table 4) was quite
different from the experimental equilibrium adsorption
capacity Q., indicating that the pseudo-first-order kinetic
equation could not accurately describe the adsorption process.
According to the pseudo-second-order kinetic model (Fig. 6 and
Table 4), the correlation coefficients for the TC adsorption
curves were 0.923-0.998, respectively. The calculated equilib-
rium adsorption capacity Q. .o value was in good agreement
with the experimental equilibrium adsorption capacity Q. value,
and so the pseudo-second-order kinetic model was more suit-
able for describing the whole adsorption process of TC.**

Adsorption isotherm study

The adsorption isotherms of TC on ANA at 298.15 K and 308.15
K are shown in Fig. 7. With the increase in temperature, the
adsorption equilibrium capacity of ANA increased, indicating
that the adsorption of TC on ANA was an endothermic process.*
As shown in Fig. 7, the adsorption properties of ANA for TC at
298.15 K and 308.15 K were analyzed by Freundlich, Langmuir
and D-R adsorption isotherms. The Langmuir model repre-
sents single-layer adsorption at specific homogeneous sites,*
while the Freundlich equation is suitable for multi-layer
adsorption.®® The Freundlich and Langmuir isothermal
adsorption constant models are given in Table 5. The Freund-
lich equation constant 1/n for the ANA adsorption of TC was
0.309-0.474, indicating that the adsorption process was favor-
able. The correlation coefficient R for the Langmuir isotherm
model of TC was 0.930-0.962, and the correlation coefficient R?
of the Freundlich isotherm model was 0.874-0.930, respectively.
The adsorption isotherm of TC conformed to the Langmuir
isotherm model, which is a single-layer adsorption. Next, R; was
determined to assess the adsorption capacity of ANA to TC, and
it was found that Ry, < 1 at the two temperature conditions,
indicating that the adsorption was favorable.* The D-R model

(@) so0

B
_—
—~ s 7
= 3 7
o 400 o /
o o
£ E f
= Experimental date
@ /o Experimental date $ yre
200 ) < 300 /| — ir (R2=
c | — Langmuir (R%0.962) f Langmuir (R 5 0.930)
o Freundish (R2=0.929) | Freundish (R“=0.874) )
o — Dubinin-Radushkevich (R2=0.981) 0 ~)J ~— Dubinin-Radushkevic (R"=0.993)
0 50 100 150 200 250 300 350 0 100 200 300 400
-1
Ce (mg-L-) Ce (mg'L")

Fig. 7 Desorption isothermal adsorption models of TC at 298.15 K (a)
and 308.15 K (b).

Table 4 Kinetic model constants for the adsorption of TC on ANA at different adsorbent concentrations

Pseudo-first-order

Pseudo-second-order

CO mg L71 Qe mg g71 kl (minil) Qe cal RZ k2 ((g mgﬁl min)il) Qe cal RZ

30 49.6 0.079 42.17 0.826 0.00211 44.89 0.923
60 92.3 0.040 85.01 0.880 0.00073 89.66 0.960
100 134.2 0.033 131.21 0.935 0.00043 137.78 0.998

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 5 Constants for the Freundlich and Langmuir isotherm equations for the adsorption of TC on ANA at different temperatures

Langmuir model Freundlich model D-R model
T (K) Qo Ry R? b 1/n R* Om K E R*
298.15 816.3 0.0103 0.962 42.3 0.474 0.930 619.76 0.00044 33.71 0.981
308.15 1075 0.0321 0.930 172.0 0.309 0.874 936.86 0.000067 86.39 0.993

can be used to judge the adsorption types on the surface of ANA,
and it was found that E > 20 k] mol " under the two temperature
conditions, indicating that the adsorption of ANA on TC
occurred via chemical adsorption.**

Conclusions

The current research goal was to realize the recycling and
resource utilization of waste by using BA to prepare analcime
zeolite. BA from Xinjiang was used to synthesize analcime by an
acid leaching-melting-hydrothermal method, and it was used
to adsorb antibiotics (TC, CIP, NOR and ENR) in sewage.
Compared with the existing literature, the hydrothermal
synthesis temperature and time were lower. XRD and FT-IR
characterizations proved that the ANA was pure analcime
zeolite. In addition, no additional silicon source was required.
The chemical-physical, morphological and spectral character-
izations of the ANA proved the feasibility of the experimental
scheme proposed in this paper. ANA displayed a flower-like and
needle-like three-dimensional structure and the specific surface
area was 20 m> g~ . These prove that it had a certain adsorption
potential. ANA was used to adsorb TC, CIP, NOR and ENR in
water, and the adsorption capacities were 134.2, 64.3, 56.5 and
43.8 mg g, respectively. It was found that ANA had a strong
adsorption performance for TC, and so the adsorption process
of TC was studied in detail. It was found that the optimal
adsorbent dose was 0.4 g L™, pH 7, and the contact time was
300 min. The maximum adsorption capacity was 936.86 mg g,
which was much higher than the adsorption capacity of the
existing zeolite for TC. The kinetic and isotherm fitting data
showed that the adsorption of TC on ANA was mainly via
monolayer chemical adsorption, and the process was more in
line with the pseudo-second-order kinetic model and the
Langmuir isotherm adsorption model. These results confirm
that ANA is an efficient and economical TC adsorbent.
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