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ABSTRACT: 1-Bromopropane is a solvent used in various
industrial and commercial applications. United States Environ-
mental Protection Agency recently concluded that 1-bromopro-
pane posed unreasonable risks to human health in several
conditions of use. In this work, the adsorption of 1-bromopropane
vapors in zeolites was investigated using molecular simulations.
First, a united-atom model of 1-bromopropane was developed and
the model was validated to reproduce vapor—liquid equilibrium
properties of 1-bromopropane by carrying out Gibbs ensemble
Monte Carlo simulations. The new model was then used to
investigate the capture of 1-bromopropane in hydrophobic zeolites
with Monte Carlo simulations in the grand canonical ensemble.
The results show that a filtering system that consists of MRE and STW zeolites can capture 1-bromopropane within its ambient
concentration range that occurs as a result of 1-bromopropane release in various industrial and commercial applications as identified
by the US EPA. While MRE zeolite has the optimal pore size that provides favorable host—guest interactions to capture 1-
bromopropane at extremely low concentrations, rapid condensation of 1-bromopropane occurs at relatively higher concentrations in
the intersections of narrow helical and straight pores in the STW zeolite.

1-bromopropane

1. INTRODUCTION bromopropane, as well as to those who work nearby, which can
1-Bromopropane, also known as n-propyl bromide, is a be due to both short- and long-term inhalation exposure. EPA’s
brominated hydrocarbon that is used in various industrial, report has also identified unreasonable risks to the health of
commercial, and consumer applications. It is a colorless liquid consumers and bystanders due to short-term inhalation and
with a sweet odor and is slightly soluble in water. 1- dermal exposure.'”

Bromopropane is considered a volatile organic compound Zeolites are microporous crystalline materials that consist of

(VOC) that exhibits high VOlatihtY{ low boiling point, low linked TO, tetrahedra, where the T is usually Si or Al, which
flammability, and no explosivity. Common uses of 1-

bromopropane include the dry cleaning solvent, spot cleaner,
stain remover, spray adhesive for foam cushion manufacturing,
engine degreaser, brake cleaner, automotive refrigerant flush,
degreaser for computer, electronic, and electrical products,
asphalt extraction, and adhesive accelerant for arts, crafts, and

forms three-dimensional frameworks with well-defined pores of
molecular dimensions. Zeolites can be used in face masks or in
air purification systems to capture 1-bromopropane from air and
prevent its inhalation and dermal exposure. In this study, using
molecular simulations, the adsorption of 1-bromopropane

hobby materials.” vapors in zeolites was investigated. First, a force field that

The use of 1-bromopropane has increased after it was reproduces the phase equilibrium properties of 1-bromopropane
identified as an environmentally friendly replacement for ozone- was parameterized. Then, zeolites were screened for the
depleting solvents, as well as in response to the restricted use of adsorption of 1-bromopropane to identify materials that can
tetrachloroethylene in the dry cleaning industry.” On the other be used to capture 1-bromopropane under the conditions of use
hand, several human and animal studies reported the neuro- investigated by US EPA.

toxicity, reproductive toxicity, and hepatotoxicity of 1-

bromopropane and the consequent adverse health effects.*™” -
In its final risk evaluation report for 1-bromopropane Rec?we‘l: January 5, 2022

published in August 2020, the United States (US) Environ- Rev1§ed: March 1, 2022

mental Protection Agency (EPA) concluded that 1-bromopro- Published: March 18, 2022

pane posed unreasonable risks to human health in 16 out of 25

conditions of use they investigated. This included unreasonable

risks to the health of workers who are in direct contact with 1-
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2. COMPUTATIONAL METHODS

Classical force-field-based molecular simulations were carried
out with the RASPA molecular simulation software'" to predict
phase equilibrium properties of 1-bromopropane and its
adsorption in zeolites. In these simulations, short-range van
der Waals interactions and long-range electrostatic interactions
between nonbonded atoms were computed using a combination
of Lennard-Jones (LJ) and Coulomb potentials, respectively
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where i and j are interacting atoms and r;; is the distance between
atoms i and j. £; and oy are the L] well depth and diameter,
respectively. g; and g; are the partial charges of the interacting
atoms and & is the dielectric constant. L] parameters between
different atom types were calculated using the Lorentz—
Berthelot mixing rules. The cut-off distance for L] interactions
was 14.0 A with tail corrections applied. The Ewald sum method
was employed to compute electrostatic interactions.

2.1. 1-Bromopropane Model. To carry out accurate
molecular simulations of 1-bromopropane, a united-atom model
of the 1-bromopropane molecule is developed. In this model,
hydrogen atoms and the carbon atom that they are bonded to,
i.e, CH; and CH,, are considered as a single united atom
(Figure 1). Bonds that connect the two atoms are kept at a fixed

Figure 1. United-atom model of 1-bromopropane.

length. The angle bending between three atoms is represented
by a harmonic potential

1
Ubend = Zke(g - 90)

where kg is the force constant and 6, is the equilibrium angle.
The motion of the dihedral angle ¢ is governed by the OPLS
united-atom torsional potential

U,

tors

= ¢ [1 + cos @] + ¢,[1 — cos(2)]
+ ¢[1 + cos(3¢)]

The parameters for the L] potential and the bonded potentials
were taken from the TraPPE'* or OPLS"*™" force fields.
However, partial charges of the CH; and CH, united atoms and
the Br atom of the 1-bromopropane molecule were derived from
quantum chemical calculations. For this purpose, first, a 1-
bromopropane molecule was geometry-optimized using the
Gaussian09'° software at MP2 level of theory and with the 6—
311+g(d) basis set. Then, partial atomic charges were fitted with
the ChelpG method'” to the electrostatic potential obtained
from the quantum chemical calculation (Figure S1). The partial
charges for the united atoms were finalized by summing the
partial charges of the hydrogen atoms and the partial charge of
the carbon atom that they are bonded to.

All force field parameters for the united-atom model of 1-
bromopropane developed in this work are given in Table 1. To
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Table 1. Force Field Parameters of the 1-Bromopropane
United-Atom Model

parameters for nonbonded potentials

atom type q (e)* e/ky (K) o (A) refs
CH; —0.106 98.0 3.75 12
CH, 0.246 46.0 3.95 12
CHyg) 0.085 460 3.95 12
Br —-0.225 250.0 3.47 @
parameters for bonded potentials
fixed bond length (A) refs
CH,—CH, 1.54 12
CH,—CHy, 1.54 12
CHiy(gy—Br 1.945 14
angle bend kg/ kg (K/rad®) 0, (deg) refs
CH,—CH,—CHyg) 62,500 114 12
CH,—CHy gy —Br 69,445 110 14
torsion a/ky )  o/ks (K)  c3/ky (K)  refs
CH;—CH,~CHy5,)—Br 335.03 —68.19 791.32 12

“This work. “References for L] parameters only.

validate the model, Gibbs ensemble Monte Carlo (GEMC)'®"”
simulations were carried out to compute phase equilibrium
properties of 1-bromopropane and the results were compared
against the experimental data. In GEMC simulations, there are
two simulation boxes. The temperature and the total volume of
the two boxes and the total number of molecules are fixed;
however, the two boxes exchange volume between each other
and molecules are transferred from one box to the other, so the
volume and the number of molecules in each box fluctuate
during a GEMC simulation. In total, there were 300 I-
bromopropane molecules in the two boxes. Translation,
rotation, reinsertion, partial regrowth and transfer of 1-
bromopropane molecules, and volume exchange between two
boxes were sampled with probabilities of 34, 34, 5, 5, 20, and 2%,
respectively. The transfer of 1-bromopropane molecules from
one box to another was sampled with the continuous fractional
component (CFC) method,”™>* which increases the accept-
ance rate of the transfer of a molecule. This is particularly useful
for the transfer of a 1-bromopropane molecule from the vapor
box to the liquid box. CFC works by coupling the strength of the
interaction of a molecule with the rest of the system with a
continuous fractional parameter, 4, which varies between 0 and
1. The closer A is to 0, the weaker the interaction between the
molecule and the rest of the system, whereas, the closer the 4 is
to 1, the stronger the interaction of the molecule with the rest of
the system. Between A = 0 and 1, the molecule is a so-called
fractional molecule. At A = 1, the molecule is a whole molecule
and is considered to have been inserted to the system; i.e., the
number of molecules in the simulation box increases by one. At
A= 0, the molecule does not interact with the rest of the system
and is considered to have been deleted; i.e., the number of
molecules in the simulation box decreases by one. Introducing
the parameter 4 adds an additional degree of freedom to the
system. When a fractional molecule is inserted to the system, 4 is
randomly determined and the succeeding changes in A are
sampled with a Monte Carlo trial move. Biasing of 4 is required
to avoid the system from getting trapped at certain values of 4.
This is done using a weight function, W(4), which can be
obtained via the Wang—Landau algorithm.'® Each GEMC
simulation was first equilibrated for 100,000 cycles. A cycle is N
steps, where N is equal to the number of molecules in the system.

https://doi.org/10.1021/acs.jpcc.2c00086
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This was followed by another 100,000 cycles to compute the
biasing function W(4, i) to obtain a flat probability distribution
of . Finally, a 100,000 cycle production run was carried out
from which saturated vapor and liquid densities and vapor
pressures of 1-bromopropane were averaged and reported.

2.2. Zeolite Models. The model structures of zeolites
considered in this study were based on their crystallographically
determined structures as described in the Database of Zeolite
Structures prepared by the International Zeolite Association
(IZA)’s structure commission.” At the time of this study, there
were 253 zeolite topologies reported in the aforementioned
database. Among them, 16 topologies (CHI, CLO, EWT, IFT,
IFU, IRY, ITN, ITV, LIT, PAR, RON, SSO, SVR, SVT, SVY,
and WEN) were not considered as in these topologies the
framework is interrupted; i.e., not all T atoms are 4-connected.
The remaining 237 topologies were modeled as rigid frame-
works in their siliceous form. The L] parameters and the partial
charges of the zeolite atoms were taken from the TraPPE-zeo
force field”* and are listed in Table SI.

2.3. Structural Screening. An initial screening of the
zeolite structures was carried out based on pore limiting
diameter (PLD) using the PoreBlazer v4.0 code.”® PLD is
defined as the maximum penetrant diameter where a pore
network remains percolated. Zeolites with a PLD greater than
4.0 A were considered for adsorption simulations of 1-
bromopropane.

2.4. Adsorption Simulations. Adsorption isotherms of 1-
bromopropane in zeolites at 20 °C were computed by carrying
out grand canonical Monte Carlo (GCMC) simulations. In the
grand canonical ensemble, the temperature, volume, and
chemical potential of the system are fixed; however, the number
of molecules in the system fluctuate. Translation, rotation,
reinsertion, partial regrowth, and insertion/deletion of the 1-
bromopropane molecule were sampled with probabilities of 33,
33, 5, S, and 25%, respectively. The insertion/deletion of 1-
bromopropane molecules was sampled with the CFC
method.”*™** This was particularly useful to increase the
efficiency of the insertion 1-bromopropane molecules into the
pores of the zeolites. Fugacity of 1-bromopropane, which is
required as part of the acceptance rule for the insertion/deletion
moves,”® was calculated using the Peng—Robinson equation of
state.”” The unit cells of the zeolite were replicated such that the
shortest side of the simulation cells was at least twice the cut-off
distance. Each GCMC simulation was first equilibrated for
100,000 cycles. A cycle is N steps, where N is minimum 20 or
equal to the number of molecules in the system. This was
followed by another 100,000 cycles to compute the biasing
function W(4, i) to obtain a flat probability distribution of A.
Finally, a 100,000 cycle production run was carried out from
which adsorbed quantities of 1-bromopropane were averaged
and reported.

3. RESULTS AND DISCUSSION

3.1. Validation of the 1-Bromopropane Force Field.
Figure 2 shows the vapor—liquid coexistence curve (VLCC) of
the 1-bromopropane united-atom model computed from the
GEMC simulations. Simulated densities are in excellent
agreement with the experimental data, which are only available
in the liquid phase, whereas the experimental data for vapor
densities of 1-bromopropane was not found in the literature.
Figure 3 shows that computed saturated vapor pressures of the
1-bromopropane united-atom model are in very good agree-
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Figure 2. Vapor—liquid coexistence curve of the 1-bromopropane
united-atom model (filled circles) and experimental densities:
Bolotnikov et al. (triangles),”* Rutherford et al. (diamonds),** and
Ryshkova et al. (squares).>* A close-up of the region where
experimental densities are available is given in Figure S2 for easier
comparison of the simulated and experimental data.
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Figure 3. Clausius—Clapeyron plot of the saturated vapor pressure of
the 1-bromopropane united-atom model (filled circles) and exper-
imental data from Stull et al. (triangles).35 The dashed line is linear fit to
the simulated data. A close-up of the region where experimental
densities are available is given in Figure S3 for easier comparison of the
simulated and experimental data.

ment with the experimental data, which indicates that the model
represents the vapor phase successfully.

The critical properties of 1-bromopropane were estimated by
extrapolating the subcritical data obtained from GEMC
simulations using the density scaling law”®

pliq - 'Dvap = B(T - T('i)ﬂ

for the critical temperature, T,, using the law of rectilinear
diameters”’

1/2(py, + Ayp) =2 + AT = T)
for the critical density, p, and using the Clausius—Clapeyron
equation30
InP=C+ <
T
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for the critical pressure, P_. In the above equations, pj;q and p,,,
are the saturated liquid and vapor densities; T and P are the
temperature and pressure (which was computed from the
molecular virial3l) ; A, B, C, and C’ are constants, and /3 is the
critical exponent, which is 0.32."* The normal boiling temper-
ature, Ty, of the 1-bromopropane united-atom model was
estimated by interpolating between the two temperatures at
which the computed saturated vapor pressures were closest to 1
atm.

Table 2 gives the critical properties and the normal boiling
temperature of the I1-bromopropane united-atom model

Table 2. Normal Boiling Point and Critical Properties of the
1-Bromopropane United-Atom Model

simulation experiment36
T, [K] 346 344
T. [K] 538 536.9
pe [g/cm?] 0.469 0.454
P. [MPa] 3.13 4.33

estimated from the GEMC simulations data. The estimated
normal boiling temperature, critical temperature, and critical
density are in very good agreement with the experimental data.
The estimated critical pressure, on the other hand, is about 28%
lower than the experimental data. The discrepancy is largely due
to the nonlinearity of the Clasius—Clapeyron plot, whereas for
an accurate estimation, the enthalpy of vaporization should be
independent of temperature; i.e., In (P) vs inverse temperature
plot is linear. Nevertheless, the computed saturated vapor
pressures around the ambient temperature are in excellent
agreement with the experimental data (Figures 3 and S3).
Therefore, considering that exposure to 1-bromopropane
happens at ambient conditions, i.e, 1/T = 0.0033 K', the
new united-atom model can be used with confidence to simulate
the adsorption of 1-bromopropane in zeolites.

3.2. Validation of 1-Bromopropane—Zeolite Interac-
tions. The force-field-based interactions between 1-bromopro-
pane and zeolites were validated against binding energies
obtained from quantum chemical calculations carried out by the
Gaussian09 software. Three zeolites with one-dimensional
channels, MRE, AFI, and DON, with diameters around 5.6,
7.5, and 8.0 A, respectively, were considered. To obtain the
binding energy of 1-bromopropane with quantum chemical
calculations, a pore channel was isolated from each zeolite and
dangling oxygen atoms were terminated with hydrogen atoms;
then, the 1-bromopropane molecule was geometry optimized in
the channel. During the optimization calculations, zeolite atoms
were fixed in their positions. Figure S4 shows the optimized
positions of the 1-bromopropane molecule in the isolated
channels of MRE, AFI, and DON. The computational cost of
high-level quantum chemical calculations, i.e., at MP2 level of
theory, was prohibitively expensive for the systems considered,
as there were more than 200 atoms. Therefore, the quantum
chemical optimization and binding energy calculations were
carried out with the dispersion-corrected density functional
theory (DFT), which employed the wB97XD functional®” and
6—31g(d,p) basis set. The binding energy, Eg, was calculated
according to the following formula

EB = Ecomplex - [Ezeolite + El—bromopropane]

where Eynplex
complex, E

is the energy of the zeolite/1-bromopropane

Jeolite 1S the energy of the isolated zeolite channel, and
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E | bromopropane 18 the energy of the optimized 1-bromopropane
molecule. The DFT calculated binding energies were corrected
for the basis set superposition error (BSSE). Table 3 shows the

Table 3. 1-Bromopropane Binding Energies in MRE and
DON Zeolites

1-bromopropane binding

energy (kJ/mol)

calculation type MRE AFI DON
DFT optimization (isolated channel) —73.8 —41.0 —51.0
force-field-based energy minimization —63.2 —42.1 —42.5

(periodic)

binding energies of 1-bromopropane obtained from DFT
optimization calculations and with those obtained from force
field-based energy minimization calculations carried out with
RASPA. In AF], the agreement between the force-field-based
binding energy and that of computed form DFT is excellent. For
MRE and DON, where the force-field-based binding energies
are about 15% weaker than those computed from DFT, the
agreement is relatively less satisfactory compared to AFI but still
good. Overall, based on the results given in Table 3, adsorbate—
adsorbent interactions were deemed to be sufficiently accurate
to carry out the 1-bromopropane adsorption simulations.

3.3. Adsorption of 1-Bromopropane in Zeolites.
Among the 237 zeolite topologies considered, 105 of them
have a PLD greater than or equal to 4.0 A based on structural
screening calculations with the PoreBlazer code.”® Zeolites
topologies with a PLD less than 4.0 A were discarded as 1-
bromopropane is not expected to diffuse into their pores. Out of
the 105 zeolites with a PLD greater than or equal to 4.0 A, 52 of
them have an experimentally reported siliceous, i.e., defect-free,
structure according to the IZA’s database.”” Zeolites with
defects are susceptible to adsorbing significant amounts of water
from humid air and not expected to capture 1-bromopropane
efficiently. Therefore, GCMC simulations were carried out for
52 siliceous zeolite structures with a PLD greater than or equal
to 4.0 A.

Time-weighted average (TWA) ambient concentrations of 1-
bromopropane, which workers and occupational nonusers are
exposed to, range from 1072 to 10° ppm according to the US
EPA’s final risk evaluation report for 1-bromopropane. This is
because, depending on the application, different amounts of 1-
bromopropane are released to the work environment. Ideally, it
is desirable to capture 1-bromopropane using one zeolite type.
However, this may not be possible given the large range of
exposure concentration.

Figure 4 shows the five zeolites that have the highest absolute
loading of 1-bromopropane computed by GCMC simulations at
20 °C and at partial pressures that correspond to the 1-
bromopropane concentrations of 1072, 107, 10°, 10, 10% and
10° ppm at atmospheric pressure. As anticipated, for different
concentrations of 1-bromopropane, the top-performing zeolites
vary. At 107% 107}, and 10° ppm, MRE>® has the highest uptake.
At 10, 10% and 10° ppm, STW>” has the highest uptake.

To understand the high 1-bromopropane uptake in MRE and
STW zeolites, their pore size distribution and geometric
accessible specific surface area and pore volume were calculated
with the PoreBlazer software. At low pressures, adsorbent—
adsorbate interactions dominate the adsorption mechanism.
This requires favorable host—guest interactions. Indeed, the
high uptake performance of MRE at 1072, 107", and 10° ppm 1-

https://doi.org/10.1021/acs.jpcc.2c00086
J. Phys. Chem. C 2022, 126, 5728—-5734
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Figure 5. (a) Pore size distributions of MRE and STW zeolites and (b) 1-bromopropane adsorption isotherms of MRE and STW at 20 °C from

GCMC simulations.

bromopropane concentrations can be attributed to its 1-
dimensional 10-membered ring channel along [100]. This
channel is around 5.6 A in diameter and provides an optimal fit
for 1-bromopropane molecules (Figures Sa and SS). STW, on
the other hand, has narrower pores; a helical 10-membered ring
channel along [001], which is ~4.6 A in diameter, and an 8-
membered ring channel along (100), which has a diameter of
~3.6 A (Figure Sa). However, despite having narrower pores,
the intersection of the two channels yields voids that result in a
structure, which has a considerably higher accessible specific
surface area, 380 vs 175 m?/ g, and pore volume, 0.487 vs 0.188
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cm®/g, compared to MRE. The pores of STW are rapidly filled
once the concentration of 1-bromopropane exceeds 10° ppm
(Figure S6); however, MRE pores are almost saturated around
the same concentration at a lower loading (Figure Sb). To the
best of our knowledge, there are no experimental data for 1-
bromopropane adsorption in zeolites; however, a joint
experimental/computational study showed that STW has ~1.5
times more loading capacity for pentane, hexane, and heptane
isomers compared to pure silica MFI at similar pressures
considered in this work.”” For 1-bromopropane, this varies
between 1.7 and 5.2 (Table 4), which suggests that 1-
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bromopropane, which has three carbons, packs more efficiently
in STW pores compared to alkanes with higher number of
carbons.

Table 4. Ratio of 1-Bromopropane Uptake in STW to that in
MFI from GCMC Simulations

1-bromopropane concentration
(ppm)
STW/MEFI uptake ratio

10°
1.7

107
2.4

10!
52

10°
3.6

107"
2.5

1072
3.1

4. CONCLUSIONS

In this work, a united-atom model of 1-bromopropane was
developed to investigate its capture in hydrophobic zeolites.
VLCC, boiling temperature, critical temperature, critical
density, and vapor pressures computed with GEMC simulations
using the new model were in excellent agreement with the
available experimental data. GCMC simulations carried out for
52 hydrophobic zeolites, which have a PLD larger than 4.0 A
showed that a filtering system that consists of MRE and STW
zeolites can capture 1-bromopropane within its ambient
concentration range that occurs as a result of its release in
various industrial and commercial applications as identified by
the US EPA. STW is particularly a promising material for 1-
bromopropane capture as it is the only zeolite that appears
among the top five performing zeolites for all of the ambient
concentration points investigated (Figure 4). In addition to
zeolites, there are other porous material types, such as metal—
organic frameworks and covalent—organic frameworks, which
can demonstrate even higher 1-bromopropane capture capacity.
The new united-atom model developed in this work can be used
to explore other material types that can help reduce harmful
human exposure to 1-bromopropane.
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