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ARTICLE INFO ABSTRACT

Keywords: High-silica zeolites can be used for adsorption of organic compounds (OCs) from water. The adsorption efficacy
High-silica zeolites could vary with the properties of OCs, as well as the porous and surface features of high-silica zeolites. In this
Adsorption study, the adsorption of triclosan, trichlorophenol (TCP) and phenol by ten high-silica zeolites were investigated.

Organic compounds

The plateaus of adsorption isotherms were observed in the adsorption of triclosan. The maximum adsorption
Water treatment

capacity of triclosan could be related to the surface area and volume of micropores. The adsorption of TCP by
FAU zeolites gave an S-shaped isotherm due to the possible lateral interactions of TCP molecules in the specific
pore topology of FAU zeolites. The adsorption of phenol by high-silica zeolites had no adsorption plateau.
Zeolites with channel structures, e.g. MFI zeolites, possess closely fitted pores for phenol, which slightly pro-
moted its adsorption efficacy. The active adsorption sites of zeolites, i.e. Brgnsted acid sites (BAS) and Lewis acid
sites (LAS) failed to promote phenol adsorption. Phenol adsorption was favoured by carbon-based adsorbents
with aromatic rings and functional groups, e.g. carboxyl and carbonyl, while the lack of active adsorption sites

limited the phenol adsorption by high-silica zeolites, especially at the low concentration range.

1. Introduction

Zeolites are crystalline aluminosilicates with uniform micropores
(pore size of less than 2nm). The porous structure of zeolites is gen-
erated from a three-dimensional framework constructed by SiO4 and
AlO, tetrahedra [1,2]. The properties of zeolites vary with the Si and Al
content in the framework, typically characterized by the silica to alu-
mina molar ratio (Si/Al ratio). Low-silica zeolites (Si/Al ratio < 2)
possess a high ion exchange capacity and therefore have been used for
water softening [3]. High-silica zeolites (Si/Al ratio up to several
thousands) can be synthesized from low-silica zeolites by replacing
aluminium with silica [4,5]. High-silica zeolites have been found to be
efficient adsorbents for the removal of emerging organic compounds
(OCs), e.g. methyl tert-butyl ether (MTBE) [6,7] and N-nitrosamines
[8,9], which are hardly adsorbed by activated carbon.

Triclosan, a commonly used antibacterial and antifungal agent, has
caused public attention because of its extensive use in personal care
products and possible disposal in water [10]. Treatment technologies
such as biological treatment [11], oxidation [12,13] and adsorption by
activated carbon (AC) [14,15] and carbon nanotubes [16,17] have been
used to treat water containing triclosan, while the adsorption of tri-
closan by high-silica zeolites has not yet been reported in literature.
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Phenol and chlorophenol, including 2,4,6-trichlorophenol (TCP) are
widely used in the production of industrial commodities and, as a re-
sult, have been commonly detected in water bodies [18,19]. The ad-
sorption of TCP and phenol in water by some high-silica zeolites has
been previously studied. Zhang. et al. evaluated the adsorption of TCP
by FAU type high-silica zeolites. The maximum adsorption capacity
could not be determined since an adsorption plateau was not observed
[20]. Yang. et al. studied TCP adsorption by FAU zeolites with different
Si/Al ratios. As the isotherm curves with linear shape showed, FAU
zeolites with higher Si/Al ratios had better adsorption efficacies than
zeolites with lower Si/Al ratios. However, TCP adsorption by high-silica
zeolites with other framework types has not been studied before.
Phenol adsorption by high-silica zeolites with different frameworks, i.e.
FAU, BEA, MOR and MFI types, has been studied by Damjanovic et al.
[21] and Khalid et al. [22]. The maximum adsorption capacity and its
relationship to the properties of high-silica zeolites, occurring at several
g L™1, were well elaborated. However, no attempt has been made to
provide insight into the adsorption isotherm of phenol at lower and
environmentally relevant concentrations, e.g. ug L™ 1.

The adsorption of specific OCs, e.g. MTBE [6,7,23,24], and OC
groups, e.g. N-nitrosamines [8,9] and sulfa drugs [25] in water on high-
silica zeolites have been studied in literature. The adsorption efficacy

Received 11 April 2019; Received in revised form 26 September 2019; Accepted 1 October 2019

Available online 03 October 2019

1383-5866/ © 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/BY/4.0/).


http://www.sciencedirect.com/science/journal/13835866
https://www.elsevier.com/locate/seppur
https://doi.org/10.1016/j.seppur.2019.116152
https://doi.org/10.1016/j.seppur.2019.116152
mailto:N.Jiang@tudelft.nl
mailto:R.Shang@tudelft.nl
https://doi.org/10.1016/j.seppur.2019.116152
http://crossmark.crossref.org/dialog/?doi=10.1016/j.seppur.2019.116152&domain=pdf

N. Jiang, et al.

and mechanisms of OCs on high-silica zeolites were reviewed by Jiang
et al [26]. Based on literature, it was concluded that zeolite properties,
such as surface hydrophobicity/hydrophilicity, pore size and structure,
affect the adsorption of OCs. The efficacy and mechanism of OC ad-
sorption can also vary based on the properties of OCs, e.g. hydro-
phobicity/hydrophilicity, molecular weight and size [26]. More re-
search is thus needed to explore the adsorption of representative OCs by
high-silica zeolites, which would indicate the OC adsorption mechan-
isms.

In this study, the adsorption of triclosan, TCP and phenol with the
same functional groups, i.e. chlorine atoms and hydroxyls attached to
aromatic rings, but also different molecular weight, size and hydro-
phobicity were selected to represent OCs with diverse properties. The
adsorption of three OCs by high-silica zeolites with different porous and
surface properties was investigated. The study examined the relation-
ship between the adsorption efficacy of OCs and the properties of both
high-silica zeolites and OCs. By comparing the adsorption behaviour of
three OCs on various high-silica zeolites, the dominant adsorption
mechanisms, i.e. the size/close-fit or the hydrophobicity interaction,
could be concluded. Based on these findings, the adsorption efficacies of
high-silica zeolites were compared with commonly used adsorbents,
e.g. activated carbon, carbon nanotubes and clays.

2. Materials and methods
2.1. High-silica zeolite adsorbents

High-silica zeolite powders of four frameworks, namely FAU, BEA,
MOR and MFI, were purchased from commercial companies. The fra-
mework types, names, suppliers and Si/Al ratios are listed in Table 1.

2.2. Organic compounds

The analytical standards of triclosan, TCP and phenol were pur-
chased from Sigma-Aldrich, the Netherlands. Their physicochemical
properties are listed in Table 2.

2.3. Characterization of high-silica zeolites

Multiple methods were used to characterize the material properties
of the high-silica zeolites. BET surface area and pore volume of high-
silica zeolites were determined by N, gas adsorption at 77 K (Gemini VII
2390p analyzer, Micromeritics). The surface area and volume of mi-
cropores (pore size less than 2 nm) were estimated by the t-plot method
which separates the micropores from multilayer adsorption of N, gas
[27,28]. XRF analyses were performed with a Panalytical Axios Max
WD-XRF spectrometer to characterize the Si/Al ratio of high-silica
zeolites. The data evaluation was conducted using SuperQ5.0i/Omnian
software.

Table 1
Names and supplier information of high-silica zeolites.

Framework type Zeolite name” Product name Company Si/Al ratio”
FAU FAU250 390HUA Tosoh 250
FAUS50 385HUA Tosoh 50
FAU40 CBV901 Zeolyst 40
FAU30 CBV760 Zeolyst 30
BEA BEA250 980HOA Tosoh 250
BEA150 cp811c-300 Zeolyst 150
BEA75 CZB 150 Clariant 75
MOR MOR120 690HOA Tosoh 120
MFI MFI750 890HOA Tosoh 750
MFI45 CZP90 Clariant 45

@ The zeolite names in this study was composed by the framework type and
Si/Al ratio provided by suppliers.
b Si/Al ratio provided by suppliers.
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Two types of acid sites, i.e. Brgnsted acid sites (BAS) and Lewis acid
sites (LAS), exist in high-silica zeolites. The BAS are weakly bound
protons of a bridging hydroxyl group, typically between silica and
aluminium (—Si—OH*—Al-). LAS are formed at the extra framework
aluminium species and framework defects of hydrogen-type high-silica
zeolites [29]. The number of BAS and LAS were determined by trans-
mission Fourier-transform infrared spectroscopy (FTIR, Nicolet 6700
spectrometer equipped with MCT/B detector) using pyridine as a probe
molecule. Zeolite samples were pressed into disks with a radius of
0.8 cm and a weight of 50 mg. The disk was activated in vacuum at
400 °C for 16 h to remove the adsorbed species. After activation, the
disk was saturated with pyridine vapour and evacuated at 160 °C for
2h. The number of BAS and LAS was derived from the bands at 1545
and 1456 cm ™! of FTIR spectra. The integrated molar extinction coef-
ficients of BAS and LAS were 1.67 and 2.22, respectively [30]. By as-
suming that one pyridine molecule is adsorbed on one acid site, the
number of BAS and LAS (Cpas and Cpas), was calculated by the fol-
lowing equations:

Cias = 1.88 X IA(B) X R*/W o)
CLAS =142 X IA(L) X RZ/W (2)

where IA(B) and IA(L) are the integrated absorbance of BAS and LAS
band (cm™ 1), respectively, R is the radius of zeolite disk (cm) and W is
the mass of zeolite sample (mg).

2.4. Adsorption isotherm models

The adsorption isotherms were interpreted using different models.
The isotherm constants were determined to estimate the maximum
adsorption capacity of OCs and to compare the adsorption efficacy of
high-silica zeolites.

The Langmuir model [31] has been widely used to describe mono-
layer adsorption. The model assumes that each adsorption site can hold
only one adsorbate molecule. There is no interaction between mole-
cules adsorbed on neighbouring sites. The equation can be expressed as:

q _ quLCe
¢ 1+K.C,

where ¢, is the amount of solute adsorbed per unit weight of adsorbent
at equilibrium (umol g~ '), C, is the equilibrium concentration of the
solute in the aqueous solution (umol L™Y, gm is the maximum ad-
sorption capacity (umol g~ 1), and K, is the constant related to the free
energy of adsorption (L pumol ™).

The Freundlich model [32] is an empirical model assuming that as
the adsorbate concentration increases, the concentration of adsorbate
on the adsorbent surface also increases. The Freundlich model can be
applied to the adsorption heterogeneous surfaces and for multi-layer
adsorption. The equation can be written as:

qe = KFCen

where Ky is a constant indicative of the relative adsorption capacity of
the adsorbent ((umol g_l)(L umol_l)") and n is a constant indicative of
the intensity of the adsorption. In this study, Freundlich model was
interpreted when the adsorption isotherm did not reach a plateau. The
adsorption efficiencies of OCs without adsorption plateau can be com-
pared by simply referring to two constants.

The Langmuir-Freundlich isotherm [33] is a combined form of the
Langmuir and Freundlich isotherms. At low equilibrium concentrations,
the adsorption represents the characteristics of the Freundlich isotherm,
while it predicts a monolayer adsorption capacity by the Langmuir
isotherm at high concentrations. The equation can be expressed as:

g, = 9K p G
¢ 14 K Cl

where g, is the maximum adsorption capacity (umol g~ 1); K is the
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Table 2
The structures and physicochemical properties of OCs.
Name Formula Molecular weight (g mol™)  Solubility in water (mg L™*)* LogD at pH 6° pka® Molecular size (A)° Structure
X Y VA
Triclosan C1oH,Cl30,  289.54 10 5.21 8.8 5.82 3.40 8.68 cl OH
0.
Cl Cl
2,4,6-trichlorophenol ~ CgH3Cl;0 197.45 800 3.58 6.2 5.43 0.32 6.28 OH
c cl
a
Phenol CeHgO 94.11 8.28%10* 1.41 10.0 4.34 0.87 5.55 OH

@ Estimated by EPIWEB 4.1.

b Estimated by ACD/LABs PhysChem Module (Algorithm Version: 5.0.0.184).

¢ Estimated by Hyperchem 7.0 after geometric optimization.

constant related to the free energy of adsorption (L umol™'); n is a
constant indicative of the intensity of the adsorption. In this study,
Langmuir-Freudlich model was used to estimate the maximum ad-
sorption capacity where the adsorption plateau appeared.

2.5. Adsorption experiments

Batch adsorption experiments were conducted in demineralised
water. High-silica zeolites (3 mg) were dosed into 100 ml aqueous so-
lution with the varied concentration of 1 to 60 umol L ™! of a single OC
solute. After the equilibrium time of 24h at room temperature
(25 * 1°C) [21], high-silica zeolites were separated from the solution
by membrane filtration (0.2 um syringe filter, Whatman SPARTAN™).

2.6. HPLC analysis

The concentrations of triclosan, TCP and phenol were determined
by HPLC (Shimadzu, Japan) with a C18 column (Phenomenex®
KINETEX, 4.6 mm) at 30 °C. HPLC-grade acetonitrile (Sigma-Aldrich,
The Netherlands) and ultra-pure water (ELGA, Ultra AN MK2 ultrapure
water system) were mixed as the mobile phase. The acetonitrile and
water ratios (V:V) were 75:25, 65:35 and 25:75 for triclosan, TCP and
phenol, respectively. The flow rate of the mobile phase was
1.0 ml min~!. The wavelength of the UV detector was set at 280 nm.

3. Results
3.1. Characterization of high-silica zeolites

The pores of the high-silica zeolites were characterized by surface
area and pore volume and are shown in Table 3. As shown in Table 3,
zeolites with a higher surface area had a higher micropore volume. The
surface area and pore volume of pores per gram of zeolites of various
types followed the order of FAU > BEA > MOR > MFIL

The proportion of micropores accounting for the total pores of high-
silica zeolites is shown in Fig. 1. Micropores, which were characterized
by micropore surface area and micropore volume, accounted for a large
proportion of the zeolite pores. Except for zeolite MFI45, more than
60% of the surface area and 40% of the pore volume were composed by
micropores. The surface area and volume of micropores in the FAU
zeolites was the highest, while the BEA, MOR and MFI zeolites had a
similar but lower surface area and volume of micropores.

The properties relating to the surface chemistry of zeolites can be
characterized by Si/Al ratios and acid sites. The results are shown in
Table 3. Si/Al ratios of zeolites were both provided by suppliers and
determined by XRF, shown in Fig. 2. Except for zeolite FAU250 with a

variation of 64%, variations of —28% to 18% were found between the
supplier-provided and the XRF-determined Si/Al ratios.

The number of BAS and LAS in the zeolites are shown in Table 3.
The variation of BAS and LAS with Al content of zeolites are plotted in
Fig. 3. Al content was represented by Al% and expressed by the fol-
lowing equation:

Si 1

Al% = —2L g = : _q,
Si + Al 1 + Si/Al ratio 3

As shown in Fig. 3, zeolites had more BAS than LAS. The number of
LAS and BAS in FAU and BEA zeolites increased with Al% of zeolites
and thus, decreased with Si/Al ratio of zeolites. For example, the
number of BAS and LAS in BEA zeolites followed the order of
BEA250 > BEA150 > BEA75. No acid sites could be detected from
zeolites FAU250 and MFI750 since their Al content was negligible. One
exception was the number of BAS in FAU30, which was lower than LAS
and also lower than BAS in FAU40. The number of acid sites varied with
the framework of zeolites. As shown in Fig. 3, the number of acid sites
from BEA, MOR and MFI zeolites was higher than FAU-type zeolites
with similar Al content. The effect of Si/Al ratios and acid sites on the
OC adsorption efficacy by high-silica zeolites will be further discussed
in Section 4.3.

3.2. Adsorption of triclosan by high-silica zeolites

The adsorption isotherms of triclosan by high-silica zeolites were
compared in Fig. 4. The maximum adsorption capacity of zeolites were
estimated by the isotherm constants of Qr from Langmuir-Freundlich
model (Table 4). The isotherms were not interpreted by Freundlich
model since Freundlich model could not estimate adsorption capacity.
The adsorption capacity of triclosan varied by the framework type of
zeolites. FAU zeolites had a higher adsorption capacity than BEA and
MOR zeolites (refer to Qrr in Table 4). The adsorption capacity of MFI
zeolites was minimal and therefore excluded from the graph. The ad-
sorption efficacy of triclosan also varied with the properties of high-
silica zeolites, e.g. porous properties and Si/Al ratio of zeolites, which
will be discussed in Sections 4.2 and 4.5.

3.3. Adsorption of 2,4,6-trichlorophenol (TCP) by high-silica zeolites

As shown in Fig. 4, zeolites with same framework type had the same
isotherm shape for triclosan adsorption, although the adsorption ca-
pacity of triclosan varied with the framework of zeolites. High-silica
zeolites with highest Si/Al ratio of each framework type, namely
FAU250, BEA250, MOR120 and MFI750, were thus chosen to study the
effect of framework type on TCP adsorption. The adsorption isotherms



N. Jiang, et al.

Table 3

The structural and chemical characteristics of high-silica zeolites.
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Zeolite name Pore opening size  Surface area (m®> Micropore surface area  Pore volume Micropore volume Si/Al ratio from BAS?® (umol  LAS® (umol
) ) m2g 1) (em®g™Y) (em®>g™h XRF analysis g™ hH g h
FAU250 7.4*7.4 727 591 0.5136 0.2623 409 N.D. N.D.
FAUS0 7.4%7.4 698 571 0.5160 0.2545 43 19 12
FAU40 7.4*%7.4 606 447 0.4819 0.1966 32 13 17
FAU30 7.4*7.4 789 548 0.5233 0.2445 31 133 45
BEA250 6.6*7.7 516 351 0.3022 0.1557 286 16 7
5.6*5.6
BEA150 6.6 *7.7 524 364 0.3243 0.1623 107 54 8
5.6*5.6
BEA75 6.6*7.7 563 396 0.3720 0.1761 78 85 16
5.6*5.6
MOR120 6.5%7.0 431 360 0.2687 0.1606 113 52 8
2.6*5.7
MFI750 5.1*5.5 334 282 0.1702 0.1260 891 N.D. N.D.
5.3%5.6
MFI45 5.1*5.5 359 199 0.5341 0.0891 42 142 40
5.3%5.6
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Fig. 1. The proportion of micropores accounting for the total pores of high-
silica zeolites. Micropores are represented by micropore volume (the bars in
Fig. 1a) and micropore surface area (the bars in Fig. 1b). -H- represent the
percentage proportion of micropores accounting for the total pores.

of TCP by FAU250, BEA250 and MOR120 are displayed in Fig. 5.
FAU250 was the most efficient adsorbent for TCP in the studied con-
centration range (0-25 umol L™1), while the adsorption capacities of
BEA250 and MOR120 zeolites were much less than that of FAU250.
MFI750 had minimal adsorption of TCP and was therefore not included

Fig. 3. The variation of BAS (solid symbols) and LAS (open symbols) with Al%
of zeolites.

in the graph.

FAU250 zeolites showed an S-shaped adsorption isotherm with
good fitting to the Langmuir-Freundlich model at the concentration
range of 0-25umol L™ (R? = 0.9804, Fig. 5 and Table 5) At the
equilibrium concentration range 0-4 umol L~ %, the adsorption capacity
reached ~200 ymol g}, which were well fitted with the Freundlich
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Fig. 4. The adsorption isotherms of triclosan by (a) FAU-type, (b) BEA-type and
MOR-type zeolites and the Langmuir-Freundlich model fitting curves (solid
lines).

model (isotherm constants, Table 6). The steep slope of the isotherm
curve occurred at the equilibrium concentration of about 3.2 pmol L™ 2,
The S-shaped curve reached the plateau with estimated adsorption
capacity of 1593 umol g ~! by Langmuir-Freundlich models (Table 5).
TCP adsorption by BEA250 and MOR120 zeolites without adsorption
plateaus were well fitted with the Freundlich isotherms (Fig. 5). The
isotherm constants are given in Table 6.

3.4. Adsorption of phenol by high-silica zeolites

The adsorption isotherms of phenol by high-silica zeolites with
different frameworks are shown in Fig. 6. Compared with triclosan and
TCP, phenol was adsorbed to a much lesser extent by high-silica zeolites
at the same equilibrium concentration range (0-20 umol L™ %). The low

Separation and Purification Technology 235 (2020) 116152

adsorption efficacy of phenol was revealed from the low adsorption
capacity and the isotherms without adsorption plateaus.

Phenol adsorption by high-silica zeolites was well fitted with the
Freundlich isotherm. The isotherm constants are given in Table 7. MFI
zeolites exhibited the best phenol adsorption capacity of the tested
zeolites. The adsorption efficacy of zeolites followed the order of
MFI750 > MFI45 > MOR120 > BEA250 > FAU250 > FAU30,
which was in the opposite order of the maximum adsorption capacity of
triclosan and TCP (FAU > BEA > MOR, Fig. 4 and Fig. 5).

4. Discussion

4.1. The properties of OCs and their relationship with the adsorption
efficacy

The maximum adsorption capacity of an OC was related to the OC
size. For example, FAU250 provided a higher adsorption capacity for
TCP (1593 pmolg’l, Table 5) than for triclosan (1304 pmolg’l,
Table 4), while triclosan is more hydrophobic than TCP. Considering
that the pore opening size of FAU zeolites is supposed to be larger than
the molecular size of both triclosan and TCP, the adsorption of OCs
would happen in the same type of cages with a pore opening size
7.4 A*7.4A. Since the molecular size of TCP is smaller than the size of
triclosan, more TCP molecules could be trapped in one cage, explaining
the preferred adsorption in the case of more TCP-molecules in one cage.

Previous studies have shown that the decreased interactions be-
tween OC and water will enhance the OC-zeolite interactions, and a
strong correlation between the adsorption capacity and hydrophobicity
of OCs has been observed [25,34]. In this study, the theory was con-
firmed by the higher adsorption efficacies of triclosan and TCP than
phenol.

4.2. The characterization of high-silica zeolites and their effect on the
adsorption capacity of triclosan

The maximum adsorption capacity of triclosan by FAU, BEA and
MOR zeolites are observed from the isotherms. The effect of volume and
surface area of micropores, pore volume, surface area and Al content on
the maximum adsorption capacity of triclosan is shown in Fig. 7 (The
effect of Si/Al ratio and Al content, Section 4.5). The maximum ad-
sorption capacity of zeolites (from Langmuir-Freundlich model,
Table 3) was more closely correlated to the volume and surface area of
micropores than the pore volume and surface area, which indicate that
micropores of zeolites dominated the adsorption of triclosan. Compared
with the mesopores (pore diameter of 2-50 nm) and macropores (pore
diameter of > 50 nm), the size of the micropores (pore diameter of <
2nm) is closer to the size of the triclosan. Thus, triclosan would ex-
perience stronger adsorption forces originating from the “walls” of the
micropores.

The micropores of zeolites varied in a range due to their different
synthetic processes [35], while zeolites synthesized in the same way
could possess similar micropore volume and surface area. In this case,
other properties of zeolites, e.g. Al%, could dominate the adsorption
efficacy [36]. Moreover, the effect of micropore volume and surface
area has not been determined in some studies since the micropores of
zeolites were not measured [7,21].

Table 4
Langmuir-Freundlich isotherm constants for triclosan adsorption by different zeolites.
FAU250 FAUS0 FAU40 FAU30 BEA250 BEA150 BEA75 MOR120
Qur (umol g=1) 1304 1271 825 837 414 420 530 529
Kir (L umol_l) 7.4891 4.3922 1.2865 2.0359 2.7849 2.4775 2.9514 0.6211
n 0.9006 0.5980 0.4157 0.6170 0.4408 0.5142 0.5079 0.2676
R? 0.9373 0.9929 0.9823 0.9873 0.9864 0.9767 0.9836 0.9647
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Fig. 5. The adsorption isotherms of TCP by (a) FAU250 and (b) BEA250 and
MOR120 and the fitting curves (Solid lines: Freundlich model fitting; Dashed
lines: Langmuir-Freundlich model fitting).

Table 5
Langmuir-Freundlich isotherm constants for TCP adsorption by FAU250 zeolite
fitting at the equilibrium concentration range of 0-25 umol L™ ",

Qur (umol g~ 1) Kip (L pmol ~ ) n R®

1593 3.92*E-15 27.26 0.9804

Table 6

Freundlich isotherm constants for TCP adsorption by FAU250 fitting at the
equilibrium concentration of 0-4 pmol L™ !, BEA250 and MOR120 fitting at the
equilibrium concentration of 0-25 umol L™,

FAU250 BEA250 MOR120
Ky (umol g™1) (L umol ~H)* 2.8621 3.3002 2.7582
n 3.7352 1.3911 0.8720
R? 0.9970 0.9867 0.9555

60

= MFI750 © MFI45
soL ® MORI20 v BEA250
o FAU30

¢ FAU250

Adsorption capacity (umol g)

Equilibrium concentration (umol L'l)

Fig. 6. The adsorption isotherm of phenol by different high-silica zeolites and
the Freundlich fitting curves (solid lines).

4.3. The occurrence of the S-shaped isotherm curve

Notably, an S-shaped curve was observed for TCP adsorption by
FAU250 zeolite. When the OC intermolecular attraction effects are
large, an isotherm with S-shaped is observed [37]. The affinity of TCP
for the surface of FAU250 zeolites was low at the starting concentration
range of 0-3.2 umol L™ 1.(Fig. 5). The pores of high-silica zeolites were
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Table 7
Freundlich isotherm constants for phenol adsorption by MFI750, MFI45,
MOR120 BEA250, FAU250 and FAU30 zeolites.

MFI750 MFI45 MOR120 BEA250 FAU250 FAU30

Kg (umol g_l)(L 2.0350 0.8354 0.4936 0.8097  0.5140 0.3947
pmol ~1)?

n 0.8045 0.9009 0.9265 0.6265 0.6771 0.5939

R? 0.9937 0.9672 0.9974 0.9233  0.7342 0.9036

then partly filled by TCP molecules. More TCP molecules by experien-
cing intermolecular attractions could be easily adsorbed, which greatly
enhances the adsorption capacity and leads to adsorption saturation
[38,39]. The intermolecular attraction might be generated from s-xt
interactions of TCP benzene rings [40,41].

The occurrence of the S-shaped adsorption isotherm might be at-
tributed to the specific pore topology of FAU zeolites. FAU zeolites
possess wide a-cages with an opening size of 7.4 A * 7.4 A (Table 3) and
an enlarged inner pore diameter 13.7 A [48], which apparently was
able to provide accommodation for more than one TCP molecule. As a
comparison, BEA and MOR zeolites possess channel systems. The pos-
sible locations of adsorbed OCs in the channels of zeolites are channel
intersections with one molecule per intersection [42]. The distance
between channel intersections could inhibit the interaction between
TCP molecules.

A high Si/Al ratio could also be an essential condition of the S-
shaped curve and interaction of TCP. Zeolites with a lower Si/Al ratio
might promote water adsorption and weaken the interaction between
TCP molecules, as observed by Zhang et al. [20] and Yang et al. [43].
Zhang et al. [20] studied TCP adsorption by FAU zeolites with a lower
Si/Al ratio (=15). At the TCP concentration range 0-150 pmol LY,
which was much higher than the equilibrium concentration in their
study, the adsorption isotherm did not show either an S-shaped trend or
the adsorption plateau. Yang et at. also applied FAU zeolites with a Si/
Al ratio of 40 for TCP adsorption and the adsorption plateau was ob-
served [43].

4.4. Phenol adsorption and close-fit theory

At the studied concentration range, phenol adsorption by MFI zeo-
lites, which have smaller pore sizes than other types of zeolites, was
higher than on FAU zeolites, which have larger pore opening sizes and a
higher volume and surface area of micropores. The favourable ad-
sorption on MFI zeolites could be attributed to the pore size effect. The
pores of MFI zeolites originate from a channel system with opening
sizes of 5.1A*55A and 5.3A%5.6A (Table 3), which closely fit
phenol molecules with a molecular size of 4.34A*0.87A*5.55A
(Table 2). Closely fitted pores will promote the adsorption efficacy of
OCs by generating stronger adsorption forces between OCs and the
“wall” of micropores [44]. Damjanovic et al. found that the heat
evolved by phenol adsorption on BEA zeolites was lower than in the
case of MFI zeolites with better fitted pores for phenol, thus indicating a
weaker interaction [21]. The so-called “close-fit” phenomenon has
previously been noted from, e.g. the adsorption of multi-solutes by
MOR zeolites, as well as the adsorption of MTBE by MFI zeolites [45].
Giaya and Thompson [46,47] proposed that closely fitted pores would
reduce the number of water clusters and that the interaction between
OCs and the framework of zeolites would be stronger.

The occurrence of “close-fit” is also influenced by the pore structure.
In the channel-based pores, the inner size of pores is the similar to the
pore opening size of zeolites. OCs, e.g. phenol, with a fitted size for the
pore opening could then enter and well fit the channel, such as those
found in MFI and MOR zeolites. However, “close fit” is unlikely to
happen in the cage-based pores, e.g. cages of FAU zeolites, since OCs
with fitted sizes for the pore opening (7.4 A) will be somewhat smaller
than the size of internal pores (13.7 10\) [48], resulting in an unfavoured
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Fig. 7. The correlation between the maximum adsorption capacity of triclosan (estimated from Langmuir-Freundlich isotherms, refer to Table 4) and the properties of

high-silica zeolites.
adsorption of phenol by FAU zeolites (Fig. 6).

4.5. Surface hydrophobicity and active adsorption sites of high-silica
zeolites

High-silica zeolites feature a high silica content and, thus, a rela-
tively hydrophobic surface. The water affinity for high-silica zeolites
was characterized by either Si/Al ratio or the number of acid sites
(Table 3).

The effect of Si/Al ratio (Al content) on the adsorption efficacy of
high-silica zeolites has been frequently observed. Owing to the highly
hydrophobic surface, zeolites with a higher Si/Al ratio (Al content)
have shown a higher adsorption capacity of OCs, e.g. nitrobenzene and
a-endosulfan [36,49]. The surface hydrophobicity of zeolites, however,
had a less pronounced effect on the maximum adsorption capacity of
triclosan than the micropore volume and surface area in this study
(Fig. 7). Since triclosan is hydrophobic and weakly interacts with water,
triclosan adsorption in the pores of zeolites might trigger the water
desorption and pore filling by triclosan [21]. Thus, water adsorption
that was enhanced by the Al content of zeolites would not affect the
maximum adsorption capacity of triclosan.

High-silica zeolites possess a certain number of acid sites (number of
LAS and BAS, Table 3) and associated base sites, which might act as
active adsorption sites for OCs [50,51]. From Table 3, it can be ob-
served that MFI45 and FAU30 possess over 100 umol L.~! more active
adsorption sites than MFI750 and FAU250. However, MFI750 and
FAU250, with fewer adsorption sites, showed an enhanced adsorption
efficacy over MFI45 and FAU30 of phenol (Fig. 6 and Table 7). Since
the active adsorption sites originated from the Al content of zeolites
where water clusters preferably gathered, phenol adsorption could ex-
perience even stronger water competition at the active adsorption sites
than at other adsorption sites [52]. Therefore, phenol adsorption could
be inhibited.

A number of silanol groups (Si—OH) exist in the framework of
zeolites and are able to adsorb water molecules and polar OCs, such as
methanol, by forming H-bonding [53,54]. In addition, Bal’zhinimaev
et al. found that the Si—OH groups in FAU250 exist as silanol nests in

the cages of the zeolite, while silanol nests in MOR240 are located in
the channel entrances [55]. Probably, water molecules interacted with
the silanol nests by H-bonding and then formed a strong complex. Since
phenol is more hydrophilic and polar than triclosan and TCP, phenol is
therefore more likely to be adsorbed on the Si—OH groups by replacing
water molecules.

4.6. Comparison with other adsorbents

The adsorption efficacies of triclosan, TCP and phenol by high-silica
zeolites and other commonly used adsorbents, e.g. carbonaceous ma-
terials and clays, are compared in Tables S1, S2 and S3. When the ad-
sorption plateau was observed, the maximum monolayer adsorption
capacity could be estimated by Langmuir and Langmuir-Freundlich
isotherms. At the adsorption stage without a plateau, adsorption effi-
cacy was characterized by the Ky value from Freundlich isotherm and
the obtained maximum adsorption loading, either given in the litera-
ture or recalculated by given experimental data.

In comparison with other absorbents, high-silica zeolites featured a
high monolayer adsorption capacity for triclosan (378 mg g~ ! in Tables
S1, translated from the Qr of FAU250 zeolite in Table 4). The mono-
layer adsorption capacity of triclosan increased with the pore surface
area. Clay adsorbents with a small surface area of pores, e.g. kaolinite
and montmorillonite, proved to be less efficient for triclosan adsorption
[56]. Benefitting from the hydrophobic surface, high-silica zeolites had
the highest Ky value among the reported results (1163 (mg g~ ')(L
mg~1)?, in Tables S1), indicating their high adsorption efficacy at low
concentration.

At the low concentration range without the adsorption plateau,
carbon nanotubes and graphene showed a high adsorption efficacy too.
For instance, carbon nanotubes could achieve an adsorption loading of
about 367 mg g~ ! at the concentration range 0-1 mg L™ 1. It might be
attributed to the surface functional groups of carbonaceous materials,
which would provide strong adsorption forces for triclosan [16,56].

FAU250, activated carbon fibers and carbon nanotubes were able to
achieve the maximum monolayer adsorption capacity of TCP, which
was promoted by surface area (Tables S2). The finding was consistent
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with the results of triclosan adsorption. Due to the large number of
surface functional groups and the possible condensation of TCP mole-
cules in the pores, carbon nanotubes showed great adsorption efficacy
at the low concentration range. Other adsorbents, including AC, failed
to reach the adsorption plateau, which indicated their low affinity for
TCP adsorption.

With the exception of FAU250 zeolites in this study, S-shaped iso-
therm curves of TCP adsorption by solid adsorbents were not observed.
Regarding the pore topology, TCP interactions are more likely to occur
in the uniform micropores of zeolites than in the pores of adsorbents
with widely distributed sizes, e.g. AC [57], or in adsorbents with sizes
much larger than TCP, e.g. carbon nanotubes with mesopores [58]. For
example, Qin et al. [59] studied the adsorption of TCP by SBA-15, a
silica based material with mesopores (average pore size 5nm). The
adsorbed TCP molecules were more likely to locate separately in the
mesopores, which would not support the intermolecular attraction of
TCP.

Compared with high-silica zeolites, phenol adsorption was favoured
by carbon-based adsorbents, e.g. activated carbon and AC fibres, as
indicated by their high adsorption capacity [60,61]. Roostaei et al.
compared phenol adsorption by different solid adsorbents. At the
equilibrium concentration of ~120mg L.™!, the adsorption loading of
activated carbon and FAU  zeolites were ~268mgg~!
and ~ 17 mg g~ ', respectively [62].

It is well-known that the carbon-based solid adsorbents possess a
large number of functional groups as the adsorption sites for phenol,
e.g. carboxyl and carbonyl, which would interact with acidic OCs, e.g.
phenol [58,61,63]. The aromatic ring of OCs also experience 7-it in-
teractions with the carbon surface. Both interactions promote the ad-
sorption efficacy of OCs, especially at a low concentration range
[44,64]. The effect of active adsorption sites of high-silica zeolites was
less pronounced than the carbon based adsorbents due to lack of or-
ganic functional groups in high-silica zeolites and the possible inhibi-
tion for phenol adsorption as discussed in Section 4.3.

5. Conclusions

The adsorption efficacy of triclosan, TCP and phenol by high-silica
zeolites was studied. The adsorption behaviour and mechanisms were
illustrated by various shapes of adsorption isotherms. The adsorption
efficacy of OCs by high-silica zeolites was related to the properties of
OCs, the porous and surface chemistry features of high-silica zeolites.
The conclusions are summarized as below:

— Triclosan and TCP were more favourably adsorbed by FAU-type
high-silica zeolites than BEA-, MOR- and MFI-type zeolites. The
maximum adsorption capacity of triclosan was related to the mi-
cropore volume or micropore surface area of zeolites, rather than
the hydrophobicity of the zeolites. The maximum adsorption capa-
city of FAU250 zeolites for OCs with smaller molecular sizes, e.g.
TCP, was higher.

— S-shaped adsorption isotherms indicated the inefficient removal of
TCP at low concentrations. The occurrence of an S-shaped isotherm
in the TCP adsorption by FAU250 zeolites could relate to the large
sized cages of FAU zeolites which allowed the intermolecular at-
tractions between multi TCP molecules. A high Si/Al ratio could also
be an essential condition of the S-shaped curve and interaction of
TCP.

— Closely fitted pores of high-silica zeolites promoted the adsorption
efficacy of phenol, which typically has a low affinity for high-silica
zeolites. The occurrence of “close-fit” was more observed with
channel-based zeolites, e.g. MFI-type zeolites, compared to cage-
based zeolites, e.g. FAU-type zeolites.

— The adsorption of OCs by high-silica zeolites benefitted from the
rich amount and closely fitted arrangement of the pores for OCs.
Compared with carbon-based materials, the lack of effective active
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adsorption sites limited the adsorption of phenol by high-silica
zeolites, especially at the low concentration range where no max-
imum adsorption capacity was observed.
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