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Highlights

e Effect of dry-gel conversion synthesis conditions for magnetic BEA zeolite composites is
studied.

e Homogenous BEA zeolite/Fe;04 composite was successfully synthesized using the optimal
conditions.

e The composite exhibits magnetic properties and could be easily collected using a magnet.

e The obtained product could effectively remove sulfadiazine, especially from acidic solutions.

e The adsorption was found to be of a multilayer type and followed the Freundlich model.
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Abstract

The dry-gel conversion method (DGC) is a promising synthesis protocol for preparing

magnetic zeolite composites as it yields homogeneous composite particles with more rapid crystallization,

smaller reactor volume, and less waste production than the conventional hydrothermal method. This work

investigates the optimal conditions for preparing magnetic BEA-type zeolites using the DGC method,

including the gel/water ratio, crystallization temperature and time. Precursor dry-gel incorporating well-

dispersed magnetite was subjected to crystallization under water vapor atmosphere with a gel/water ratio

of 0.5-2, crystallization temperature of 140-200 °C for 1.5-12 h, followed by characterization using X-

ray diffraction and scanning electron microscopy. The optimum conditions were found to be gel/water

ratio of 1 and crystallization at 180 °C for 12 h. Magnetic properties of collected samples were evaluated

using a vibrating-sample magnetometer after calcination at 400—-500 °C for 12 h. Products calcined below

450 °C showed good magnetic properties. Adsorption of sulfadiazine using the BEA and magnetic BEA-

type zeolites was evaluated in a 10-50 mg/L range. Results revealed favorable multilayer-type adsorption

of sulfadiazine onto both non-magnetic and magnetic BEA-type zeolites (Freundlich model). These

indicate that DGC method is suitable for preparing high-silica magnetic BEA-type zeolites with potential

for antibiotic removal.
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1. Introduction

Zeolites are crystalline microporous aluminosilicate materials possessing various functions.

There are approximately 250 zeolite frameworks with various porosities, pore sizes, and shapes, as well

as interesting adsorption and ion-exchange properties that can be adjusted by controlling the SiO,/Al,O;

ratio of the frameworks through the synthesis processes [1]. Owing to their diversity in microporous

networks, zeolites have been extensively used in chemical industries as catalysts [2, 3], in agriculture and

food production [4, 5], biotechnology and medicine [6], environmental detection [7, 8] and purification [9,

10]. Zeolites with high porosity and ion-exchange properties are effectively used to remove inorganic and

organic pollutants in environmental applications [11].

Antibiotics are pharmaceutically active compounds used to treat infections in humans and

livestock. It has been reported that antibiotic residues are detected in effluent from hospitals, livestock

farms, and agriculture fields where manure fertilizers are used. Most antibiotics are not metabolized and

thus persist in the environment. Therefore, they can enter water sources and harm aquatic organisms,

leading to a high risk of environmental problems [12, 13]. Consequently, the removal of antibiotic

residues from the water is necessary. Sulfonamide drugs, the sulfa drugs, cover a large group of



antibiotics; they have been widely used for a long time as veterinary drugs in animal feedstuffs and in

human treatment to prevent infections such as the urinary tract infection [14, 15]. Sulfa drugs are water-

soluble and are found in water worldwide [16]. Various treatment methods for the removal of antibiotics

from various water bodies and systems have been reviewed [17, 18]. Among the reported methods,

adsorption is a good choice because of its effectiveness and easy handling [18] as well as its broad

applicability to both inorganic and organic pollutants [19].

High-silica zeolites with various zeolite frameworks, such as FAU [20-26], MOR [21, 27], MFI

[21, 28], and low-silica zeolite (HEU) [29, 30] have been assessed for the removal of sulfonamide

antibiotics from water. Each zeolite type reportedly shows potential for the adsorption of sulfonamide

antibiotics. Another framework, the BEA-type, is a large-pore zeolite that has been characterized as a

silica-rich structure with high hydrophobicity. Therefore, it is a promising adsorbent for removing organic

pollutants along with other silica-rich zeolites [1].

Considering the separability of adsorbents from liquid media after adsorption, magnetic zeolite

composites are more attractive choice than powdered non-magnetic zeolites because of their ease of

recovery using an external magnetic field with a shorter collection time. Zeolites can be synthesized using

the hydrothermal method, which is widely used for the preparation of magnetic zeolite composites [31-

39]. Other wet and dry methods have been reported in the literature for preparing non-magnetic zeolites,
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such as the alkaline molten-salt method [40], inter-zeolite conversion [41], mechanochemical synthesis

[42], using hydrated alkaline silicate ionic liquids [43], solvent-free synthesis using organosilanes [44],

and dry-gel conversion (DGC) [45-49]. Moreover, magnetic zeolite composite synthesis methods have

been developed, with varieties such as the ionic exchange process [50], electrochemical synthesis in the

presence of zeolites [51], chemical co-precipitation in the presence of zeolites [52], and maceration [53].

Regarding the synthesis of magnetic zeolite composites, controlling the crystallization of zeolites in the

presence of magnetic particles to yield highly homogeneous magnetic composites remains challenging.

Our group has been paying special attention to the DGC method, first introduced to synthesize non-

magnetic zeolite by Xu et al. in 1990 [45], owing to its high possibility of obtaining homogeneous

magnetic zeolite composites. Additionally, the more rapid crystallization of zeolite compared to the

common hydrothermal method can be restricted by the existence of a precursor using DGC. Since a dry-

gel precursor is used, a lower reactor volume is required, and a high yield together with an extremely

small amount of wastewater results in less waste production [46, 49]. In the dry-gel process, magnetic

particles are initially mixed with ingredients of zeolites to form a uniform dry precursor gel before

exposure to water vapor in the hydrothermal reactor. In this manner, the incorporation of magnetic

particles with zeolite crystallization is accomplished. This method was successfully employed for the

preparation of magnetic BEA-type zeolites, and their performance as adsorbents was tested for the
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adsorption of an organic dye, which resulted in a high adsorption capacity [54]. However, the optimum

dry-gel conversion synthesis conditions for magnetic BEA-type zeolites and their potential for antibiotic

adsorption have not yet been clarified.

In this work, we synthesized magnetic BEA-type zeolites using the DGC method and

investigated the optimal DGC synthesis conditions, namely the gel/water ratio, crystallization temperature,

crystallization time, and calcination temperature. The magnetic BEA-type zeolite prepared under the

optimum conditions was subsequently subjected to sulfadiazine adsorption as a model substance to

represent sulfonamide antibiotics.

2. Materials and Methods

2.1 Materials

To synthesize magnetic BEA-type zeolites, colloidal silica (HS-30, 30 wt% silica, Sigma

Aldrich, USA) as the silica source, aluminum sulfate hexahydrate (Alx(SO4)3-16H>0, Nacalai Tesque,

Kyoto, Japan) as the alumina source, sodium hydroxide (NaOH, Nacalai Tesque, Kyoto, Japan) as the

alkali source, and tetraecthylammonium hydroxide solution (TEAOH, 35 wt%, Tokyo Chemical Industry

Co., Ltd., Tokyo, Japan) as the structure-directing agent (SDA) were used. Magnetite (Fe3O4; Kanto

Chemical Co., Inc., Tokyo, Japan), having primary particle with Heywood diameters mostly in the range

100-300 nm (Fig. S1), was used as the magnetic material. Sulfadiazine (CioH10N4O>S, Tokyo Chemical
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Industry Co., Ltd., Tokyo, Japan) was used as the model substance representing the sulfonamide

antibiotic for evaluating the adsorption performance. 0.1 mol/L hydrochloric acid (HCI, Nacalai Tesque,

Kyoto, Japan) solution, 0.1 mol/L. NaOH solution were used to adjust initial pH and phosphate buffer pH

6.86 (Kanto Chemical Co., Inc., Tokyo, Japan) was used for measuring sulfadiazine concentrations in

experiments considering pH effect on sulfadiazine adsorption.

2.2 Synthesis of magnetic BEA-type zeolites

The DGC synthesis conditions for magnetic BEA-type zeolites were considered using a fixed

precursor gel prepared in the same manner as in our previous work [54]. Briefly, 12.10 g of colloidal

silica, 9.42 g of 35wt% TEAOH solution, and 1.00 g of 20wt% NaOH solution were mixed and stirred for

30 min, with the subsequent addition of 10.64 g of 6wt% Al>(SO4)3-16H20 solution and 5.58 g of distilled

water. The mixture was continuously stirred for 30 min before adding 1.12 g of Fe;O4 and stirred for

another 30 min. The mixture was then heated to 80 °C to finally obtain dry-gel. The dry-gel was

pulverized using a mortar before crystallization. A known weight of the precursor gel was placed in a

PTFE cup and placed in a water-containing autoclave, operating at various gel/water ratios (0.5, 1, and 2).

The DGC was then performed at various crystallization temperatures (140, 160, 180, and 200 °C) and

crystallization times (1.5, 3, 6, and 12 h) in a water vapor-saturated atmosphere. The products were then

dried without additional washing. X-ray diffraction (XRD, RINT 2500TTR, Rigaku Corporation, Japan)
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with a Cu-Ka radiation source (o0 = 1.54056 A) and scanning electron microscopy (SEM, JSM-6330F,

JEOL, Japan) were used for characterization. The crystallized samples were further calcined in air at

various temperatures (400, 450, and 500 °C) for 12 h to remove the SDA remaining in the zeolite pores.

The magnetic properties of the calcined materials were evaluated by hysteresis loops measured using a

vibrating-sample magnetometer (VSM, BH-5501, Denshijiki Industry Co. Ltd., Japan). The entire

protocol was used but addition of FesO4 was excluded to synthesize non-magnetic BEA for comparison of

morphology and adsorption performance.

2.3 Evaluation of sulfadiazine adsorption performance

The adsorption performance of the synthesized adsorbents was evaluated using adsorption

isotherms. The isotherms were performed using 0.5 g/L adsorbent suspension in 10-50 mg/L sulfadiazine

solutions as initial concentrations at pH 5.5+0.5. The suspensions were shaken for 24 h at 25 °C. The

adsorbed amount and equilibrium concentration of sulfadiazine were calculated from the concentration of

the sulfadiazine solutions before and after the adsorption test and were evaluated using a

spectrophotometer (A = 264 nm, UV-2450, Shimadzu Co., Japan).

The effect of initial pH was also considered by adjusting the pH of 20 mg/L sulfadiazine

solutions using 0.1 mol/L hydrochloric acid or 0.1 mol/L NaOH solution before adsorption. After 24 h

adsorption at 25 °C, a constant volume of the supernatant was collected and diluted with phosphate buffer

9



pH 6.86 for evaluation of the adsorbed amount of sulfadiazine using a standard calibration curve prepared

in phosphate buffer pH 6.86 Measurement of UV absorbance in the effect of initial pH test was performed

at 240 nm.

2.4 Reusability of the adsorbents

To investigate the reusability of the adsorbents, 0.5 g/L of adsorbents were added in 20 mg/L

sulfadiazine solution (pH 5.5+0.5) for 24 h. After adsorption for 24 h, the adsorbents were collected using

a filter and were thermally regenerated at 400 °C for 12 h. The thermal treated adsorbents were used in

subsequent numbers of adsorption/regeneration cycles. Equilibrium amount of sulfadiazine adsorbed (ge,

mg/g), was calculated to evaluate the reusability of the adsorbents.

3. Results and Discussions

3.1 Determination of optimal conditions for zeolite crystallization

The amount of water used as the steam source during the synthesis was determined by

changing the gel/water ratios. It was found that the product was amorphous when a gel/water ratio of 2

was used, as no peaks of BEA-structure appeared in the XRD patterns (Fig. 1a), and no evidence of

crystallization of BEA crystals could be seen from SEM images (Fig. 1b). The BEA-structure crystalline

characteristic peaks, which agreed well with the standard card (JCPDS 48-0074), became highly intense

when lower gel/water ratios of 1 and 0.5 were used. In addition, an obvious change in morphology was
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observed at lower gel/water ratios of 1 and 0.5, supporting that crystallization of BEA zeolite took place.

The same results were obtained for both non-magnetic and magnetic zeolite samples. When using a

gel/water ratio of 2, it was hypothesized that the amount of water was too low to sufficiently cause the

reaction of the ingredients in the precursor gel to crystallize BEA. This finding supported a previous

report that an amorphous product was obtained when the water amount was insufficient (higher gel/water

ratios) [46]. Considering the lowest amount of water required among the studied conditions, a gel/water

ratio of 1 was selected for further synthesis because it was sufficient to fully crystallize the BEA zeolite

with and without the presence of Fe3O4 particles.

Numerous researchers have studied the effect of crystallization temperature during zeolite

synthesis and proved that it has a significant influence on the crystallinity of zeolite products [33, 38, 49,

55-58]. In this work, we examined DGC temperature in the range 140-200 °C for 12 h at a constant

reactant composition. As observed in the XRD patterns (Fig. 2a), crystalline BEA peaks were obtained,

indicating crystalline BEA was formed at a crystallization temperature of 140 °C and became stronger up

to 180 °C. However, much lower XRD peak intensity was found for that of magnetic BEA zeolite product

at 140 °C compared to the non-magnetic one. It is assumed that the presence of Fe3O4 might have

suppressed the nucleation and crystal growth rates at lower crystallization temperatures. This is also

supported by the differences in the SEM images depicted in Fig. 2b, in which the formation of crystal-like
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particles is not observed. At a higher crystallization temperature above 160 °C, crystalline rough spherical

shape products were obviously obtained for both non-magnetic and magnetic BEA zeolites. Conversely,

when the crystallization temperature increased to 200 °C, an amorphous phase was obtained in both non-

magnetic and magnetic products, indicating the loss of crystallinity. This was possibly caused by the

partial decomposition and evaporation of the SDA, as can be anticipated from the formation of small

voids on the sample surface (see the higher magnification in Fig. 2b). By monitoring weight loss during

calcination temperature study of zeolite BEA, do Nascimanto et al. [59] found that decomposition of the

organic TEAOH template was observed from 200 °C, which supports the results of this work. Meanwhile,

the characteristic peak of Fe;O, at each studied temperature indicated that no phase change by oxidation

occurred during the synthesis. The effect of the crystallization temperature was similar to that reported in

previous studies, namely, that the phase change and decrease in the crystallinity of zeolites occurred at

high crystallization temperatures [55, 57, 59, 60], and revealed that the formation of BEA-type zeolites

strongly depends on the crystallization temperature. In this work, temperature in the range 160—180 °C

was optimal for the crystallization of BEA with and without the presence of FesO4 particles. The

adsorbent samples crystallized at 180 °C were used as the representatives for the study of crystallization

time and evaluation of antibiotic adsorption performance.

Another influential parameter for both crystallinity and yield of the zeolite product is the
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crystallization time. In this work, crystallization time in the range 1.5-12 h at a constant temperature

(180 °C) and reactant composition were examined. It was found that crystalline BEA-type zeolite

products could be formed even after a short crystallization time of 1.5 h, as shown in the XRD patterns

(Fig. 3a). The peak intensity of BEA became more intense after longer crystallization times owing to the

sufficient time for crystal growth. Well-formed spherical crystals of magnetic BEA were obtained after 3

h, as shown in Fig. 3b, but a constant yield was observed after 6 h and up to 12 h with the remaining

Fe304 phase. Therefore, at least 6 h were required to reach saturated crystallization of BEA with and

without the presence of Fe3Oj4 particles at 180 °C. To ensure that we obtained the optimal crystallinity and

morphology, BEA and magnetic BEA samples crystallized at 180 °C, 12 h were selected for further

evaluation of the effects of calcination temperature on their magnetic properties.

3.2 Investigation of magnetic properties of the calcined samples

Calcination is required to remove the organic template from the synthesized adsorbents and

open their pores for adsorption. The magnetic properties of the magnetic BEA sample varied depending

on the calcination temperature. As reported in the literature [59, 61], thermal gravimetric analysis of as-

prepared BEA zeolite revealed that a dramatic decrease in the weight of the sample was found in the

temperature range 400-500 °C, which is attributed to degradation of the organic SDA. Therefore, in this

work, we examined the effect of this calcination temperature range on the magnetic properties of BEA
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and magnetic BEA. Hysteresis loops of BEA and magnetic BEA-type zeolites crystallized at 180 °C (12

h) and calcined at 400, 450, and 500 °C (12 h), compared to bare Fe3O4, were measured using VSM at

around 25 °C. The saturation magnetization (Ms) values, shown in Fig. 4a, of magnetic BEA samples that

calcined at 400, 450, and 500 °C were 11.21, 7.58, and 2.52 emu/g, respectively. The saturation

magnetization of the magnetic samples decreased with increasing calcination temperature. The

synthesized magnetic BEA-type zeolites still exhibited ferromagnetic properties, although their Ms values

were lower than that of bare Fe304 (73.949 emu/g), whereas the non-magnetic BEA samples did not show

a magnetic response (Fig. 4b). A calcination temperature of approximately 500 °C was reported in the

literature to effectively remove the organic template [59], but it also caused the magnetic properties to

deteriorate due to oxidation of Fe3Os4 to hematite (0-FeoOs) phase, a soft magnetic material, at high

temperatures [62]. The XRD pattern of the magnetic sample after calcination at 450 °C for 12 h showed

the existence of a-Fe,O3 to some extent; however, the intensities of the characteristic peaks of Fe304 were

only decreased in small quantity (data not shown). From the Ms data, magnetic contents in the samples

calcined at 400 °C; where no oxidation of Fe3O4 was detected, was calculated to be 17.6 wt% but it

decreased to 11.3 wt% after calcination at 450 °C. This loss of approximately one third of the apparent

magnetic content after calcination at 450 °C could represent the amount of Fe3O4 oxidized to a-Fe;Os,

which weakened the magnetic properties of the samples. Although, calcination at 450 °C partially
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disturbed the magnetic properties, such temperature was necessary to degrade and remove the SDA from
the adsorbent pores [59, 61] for sufficient adsorption of sulfadiazine. To compromise between magnetic
separability and adsorption performance of the samples, the magnetic BEA calcined at 450 °C (12 h) was
chosen for evaluation of sulfadiazine adsorption performance. The magnetic BEA calcined at 450 °C (12
h) still exhibited a good magnetic response and was quickly collected using a neodymium magnet
(surface flux density of 0.45 T), unlike the non-magnetic ones with no attractivity.
3.3 Sulfadiazine adsorption performance test

Sulfadiazine adsorption isotherms of BEA and magnetic BEA zeolite samples calcined at
450 °C are shown in Fig. 5. The equilibrium sulfadiazine adsorption amount (¢.) increased with
increasing sulfadiazine equilibrium concentrations. The adsorption amount of magnetic BEA seemed to
be slightly lower than that of non-magnetic BEA. This was due to the incorporated amount of Fe;Os,
which did not contribute to the adsorption of sulfadiazine.

To explain the sulfadiazine adsorption behavior, two common adsorption models, the
Langmuir and Freundlich models, were employed. The Langmuir model was constructed by plotting

C./q. and C, in the linear form:

C. C. 1
9, 4, bq,
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where C. is the equilibrium concentration of sulfadiazine (mg/L), g. is the equilibrium amount of
sulfadiazine adsorbed (mg/g), gm is the maximum adsorption capacity (mg/g), and b is the adsorption
equilibrium constant (L/mg).

The Freundlich model was carried out by plotting logg. and logC: in the linear form of
1
1ogge=l—110g C.+logks

where K is a constant related to the relative adsorption capacity of the adsorbent (mg! ~(» L'" o1y and n
is a constant related to the intensity of the Freundlich adsorption. The linear plots in Fig. 6 indicate that
the adsorption of sulfadiazine onto both BEA and magnetic BEA samples tended to fit the Freundlich
isotherm, as indicated by the correlation coefficient (R?). Therefore, the adsorption of sulfadiazine onto
the BEA and magnetic BEA zeolites was multilayered, corresponding to physio sorption [63]. This
finding was in good agreement with most of the previous studies; the adsorption isotherms of sulfadiazine
[64, 65] and other sulfa drugs [22, 28, 30, 65-67] followed the Freundlich model, as summarized in Table
1. The values of n are greater than 1, indicating the favorable adsorption of neutral sulfadiazine onto both
non-magnetic and magnetic BEA zeolites at the tested pH (5.5+£0.5). However, the Langmuir isotherm
was also found to be a suitable model for sulfa drug adsorption onto high-silica zeolites in some literature

[24, 66]. Considering the Kr values, which reflect the relative adsorption capacity, the magnetic BEA-
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type zeolites could be a potential adsorbent for removing sulfonamide antibiotics from water in terms of

adsorption performance and separability.

Sulfadiazine exists in neutral, and ionic forms depending on pH (Fig. 7). Therefore, the

adsorption behavior of sulfadiazine on BEA zeolite and magnetic BEA zeolite composite could vary at

different pH values. To explain the adsorption mechanism, adsorption of sulfadiazine was performed at

pH 2.4, 4.4, 5.5+0.5, and 7.0 (using 20 mg/L sulfadiazine). After adsorption, pH of the solutions barely

changed from the initial value (see Table S1). It was found that the UV absorption spectra of sulfadiazine

changed according to pH (Fig. S2). Consequently, to measure the adsorbed amount of sulfadiazine,

phosphate buffer (pH 6.86) was used to control the pH of the samples and the standard solutions. In this

case, there were two strong absorption peaks at 240 and 257 nm which showed similar linearity (Fig. S3).

The wavelength 240 nm was chosen as the analytical wavelength.

The pH of sulfadiazine solutions prepared without any adjustment was 5.5+0.5, where its

neutral form is predominant (87.0%) and the rest 12.9% and 0.1% were the anionic and cationic form,

respectively (Fig. 7). When the pH decreased from the original pH 5.5 to 4, the neutral form increased by

11.6% to become the most abundant form and the adsorbed amount also increased by similar percentage

for non-magnetic BEA. This result indicated hydrophobic interaction between neutral sulfadiazine

molecule and hydrophobic nature of the high-silica BEA was promoted at this pH. However, in case of
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magnetic BEA, the increase in percentage of adsorbed amount was only half of the percentage increase in

neutral form. This was due to the presence of iron oxide phase in the composite, which decreases the

amount of the hydrophobic BEA and perhaps additionally due to the change in surface state of the

adsorbent by the iron oxide phases. When the pH decreased from 4 to more acidic region, pH 2, the

adsorbed amount of sulfadiazine greatly increased by more than 30% for both BEA and magnetic BEA,

which was the highest level among the studied pH range. In this region, the fraction percentages of the

cationic and neutral sulfadiazine were equal with negligible anionic form existed. Therefore, electrostatic

interaction also may greatly contribute to the adsorption mechanism in addition to the hydrophobic

interaction. The electrostatic interaction could be the ion-exchange between cationic sulfadiazine and the

partially existing counter cation, Na®, at the alumina site of BEA. Moreover, according to the literature

[68], surface charge of BEA (with SiO»/Al,O3 ratio ~15-30) was negative over the pH range 2—11. This

could be also preferable for attracting with the cationic sulfadiazine. Additionally, hydrogen bonds

between nitrogen of sulfadiazine and the silanol group on BEA surface could also happen in acidic

aqueous solution [69] or between amine hydrogen atom and oxygen atom in zeolite framework with

medium strength [70]. Conversely, when the pH increased from the original 5.5+0.5 to 7, the neutral form

decreased about four times while the anionic form increased by six times becoming predominant (79.9%).

The absorbed amount of sulfadiazine dramatically decreased to nearly half for both BEA and magnetic

18



BEA, however; this decrease was milder that the percentage decrease in ionic state of sulfadiazine in

neutral form (approximately -67%). The adsorbed amount was suppressed by the repulsion between the

increased negative charged sulfadiazine and the alumina site of BEA. The non-proportional changes

among fraction species and the suppressed adsorbed amount of sulfadiazine could be due to the remain

hydrophobic interaction which still mainly serves the adsorption process. The hydrophobic interaction

was formed by attraction between aromatic rings on sulfadiazine and the siloxane network which is

abundant in the high-silica zeolite framework [23]. Since the BEA and magnetic BEA were able to adsorb

ionic and neutral sulfadiazine to some extent at the studied pH range. Thus, the hydrophobic interaction

could occur mainly at wide pH range. This finding supports the previous research that the adsorption of

sulfa drugs in neutral form via hydrophobic interaction is mainly preferable onto high-silica zeolite over

the ionic forms [28, 65, 66].

3.4 Reusability and estimation for practical application

Regeneration of zeolites could vary depending on nature of the adsorbates which should be

able to recover the adsorbents with maintained the structure and adsorption properties. Sulfadiazine is an

organic substance that could be dissolved in an organic solvent or thermally decomposed. On the other

hand, we found that the adsorption of sulfadiazine onto BEA zeolite was suppressed at higher pH.

Therefore, in order to remove the adsorbed sulfadiazine from zeolites, some regeneration techniques such
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as solvent extraction, thermal treatment, and washing by alkali solution seemed to be adoptable. Braschi

et al. studied regeneration performance of sulfa drugs loaded high silica FAU zeolite. They found that the

collected adsorbents that were washed using water/acetonitrile/methanol mixture and thermally treated at

500 °C showed the best regeneration performance [25]. In another paper, Sannino et al. regenerated

sulfanilamide-adsorbed magnetic zeolites using thermal treatment at 400 °C, which found to fully recover

the adsorbent properties. Additionally, they alternatively used diluted NaOH solution to wash the

adsorbents which showed comparable performance [69]. In our studies, the stability of BEA structure and

magnetic properties of magnetic BEA composite are both of concern. To ensure complete elimination of

the adsorbed sulfadiazine we employed thermal treatment by re-calcination of the adsorbents at 400 °C

for 12 h after each consecutive use. We investigated and compared the g. values of three cycle-reused

adsorbents and found that their g. values after second and third adsorption cycles did not diminish, as

shown in Fig. 8. Surprisingly, adsorption of sulfadiazine on BEA and magnetic BEA was slightly

enhanced after regeneration. The explanation could be coming up with two possible reasons. First, Na*

counter ions could have been replaced by the proton (H") presence in 20 mg/L sulfadiazine solution at pH

5.5, leaving behind more accessible area to sulfadiazine in the following adsorption/regeneration cycles.

And second, re-calcination of the adsorbents at 400 °C for 12 h could release not only the adsorbed

sulfadiazine but perhaps also the slightly remaining SDA (TEAOH) from the first calcination, which open
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more pores ready to sulfadiazine in the following adsorption cycles. The magnetic properties of the

magnetic BEA might not be suppressed after re-calcination since the XRD intensities of Fe3O4 and a-

Fe,O3 peaks remained unchanged (data not shown). Moreover, the reused magnetic BEA dispersed in

aqueous solution still showed good attraction to the magnet. Therefore, the synthesized BEA and

magnetic BEA could be reused for adsorption of sulfadiazine at least three cycles with improved

performance.

The adsorption isotherm studies in this work using the initial sulfadiazine concentration in the

range 10-50 mg/L reveal that the removal efficiency increased when the initial sulfadiazine

concentrations decreased. Removal efficiency was ~48% at initial sulfadiazine concentration 10 mg/L and

it became ~75% when the initial concentration of 1 mg/L was additionally tested using 1g/L of magnetic

BEA sample. Typically, antibiotics in surface water and sewage treatment plant effluents or wastewaters

are found in a rather lower range: 0.01-1.0 pg/L [71], thus, the removal efficiency is expected to be

higher than ~75%. From the aforementioned expectation, if 1000 L of wastewater, assumed to contain

sulfadiazine concentration of 0.4 ug/L at ~pHS5.5, needs to be practically treated using an adsorbent with

removal efficiency of ~75% and contact time of at least 1 h (reported time for sulfadiazine to reach

saturation on zeolite [64]) shall reach the recommended discharge limit (0.1 pg/L), by US Food and Drug

Administration [71] by using 1 kg of our magnetic adsorbents. The magnetic adsorbents could be
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collected by using the water treatment system integrated with rotating magnetic separator [72]. After

thermal regeneration, the magnetic adsorbents could be still reused for at least another 2 more cycles to

reduce the assumed sulfadiazine amount in wastewater to below the discharge limit.

4. Conclusions

In this study, magnetic BEA-type zeolites were synthesized by dry-gel conversion method and

the optimal synthesis conditions were determined. Magnetite, the selected as the magnetic particles, was

well-mixed with the precursor dry gel before crystallization under a water vapor atmosphere. Optimal

synthesis conditions, such as gel/water ratio, crystallization temperature, and crystallization time were

investigated, and were found as 1, in the range 160—180 °C, and at least 6 h, respectively. Additionally, a

calcination temperature of 450 °C is recommended to maintain both adsorption and magnetic properties

of the magnetic BEA-type zeolites. In this manner, uniform magnetic BEA-type zeolites with good

magnetic separability were obtained. The performance of the synthesized non-magnetic and magnetic

adsorbents was evaluated by the adsorption of sulfadiazine, a sulfonamide antibiotic, in aqueous solutions.

The adsorption was found to be of a multilayer type and followed to the Freundlich model. The dry-gel

conversion method is therefore well-suited for the preparation of high-silica magnetic zeolites with

potential for antibiotic removal.
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Figure captions

Fig. 1 a) XRD patterns and b) SEM images of BEA and magnetic BEA-type zeolites synthesized using

different gel/water ratios, at 180 °C for 12 h

Fig. 2 a) XRD patterns and b) SEM images of BEA and magnetic BEA-type zeolites synthesized using

gel/water ratio of 1 at different crystallization temperatures for 12 h

Fig. 3 a) XRD patterns and b) SEM images of BEA and magnetic BEA-type zeolites synthesized using

gel/water ratio of 1 at 180 °C for different crystallization times

Fig. 4 Magnetization curves of a) magnetic BEA, denoted as MBEA, and b) BEA measured at room

temperature in comparison with Fe3Os. Numbers in the data series names represent calcination

temperatures in °C

Fig. 5 Adsorption isotherm of sulfadiazine onto BEA and magnetic BEA-type zeolites calcined at 450 °C

Fig. 6 Adsorption isotherm plots using Langmuir and Freundlich models of sulfadiazine onto BEA and

magnetic BEA-type zeolites calcined at 450 °C

Fig. 7 Fraction species and adsorbed amount percentage of sulfadiazine on BEA (circle marker) and

magnetic BEA (diamond marker) at different pH values. The adsorbed amount percentage was calculated

as per total amount of sulfadiazine in the initial solutions (20 mg/L)

Fig. 8 Equilibrium amount of sulfadiazine adsorbed on BEA and magnetic BEA after each
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adsorption/regeneration cycle
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Graphical abstract
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Graphical abstract shows the synthesis of BEA zeolite/FesO4 composite via dry-gel

conversion method; a novel composite synthesis method first proposed by our group,

and its potential to apply for antibiotics removal. The experimental scheme represents

the unique synthesis process of the composite by mixing raw materials for zeolite with

the Fe3O4 particles before drying to obtain uniform dry zeolite precursor gel containing

Fe304 followed by crystallization. Highly crystalline BEA zeolite could be crystallized

under saturated water vapor by heating the dry gel in a closed autoclave containing

small amount of water under modified conditions. The effects of gel/H,O ratio,

crystallization temperature, and crystallization time on crystallization of the composite

adsorbent were studied and the optimized condition was found to be gel/H.O = 1,

crystallization temperature of 180 °C, and crystallization time of 12 h. The SEM image
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reveals that the composite adsorbent obtained under the aforementioned optimized
condition results in uniform crystals with small size below 1 pum and isotropic shape.
The top right picture proves that calcined BEA zeolite/ Fe3O4 composite allows simple
magnetic separation using a magnet which was further tested for removal of antibiotics
(sulfadiazine) from water. The experimental adsorption isotherm plot shows that the
BEA zeolite/ Fe304 composite can remove sulfadiazine through adsorption, and the

adsorption was found to well fit to linear Freundlich isotherm model.
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Table 1 Freundlich isotherm parameters for sulfa drug adsorption onto BEA, magnetic BEA-type zeolites

in this work, and in previous reported zeolites

Freundlich adsorption isotherm parameters

Zeolite (SiO2/AL203 ratio) Sulfa drugs References
Kr(mg! "ML gl)y g R2
FAU (100) Sulfamethoxazole 8611.5° 2.92 0.971 [66]
FAU (30.62) Sulfamethoxazole 26.10 0.64 0.998 [22]
FAU (82.59) Sulfamethoxazole 105.46 0.54 0.994 [22]
HEU (= 12.5)¢ Sulfamethoxazole 2.65 2.23 0.978 [30]
MFI (500) Sulfamethoxazole 20.97 1.74 0.96 [28]
MFI (500) Sulfamethoxazole 42.66 1.393 0.952 [65]
MOR (= 40)° Sulfamethoxazole® 9.63° 1.00 0.991 [67]
TiO2/HEU (Not reported) Sulfadiazine 0.0811 0.9077 0.9593 [64]
MFI (500) Sulfadiazine 5.68 1.21 0.99 [28]
MFTI (500) Sulfadiazine 2.74 2.134 0.970 [65]
BEA (44) Sulfadiazine 3.424 1.531 0.9967 This study
Magnetic BEA (44) Sulfadiazine 3.456 1.771 0.9441 This study

a: recalculated from the original value of 0.034 mol! -~ (/M L» o=1 [66]; b: the original unit is pg/g (L/ug)" [67]; c:

tested with co-existing of ammonium ion [67]; d: calculated using the reported weight percentage of SiO2 (68.60

wt%) and Al2O3 (9.33 wt%) in the commercial zeolite [30]; e: recalculated from the reported weight percentage of

Si02 (94.656 wt%) and ALO3 (3.933 wt%) [67].
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Fig. 1 a) XRD patterns and b) SEM images of BEA and magnetic BEA-type zeolites synthesized using

different gel/water ratios, at 180 °C for 12 h
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Fig. 2 a) XRD patterns and b) SEM images of BEA and magnetic BEA-type zeolites synthesized using

gel/water ratio of 1 at different crystallization temperatures for 12 h
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Fig. 3 a) XRD patterns and b) SEM images of BEA and magnetic BEA-type zeolites synthesized using

gel/water ratio of 1 at 180 °C for different crystallization times
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Fig. 4 Magnetization curves of a) magnetic BEA, denoted as MBEA, and b) BEA measured at room

temperature in comparison

temperatures in °C

with Fe3Os. Numbers in the data series names represent calcination
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Fig. 5 Adsorption isotherm of sulfadiazine onto BEA and magnetic BEA-type zeolites calcined at 450 °C
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Fig. 6 Adsorption isotherm plots using Langmuir and Freundlich models of sulfadiazine onto BEA and

magnetic BEA-type zeolites calcined at 450 °C
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Fig. 7 Fraction species and adsorbed amount percentage of sulfadiazine on BEA (circle marker) and

magnetic BEA (diamond marker) at different pH values. The adsorbed amount percentage was calculated

as per total amount of sulfadiazine in the initial solutions (20 mg/L)
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Fig. 8 Equilibrium amount of sulfadiazine adsorbed on BEA and magnetic BEA after each

adsorption/regeneration cycle
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