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One framework type of high-silica zeolite only can effectively remove a limited range of organic micropollutants
(OMPs) from water. In order to extend the OMP removal range, different types of high-silica zeolites need to be
combined in the adsorption process. In this study, Mordernite (MOR) and ZSM-5 (MFI) high-silica zeolite
powders were mixed in different mass ratios. The removal performances of eight OMPs by zeolite mixtures, as
well as single MOR and MFI zeolites, were evaluated through batch adsorption experiments to investigate their
adsorption behaviors and mechanisms. When there was only one solute in water, the adsorption isotherms of
OMPs by zeolite mixtures were well predicted by combining the experimental adsorption isotherms of single
zeolites based on the mass ratios of single zeolites. In multi-solute water, adsorption isotherms by zeolite mix-
tures were calculated with less accuracy when solely combining experimental isotherms of single zeolites,
especially in the case of having a lower portion of more-effective zeolite in the mixture. This could be attributed

to the competition for more-effective zeolite between different OMPs.

1. Introduction

In recent years, organic micropollutants (OMPs), including phar-
maceuticals, industrial additives, personal care products, herbicides,
and pesticides, have been frequently detected in surface water and
ground water [1]. Although the detected concentration of OMPs is
generally at a trace level, i.e., a few ng L™' ~ several pg L™, the
persistence and accumulation of OMPs can negatively affect ecosystems.
Several studies implied that OMPs discharged into water bodies will
increase the antibiotic resistance of bacteria and will interfere with
hormones of aquatic animals, thereby significantly threatening the
health of aquatic living organisms and human beings [2-4].

Different techniques, such as adsorption [5], oxidation [6] and
membrane filtration [7], are investigated as supplementary steps to
remove OMPs in water treatment plants. Activated carbon adsorption is
one of the most commonly used techniques for OMP removal [8]. With a
high surface reactivity, a large surface area and a well-developed in-
ternal porous structure, activated carbon can adsorb a wide range of
OMPs [9,10]. However, it is difficult for activated carbon to remove
hydrophilic OMPs [11]. Furthermore, the adsorption efficiency of hy-
drophilic OMPs by activated carbon is severely affected by background
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organic matters (BOMs), since BOMs compete with OMPs for adsorption
sites and block the pores of activated carbon [12,13].

Zeolites are microporous, crystalline aluminosilicates with orderly
three-dimensional structures composed by SiO4 and AlO4 tetrahedrons.
The properties of zeolites vary with the ratio of silica (Si) to aluminum
(Al) contents (Si/Al ratio) [14]. High-silica zeolites, i.e., Si/Al molar
ratio higher than five, are manufactured by replacing Al content with Si.
The hydrophobic characteristic of high-silica zeolites is beneficial for
OMP adsorption from aqueous solutions, since the competition of water
molecules is effectively eliminated [15,16]. Moreover, zeolites only
contain micropores with pore sizes less than 2.0 nm. The micropores of
zeolites can exclude a majority of BOMs and promote OMP adsorption
[17]. Since zeolites are chemical and thermal resistant, reuse of zeolites
can be realized by both thermal and chemical regeneration [15,18,19].
One featured regeneration method for zeolites is to oxidize adsorbed
OMPs by ozone, Fenton, HyOy and other oxidants. Fu M. et al. has
investigated the application of oxidation regeneration for zeolite gran-
ules. They found that the acetaminophen adsorption capacity recovery
rate of zeolite granules remained 86% after three adsorption-
regeneration cycles with ozone, which offered the possibility to on-site
regenerate exhausted zeolites by ozone [20]. Because of these superior
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characteristics, high-silica zeolites are considered to be a feasible
alternative to activated carbon in the removal of OMPs from water [21].

The pore size and porous structure (cages and channels) of high-silica
zeolites vary by their framework types. Mordernite (MOR), ZSM-5
(MFI), Faujasite (FAU) and Beta (BEA) are the most widely used types
due to their high accessible area and easy commercial availability [22].
In previous research, high-silica zeolites have been proven to exhibit
excellent adsorption capabilities towards different types of OMPs, e.g.,
methyl tertiary-butyl ether [23], phenol [24], nicotine [25], sulfon-
amide [26] and so on, while zeolite with one framework type only
effectively removed a limited range of OMPs. For example, Rossner et al.
[27] studied the adsorption performances of 28 OMPs by FAU and MOR
zeolites. At a dosage of 100 mg L™}, only three OMPs were removed by
FAU and 15 OMPs were removed by MOR. Ridder et al. [28] studied the
removal efficiencies of 16 pharmaceuticals from demineralized water by
MFI and MOR zeolites. According to their findings, nine pharmaceuti-
cals were partially removed by MFI and 13 pharmaceuticals were
removed by MOR. Only two pharmaceuticals were completely removed
by both MFI and MOR. These phenomena can be explained by the close-
fit theory, which suggests that the interaction between OMP and high-
silica zeolite with certain framework is strong when zeolite’s pore size
is similar to OMP’s molecular size [28,29]. In order to combat the
pollution caused by increasingly diversified OMP species in water
environment, different types of high-silica zeolites need to be combined
in the adsorption process. To the best of our knowledge, no research has
been conducted to investigate the adsorption behaviors and mechanisms
of a broad range of OMPs by high-silica zeolite mixtures.

In this study, MOR and MFI were selected as the single zeolites to be
combined in adsorption processes because they showed good adsorption
efficiency for a range of OMPs. The pore opening size of MOR is from 2.6
A t07.0 A, the wide size range is beneficial for the adsorption of different
types of OMPs. While the pore opening size of MFI is around 5.0 A, the
relatively small size may provide a better adsorption capability towards
OMPs with low molecular weights [15]. For example, He and Cheng
[30] studied the adsorption performances of low molecular weight
pollutant N-nitrosodimethylamine (MW = 74.08 g mol~!) by different
framework types of high-silica zeolites. They found that MFI showed a
4-7 times greater adsorption capacity than FAU and MOR at an initial N-
nitrosodimethylamine concentration of 5 mg L. For the adsorption of
methyl tertiary-butyl ether at an equilibrium concentration of 1 mg L},
Erdem-Senatalar et al. [31] found that the adsorption capacity of MOR
was 22 mg g~ ', while the adsorption capacity of BEA was 8 mg g~ ' and
the adsorption capacity of FAU was negligible. Knappe and Campos [32]
also concluded that MOR and MFI zeolites were more effective than BEA
and FAU zeolites in the removal process of methyl tertiary-butyl ether.

Herein, MOR and MFI high-silica zeolite powders were mixed in
three different mass ratios (i.e., 4:1, 1:1 and 1:4) and served as the ad-
sorbents to remove OMPs at an environmentally relevant concentration.
A total of eight OMPs, including benzotriazole, 4-/5-methyl-benzo-
triazole, carbamazepine, diclofenac, metoprolol, sulfamethoxazole,
propranolol and sotalol, were selected as the target OMPs, because these
OMPs were recommended by the Dutch Ministry of Infrastructure and
Water Management as potential guide substances to evaluate the
effectiveness of OMP removal techniques. The adsorption capabilities of
benzotriazole by single zeolites (i.e., MOR and MFI) and zeolite mixtures
(i.e., MOR and MFI mixtures with different mass ratios) were first
evaluated in single-solute water (with benzotriazole only), and then in
multi-solute water (with benzotriazole and other seven OMPs). After-
wards, the adsorption performances of benzotriazole in single-solute
water and multi-solute water were compared to explain the adsorption
mechanisms. After that, the adsorption isotherms of zeolite mixtures
towards different OMPs were calculated by combining the adsorption
isotherms of single zeolites. Finally, the deviation between calculated
and experimental adsorption isotherms of zeolite mixtures was dis-
cussed to examine the possible application in practice.
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2. Materials and methods
2.1. Materials

MOR and MFI zeolite powders were purchased from Tosoh Corpo-
ration, the Netherlands. The characteristics of MOR and MFI zeolite
powders were shown in Table 1. Their Si/Al molar ratios and pore
opening sizes were obtained from the supplier. The Brgnsted acid sites
are weakly bound protons of a bridging hydroxyl group, typically be-
tween silica and aluminium (-Si~-OH"—Al-). Lewis acid sites are formed
at the extra framework aluminium species and framework defects of
hydrogen-type zeolites. The number of BAS and LAS in MOR and MFI
zeolites was determined to represent the Al content in the framework of
zeolites. The description of the procedures used for acid site measure-
ment is given elsewhere [14].

The surface area and pore volume of zeolite powders were deter-
mined by N3 gas adsorption (Gemini VII 2390p analyzer, Micromeritics).
The Ny adsorption isotherms of MOR and MFI zeolite powders were
plotted in Figure S1. The micropore surface area and external surface
area of zeolite powders were estimated by the t-plot method. Zeta po-
tentials of MOR and MFI zeolite powders at pH 3-9 were measured to
determine the charge on the external surface of zeolites. The method was
described in Supplementary Information. The zeta potential-pH profiles
of MOR and MFI zeolite powders were plotted in Figure S2.

MOR and MFI powders were dried at 105 °C for 24 h. Zeolite mix-
tures were prepared through mixing dried MOR and MFI zeolites with
three MOR/MFI mass ratios, i.e., 4:1, 1:1 and 1:4, and for example, the
mass ratio 4:1 meant that the weight percentages of MOR and MFI in
zeolite mixture were 80% and 20%, respectively. Therefore, a total of
five zeolites and zeolite mixtures were studied, namely MOR, MFI,
MOR/MFI 4:1, MOR/MFI 1:1 and MOR/MFI 1:4. MOR, MFI and zeolite
mixtures were dried at 105 °C for overnight and stored in the desiccator
before use.

A total of eight OMPs were used in this study: Benzotriazole (BZT), 5-
methyl-benzotriazole (MBZ), carbamazepine (CBZ), diclofenac (DCF),
metoprolol (MTP), sulfamethoxazole (SMX), propranolol (PRO) and
sotalol (STL). OMP standards (benzotriazole, 5-methyl-benzotriazole,
carbamazepine, diclofenac sodium salt, metoprolol tartrate, sulfameth-
oxazole, propranolol hydrochloride, sotalol hydrochloride, product in-
formation in Table S1) were purchased from Sigma-Aldrich, the
Netherlands. The physicochemical properties of OMPs, e.g., molecular
weight, log D and charge were summarized in Table 2. The chemical
structures of OMPs were shown in Figure S3.

2.2. Adsorption experiments

The stock solution of BZT was prepared by dissolving BZT standard
in ultrapure water (ELGA, the Netherlands) to reach the concentration of
400 mg L~!. Single-solute water was prepared by diluting BZT stock
solution 100,000 times with ultrapure water to ~4 pg L™,

The stock solution of OMP mixture was prepared by dissolving OMP
standards in ultrapure water for two weeks in dark with magnetic stir-
ring. The concentration of each OMP in stock solution was approxi-
mately 1 mg L™!. Multi-solute water was diluted from the stock solution
of OMP mixture with ultrapure water to reach ~4 pg L™! of each OMP.

Adsorption experiments were performed by dosing different amounts
of zeolites and zeolite mixtures (0, 1, 2, 5, 10, 25, 50, 100 mg) to 100 ml
single-solute water or multi-solute water in 100 ml Duran glass bottles.
These bottles were wrapped with aluminum paper to prevent photo-
degradation. Zeolites and solutions were mixed at 120 rpm in an
orbital shaker at 20 + 1 degree. The adsorption time was set at 48 h to
enable that the adsorption equilibrium was obtained (Figure S4). After
48 h, 1 ml solution was filtrated using a 0.2 pm regenerated cellulose
syringe filter (13 mm, Whatman, Spartan), which was rinsed with 5 ml
tap water and 15 ml sample solution to minimize OMP adsorption by
filters. Samples were stored under 4 degree in dark for analysis.
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Table 1
Characteristics of MOR and MFI zeolite powders.

Separation and Purification Technology 282 (2022) 120009

Framework Product Si/Al BAS (umol  LAS (umol  Pore opening BET surface Micropore surface External surface Pore volume
type name molar ratio g’l) g’l) size (;\XA) area (m2 g’l) area (m2 g’l) area (m2 g’l) (cm3 g’l)
MOR 690HOA 120 52 8 6.5 x7.0 431 360 71 0.2687
2.6 x 5.7
MFI 890HOA 750 n.d.? n.d.? 5.1 x 5.5 334 282 52 0.1702
5.3 x 5.6
a. Not detected.
Table 2
Names and physicochemical properties of OMPs.
Name CAS No. Formula Molecular weight (g mol~1) LogD* Surface charge®
Benzotriazole (BZT) 95-14-7 CgHsN3 119.1 1.30 0
5-methyl-benzotriazole (MBZ) 136-85-6 C7H;N3 133.2 1.81 0
Carbamazepine (CBZ) 298-46-4 C15H;12N-0 236.3 2.77 0
Diclofenac (DCF) 15307-86-5 C14H;11C12NO2 296.1 2.46 -
Metoprolol (MTP) 37350-58-6 C15H25NO3 267.4 -1.39 +
Sulfamethoxazole (SMX) 723-46-6 C10H11N305S 253.3 0.65 -
Propranolol (PRO) 525-66-6 C16H21NO> 259.3 —0.57 +
Sotalol (STL) 3930-20-9 C12H0N203S 272.4 —3.09 +
2 At pH 5.8. Estimated by Chemicalize Platform.
2.3. LC-MS analysis shown in Eq. (2),
q. = KeC} 2

The concentrations of OMPs in sample solutions were analyzed
through liquid chromatography tandem triple quadrupole mass spec-
trometry (LC-MS). Chromatographic separation of OMPs was performed
by the ACQUITY UPLC® BEH C18 column (2.1 x 50 mm, 1.7 pm, Wa-
ters, Ireland) with gradient elution of ultrapure water and acetonitrile as
the mobile phase. Ultrapure water and acetonitrile (LC-MS grade, Bio-
solve, France) were acidified with 0.1% formic acid (LC-MS grade,
Biosolve, France). The flow rate of mobile phase was set at 0.35 ml
min~! using an ACQUITY UPLC I-Class Plus pump (Waters, USA). Mass
spectrometry (Xevo TQ-S micro, Waters, USA) was conducted in the
positive (ESI + ) and negative (ESI-) electrospray ionization modes. The
obtained data were analyzed by the TargetLynx software. OMP con-
centrations in the calibration standards ranged from 0.0025 pg L ™! to 10
pg L1, The detection limits of OMPs were listed in Table S2.

OMP concentrations were calculated by referring to the corre-
sponding internal standards, which were OMP standards with isotopic
elements. The names of internal standards were listed in Table S3. The
internal standard mixture was prepared by mixing eight internal stan-
dards in ultrapure water. The concentration of each internal standard
was ~100 pg L1, Calibration standards contained ~1 pg L™! internal
standards. Prior to LC-MS analysis, 495 pL filtrated samples were mixed
with 5 pL internal standard mixtures to reach a total volume of 500 pL to
obtain the same concentration of internal standards as in calibration
standards

2.4. Adsorption model

The adsorption capacity qe (g mg ") of OMPs by zeolites (mixtures)
was calculated with Eq. (1),

q, = M 6h)

m

where Co (ug L) and G, (pg L) are the initial and equilibrium con-
centrations of OMPs, respectively, V (L) is the volume of single-solute
water/multi-solute water and m (mg) is the mass of zeolites (mixtures).

In this study, adsorption isotherm data were fitted using Freundlich
model. Freundlich model is a semi-empirical equation, which assumes
that the adsorption process occurs on a heterogeneous surface and the
adsorbent’s adsorption amount increases with the increase of adsor-
bate’s concentration. The non-linear form of the Freundlich model was

where Kg ((pg mg_l) (1g L™H™ and n (-) are the Freundlich constants.
3. Results and discussion
3.1. Adsorption of BZT in single-solute water

The adsorption isotherms of BZT by MOR, MFI and their mixtures
accompanied by the Freundlich fitting curves were depicted in Fig. 1.
The corresponding Freundlich isotherm constants were listed in Table 3.
In the studied concentration range, the adsorption isotherms of BZT by
MOR, MFI and zeolite mixtures were accurately described by the
Freundlich model, since the R? values were close to 1. When n value was
around 1, higher K value indicated higher adsorption capability [15].
Thus, the affinity between MOR and BZT (K = 24.4E-3) was stronger
than that between MFI and BZT (Kg = 3.0E-3). As can be seen from
Fig. 1, the adsorption isotherms of zeolite mixtures were in between the
adsorption isotherms of single zeolites and the adsorption capacity of
zeolite mixtures was related to the mass ratio of single zeolite. According
to these findings, it was assumed that the adsorption of OMPs by zeolite
mixtures could be described by the adsorption isotherm and mass ratio
of single zeolite.

In practice, an optimal mass ratio of single zeolite will be settled for
the adsorption of a broad range of OMPs by zeolite mixtures. For this
purpose, it is meaningful to pre-estimate the OMP adsorption capabil-

=
'En 0.1 =MOR
50 * MFI
=
;u 0.01 MOR/MFI 4:1
XMOR/MFI 1:1
0.001 -+ , . XMOR/MFI 1:4
0.1 1 10
C.(ngLh

Fig. 1. Experimental adsorption isotherms for BZT adsorption in single-solute
water by MOR, MFI and zeolite mixtures.
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Table 3

The Freundlich model constants for BZT adsorption in single-solute water by
MOR, MFI and zeolite mixtures.

Constant * MOR MFI

MOR/MFI 4:1 MOR/MFI 1:1 MOR/MFI 1:4
n 1.02 111 0.84 1.03 1.06
Kp x 10° 24.4 3.0 18.3 16.7 8.1
R? 0.95 0.98 0.95 0.99 0.99

® The unit of Ky is ()g mg™") (pg L™H™

ities by zeolite mixtures from the known adsorption isotherms of single
zeolites. In this study, a predicted adsorption isotherm of OMPs by
zeolite mixtures (calculated isotherm) was calculated according to the
adsorption isotherms of single zeolites from the experiment (experi-
mental isotherm) and the mass ratios of single zeolites, as shown in Eq.

3,

Qe mix = Massratioyor X KFMORCQMOR + Massratioyg; X KFMFIC;‘MF{ 3)

where Kpyor ((Hg mg’l) (rg L™ and nyor (-) are the Freundlich
constants of MOR, Kgmpr ((Hg mg’l) (ng L Y™ and nyrr (-) are the
Freundlich constants of MFI, Mass ratioyor and Mass ratioy; are the
mass ratios of MOR and MFI in zeolite mixture, respectively. For
example, when OMP was removed by MOR/MFI 4:1, Mass ratioyor and
Mass ratioyp; were 0.8 and 0.2, respectively.

Calculated isotherms were listed in Table S4 and their accuracies
were evaluated in Fig. 2. As can be seen, experimental isotherm data of
mixed high-silica zeolite adsorption were close to calculated isotherms
and the deviations were almost in +20%. This phenomenon indicated
that in single-solute water, the adsorption capacity of BZT by the
mixture of MOR and MFI was as expected well described by the
adsorption isotherms of single zeolites in proportion to their mass ratios.

MOR/MFI 4:1
0.1 —
(a) e
z A
oe  0.01 S
3
&
0.001 . )
0.1 1 10
C.(ngLh
MOR/MFI 1:4

0.1

(c)

0.01

q.(ng mg™)

0.001 T ,
0.1 1 10

C.(ngL?)
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3.2. Adsorption of BZT in multi-solute water

The adsorption of BZT in multi-solute water by MOR, MFI and their
mixtures was investigated. The obtained adsorption isotherm data were
fitted by the Freundlich model, as shown in Fig. 3. The Freundlich model
constants were listed in Table 4. Similar to the adsorption of BZT in
single-solute water, in multi-solute water, adsorption capacity of BZT by
zeolite mixtures decreased with the increase of MFI mass ratio. The af-
finity between MOR and BZT (Kg = 20.4E-3) was stronger than that
between MFI and BZT (Kg = 2.2E-3).

The adsorption capacities of BZT by MOR, MFI and their mixtures in
single-solute water and multi-solute water were compared in Fig. 4. The
+20% deviation lines were plotted based on the isotherms obtained in
single-solute water. Single zeolites and zeolite mixtures showed lower
adsorption capacity for BZT in multi-solute water than in single-solute

fn 0.1 =MOR
E:’f * MFI
;; 0.01 MOR/MFI 4:1
XMOR/MFI 1:1
0.001 XMOR/MFI 1:4
0.1 1 10

C.(ngL™

Fig. 3. Experimental adsorption isotherms for BZT adsorption in multi-solute
water by MOR, MFI and zeolite mixtures.

MOR/MFI 1:1

0.1
(b)

0.01

q.(ngmg™)

0.001 T |
0.1 1 10

C.(ngL?)

Experimental data (4:1)
X Experimental data (1:1)

X Experimental data (1:4)

Calculated isotherm

""" Calculated isotherm +20%

Fig. 2. Adsorption of BZT in single-solute water: Experimental adsorption isotherms by zeolite mixtures in comparison to calculated isotherms and +£20% deviation

lines corresponding to calculated isotherms.
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Table 4
The Freundlich model constants for BZT adsorption in multi-solute water by
MOR, MFI and zeolite mixtures.

Constant * MOR MFIL MOR/MFI 4:1 MOR/MFI 1:1 MOR/MFI 1:4
n 0.90 1.34 0.62 0.72 0.86

Kp x 10° 20.4 2.2 11.4 9.1 3.9

R? 0.99 0.96 0.96 0.94 0.87

® The unit of Ky is ()g mg™") (pg L™H™

water, which was reflected in the Kg value being lower in multi-solute
water (Table 4) than in single solute water (Table 3). In multi-solute
water, other OMPs might compete with BZT for available adsorption
sites, leading to a decreased capacity of BZT compared with the
adsorption capacity of BZT in single-solute water.

For the adsorption of BZT by MOR (Fig. 4a) and MFI (Fig. 4b), the
adsorption capacities of BZT in multi-solute water were nearly within
—20% range of the BZT adsorption capacities in single-solute water. In
contrast, for the adsorption of BZT by MOR/MFI 1:4 (Fig. 4e), all the
adsorption capacity data in multi-solute water were smaller than —20%
of the data in single-solute water. And for the adsorption of BZT by
MOR/MFI 4:1 (Fig. 4c) and MOR/MFI 1:1 (Fig. 4d), two and five
adsorption capacity data in multi-solute water were out of —20% devi-
ation of adsorption isotherms in single-solute water, respectively. In
other words, the reduced adsorption capacity of zeolite mixtures in
multi-solute water became more obvious with the increase of MFI mass
ratio.

In multi-solute water, different OMPs competed for the adsorption
sites on MOR and MFI, the adsorption capacity of BZT in multi-solute
water thereby decreased compared to single-solute water. On top of
OMP competing for adsorption sites within one zeolite, in the process of
OMP adsorption by zeolite mixtures, OMPs also competed for the more-
effective zeolite in zeolite mixtures. Adsorption sites on MOR were
preferentially occupied by other easier adsorbed OMPs (the OMPs with
higher affinity to MOR). When MOR was the minority in a zeolite
mixture, BZT had to be adsorbed by MFI, which was less effective than
MOR, thus the decrease of adsorption capacity was much more obvious.

In multi-solute water, adsorption isotherms of BZT by zeolite mix-
tures were calculated from the experimental adsorption isotherms of

MOR

(a) (b)
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BZT by MOR and MFI zeolites. The results were shown in Table S5. The
calculated and experimental adsorption isotherms of zeolite mixtures
were compared in Fig. 5.

As shown in Fig. 5a and 5b, four experimental data from MOR/MFI
4:1 and three experimental data from MOR/MFI 1:1 were ranged in
+20% deviation of calculated isotherms. For the adsorption by MOR/
MFI 1:4 (Fig. 5¢), all the experimental data were smaller than values
from calculated isotherm and six out of seven experimental data fell out
of —20% deviation of calculated isotherm. The deviation between
experimental isotherm and calculated isotherm became more obvious
with higher mass ratio of MFI, which was less efficient than MOR for BZT
adsorption. With the competition of other OMPs in multi-solute water,
adsorption isotherms of BZT by zeolite mixtures were calculated with
less accuracy by solely combining experimental isotherms of single ze-
olites, especially when the less-effective zeolite, e.g., MFI, was dominant
in the mixture. The possible mechanism would be further discussed in
Section 3.3.

3.3. Adsorption of other OMPs in multi-solute water

The adsorption of MBZ, CBZ, DCF, MTP, SMX, PRO and STL by ze-
olites (mixtures) was studied. The removal efficiencies of OMPs by MOR,
MFI and zeolite mixtures were summarized in Table 5.

Positively charged MTP, PRO and STL were completely removed by
MOR and zeolite mixtures, even at a very low dosage. The results of zeta
potential measurement show that, at experimental pH value of ~5.8, the
overall charges at the external surface of MOR and MFI zeolites were
negative and the net charge increased with pH (Figure S2). Due to the
deionization of hydrogen atoms from the framework of MOR and MFI
zeolites, there were negatively charged sites formed at the surface of
zeolites [29]. Positively charged OMPs in the solution would experience
the electrostatic attraction with negative charged external surface of
zeolites and easily diffused into the micropores. Since the external sur-
face and internal micropores of zeolites accounted for 16% and 84% of
total BET surface area, respectively, a majority of OMPs will be adsorbed
in the internal pores of zeolites. The adsorption capabilities of MFI to-
wards PRO and STL were lower than the capabilities of MOR. One
possible reason for this was that MOR with a lower zeta potential than
MFI could provide more negatively charged sites to positively charged
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Fig. 4. Adsorption isotherms of BZT in single-solute water and in multi-solute water by (a) MOR, (b) MFI, (c) MOR/MFI 4:1, (d) MOR/MFI 1:1 and (e) MOR/MFI 1:4.
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Fig. 5. Adsorption of BZT in multi-solute water: Experimental adsorption isotherms by zeolite mixtures in comparison to calculated isotherms and +20% deviation

lines corresponding to calculated isotherms.

Table 5
The Freundlich model constants for OMP adsorption in multi-solute water by MOR, MFI and zeolite mixtures.
OMPs Surface charge Constant MOR MFI MOR/MFI 4:1 MOR/MFI 1:1 MOR/MFI 1:4
¢ d
Metoprolol (MTP) + n Complete removal Complete removal Complete removal Complete removal Complete removal
Kp x 10° b b b b b
R2
Propranolol (PRO) + n Complete removal 0.55 Complete removal Complete removal Complete removal
Kp x 10° b 65.7 b b b
R? 0.96
Sotalol (STL) + n Complete removal 1.06 Complete removal Complete removal Complete removal
Ke x 10° b 784.0 b b b
R? 0.98
Diclofenac (DCF) - n Low removal * Low removal * Low removal * Low removal * Low removal *
Kp x 10°
R2
Sulfamethoxazole (SMX) - n 1.00 1.05 0.61 0.84 0.88
Kp x 10° 23.6 49.7 12.7 24.2 28.7
R? 0.94 0.99 0.94 0.97 0.99
5-methyl-benzotriazole 0 n 1.01 5.49 0.86 0.62 0.75
(MBZ) K x 10° 117.7 0.1 62.6 26.4 13.6
R2 0.99 0.93 0.94 0.95 0.81
Carbamazepine (CBZ) 0 n 0.67 Low removal * 0.76 0.80 0.70
Kp x 10° 20.3 14.0 9.0 4.2
R? 0.95 0.99 0.99 0.97

2 Removal percentage was lower than 15% when the high-silica zeolite dosage was 1000 mg L.
Y Removal percentage was higher than 98% when the high-silica zeolite dosage was 10 mg L.

¢ The surface charge of OMPs at pH 5.8.
4 The unit of Ky is (ug mg™") (pg L™H) ™

PRO and STL. Furthermore, the higher adsorption capabilities of MOR
towards PRO and STL may also benefit from MOR’s larger surface area
and pore volume.

On the other hand, negatively charged DCF, with the highest mo-
lecular weight (MW = 296.1 g mol ') among all the investigated OMPs,
was the most hardly removed by MOR, MFI and zeolite mixtures.
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Generally, OMP with a higher molecular weight has a larger molecular
size. Possibly DCF was too large to diffuse into the pores and to reach the
inner adsorption sites of high-silica zeolites, therefore leading to a bad
removal performance. In addition, the negatively charged OMPs would
experience electrostatic repulsion with the negatively charged surface of
zeolites, which may hinder their adsorption.

BZT and MBZ were neutral OMPs with a similar chemical structure
and close molecular weight. By referring to Kp value, MBZ was better
adsorbed by MOR ((Kg = 117.7E-3) than BZT (K = 20.4E-3). MBZ with
one additional methyl group to BZT was more hydrophobic than BZT,
thus provided a better affinity to MOR by hydrophobic interaction,
which was a strong attraction between hydrophobic molecules and
surfaces in water [33]. The effect of surface charge of zeolites on the
adsorption of neutral OMPs would be negligible.

The hydrophobicity of zeolites is decided by their Al content: Zeolites
with less Al are more hydrophobic [34,35]. In this study, MFI zeolite
with higher Si/Al ratio and lower number of acid sites (Table 1) was
supposed to be more hydrophobic than MOR zeolite, However, as shown
in Table 3, the adsorption efficiencies of seven out of eight OMPs on MFI
were lower than that of MOR zeolite, indicating the minimal effect of
zeolites’ hydrophobicity on the adsorption efficiencies of OMPs. In
previous studies, the maximum adsorption capacity of organic pollut-
ants at the equilibrium concentration range of mg L™! on zeolites was
higher, when zeolites with higher Si/Al ratio were applied as adsorbents
[24,36,37]. In our study, the obtained adsorption capacity of OMPs at
several pg L~ was much lower than the maximum adsorption capacity.
Since the adsorption sites on zeolites were sufficient for both OMP and
water molecules, the effect of zeolites’ hydrophobicity on OMP
adsorption at the range of ug L™! could be negligible.

Overall, the adsorption process of OMPs by high-silica zeolites was
affected by the physicochemical properties of OMPs, e.g., charge, hy-
drophobicity and molecular size, as well as by the characteristics of
high-silica zeolites, e.g., pore size and surface charge. The adsorption
mechanisms of OMP adsorption by high-silica zeolites included elec-
trostatic interaction and hydrophobic interaction.

The adsorption of 16 OMPs with initial concentration of 2 pg L™ in
demineralized water on MOR and MFI zeolites has been studied by de
Ridder et al. [28]. Metoprolol was completely removed by MOR and MFI
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zeolites, while both zeolites had limited removal for sulfamethoxazole.
Carbamazepine was hardly removed by MFI and partially removed by
MOR. The finding in the literature was consistent with the results in our
study. Rossner et al. [27] investigated the removal of 25 OMPs with
initial concentrations of 200 — 900 ng L™" in surface water by zeolites,
activated carbon and carbonaceous resin. MOR zeolite removed 15 out
of 25 OMPs, including trimethoprim and carbamazepine, while only
three OMPs were removed by FAU zeolite. All tested OMPs were
partially or completely removed by carbonaceous resin and activated
carbon. It has been proved that zeolites with homogeneous pore size and
shape were effective for a limited range of OMPs.

The experimental adsorption isotherms of SMX, CBZ and MBZ by
zeolite mixtures were obtained (Table 5) and compared with the
calculated isotherms in Figs. 6, 7 and Figure S5, respectively. As shown
in Fig. 6, experimental isotherm data of SMX adsorption by zeolite
mixtures were lower than the calculated isotherm values, and less de-
viations were observed with the increased mass ratio of MFI, which had
better SMX adsorption efficiency than MOR. The same phenomenon was
observed in the adsorption of BZT (Fig. 5) and MBZ (Figure S5),
demonstrating that more deviation of calculated isotherm was observed
when less efficient zeolite became dominant in the zeolite mixture.

Fig. 6a shows that four data points from the isotherm of MOR/MFI
4:1 at higher zeolite dosages (lower equilibrium concentrations) were
close to the isotherm of MOR, while the other three data points at lower
zeolite dosages (higher equilibrium concentrations) fell below the
isotherm of MOR. In this study, SMX was the only negatively charged
OMP with adsorption isotherms on two single zeolites and three zeolite
mixtures. As shown in Table 5, positively charged OMPs were preferably
adsorbed on MOR zeolite, which may hinder the adsorption of SMX. The
channel of MOR can be blocked by one positively charged OMP mole-
cule, which will further shield the adsorption sites in the channel. At
lower dosage of zeolite mixture, the competition of positively charged
OMPs with SMX would be more severe and the adsorption capacity of
SMX on MOR might completely lose. Notably, SMX was partially
adsorbed on single MOR zeolite (Fig. 6a), indicating the adsorption
capacity of SMX on single MOR remained. The interesting phenomenon
is worth well further investigation.

Fig. 7 reveals that experimental isotherm data of CBZ adsorption by
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1
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Fig. 6. Adsorption of SMX in multi-solute water: (a) Experimental adsorption isotherms by MOR, MFI and zeolite mixtures with the Freundlich model fitting; (b)-(d)
Experimental adsorption isotherms by zeolite mixtures in comparison to calculated isotherms and +20% deviation lines corresponding to calculated isotherms.
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Fig. 7. Adsorption of CBZ in multi-solute water: (a) Experimental adsorption isotherms by MOR and zeolite mixtures with the Freundlich model fitting; (b)-(d)
Experimental adsorption isotherms by zeolite mixtures in comparison to calculated isotherms and +20% deviation lines corresponding to calculated isotherms.

zeolite mixtures were close to calculated isotherms and the deviations
were almost within +£20%. CBZ was only adsorbed by MOR, so adding
MOR and MFI mixture was equal to adding single MOR with corre-
sponding mass ratio. In the adsorption of CBZ by zeolite mixtures, CBZ
did not need to compete for the more-effective zeolite, because it could
not be adsorbed by MFI. Therefore, the adsorption isotherm of CBZ by
the mixture of MOR and MFI was well calculated by the experimental
adsorption isotherm of MOR in proportion to MOR’s mass ratio. This
phenomenon observed in CBZ adsorption by zeolite mixtures also sup-
ported our above findings from another point of view, indicating that the
deviation between experimental isotherm and calculated isotherm was
caused by the competition for the more effective zeolite.

Due to the affinity difference towards MBZ between MOR and MFI,
experimental isotherm data of MBZ were smaller than calculated
isotherm values, especially when MFI was dominant in the mixture
(Figure S5). This phenomenon was similar to the mixed high-silica
zeolite adsorption isotherms of BZT. In the adsorption of BZT and
MBZ by zeolite mixtures, these two OMPs had a chance to be adsorbed
by both MOR and MFI. Although they preferred to be adsorbed by the
more-effective zeolite MOR, available adsorption sites on this more-
effective zeolite were preferentially occupied by other easier adsorbed
OMPs, such as PRO and STL, because PRO and STL were completely
removed even at the adsorption condition of MOR/MFI 1:4 (Table 5).
BZT and MBZ were at a disadvantage in the competition for more-
effective zeolite MOR, especially when MOR was the minority in a
zeolite mixture. In this case, BZT and MBZ had to be adsorbed by MFI,
which was less effective than MOR, therefore the experimental adsorp-
tion isotherm data of BZT and MBZ by zeolite mixtures were less than
the calculation, and the deviation between experimental isotherm and
calculated isotherm became more obvious with lower mass ratio of
MOR. Another explanation could be found from the channel-shaped
pores in MOR. Perhaps the adsorption of an OMP with a very high af-
finity to MOR blocked the channel for the adsorption of BZT and MBZ
with a lower affinity and with that decreased the surface available for
adsorption.

All the above findings demonstrated that in multi-solute water, with
the competition for more-effective zeolite, adsorption isotherms by

zeolite mixtures were harder to be calculated from experimental single
isotherms with the decrease of more-effective zeolite mass ratio in MOR
and MFI mixture, which was consistent with the conclusion obtained in
Section 3.2.

4. Conclusions

MOR and MFI high-silica zeolites were mixed in different mass ratios
and served as the adsorbents to remove BZT, MBZ, CBZ, DCF, MTP, SMX,
PRO and STL from water at an environmentally relevant concentration.
For the adsorption by zeolite mixtures, a broad range of OMPs achieved
proper removal efficacy, while for the adsorption by single zeolite, only
a narrow spectrum of OMPs was removed. In order to pre-estimate the
OMP adsorption capabilities by zeolite mixtures, adsorption isotherms
of OMPs on zeolite mixtures were predicted by the experimental
adsorption isotherms and mass ratios of single zeolites. In single-solute
water, adsorption isotherms on zeolite mixtures were well predicted
by the adsorption isotherms on single zeolites in proportion to the mass
ratios between single zeolites. While in multi-solute water, adsorption
isotherms on zeolite mixtures were difficult to be predicted from
experimental single isotherms. In multi-solute water, experimental
isotherm data of zeolite mixtures were lower than the predicted values,
and the deviations became more obvious with the increase of less-
effective zeolite mass ratio in MOR and MFI mixture. The difference of
isotherm prediction between single-solute water and multi-solute water
could be explained by the competition for more-effective zeolite be-
tween different OMPs. For the adsorption by zeolite mixtures in multi-
solute water, available adsorption sites on the more-effective zeolite
were preferentially occupied by positively charged OMPs, which were
favorably adsorbed by zeolites. Neutral and negatively charged OMPs
with a lower affinity for zeolites were forced to be adsorbed on less-
effective zeolite, especially when more-effective zeolite was the minor-
ity in the zeolite mixture, thereby leading to a lower adsorption efficacy
than prediction.
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