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Abstract
Though widely used in our daily lives, volatile methylsiloxanes and derivatives are emerging contaminants and becoming a high-priority
environment and public health concern. Developing effective sorbent materials can remove siloxanes in a cost-effective manner. Herein, by
means of Grand Canonical Monte Carlo (GCMC) simulations, we evaluated the potentials of the recently proposed 68 stable zeolite-templated
carbons (ZTCs) (PNAS 2018, 115, E8116-E8124) for the removal of four linear methylsiloxanes and derivatives as well as two cyclic meth-
ylsiloxanes by the calculated average loading and average adsorption energy values. Four ZTCs, namely ISV, FAU1, FAU3, and H8326836, were
identified with the top 50% adsorption performance toward all the six targeted contaminants, which outperform activated carbons. Further first
principles computations revealed that steric hindrance, electrostatic interactions (further enhanced by charge transfer), and CH-p interactions
account for the outstanding adsorption performance of these ZTCs. This work provides a quick procedure to computationally screen promising
ZTCs for siloxane removal, and help guide future experimental and theoretical investigations.
© 2020, Institute of Process Engineering, Chinese Academy of Sciences. Publishing services by Elsevier B.V. on behalf of KeAi Communi-
cations Co., Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Keywords: Zeolite-templated carbons; Contaminants of emerging concern; Methylsiloxanes; GCMC simulations; Density functional theory calculations
1. Introduction

As a type of critical organic compounds, methylsiloxanes
[1–7] are used in many industries and consumer products,
including oil production [8], dry cleaning, personal care
products [9], and the manufacturing of higher weight silicon
polymers [4]. Methylsiloxanes contain methyl substituents
bonded to the silicon atoms of an alternating silicon-oxygen
backbone, which can be in the cyclic or linear form [10].
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For instance, decamethylcyclopentasiloxane (D5) and octa-
methylcyclotetrasiloxane (D4) are the most prevalent cyclic
volatile methylsiloxanes (cVMS) in the environment [11–15].
The other containments, monomethylsilanetriol (MMST) [16],
dimethylsulfone (DMSO2) [17–19], trimethylsilanol (TMS),
as well as dimethylsilanediol (DMSD) [20,21] are the smallest
linear methylsiloxanes and derivatives [19,22,23], which are
commonly found after the hydrolysis and sulfuration of longer
linear and cyclic methylsiloxanes.

Though methylsiloxanes play essential roles in our lives,
the treatment and discharge of methylsiloxanes are still chal-
lenging. The US alone produced 100–500 million pounds of
D4 and 50–100 pounds of D5 in 2006 [24] and released about
10 million kilograms of methylsiloxanes in general per year
[25]. However, because methylsiloxanes are hydrophobic and
ents to remove methylsiloxanes and derivatives: A computational screening,
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often highly volatile, the removal of methylsiloxanes is very
difficult [26–31]. Moreover, methylsiloxanes have potential
toxicity, for example, D4 is toxic to some aquatic life [32], and
D5 in the soil can cause adverse effects in certain animal and
plant species [9]. Therefore, finding an efficient method for
removing methylsiloxanes is urgent.

The traditional separation and purification methods include
distillation, crystallization, adsorption, membrane processes,
absorption and stripping, and extraction, among which
adsorption is a low-cost and the principal method [33,34] for
the removal of different methylsiloxanes [5]. Wastewater
treatment plants have been applied to decrease the number of
methylsiloxanes, but cannot avoid methylsiloxanes residues of
a low concentration and the production of smaller silanols or
methyl sulfones due to the side reactions of methylsiloxanes
[35,36]. Activated carbons are general adsorbents for many
contaminants [10], but the pore size, functional group, and
metal content of activated carbons cannot be easily charac-
terized and well-controlled compared with some other porous
materials [10]. Other commonly used adsorbents are zeolites
[8,9], which possess various but regular pore structures, and
can be designed to adsorb specific contaminants [37,51].

Recently, zeolite-templated carbons (ZTCs) emerged as
promising sorbents. ZTCs can be synthesized cheaply and on a
large scale by chemical vapor deposition of carbon over a
zeolite template [38–40]. After the carbon forms a structure
covering the surface of the pores of zeolite, the zeolite struc-
ture can be removed, leaving a porous carbon structure.
Several ZTCs have been successfully synthesized with various
zeolites as templates, including the FAU, EMT, and LAY ze-
olites [41,42]. For instance, in 2017, Lee et al. demonstrated
that the electrical conductivity of the LAY-templated carbon is
related to the degree of order for the pores and also the
treatment temperature for synthesizing ZTCs [41]; In 2018,
Braun et al. developed a theoretical framework to generate a
ZTC model from any given zeolite structure, established
criteria for which zeolites can produce experimentally acces-
sible ZTCs, and identified 68 stable ZTCs structures [42].

As a new type of carbon material, ZTCs have a better-
controlled pore structure than activated carbons because of
the zeolite template used during synthesis processes [41–47].
Note that one drawback of the activated carbons is the
decreased adsorption capability toward contaminants during
usage because the hydrophilic sites (the functional groups
hanging on the activated carbons) tend to adsorb water and
alkali metals. In stark contrast, ZTCs are hydrophobic, thus it
can be a better choice as adsorbents for methylsiloxanes and
derivatives.

In this work, we employed Grand Canonical Monte Carlo
(GCMC) simulations to evaluate the adsorption performance
of the 68 stable ZTCs recently identified by Braun et al. [42]
toward four linear methylsiloxanes and two cyclic methyl-
siloxanes in terms of average loading and average adsorption
energy values. We identified four promising ZTCs, namely
ISV, FAU1, FAU3, and H8326836, which have top 50%
adsorption performances toward all the six critical methyl-
siloxanes and are expected to outperform activated carbons. To
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gain insights into adsorption mechanisms at the atomistic
level, we examined the interactions of the best-performing
ZTC toward each contaminant by means of density function
theory (DFT) computations and found that steric hindrance,
electrostatic interactions, and CH-p interactions play critical
roles in enhancing the adsorption capability of these ZTCs.

2. Computational methods

Grand Canonical Monte Carlo (GCMC) simulations were
performed using the Sorption module of Materials Studio 8.0
[48] to investigate the absorption performance of 68 ZTCs
toward each of the six contaminants. GCMC is a statistical
simulation, which evaluates the adsorption process relying on
random sampling and probabilistic interpretation in the sor-
bent framework. We calculated the average adsorption loading
(per 10 nm3) (converted from the number of molecules per
cell, see Table S1 in Supporting Information) and adsorption
energy (kcal mol�1) for which the 10 lowest-energy adsorp-
tion geometries of each adsorption system were chosen. Note
that a more substantial adsorption loading and higher
adsorption energy indicate better adsorption performances.
Fixed pressure adsorption simulations were carried out at a
temperature of 298 K and a pressure of 101.33 kPa with the
Metropolis Monte Carlo method [49] and COMPASS force-
field [50,51]. Using COMPASS forcefield, the carbon atoms of
ZTCs were assigned as different types: namely c3a and c3 ¼ ,
which are used for sp2 carbons in typical double bonds and for
sp2 carbons in aromatic rings, respectively. Considering that
no metal atoms were included in our systems, we used the
Forcefield assigned charges by COMPASS. Adsorption iso-
therms were calculated using Sorption codes with the same
method and forcefield, but at a pressure range from 1 to
30 MPa.

DFT computations were carried out by using an all-electron
method within a generalized gradient approximation (GGA)
for the exchange-correlation term, as implemented in the
DMol3 code [52,53] for the optimization of six contaminants
and further examination of the interactions between the best-
performing ZTC with contaminants. The structures of ZTCs
downloaded from materialscloud have been optimized by DFT
computations [41]. Also, the structure of all methylsiloxanes
were optimized by DFT functional. The double numerical plus
polarization (DNP) basis set and Perdew, Burke and Ernzerhof
(PBE) functional were adopted [54]. Self-consistent field
(SCF) computations were performed with a convergence cri-
terion of 10�6 a.u. To obtain more accurate ISV-contaminant
interactions, we took long-range electrostatic interaction into
account, and adopted DFT þ D (D stands for dispersion) vdW
correction using Grimme method [55].

3. Results and discussion
3.1. Searching the best ZTC toward each containment
We first explored the performances of ZTCs in adsorbing
four linear methylsiloxanes and derivatives (Fig. 1, Table 1,
ents to remove methylsiloxanes and derivatives: A computational screening,



Fig. 1. The structures of four linear siloxanes and derivative as well as two cyclic siloxanes, and the structure of the best ZTC sorbent toward each contaminant. The

ZTCs are presented as gray stick models. The yellow, red, earth yellow (only in DMSO2), and white balls stand for silicon, oxygen, sulfur (only in DMSO2) and

hydrogen atoms, respectively.

Table 1

The best-performed ZTCs for each methylsiloxane and derivative, and the

corresponding average loadings (L; per 10 nm3) and average adsorption en-

ergies (E; kcal mol�1).

Best ZTC L per 10 nm3 E kcal mol�1

DMSO2 IRR2 31.26 20.10

TMS ITH 26.26 18.47

DMSD FAU3 32.25 17.64

MMST BEB 33.85 18.92

D4 FAU2 9.87 38.15

D5 H8326849 6.20 37.98
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Table S2-S5). The best ZTCs and their performance toward
each of these four contaminants are summarized in Fig. 1 and
Table 1. Note that typically conventional adsorbents have
rather low adsorption energy toward these linear contaminants,
thus though both adsorption energies and loading capacities
are considered when evaluating the adsorption performance of
ZTCs, here we pay more attention to the average adsorption
energy. The best sorbent toward a linear contaminant is of the
highest adsorption energy among those with decent loading
values (top 30% in this work; Table S6-S9).

The best ZTC for adsorbing DMSO2 is IRR2, which has the
seventh-highest adsorption energy value of 20.10 kcal mol�1,
and its loading value (31.26 per 10 nm3) is much higher than
those with even higher adsorption energies. Another ZTC,
namely ISV, also performs well as a sorbent toward DMSO2,
with both adsorption energy and loading in the top 30%.

For TMS, the best ZTC is the ITH structure, which per-
formed in the top 25% for both adsorption energy
Please cite this article as: S. Lin et al., Zeolite-templated carbons as effective sorb
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(18.47 kcal mol�1) and loading (26.26 per 10 nm3), followed
by BEC which possesses both adsorption energy
(18.69 kcal mol�1) and loading (24.45 per 10 nm3) in the top
30%.

For DMSD, FAU3 structure performs in the top 25% for
both adsorption energy (17.64 kcal mol�1) and loading (32.25
per 10 nm3), and the BEB structure has a little higher energy
(17.72 kcal mol�1) than FAU3, but its loading (32.25 per
10 nm3) is only in the top 50% among ZTCs.

For MMST, more ZTC structures have loading and
adsorption energy values in the top 30% compared with the
other methylsiloxanes. Among them, BEB is the best with the
relative highest adsorption energy (18.92 kcal mol�1) with a
loading of 33.85 per 10 nm3, immediately followed by ITH
(adsorption energy 18.19 kcal mol�1; loading 33.85 per
10 nm3).

Then, we examined the adsorption of ZTCs toward two
cyclic methylsiloxanes, namely D4 and D5 (Fig. 1, Table 1,
Tables S10 and S11). Compared with their linear counterparts,
the 68 ZTCs under study show much smaller average loading
values, but nearly twice higher adsorption energies toward D4
and D5. This observation can be well understood since the
small pores of ZTCs make them more challenging to adsorb
the sterically bigger cyclic structures in large quantities, but
offer more CH- p interactions between the cyclic methyl-
siloxanes and the delocalized p carbon framework of ZTC,
leading to the enhanced adsorption energies. Thus, more
attention will be paid to the loading capacity when evaluating
ZTCs as sorbents for cyclic siloxanes. In other words, the best
sorbent toward a cyclic contaminant is of the largest loading
ents to remove methylsiloxanes and derivatives: A computational screening,



Table 2

Average loadings (L; per 10 nm3) and average adsorption energies (E; kcal mol�1) of ZTCs with top 30% loading and adsorption performance toward both D4 and

D5.

FAU1 FAU3 EMT

L per 10 nm3 E kcal mol-1 L per 10 nm3 E kcal mol-1 L per 10 nm3 E kcal mol-1

D4 6.54 35.57 7.24 35.52 6.72 34.21

D5 4.88 38.66 4.99 37.42 5.29 39.01
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values among those with top category adsorption energies (top
30% in this work; Tables S12 and S13).

FAU2 is the best sorbent for D4, which has the second-
highest adsorption loading of 9.87 per 10 nm3 and fifth-
highest adsorption energy of 38.15 kcal mol�1, followed by
FAU3 (7.24 per 10 nm3 loading, and 35.52 kcal mol�1

adsorption energy), which has essentially similar structure but
different pore sizes. For D5, the best ZTC is H8326849
structure with a fourth-highest loading of 6.20 per 10 nm3 and
adsorption energy of 37.98 kcal mol�1, followed by H8326896
with a slightly less adsorption loading and energy (5.83 per
10 nm3 and 37.74 kcal mol�1, respectively).
3.2. Screening multi-functional ZTCs for linear/cyclic
methylsiloxanes and derivatives
Notably, the top-performing ZTCs toward different con-
taminants are not the same due to the differences in the size,
shape, and composition of the problematic compounds (PCs).
If the diameters of pores or channels are much larger than the
size of a PC, the adsorption energy will be much smaller; if the
diameters of pores or channels are too small, the adsorption
loading will be very low. Containing holes and channels with
different sizes, it is very likely that some ZTCs can be
effective sorbents for more than one methylsiloxane and
derivative.

To screen multi-functional ZTCs, first, we set the strict
criteria - top 30% in both adsorption energy and adsorption
loading. Encouragingly, three out 68 ZTCs under investiga-
tion, namely FAU1, FAU3, and EMT (Table 2), meet our re-
quirements for both cyclic methylsiloxanes (D4 and D5), and
their loading and adsorption capabilities are rather satisfactory
(loading > 4.9 per 10 nm3; adsorption
energy > 34.2 kcal mol�1). However, none of these ZTC
structures can satisfy the above strict criteria as sorbents for all
Table 3

Average loadings (L; per 10 nm3) and average adsorption energies (E; kcal mol�1) o

101.13 KPa.

ISV FAU1

L per 10 nm3 E kcal mol-1 L per 10 nm3 E kcal mol

DMSO2 33.07 18.69 34.03 17.52

TMS 24.14 18.28 25.39 17.81

DMSD 26.90 17.21 29.31 16.81

MMST 33.62 18.83 34.49 17.77

D4 4.87 34.64 6.54 35.57

D5 1.80 41.89 4.89 38.66
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the four linear contaminants. Therefore, no ZTC structures
were in the top 30% for all the contaminants under exami-
nation, which demonstrates that ZTCs have more adsorption
selectivity toward linear contaminants than cyclic
contaminants.

Then, we lowered our screening criteria and identified the
ZTCs with top 50% loading and adsorption capabilities toward
each contaminant. Following these criteria, 10 out of 68 ZTCs
are promising multi-functional sorbents for linear contami-
nants, and 18 ZTCs meet our standards as sorbents for the
targeted cyclic siloxanes. Encouragingly, four top ZTCs,
namely ISV, FAU1, FAU3, and H8326836 (Table 3), are of the
top 50% performance for both linear and cyclic contaminants.
Among these four top ZTCs, ISV has the highest average
adsorption energy values toward all the six contaminants;
FAU1 also has an outstanding performance as indicated by the
largest loading capacities for all the contaminants; FAU3
possesses the top 30% loading and adsorption energy values
towards D4 and D5, and is in the top 25% for DMSD; The
ZTC H8326836 is in the top 30% for the loading towards
methylsiloxanes and derivatives. Therefore, ISV, FAU1, FAU3,
and H8326836 are multi-functional sorbents toward all the six
contaminants and possess their own specific adsorption capa-
bility for different methylsiloxanes and derivatives. Note that
several ZTCs have already been synthesized [41,42], we
strongly believe that these four multi-functional adsorbents
can be realized in the very near future, and have a good
promise to be directly used as sorbents, without any func-
tionalization or assembly with other adsorbents.

Compared with most adsorbents with relatively low affin-
ities, ISV clearly distinguishes itself as an exceptional sorbent
toward methylsiloxanes and derivatives. For linear contami-
nants, the predicted adsorption capacities of ISVtowards TMS
(358 mg g�1) and DMSD (407 mg g�1) are about one to two
orders of magnitude higher than our experimentally measured
f the top four multi-functional ZTCs toward each contaminant at the pressure of

FAU3 H8326836

-1 L per 10 nm3 E kcal mol-1 L per 10 nm3 E kcal mol-1

36.74 17.47 33.70 17.76

24.87 16.47 24.14 16.75

32.25 17.64 28.40 17.24

36.99 17.70 33.82 18.02

7.24 35.52 5.83 33.77

4.99 37.42 3.07 34.50

ents to remove methylsiloxanes and derivatives: A computational screening,



Fig. 2. Adsorption isotherm of (a) linear methylsiloxanes (DMSO2, TMS, DMSD, and MMST), and (b) cyclic methylsiloxanes (D4 and D5) in ZTC ISV.
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loadings (35 and 2 mg g�1, respectively) of the activated
carbon (Darco KB-G) (for details, see Fig. S2 in the Sup-
porting Information). When the cyclic contaminants D4 and
D5 are concerned, the predicted adsorption capacity toward
D4 (237 mg g�1) is twice as that of activated carbon in N2 gas
matrix (90 mg g�1), and its loading toward D5 (110 mg g�1) is
close to experimentally measured loading of activated carbons
(169 mg g�1) [56]. Though the experimental conditions are
more complicated, and the computational simulations are
idealized, the above comparison between the predicted and
measured loadings towards different contaminants does give
us some evidence for the good promise of these sorbent
materials.

To further explore the adsorption performance of ISV, we
calculated its adsorption isotherms for the six contaminants.
Fig. 2 presents the average loading of the contaminants in the
ZTCs at different pressures. The adsorption isotherms of TMS,
DMSO2, and D4 remain the specific values within the pressure
Fig. 3. Pore openings of the top four ZTCs: (a) FAU1, (b) FAU3, (c)

H8326836, (d) ISV-opening A, and (e) ISV-opening B.
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range of 3 MPa–30 MPa, and the average loading values are
only slightly less at pressure lower than 3 MPa. For MMST
and DMSD, as the pressure increases from 10 kpa to 3 MPa,
the adsorbed contaminant increases from 33 to 34 per 10 nm3

and from 25 to 29 per 10 nm3, respectively, and the average
loading keeps roughly the same value with increasing the
pressure up to 12 MPa. When the pressure increases from
12 MPa to 18 MPa, the amount of contaminant adsorbed on
MMST and DMSD increases from 34 to 36 per 10 nm3 and 29
to 32 per 10 nm3, respectively, and further pressure increase up
to 30 MPa does not increase the average adsorption loading.
The adsorption isotherm of D5 has a plateau of 2.4 per 10 nm3

between 3 MPa and 27 MPa, and it increases again at 30 MPa
to 4.6 per 10 nm3, which is possible to be steady at a higher
pressure. The adsorption isotherms provide the change of
adsorption capabilities of ISV along with the transformation of
the pressures. Note that ISV performs well at standard atmo-
spheric pressure (101.33 kPa) with 33.07, 24.14, 26.90, 33.62,
4.87, and 1.80 per 10 nm3 adsorption loading for six meth-
ylsiloxanes and derivatives, and further increasing the pres-
sures does not significantly improve the adsorption ability,
especially in the typical operation pressure range.
3.3. The adsorption mechanism of ISV toward
methylsiloxanes and derivatives
Our above studies revealed that ISV is the best-performing
multi-functional sorbent toward all the six contaminants. What
is the underlying adsorption mechanism? Note that the
guidelines learned from such mechanisms can greatly facili-
tate our process to rationally design high-performance sor-
bents [37], and can also be integrated into the machine
learning techniques to screen out promising sorbents with high
efficiency [34].

To analyze the effect of pore geometries of ZTCs on the
adsorption performance toward methylsiloxanes, we first
examined the sizes of the six contaminants. For linear con-
taminants, the largest molecular length for DMSO2 is ca.
4.50 Å, and the corresponding values for other linear con-
taminants, namely TMS, DMSD, and MMST, are about 4.92,
4.92, and 4.74 Å, respectively. As the cyclic methylsiloxanes
are concerned, D4 and D5 have heights close to the diameter
ents to remove methylsiloxanes and derivatives: A computational screening,
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of linear counterparts (4.06 and 4.91 Å, respectively), but their
lengths (ca. 7.07 and 9.14 Å, respectively) are much larger.
Generally, all the 68 ZTCs under investigation have suffi-
ciently large pore sizes to adsorb both linear and cyclic
methylsiloxanes and derivatives.

We then carefully studied the dominant pore properties of
the four best-performing multi-functional ZTCs, namely ISV,
FAU1, FAU3, and H8326836 (Fig. 3), since the relative size/
topology of the ZTC pores and the contaminant molecules
determines the steric hindrance.

The pores of FAU1 and FAU3 are both spherical, and their
diameters (ca. 13.4 and 14.0 Å, respectively) make them well
host cyclic methylsiloxanes. Note that due to the relatively
smaller pore size, FAU1 adsorbs the contaminants slightly
stronger when compared with FAU3. The structure of ZTC
H8326836 (Fig. 3) resembles layers of carbon structures
connected by carbon tubes. In the flat layers, there are circular
openings into the pores, and the connection of the layers by
the tubes forms larger rectangular openings (ca.
20.6 Å � 10.3 Å), which are close to the circular openings and
Fig. 4. Most favorable adsorption geometries of DMSO2, D4, and D5 with ISV in t

presented in gray lines, and the structures of DMSO2, D4 and D5 are presented as

oxygen, sulfur, and hydrogen atoms, respectively.
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play more important roles for adsorbing contaminants. The
rather large pore sizes make FAU1, FAU3, and H8326836 well
accept cyclic methylsiloxanes, while the corner of pores and
the channels in their frameworks are beneficial to the
adsorption of smaller linear methylsiloxanes and derivatives.

In comparison, ISV has various kinds of pore openings as
well as numerous channels with different sizes in all the x, y
and z directions, which help enhance adsorptions toward
different methylsiloxanes and derivatives. Most of the pores in
ISV are in square shapes, and their sizes are in a rather large
range of 8.8–10.66 Å. Two types of dominant pores have di-
mensions of about 9.4 � 10.2 Å (pore A,Fig. 3d) and
8.8 � 9.5 Å (pore B, Fig. 3e), which are ideal for adsorbing
cyclic containments. In short, it is the combination of different
pores and channels that reduces the steric hindrance and en-
hances the adsorption toward methylsiloxanes and derivatives
with different sizes, resulting in the best multi-functional ZTC
for removing all the six containments.

Furthermore, we investigated the most favorable adsorption
sites of the six contaminants inside ISV, the best-performing
he xy plane (a, c and e) and the yz plane (b, d, and f). The structures of ISV are

the ball-stick model. The yellow, red, khaki, and white balls stand for silicon,

ents to remove methylsiloxanes and derivatives: A computational screening,



Fig. 5. Surface electrostatic potentials of ZTC-ISV in (a) the xy plane, (b) the xz plane, and (c) the yz plane. Gray balls stand for carbon atoms.
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ZTC serving as a good representative of ZTCs. For this pur-
pose, we performed GCMC simulations with fix-loading (one
contaminant per supercell). Note that each contaminant has its
own preferred adsorption position (Fig. 4). DMSO2 prefers
adsorption in the lower right corner in the xy plane of ISV
(Fig. 4a), which is also the down middle site in the yz plane.
Similarly, the other three linear methylsiloxanes and de-
rivatives also tend to be adsorbed at the corners of small pores
in the xy/yz plane. In comparison, cyclic methylsiloxanes, D4
Fig. 6. Surface electrostatic potentials of six methylsiloxanes and derivatives: (a) D

yellow, gray and white balls represent silicon, sulfur, carbon and hydrogen atoms,
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and D5, occupy different positions due to their larger molec-
ular volumes: D4 suits with the right side in the xy plane
(Fig. 4c), which is the big hole in the center of yz plane
(Fig. 4d), while D5 sits in the downside in the xy plane
(Fig. 4e) and the hole in the corner in the yz plane (Fig. 4f).

The electrostatic interaction and charge transfer also play
critical roles for the adsorption capacity of adsorbents toward
containments. Thus, we performed DFT computations based
on the ISV structure containing one contaminant per supercell.
MSO2, (b) TMS, (c) DMSD, (d) MMST, (e) D4, and (f) D5. The yellow, light

respectively.

ents to remove methylsiloxanes and derivatives: A computational screening,
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The ISV generally shows slightly positive electrostatic
potential, with the electrostatic values ranging from 0.06 to
0.23 (Fig. 5). Note that on the surfaces of the six methyl-
siloxanes and derivatives, the O atoms show negative elec-
trostatic potentials, while the H atoms bonding to O atoms
present more positive electrostatic potentials than other atoms
(Fig. 6). Therefore, the O atoms tend to bind with ISV due to
electrostatic interactions.

We examined the charge transfer between ISV and the
contaminants by comparing the Hirschfeld charges before and
after adsorption. In general, all the adsorbed contaminants
behave as electron acceptors, i.e., the adsorbed methylsilox-
anes and derivatives attain the electrons from ZTCs. The most
significant charge transfer occurs on D4 and D5, 0.33 and 0.37
e, respectively, which echo the strong interactions between
cyclic methylsiloxanes and ZTCs. Among linear contami-
nants, TMS and DMSD have more significant charge transfers,
both obtain 0.14 e from ISV, while DMSO2 and MMST gain
some fewer electrons (0.07 and 0.09 e) from the sorbent. The
electron acceptor characteristic of the contaminants originates
from the strong electronegativity of oxygen atoms in methyl-
siloxanes. Thus, oxygen atoms on the methylsiloxanes play
dominant roles for the absorption in ZTCs. Note that the
charge transfer can further enhance the electrostatic in-
teractions between ZTCs and the contaminants under this
study.

Another factor that enhances the adsorption performance of
ISV toward methylsiloxanes and derivatives is the abundance
of CH-p bonds between them. All six containments have a
high density of –CH3 groups. Meanwhile, ISV consists of
graphene nanochannels, on which p electrons are well delo-
calized. Therefore, the C–H bonds in the –CH3 groups can
interact with the free p electron cloud on the surface of ISV,
and the resulting CH-p interactions help improve the
adsorption of methylsiloxanes and derivatives.

In summary, steric hindrance, electrostatic interactions
(further enhanced by charge transfer), and CH-p interactions
are essential factors for increase the adsorption capabilities of
ZTCs toward methylsiloxanes and derivatives, which are in
line with our previous finding based on zeolite sorbents [37].

4. Conclusion

In this work, by means of GCMC simulations and DFT
computations, we explored the potentials of 68 stable ZTCs to
remove cyclic and linear siloxanes. Our GCMC simulations
identified several ZTCs as promising sorbents for removing
cyclic siloxanes, D4 and D5, and four linear methylsiloxanes
and derivative, namely DMSO2, TMS, DMSD, and MMST.
Specifically, we screened out four multi-functional ZTCs with
the exceptional overall performances, namely ISV, FAU1,
FAU3, and H8326836, which can firmly adsorb all the six
methylsiloxanes with rather high loading values, especially for
D4: its adsorption capacity toward D4 (237 mg g�1) is twice as
that of activated carbon in N2 gas matrix (90 mg g�1) [56].
Notably, ISV is expected to perform best: it has the highest
average adsorption energies toward all the six contaminants,
Please cite this article as: S. Lin et al., Zeolite-templated carbons as effective sorb
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and its excellent performance well remains at even very high
pressure. Our careful analyses revealed that pore sizes and
distributions, electrostatic interactions, and CH-p interactions
are dominant factors for the enhanced interactions between
containments and adsorbents.

This study not only identified most promising ZTCs as
adsorbents toward the removal of methylsiloxanes and de-
rivatives for future experimental explorations but also
demonstrated the efficiency of the computational screening
procedure, which paves the way to screen more ZTCs and
related materials as sorbents to remove problematic
compounds.
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