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ARTICLE INFO ABSTRACT

Keywords: A series of tunable and functional ionic liquids embedded hyper-crosslinked polymers (ILHCPs) containing
Tonic liquid different structures of anion-functional ionic liquids (ILs) with 1,4-dichloroxylene (DCX) as the crosslinker were
Toluene

designed and prepared for highly efficient gaseous toluene adsorption under humidity. These ILHCPs could
achieve high surface area (600 ~ 900 m? g~1), high micropore volume (0.1 ~ 0.3 cm® g™1), small average pore
size (4 ~ 5 nm), large water contact angle (up to 110°), and high thermal stability (>350 °C) through tuning the
anion structures and the initial IL:DCX molar ratio. Gaseous toluene adsorption isotherms were well described by
a dual-site Langmuir-Freundlich (DSLF) model, and the isosteric heats were calculated. The selectivity of gaseous
toluene for 80 % humidity was calculated to be 0.26, two times of typical metal-organic frameworks MIL-101
(0.12), and it increase with the decrease of humidity. Compared with DCX-based self-condensed HCP, toluene
adsorption capacity of ILHCPs remained steadily (270 mg g~!) even under 80 % humidity. The results of ex-
periments and quantum chemical calculations indicated that anion is the main reason for efficient toluene
adsorption under high humidity. Moreover, after the pre-treatments (acid treatment, alkali treatment, adsorption
1 % H»0, and adsorption 5 % H30), the robust ILHCPs showed a good chemical stability and a stable adsorption
capacity. Adsorption-desorption reversible cycles without capacity decrease indicated the good repeatability of
ILHCPs. To our best knowledge, this is the first example of tuning functional ILHCPs for efficient HyO-tolerant
gaseous toluene adsorption. The method may open a door to achieve efficient and robust IL-based materials.

Volatile organic compound
Dual-site Langmuir-Freundlich model
Porous organic polymer

1. Introduction work studied the uptake of VOCs by porous materials under dry condi-

tions [3-5], but water vapor is omnipresent within the environment [6],

Due to the widely used organic solvents in various industrial pro-
cesses, the concentrations of volatile organic compounds (VOCs) in the
atmosphere are increasing, and these VOCs have triggered a series of
problems that threatens environment and human health, especially in
some developing countries. Among VOCs, aromatic VOCs, such as
benzene, toluene, and xylenes (BTX) have received more attention
because of their known hazardous [1]. For example, benzene could
cause DNA damage while toluene and xylenes associated with hearing
disorders and neurological problems [2]. Moreover, many research
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and is present in indoor spaces at concentrations several orders of
magnitude greater than the concentrations of VOCs. Thus, humidity is a
key influential factor that affect the physical or chemical processes
related to VOC emissions [7,8]. For most VOC adsorption materials,
water vapor will reduce their VOCs adsorption capacity in a humid at-
mosphere [9,10]. Thus, developing efficient sorbents for efficient aro-
matic VOCs sorption from humid conditions are highly desired.

Ionic liquids (ILs) are known as a kind of sustainable solvents with
tunable structures and unique properties, including high thermal and
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Fig. 1. The synthesis and structures of ILHCPs.
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Fig. 2. Schematic diagram of the breakthrough experiments for gaseous
toluene adsorption. (1) Mass flow meter, (2) flow controller, (3) humidifier, (4)
gaseous toluene generator, (5) mixing tank, (6) U-tube, (7) temperature
controller, (8) GC with FID.

chemical stability, low vapor pressure, and a strong ability to solubilize
both inorganic and organic substances by choosing appropriate cations
and anions. Theoretically, there are approximately 10'® room

temperature ionic liquids available, which encompass both binary and
ternary combinations [11]. Thus, ILs have been used as absorbents in
capture and separation of gases, such as SOy [12-15], CO4 [16-19], NOx
[20-23], NH3 [24,25], CO [26-28], H,S [29,30], and VOCs [31,32], as
acetone [33], alcohols [34], chloroalkanes [35-37], chlorobenzene
[38], benzene toluene and xylene (BTX) [39,40], etc. As a representative
aromatic VOC, toluene vapor could be absorbed in tunable ILs. On one
hand, kinds of ILs have been developed with such anions as tetra-
fluoroborate ([BF4]) [41], hexafluorophosphate ([PFg]) [42], bis(tri-
fluoromethylsulfonyl)amide [Tf;N] [43], halides [44], carboxylates
[45], sulfonates [46], sulfates [47], etc. Among these anions, [TfoN] was
found to be more efficient for toluene vapor absorption, compared with
other anions [48,49] On the other hand, different cations also affect the
sorption efficiency. For example, Dai et al. [50] reported that
imidazolium-based ILs introduced into n-electron donors could achieve
efficient toluene capture. Wang et al. [51] examined the impact of the
type and length of the alkyl chain on the solubility of cations and anions
in toluene. Although a report has shown that viscosity would decrease
with increasing mole fraction of toluene in ILs [52], the viscosity of ILs
themselves limits their industrial applications on VOCs sorption [53].
Thus, the development of alternative sorbents is necessary for toluene
vapor capture. Recently, benzene ring-containing porous orgnic
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Fig. 3. N, adsorption—desorption isotherms at 77 K (a) and the pore distribu-
tions (b) of these ILHCPs.

Table 1

Initial molar composition (IL:DCX, in mmol:mmol), surface area (Sggr, in m?
g’l), total pore volume (Vi in cm?® g’l), micropore volume (Vyc, in cm?® g’l),
average pore size (D, in nm), and water contact angle (6, in °) of ILHCPs in this
work.

HCP IL:DCX Sger Viot Vinie D 0

[T£,N]-ILHCP 5:5 772.5 0.93 0.17 4.8 110.5
[T£,N]*-ILHCP 3:5 909.9 0.86 0.32 3.8 80.5
[Tf,N]*-ILHCP 1:5 612.9 0.63 0.20 4.1 422
[BTFA]-ILHCP 5:5 429.1 0.66 0.037 8.2 104.3
[TTFA]-ILHCP 5:5 318.8 0.42 0.007 9.8 110.7
[Br]-ILHCP 5:5 735.2 0.59 0.13 4.3 25.1

materials (POMs) have been applied for aromatic VOCs adsorption with
tunable topology and pore size. These typical POMs include metal-
-organic frameworks (MOFs) [54,55], covalent organic frameworks
(COFs) [56,571, covalent triazine frameworks (CTFs) [58], etc. Although
these adsorbents seem to be promising, the expensive ligands as well as
tedious preparation processes with low yields make them difficult to
apply in industry. Recently, hyper-crosslinked polymers (HCPs) are
developed as a kind of POMs which can be synthesized using inexpen-
sive reagents, straightforward methods, and possess a highly cross-
linked porous structure through the Friedel-Crafts alkylation process
[59]. HCPs have found applications in separation and catalysts as
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sorbents and catalysts [60-64]. Based on the tailorability of ILs and
porosity of HCPs, ILHCPs composites have been developed greatly
during recent years [65]. However, none of ILHCPs has been developed
for toluene adsorption, especially under humidity conditions. Thus,
tuning the structure ILHCPs for efficient and selective gaseous toluene
adsorption is highly desired [66].

Herein, a series of ILHCPs containing different structures of hydro-
phobic ILs with 1,4-dichloroxylene (DCX) as the crosslinker were
designed and prepared via anion-exchange and Friedel-Crafts reaction
for efficient gaseous toluene adsorption under humidity (Fig. 1). Hy-
drophobicity property as well as surface area, micropore volume, and
average pore size of these ILHCPs were determined. Gaseous toluene
adsorption isotherms on these ILHCPs were tested under 298, 308, and
318 K. A dual-site Langmuir-Freundlich (DSLF) model was used for well
describing gaseous toluene adsorption, and the isosteric heats were
calculated. Based on DSLF, equilibrium constant, Gibbs free energy
change, enthalpy change, and entropy change of each adsorption site
were calculated. Furthermore, toluene adsorption under different hu-
midity conditions were also tested and exhibited steady adsorption ca-
pacity even under 80 % humidity. Quantum chemical calculations
indicated the key role of the structures of anions in tunable adsorption
performances. Moreover, different pre-treatment methods (acid treat-
ment, alkali treatment, adsorption 1 % H50, and adsorption 5 % H30)
were used to test and exhibiting the high chemical stability of ILHCPs.
Desorption and adsorption-desorption cycles were measured and verify
the reversibility of ILHCPs. Based on the information we know so far,
this is the first example of tuning functional ILHCPs for efficient HyO-
tolerant gaseous toluene adsorption, which may open a door to
achieving high adsorption efficiency of other VOCs by IL-based POPs.

2. Experimental methods
2.1. Materials

Tetraphenylphosphonium bromide ([Ph4P][Br], 98 %, CAS No.
2751-90-8) was obtained from Shanghai Aladdin Biocherrical Technol-
ogy Co., Ltd. Lithium bis(triluoromethanesultony)imide (LiTfsN, 99.5
%, CAS No. 90076-65-6). Benzoyltrifluoroacetone (BTFA, 97 %, CAS No.
326-06-7) was obtained from Bide Pharmatech Ltd. while thenoyltri-
fluoroacetone (TTFA, 98 %, CAS No. 326-91-0) were procured from
Meryer (Shanghai) Chemical Technology Co., Ltd. 1,4-Bis(chloro-
methyl)benzene (DCX, 98 %, CAS No. 623-25-6) and toluene (99.8 %,
CAS No. 108-88-3) were obtained from Shanghai Macklin Biochemical
Co., Ltd. 1,2-bichloroethane (DCE, 99 %, CAS No. 107-06-2) and ethanol
(EtOH, 99.5 %, CAS No. 64-17-5) were approached from Shanghai Titan
Scientific Co., Ltd. N3 (99.99 %) were supplied from Hangzhou Jingong
Gas Co., Ltd. Active carbon (AC-50) was supplied by Tangshan Tianhe
activated carbon Co., Ltd.

2.2. Synthesis of ILs

Three kinds of anion-functional ILs were synthesized, including tet-
raphenylphosphonium  bis(trifluoromethanesulfonyl)imide  ([Ph4P]
[TfoN]), tetraphenylphosphonium benzoyltrifluoroacetone ([Phy4P]
[BTFA]), tetraphenylphosphonium thenoyltrifluoroacetone ([Ph4P]
[TTFA]). All these ILs were all prepared by a same one-step anion-ex-
change method (Fig. 1). For example, [Ph4P]1[Br] and LiTf,N at 1:1 M
ratio were dissolve in water separately and organic phase was imme-
diately obtained after mixing and stirring. DCE was used to dissolve
organics. After separating the organic phase using a separatory funnel
and washing with deionized water for 3 times to remove LiBr, the crude
[Ph4P][TfoN] in DCE was prepared. Then, neat [Ph4P][TfoN] was ob-
tained after removing the DCE and trance of water by rotary evaporation
and freeze drying.
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[T,NJ*-ILHCP

Fig. 4. (a) SEM images of ILHCPs, and (b) EDS mappings of [Tf,N]-ILHCP.

Table 2
Element analysis (in wt%) and IL content (in mmol/g) of [Tf, N]-based HCPs.

HCP Element analysis IL content (calculated based on wt% S)

C H S

[Tf,N]-ILHCP 73.80 428 1.68 0.262

[Tf,N]*-ILHCP  73.08 413 1.36 0.212

[Tf,N]7- 65.22 3.83 1.30 0.203
ILHCP

2.3. Synthesis of ILHCPs

Six ILHCPs used in this work were synthesized from ILs and DCX
following pre-synthesis methods [65]. Take the synthesis of [TFyN]-
ILHCP as an example. The reactants, [Ph4P][TfoN] (3.0977 g, 5 mmol)
and DCX (0.8753 g, 5 mmol), were added in DCE (70 ml) with anhy-
drous FeCl3 (3.242 g, 20 mmol) as the catalyst. After the reflux reaction
at 80 °C under N, atmosphere for 24 h, the brown precipitate was
collected and washed with ethanol and water until the wash solution is
colorless and clear. [Tf;N]-ILHCP was readily obtained after drying the
crude product in a vacuum drying oven at 120 °C for 24 h. Other ILHCPs
were obtained using different initial molar ratio between the IL and the

building block (DCX) by the same way (Fig. 1).

2.4. Characterization of ILHCPs

The Ny adsorption—desorption isotherms, pore size distributions, and
Brunauer-Emmett Teller (BET) surface areas of all ILHCPs were
measured at 77 K on Micromeritics ASAP 2460. The total pore volumes
and the micropore volumes were obtained from the N3 adsorp-
tion—desorption isotherms. The average pore sizes and pore size distri-
butions were calculated from the adsorption branches by the non-local
density functional theory (NLDFT) method. The surface morphologies
and microstructures of ILHCPs were analyzed by Scanning Electron
Microscope (SEM, Gemini 500). The Elemental analysis was conducted
using elemental analyzer (Thermo Fisher Scientific Flash 2000). Fourier
transform infrared (FT-IR) spectra of ILHCPs were measured on Thermo
Scientific Nicolet iS20. Solid state '3C CPMAS NMR (Bruker 400 M) were
obtained at ambient temperature. The thermal stabilities of ILHCPs were
carried out by using a thermogravimetric analysis (TGA, Netzsch TG 209
F3 Tarsus) in N atmosphere with a heating rate of 10 °C min~'. The
water contact angles were measured using an automatic video contact
angle tester (Chengde JY-82C). X-ray photoelectron spectroscopy (XPS)
was used to study the surface element composition and bond energy
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adsorption on [Tf,N]-ILHCP at 298 K.

analysis of samples by Thermo Fisher Scientific K-alpha + equipped with
Al K radiation (1486.68 eV). Prior to conducting measurements, each
sample underwent activation at 120°C under reduced pressure for a
duration of 3 h to eliminate any adsorbed water and gases.

2.5. Gaseous toluene adsorption

The gaseous toluene adsorption isotherms on the ILHCPs were
measured at 298, 308, and 318 K on Micromeritics ASAP 2460.The
maximum adsorption pressure reached the saturated vapor pressure at it
measured temperature.The model about Dual-Site Langmuir-Freundlich
(DSLF) [67] as follows was used to describe the gaseous toluene
adsorption on two different adsorption sites in the ILHCPs:

i xk ><Pﬂ1 q2><k2><P"2

1+k; ><Pﬂ1 1+ky ><P"z

where g in mmol/g is the equilibrium adsorption capacity; q; and g in
mmol/g are the saturated adsorption capacities of adsorption sites 1 and
2, respectively; n; and ny are dimensionless constants representing the
heterogeneity of the surface; k; (in kpa~1/ "1) and k (in kpa~l/ nz) are the
affinity coefficients of site 1 and 2, respectively; P in kPa is the pressure
of bulk gas equilibrated with the adsorbed phase. Thus, two separated
isotherms of site 1 and site 2 were fitted by the following equations,
respectively,
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q1 X ky ><P"1

Qe1 =—1
1+k1 XP”I

1

qo X ko X Pnz
qe‘ZziL
1+ ky x P2

where g1 and g, in mmol/g is the equilibrium adsorption capacity
of site 1 and site 2, respectively.

Breakthrough experiments were used to analysis the effect of relative
humidity on the adsorption of gaseous toluene on the ILHCPs (Fig. 2).
The breakthrough experiment was conducted using a custom-designed
gas chromatography (GC, Agilent 8860 GC) workstation for the labo-
ratory. Briefly, the mixture of gaseous toluene and water vapor with
carrier gas of air was flowed to the U-tube and the toluene concentration
was fixed at about 2000 ppm. The concentration of toluene in the outlet
stream was measured and recorded by GC equipped with hydrogen
flame ionization detector (FID). The capacities about equilibrium
adsorption (ge, in mg g’l) were the maximum adsorption capacities
when the ILHCPs stopped adsorption, and g could be calculated ac-
cording to the following equation [68]:

-6 ts .

de :%[Q 7/0‘ %dt]
1 is the total flow rate (F = 30 ml minfl), tin min
is adsorption time, t; in min is the equilibrium time, Co in mg m ™2 is the
concentration of toluene in the feed gas stream, Cj in mg m™° is the
concentration of toluene in the exit gas stream at t = i, and W in gram is
the adsorbent weight. The reversible adsorption performances were
tested as follows: dynamic adsorptions of 2000 ppm gaseous toluene
with relative humidity 80 % in a typical ILHCP were tested for 180 mins
under 25 °C (stopped before saturation for efficiency consideration),
desorptions of toluene-saturated ILHCP were tested at 60 °C under Ny
until equilibrium was reached.

where Fin ml min™

2.6. Isosteric heat of gaseous toluene adsorption

The isosteric heats of gaseous toluene adsorption (Q, in kJ mol_l),
for estimating the strength of adsorption interaction between toluene
molecules and the ILHCP surface, according to the adsorption isotherms
of gaseous toluene at 298, 308 and 318 K, the indefinite integral formula
of the Clausius-Claperon equation is used to calculate:

lnp—&JrC

Where p (bar) and T (K) represent the pressure and corresponding
temperature when the adsorption amount is fixed, R is the gas constant,
8.314 J mol™' K71, and C is a constant. Qy can be obtained from the
slope of the linear curve of Inp to 1/T (in 1/K) at the same adsorption

capacity.
2.7. Calculation of selectivity

The selectivity of gaseous toluene / water vapor was calculated to
identify the separation efficiency with the following equation [69]:

Myoluene

Stoluene /water —
Myater

where Myoluene and Myater denote the saturated concentrations of
gaseous toluene and water vapor in the ILHCP in the unit of mmol/g at
298 K under different partial of toluene and water, respectively. Sioluene/
water are utilized to estimate the capability of ILHCPs for selective sep-
aration of toluene from water.
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3. Results and discussion
3.1. Physical characteristics

Ny adsorption-desorption isotherms at 77 K of these ILHCPs are
shown in Fig. 3, and the corresponding surface area, pore volume, and
pore size are collected in Table 1. There is a sharp increase up to 200 cm®
g ! at low relative pressure (P/Py < 0.01), indicating the abundant
micropores in ILHCPs, while a slow increase could be seen during the
relative pressure in the range from 0.01 to 0.9, indicating the presence of
mesopores. N adsorption increased rapidly at high relative pressure (P/
Py > 0.9), indicating the presence of cleavage-sheet pores. These results
suggested the hierarchical pore structures of these ILHCPs, and the
presence of micropores provided and advantage for gas adsorption.
Based on the classification by the International Union of Pure and
Applied Chemistry (IUPAC),the N, adsorption-desorption isotherms
showed type II shape with an type H3 hysteresis loop, suggesting the
formation of non-rigid structure [70]. BET surface areas (Sggr) of 772.5,
909.9, 612.9, 429.1, 318.8 and 735.2 m? g~! could be obtained by
[Tf,N]-ILHCP, [Tf,N]*-ILHCP, [Tf,N]#-ILHCP, [BTFA]-ILHCP, [TTFAl-
ILHCP, and [Br]-ILHCP respectively. Additionally, the total pore volume
(Veop) decreased from 0.93 to 0.63 cm® g’1 with decreased IL:DCX molar
ratio from 5:5 to 1:5. Besides, the micropore volume (Vp;.) of ILHCP-
[TfoN]-ILHCP, [Tf,N]*-ILHCP, and [szN]#-ILHCP are 0.17, 0.32, and

0.20 cm® g7!, indicating that more IL moieties in ILHCPs are not
conducive to the formation of micropores. Thus, the values of Vi;c
decreased with the order [TfoN]*-ILHCP > [szN]#-ILHCP > [TfyN]-
ILHCP, and the reverse order could be found for the average pore size
(D): [TfoN]*-ILHCP (3.8 nm) < [szN]#-ILHCP (4.1 nm) < [Tf,N]-ILHCP
(4.8 nm). These results suggested that although more and more ILs in
ILHCPs could increase the values of D and Vi, the value of Vi, was
decreased, which may affect the adsorption performance. The average
pore size of [BTFA]-ILHCP (8.2 nm) and [TTFA]-ILHCP (9.8 nm) are
different than other ILHCPs, probably because of the large anions.

The morphology of ILHCPs including [TfoN]-ILHCP, [TfoN]*-ILHCP,
[ngN]#-ILHCP, [BTFA]-ILHCP, [TTFA]-ILHCP, and [Br]-ILHCP were
investigated by scanning electron microscopy (SEM) and the results
were collected. As shown in Fig. 4(a), SEM image of ILHCPs shows a
porous amorphous bulk structure. For [TfoN]-based ILHCPs, the SEM
images showed that the ILHCPs were irregular layers, resulting in the
high specific surface area [71], While the [BTFA]-ILHCP morphology
becomes filled with sheet-like structures and amorphous bulks, there is a
notable reduction in specific surface area [72,73]. Specially, SEM image
showed the irregular fiber-like structure of [TTFA]-ILHCP, which also
leads to the decreased specific surface area [74]. Among these ILHCPs,
the SEM image of [Br]-ILHCP shows a more developed porous amor-
phous structure, indicating the increased specific surface area [72]. All
these results indicated that different anions lead to different
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Table 3
Fitting parameters of DSLF equation (T in K, g; and ¢ in mmol/g, k; in kPa~—*/™ and k in kPa~'/™2, n; and n, are dimensionless).
ILHCP T Site 1 Site 2 R?
q k1 1/m q2 ko 1/ny
[Tf,N]-ILHCP 298 5.04 2.80 0.53 30.25 1.81 x 10 5.00 0.990
308 3.65 24.99 1.57 203.49 2.29 x 10 2.56 0.979
318 2.28 47.65 1.09 1138.69 4.18 x 10 0.92 0.996
[Tf,N]*-ILHCP 298 4.43 6.81 0.74 67.33 4.05 x 10 3.78 0.989
308 3.29 905.56 3.05 5488.99 4.60 x 10° 1.55 0.983
318 2.08 453.61 1.44 937.68 0.0010 0.61 0.997
[Tf,N]#-ILHCP 298 4.83 3.51 0.60 10.81 0.0010 4.40 0.990
308 4.12 3.05 0.92 5.81 0.0021 3.34 0.994
318 2.69 3.70 0.65 14.80 0.010 1.66 0.999

morphologies with different porous structures. Additionally, the EDS
mappings of [TfoN]-ILHCP, illustrated in Fig. 4(b), exhibited that P, N,
O, F, and S elements were contained, indicating the successful synthesis
of ILHCPs.

Elemental analysis was further applied to calculate the contents of IL
in typical [Ph4P][TfoN]-embedded ILHCPs, and the results were also
listed in Table 2. The S contents in these ILHCPs were 1.68 %, 1.36 %,
and 1.30 % for [TfyN]-ILHCP, [Tf;N]*-ILHCP, [szN]#-ILHCP, respec-
tively. Thus, the contents of [Ph4P][Tf;N] were calculated to be 0.262,
0.212, and 0.203 mmol g_l. The loading of [Ph4P][Tf>N] decreased with
the order [TfoN]-ILHCP > [TfoN]*-ILHCP > [ngN]#-ILHCP, originating

from the quantity of IL used during the synthesis was increased in the
initial molar composition of these ILHCPs ([Ph4P][Tf;N]: DCX) from 5
mmol: 5 mmol, to 3 mmol: 5 mmol and 1 mmol: 5 mmol for [Tf;N]-
ILHCP, [Tf,N]*-ILHCP, [Tf,N]#-ILHCP, respectively.

Besides, to determine the hydrophobicity property, the water contact
angles (6, in °) for ILHCPs were measured to be 110.5°, 80.5°, 42.2°,
104.3°, 110.7°, and 25.1° for [Tf,N]-ILHCP, [Tf,N]*-ILHCP, [Tf,N]*-
ILHCP, [BTFA]-ILHCP, [TTFA]-ILHCP, and [Br]-ILHCP, respectively
(Fig. 5a). The results indicated that the [Tf;N]-ILHCP, [BTFA]-ILHCP,
and [TTFA]-ILHCP, are more hydrophobic than other ILHCPs, espe-
cially [Br]-ILHCP. Moreover, the values of water contact angles
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Fig. 8. Decomposed gaseous toluene isotherms of the [Ph4P][Tf,N]-embedded
ILHCPs from two sites of the DSLF model. (a) [TfoN]-ILHCP under different
temperatures. (b) different [Ph4P][Tf,N]-embedded ILHCPs under 298 K.

decreased with the order [TfoN]-ILHCP > [TfyN]*-ILHCP > [ngN]#-
ILHCP, indicating that hydrophobicity decrease with the decreased
content of [PhyP][TfoN] in ILHCPs. Additionally, water vapor adsorp-
tion isotherm of [TfyN]-ILHCP at 298 K was measured, and the result
was illustrated in Fig. 5b and Table S1. It showed that the synthesized
[TfoN]-ILHCP demonstrated a reduced absorption of water vapor, and
this value progressively rose as the water vapor pressure increased,
suggesting a characteristic of physisorption.

FT-IR and !3C solid-state NMR spectra were measured to further
verify the successful synthesis of ILHCPs (Fig. 6). The comparison of FT-
IR spectra of ILHCPs ([TfoN]-ILHCP, [TfoN]*-ILHCP, [ngN]#-ILHCP)
with that of ILs ([Ph4P][Tf,N]) and DCX-HCP are shown in Fig. 6a. The
FT-IR spectra of these HCPs exhibited a series of typical stretching vi-
brations of the skeletal benzene ring at 1498, 1596, and 1674 em .
Another new characteristic peak observed at 2925 cm™! could be
assigned to the C-H bending vibration of methylene group (—CHy—)
between two benzene rings in the skeleton, originating from DCE.
Compared with the FT-IR spectra of HCP-DCX and [Ph4P][Tf,N], a vi-
bration at 1350 and 1134 cm™! in the spectra of [Ph4P][Tf,N]-
embedded ILHCPs could be assigned to asymmetric stretching and
symmetric vibration of S = O bonds, respectively, while new bonds at
1059 and 1197 cm™' could be assigned to stretching vibrations of
—SNS— and —CF3 bonds, respectively [75]. The solid-state 13C CP/MAS
NMR spectrum of [TfoN]-ILHCP is illustrated in Fig. 6b. The signal peaks
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Fig. 9. Inp versus 1/T for estimation of isosteric adsorption heats of gaseous
toluene on the ILHCPs.
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function of toluene amounts adsorbed.

at 137 and 129 ppm could be assigned to the substituted and non-
substituted aromatic carbons in the structure, respectively, while the
resonance peaks at 36 and 19 ppm due to the carbon in the methylene
linkers (—CHg — ) and carbon in the end chloromethyl (—CH2Cl). The
shifts with asterisks in the spectra donate spinning sidebands [76]. XPS
survey spectra of [TfoN]-ILHCP are provided in Fig. 6¢. The character-
istics peaks of C 1s, O 1s and F 1s are found at 282.1, 532.1, and 688.1
eV, respectively, in full survey XPS spectra. Thus, based on the analysis,
ILHCPs were successfully synthesized for gaseous toluene adsorption.
TGA was performed to test the thermal stability of [TfoN]-ILHCP
(Fig. 6d). The mass loss between room temperature to100 °C assigned to
the evaporation of water and removal the impurities on the surface and
pore structures. At temperatures below 300 °C, the mass loss of ILHCPs is
within 10 %, suggesting the excellent thermal stability.

3.2. Adsorption of gaseous toluene

3.2.1. Gaseous toluene adsorption isotherms

The adsorption isotherms of gaseous toluene on the HCPs embedded
with different kinds of ILs, including [TfoN]-ILHCP, [TfoN]*-ILHCP,
[szN]#—ILHCP, [BTFA]-ILHCP, and [TTFA]-ILHCP, were measured, and
the results were illustrated in Fig. 7. Clearly, although the water contact
angles (6, in °) for [TfoN]-ILHCP (110.5°), [BTFA]-ILHCP (104.3°), and
[TTFA]-ILHCP (110.7°) were measured to be similar, the adsorption
capacities of gaseous toluene by these ILHCPs were measured to be at
2.65, 0.83, and 0.42 mmol, respectively, at 298 K and 2000 ppm (0.2
kPa), indicating that the reason for different adsorption capacities
probably stem from the different structures of anions. Moreover, the
adsorption capacities of gaseous toluene by all these ILHCPs decreased
with the increase of temperature while they increased with the increase
of partial pressure. Besides, a two-step rise is observed in these
adsorption isotherms up to the saturated toluene vapor pressure at the
desired temperature, with a more pronounced trend evident at lower
temperatures. The initial sharp increase occurs at low pressure, which
can be attributed to a strong affinity for toluene due to n-n interactions
with the benzene rings within the channels of the ILHCPs network.
Subsequently, the gaseous toluene adsorption capacities approach a
plateau, followed by a slight increase until reaching the saturated
toluene vapor pressure, which is related to pore condensation at high
pressure. Additionally, gaseous toluene adsorption isotherms of these
ILHCPs are similar, indicating they are all suitable for efficient gaseous
toluene adsorption under dry conditions. Furthermore, the isotherms on
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these ILHCPs could be fitted with DSLF model. The fitted results are
illustrated in Fig. 7, while the fitting parameters for sites 1 and 2 are
presented in Table 3. The fitting results demonstrate a strong agreement
with the experimental data (R2 > 0.9). Two distinct isotherms for site 1
and site 2 are shown in Fig. 8. Notably, the capacity and affinity coef-
ficient of site 1 decreased with increasing temperature, suggesting that
the n-n interactions gradually weakened as the temperature rose. In
contrast, the capacity of site 2 ultimately increased, attributed to
capillary condensation occurring within the pores.

3.2.2. Isosteric heat of gaseous toluene adsorption

Isosteric heats (Qs, in kJ/mol) have been calculated from the slope of
the linear plot of Inp against 1/T at the same adsorbed quantity from
gaseous toluene adsorption isotherms utilizing the indefinite integral
formula of the Clausius-Clapeyron equation. The linear relationship of
Inp vs 1/T was showed in Fig. 9 while isosteric heats of gaseous toluene
adsorptions on the ILHCPs vs the adsorbed amount of toluene (g, in
mmol/g) were illustrated in Fig. 10. The results showed that owing to
the surface heterogeneity, the isosteric heats of adsorption on [szN]#—
ILHCP declined from 70 to 30 kJ/mol with increasing amount adsorbed
toluene from 3 to 5 mmol g~ 1. The results suggest that toluene could be
adsorbed relatively easily within the low adsorption capacity, while
toluene need to transfer to relatively inaccessible sites in the interior
pores within the high adsorption capacity, leading to the decreased
isosteric heats. For [TfoN]*-ILHCP, the isosteric heats of toluene
adsorption were in the small range of 39 ~ 44 kJ/mol with increasing
amount adsorbed toluene, ascribing to the energetically homogeneous
surface of the [Tf;N]*-ILHCP. Compared with the adsorption on
[szN]#—ILHCP, the possible reasons were adding more [Ph4P][TfoN] in
the networks of [TfyN]*-ILHCP increased the n-t interaction as well as
the more micropore volume enhanced the affinity towards toluene. For
[TfoN]-ILHCP, the largest amount of [Ph4P][TfoN] resulted in the
enhanced average pore size and increased the surface energetical
heterogeneity.

3.3. Breakthrough experiments under relative humidity

In order to discuss the selective separation of toluene form water, we
first calculated the Siojyene/water for [TfoN]-ILHCP, according to the
Fig. 7a and Table S1. The results showed that the Siolyene/water 0f 2000
ppm (0.2 kPa) toluene under different humidity were calculated to be
0.13, 0.26, 0.62, 2.64, and 4.37 for relative humidities (RH) of 100, 80,
60, 40 and 20 %, respectively, indicating the selectivity increased with
the decrease of humidity. Thus, the breakthrough experiments of
gaseous toluene adsorption at 298 K by [Ph4P][Tf,N]-embedded ILHCPs
([TfoN]-ILHCP, [TfoN]*-ILHCP, [szN]#-ILHCP) and DCX-HCP under
relative humidities (RH) of 0, 40, 60, and 80 % with the gas concen-
tration of 2000 ppm at the inlet were performed, and the breakthrough
curves were showed in Fig. 11. The equilibrium adsorption capacities
(qe, in mg g~ 1) were calculated via integrating the breakthrough curves
from t = 0 to equilibrium time (t = t.), and the results were also listed in
Table 4. It is clearly seen that [TfoN]-ILHCP, [TfoN]*-ILHCP, and
[Tf,N]#-ILHCP possessed lower toluene uptakes than DCX-HCP in dry
atmosphere. As DCX-HCP was more hydrophilic, water molecules would
more readily occupy the cavities due to hydrogen bonding. Moreover, as
humidity rose, the breakthrough time of toluene vapor on the DCX-HCP
decreased, indicating a significant reduction in adsorption capacity with
higher moisture levels. For [Ph4P][TfoN]-embedded ILHCPs, especially
[TfoN]-ILHCP embedded with more [Ph4P][TfoN] molecules, the
breakthrough time of toluene vapor on ILHCP is mainly steady (~ 270
mg g~ 1) when relative humidities (RH) increase from 40 to 80 %. As the
initial molar ratio of IL:DCX for synthesis [Ph4P][Tf2N]-embedded
ILHCPs increased from 1:5 to 5:5, the toluene adsorption capacity
increased from 251mg g~! for [Tf,N]?-ILHCP to 276 mg g~ for [Tf,N]
*.JLHCP at 298 K under RH = 80 %, while decreased to 266 mg g~ for
[TfoN]-ILHCP, probably because of the BET surface areas (Spgr) of these
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Fig. 11. Effect of relative humidity (a-d) and structures of anions (e) on the gaseous toluene breakthrough curves at 298 K with the gas concentration of 2000 ppm at

the inlet.

Table 4

The equilibrium gaseous toluene adsorption capacities (e, in mg g~*) of ILHCPs
at 298 K under different relative humidities (RH) with the gas concentration of
2000 ppm at the inlet.

ILHCP Ge, (mg g™

RH =0 RH = 40 % RH = 60 % RH = 80 %
[T£,N]-ILHCP 271 271 266 266
[Tf,N]*-ILHCP 306 305 296 276
[Tf,N1#-ILHCP 283 271 261 251
HCP-DCX 350 266 214 170

ILHCPs first increased from 772.5 m? g™, for [Tf,N]*-ILHCP to 909.9
m? g_1 for [Tf;N]*-ILHCP and then decreased to 612.9 m> g_l for
[TfoN]-ILHCP. Consequently, these ILHCPs demonstrated a greater ca-
pacity to adsorb toluene than water vapor when compared to DCX-HCP
in environments with high moisture levels. Furthermore, the break-
through experiments of gaseous toluene adsorption by ILHCPs with
different kinds of anions under RH = 80 % and 2000 ppm gaseous
toluene conditions were also performed (Fig. 11e). The equilibrium
adsorption capacities (ge, in mg g_l) were calculated to be 266, 218,
139 mg g71 for [Tf,N]-ILHCP, [BTFAJ-ILHCP, and [TTFA]-ILHCP,
respectively, from the breakthrough experiments. These results also
indicated that the different structures of anions resulted in the different
adsorption capacities. Moreover, the comparison of the toluene
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Fig. 13. Recycling performance of [Tf, N]-ILHCP for 5 successive reuses in
toluene adsorption at 298 K and 2000 ppm toluene under 80 % rela-
tive humidities.

adsorption performance with other materials such as activated carbon or
MOFs can be found in Table S2. It can be seen that 2.89 mmol/g (266 mg
g~ 1) gaseous toluene could be adsorbed by [Tf,N]-ILHCP at 298 K under
RH = 80 %, higher than most of other adsorbents. Although a kind of
modified MIL-101 (D-MIL-101-20 %) was reported to adsorb 3.14
mmol/g gaseous toluene under same conditions [77], its Stoluene/water 1S
only 0.10, while that of [TfoN]-ILHCP is 0.26, indicating that D-MIL-
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101-20 % could also absorb water easily when absorbing toluene. Thus,
ILHCPs is probably a kind of potential alternative adsorbents for toluene
adsorption under humidity conditions.

3.4. Interaction of anions with toluene from quantum chemical
calculations

Density functional theory (DFT) calculations are a helpful tool that
could be used to study the mechanism of gaseous toluene adsorption.
The distances between anions and toluene were calculated to identify
the interactions using the Gaussian 16 Revision C.01 package [78] by
DFT-D3(BJ)/B3LYP/6-31++G(d,p) methods [79-82]. Due to the key
role of anions in gaseous toluene adsorption by ILHCPs, the structures of
anion-toluene complexes were optimized, and the results were illus-
trated in Fig. 12. It can be seen that there are two interaction sites
(negative charged N atom & O atom in C = O) in [Tf3N]..toluene
complex, while one interaction site in both [BTFA]...toluene (O atom in
C = 0) and [TTFA]...toluene (O atom in C = O) complexes. The inter-
molecular distance between negative charged N atom in [Tf,N] anion
and H atom in toluene was calculated to be 2.250 A, corresponding to a
reduction of 18.2 % of the sum of the van der Waals radii of the two
interacting atoms. Thus, the results indicated the strong interaction of
[TfoN]-embedded ILHCPs with gaseous toluene, resulting in the higher
adsorption capacities of [Tf;N]-embedded ILHCPs than [BTFA]-
embedded ILHCP and [TTFA]-embedded ILHCP.

3.5. Stability and reversibility of the ILHCPs

Stability and reversibility are important properties of materials,
which can be used to develop novel gas adsorbents. Fig. S1 illustrates the
breakthrough experiments of gaseous toluene adsorption at 298 K under
RH = 80 % with the gas concentration of 2000 ppm by [Tf,N]-ILHCP
with the comparison of adsorption by a kind of active carbon (AC-50)
and a kind of MOF (CuBTC, synthesized according to the literature [84])
after same pre-treatment experiments, including 1 mol L~ HySO, for 4 h
(acid treatment), 1 mol L™! NaOH for 4 h (alkali treatment), adsorption
1 % H»0, and adsorption 5 % H»0. The experiments of adsorption 1 %
H50 and adsorption 5 % H,0 were performed through samples exposing
to humidity air at 288 K under RH = 80 % and completed when the
absorption capacity of HyO reached the requirements (Fig. S2). The
equilibrium adsorption capacities (qe, in mg g~ ') were listed in Table S3.
It can be seen that about 240 mg g~ * gaseous toluene could be obtained
by [TfoN]-ILHCP whether after acid treatment or alkali treatment, while
there is a significant difference in toluene capacities of AC-50 and
CuBTC, indicating a significant influence for AC-50 and CuBTC by acid
treatment and alkali treatment. When added 1 % H30 and 5 % H50 in
[Tf,N]-ILHCP, AC-50, and CuBTC. Although the differences of toluene
capacities between the [TfoN]-ILHCP and AC-50 were not significant
when added 1 % H0 or 5 % Hy0, [TfoN]-ILHCP has significant
advantage compared with AC-50 because of the lower water adsorption
of [TfoN]-ILHCP (10.9 % in weight ratio) than AC-50 (30.7 % in weight
ratio) (Fig. S2). The desorption performance and the adsorp-
tion—desorption reversible cycles for [TfoN]-ILHCP are shown in Fig. 13.
It can be seen that the first toluene adsorption of [Tf,N]-ILHCP was 263
mg g~ ! at 298 K under RH = 80 % and 2000 ppm toluene concentration.
After the first desorption at 353 K, the second adsorption capacity
decreased significantly to 205 mg g~ . Thus, high temperature needed to
desorb the adsorbed toluene. It is clear that after the desorption per-
formed at 393 K, the third adsorption capacity increased to 270 mg g~
and maintained steady during the other cycles. Thereby, these results
indicated the highly efficient and reversible gaseous toluene adsorption
by hydrophobic ILHCPs under high humidity.

4. Conclusions

In summary, a strategy using ionic liquids embedded hyper-
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crosslinked polymers (ILHCPs) for highly efficient gaseous toluene
adsorption under high humidity has been developed. These ILHCPs with
tunable hydrophobicity property could be obtained via anion-exchange
and Friedel-Crafts reaction with 1,4-dichloroxylene (DCX) as the cross-
linker. High surface area, high micropore volume, and small average
pore size could be obtained through tuning the anion stuctures and the
initial IL:DCX molar ratio. Gaseous toluene adsorption isotherms on
typical ILHCPs were tested under 298, 308, and 318 K, and a dual-site
Langmuir-Freundlich (DSLF) model was used for well describing
adsorption isotherms, which can be divided into two contributions for
site I and site II. The isosteric heats of gaseous toluene adsorption were
calculated. Furthermore, toluene adsorption under different humidity
conditions were also tested. Compared with DCX-based self-condensed
HCP, toluene adsorption capacity of ILHCPs remained steadily, even
under 80 % humidity. Based on the information we know so far, this is
the first example of tuning functional ILHCPs for efficient HoO-tolerant
gaseous toluene adsorption. We believe that this method will open a
door to achieving high adsorption efficiency of other volatile organic
compounds (VOCs) or inorganic gases such as NOy, SO5, H,S, and COy
by functional IL-based porous organic polymers (POPs).
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