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Results concerning the adsorption capacity of aluminum methylphosphonate polymorph alpha (AlMePO-R) for pure
ethyl chloride and vinyl chloride by measured individual adsorption isotherms of these pure compounds are presented
and discussed here. The experimental data supports the idea of using these materials as selective adsorbents for
separating these compounds in mixtures. To explore this possibility further, we have performed grand canonical Monte
Carlo simulations using a recently proposed molecular simulation framework for gas adsorption on AlMePO, and the
results are presented here. The molecular model of the material was used in a purely transferable manner from a
previous work (Herdes, C.; Lin, Z.; Valente, A.; Coutinho, J. A. P.; Vega, L. F.Langmuir2006, 22, 3097). Regarding
the molecular model of the fluids, an existing model for ethyl chloride was improved to capture the experimental dipole
value better; an equivalent force field for the vinyl chloride molecule was also developed for simulation purposes.
Simulations of the pure compounds were found to be in excellent agreement with the measured experimental data
at the three studied temperatures. Simulations were also carried out in a purely predictive manner as a tool to find
the optimal conditions for the selective adsorption of these compounds prior experimental measurements are carried
out. The influence of the temperature and the bulk composition on the adsorption selectivity was also investigated.
Results support the use of AlMePO-R as an appropriate adsorbent for the purification process of vinyl chloride,
upholding the selective adsorption of ethyl chloride.

I. Introduction

The release of volatile organic compounds (VOCs) into the
atmosphere results in a health and environmental hazard, which
should be prevented in several chemical processes. This subject
is of particular interest in the scientific community because
environmental laws enforce the strict regulation of VOC
emissions. The European Commission has issued directives to
restrict chlorinated compounds, including ethyl chloride, vinyl
chloride, and other chlorinated solvents. Vinyl chloride is the
primary compound in the production of poly(vinyl chloride),
which is one of the most important commercial polymers and
is employed in a wide variety of applications including pipes,
films, sheets, profiles, coated fabrics, flooring, wire, and cable.
Nowadays, poly(vinyl chloride) has become the second largest
commodity plastic after polyethylene. Normally, ethyl chloride
is present in low levels in the effluent from the synthesis of vinyl
chloride, becoming an impurity preventing the recycling of pure
vinyl chloride to the reactor. This purification step is not easy
to achieve through conventional processes. The vinyl chloride
feed can be purified by means of high-pressure distillations or
by membrane separation processes. These have low efficiency
or high costs. Altogether, the challenge is to come out with
clean, safe technology that empowers a cheaper, efficient
separation of these compounds by means of an appropriate
adsorbent that also minimizes undesired emissions.

Inorganic materials such as carbonaceous materials, activated
alumina, silica gel, and zeolites show a high specific area for the
adsorption of organic gases. It is well known that their different
adsorption properties depend on both the chemical composition
and the textural properties of the materials. In general, the size
and shape of the pores contribute to the stereoselective adsorption
of molecules with sizes smaller than the pore dimension;
meanwhile, the chemical properties of the adsorbents, such as
the hydrophilic nature of the surface, may cause specific
interactions with a direct influence over the adsorption process.
Most of the extensively used adsorbents are hydrophilic, which
is a drawback when removing organic traces because the
efficiency of these processes is decreased when the relative
humidity increases. Furthermore, when these materials are used
for the separation of paraffin/olefin mixtures, the preferential
adsorption of the olefin is generally observed. Examples of this
preferential adsorption include the case of ethane/ethylene
separation by adsorption in activated alumina with CuCl1,2 and
in NaX crystals with dispersed CuCl3 and the selective olefin
adsorption of propane/propylene mixtures on Cu/SBA-15 me-
soporous silica4 and in 4A carbon molecular sieves.5 In all of
these cases, the olefin is preferentially adsorbed versus the paraffin
as a result of the strong interaction between the unsaturated bond
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in the olefin and the metal in the surface, forming aπ complex.6

However, in a number of industrial processes (e.g., poly(vinyl
chloride), polyethylene, and polypropylene production), the
desired product is the unsaturated compound. In these cases, the
separation process by means of classic adsorbents becomes
complex, involving elevated energetic duties associated with
massive amounts of adsorbent. To overcome these limitations,
it would be highly desirable to provide a material with selective
paraffin adsorption capacity. Nevertheless, there is not a process
description using an adsorbent with the aforementioned char-
acteristics.

We present here promising experimental results on the selective
paraffin capacity of a hybrid inorganic-organic material, the
aluminum methylphosphonate polymorph alpha7 (AlMePO-R).
The capacity of the material for separation purposes is further
investigated by molecular simulations. In particular, we inves-
tigate the selective capability of the material for ethyl chloride/
vinyl chloride mixtures under different conditions with simulation
tools once the model is validated. Several experimental efforts
have been made in the field of structural characterization of
AlMePOs;7-22 however, there are still scarce theoretical studies
of these materials.23 In recent work, we used GCMC simulations
to tune a model for this material by fitting the adsorption isotherm
of nitrogen to our measured experimental data.24 The material
model and procedure were validated by predicting the adsorption
of pure water in these materials. A similar approach is used in
this work: the individual adsorption isotherms of ethyl chloride
and vinyl chloride at three different temperatures were measured;
the experimental data was used to validate the molecular model
of the fluid used in the simulations, with the model for the material
taken from our previous work. Because the agreement between
the experimental and the simulated data was excellent, simulations
were then used as a predictive tool to find the best conditions
for ethyl chloride/vinyl chloride separation. The final goal of
this work is to quantify the selective adsorption of ethyl chloride
versus vinyl chloride in this adsorbent material in the search for
paraffin-selective materials.

The remainder of this article is organized as follows. In the
next section, the experimental and modeling methodologies used
are outlined. Second, the results concerning the adsorption
isotherm of pure ethyl chloride and pure vinyl chloride as obtained
from both experiments and GCMC simulations are presented.
The simulated adsorption behavior of selected ethyl chloride/
vinyl chloride mixtures is reported in section III, where the
influence of temperature and bulk composition on the selective
behavior of AlMePO-R is discussed. A summary of the main
results and conclusions are provided in the last section.

II. Methodology

A detailed explanation of the experimental-molecular simu-
lation framework for gas adsorption in AlMePO-R can be found
in our previous work (including the synthesis protocol, simulation
unit cell, grand canonical Monte Carlo simulations, and some
additional simulation details).24Because the procedure followed
in the present work is very similar, we provide here only the
main details concerning the experimental measurements; regard-
ing the simulation procedure, particular attention is paid to the
details of the molecular simulation models for ethyl chloride and
vinyl chloride.

II.1. Experimental Section.The adsorption isotherms of ethyl
chloride and vinyl chloride in synthesized AlMePO-R24 were
measured at three different temperatures (293, 323, and 363 K)
using a gravimetric adsorption apparatus equipped with a CI
electronic MK2-M5 microbalance. The adsorbate-adsorbent
equilibrium of each data point was monitored using CI electronics
Labweigh software, and the pressure was monitored using an
Edwards Barocel pressure sensor. The solids were outgassed at
543 K overnight to a residual pressure of ca. 10-4 mbar and then
cooled to the desired temperature for adsorption measurements.
Following a similar procedure, we have also measured individual
adsorption isotherms of ethyl chloride and vinyl chloride on
AlPO14 at 323 K in order to compare the adsorption capacity
of this material versus that of AlMePO-R. Results are presented
in Figure 1. It is observed that the capacity of AlMePO-R for
ethyl chloride is clearly superior to that obtained for AlPO14 at
all pressures considered here, whereas both materials show similar
results for the adsorption of vinyl chloride at this temperature,
especially at low pressures. These results guided us to explore
further the capability of AlMePO-R for the selective adsorption
of the paraffin versus the olefin with the combined experimental-
simulation approach presented in this article.

II.2. Molecular Models. To be able to predict the adsorption
behavior and selectivity of AlMePO-R for ethyl chloride and
vinyl chloride, in a quantitative manner it is essential to use the
best available force fields for classical calculations of both the
fluid and the material.

The model used here for the AlMePO-R material is the same
as used in previous work, using the parameters in a transferable
manner. Details about the model and the parameters can be found
in the original reference.24 Regarding the molecular model for
the fluids, it was needed to refine the existing force field for the
case of ethyl chloride, whereas a similar model was developed
for vinyl chloride. The ethyl chloride molecule was simulated
by slightly modifying a model presented by Evans.25The original
model consisted of 5× 5 Lennard-Jones (LJ) interactions, where
the methyl groups were treated as a single LJ beads (spheres),
plus partial charges localized on each bead. The modification
presented here deals with the calculation of the dipole moment
for the ethyl chloride, in better agreement with experimental
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data. In this sense, an 8× 8 ethyl chloride model is proposed
(Figure 2), assigning a charge point to each atom for the calculation
of electrostatic interactions (instead of the original charge point
in the methyl group). However, the 5× 5 LJ interactions layout
presented by Evans25 for the dispersive-repulsive forces is re-
tained. Given the absence in the literature of a similar force field
for vinyl chloride, an equivalent model has also been developed
and presented here. The vinyl chloride molecule is represented
as a 4× 4 LJ model where the CH2 group is treated as a single
bead. However, in a similar manner as done for the ethyl chloride
fluid, a 6× 6 layout is used to calculate electrostatic interactions
(Figure 2). The LJ parameters (size and energy) for vinyl chloride
are taken to be the same as in the ethyl chloride molecule,
recalculating the charge distribution of vinyl chloride. Molecular
simulation parameters for both models are reported in Table 1.

The dipole moments of these two molecules were calculated
using a charge distribution based on the semiempirical method
of Smith et al.26 This method explicitly takes into account the
inductive effects. Smith et al. have in fact demonstrated the general
validity of their theory26 and, in particular, its utility in the
calculation of dipole moments for a variety of nonconjugated
molecules that, if internal rotation is present, have elements of
symmetry such that their dipole moments are independent of
such rotations. This method was also used by Mark and Sutton27

to calculate the charge distribution for all chloroethanes.
All of the required parameters for applying the method are

obtained from accepted longitudinal polarizabilities, screening
constants, covalent boundaries, and electronic dipole moments.26

Calculated and measured dipole moments can be compared in
Table 1. As can be seen in Table 1, the ethyl chloride dipolar
moment comparison between calculated and experimental28

values is better than that obtained for vinyl chloride. However,
the calculated dipolar moments for the two molecular models
maintain the experimental arrangement where the ethyl chloride
dipole moment is higher than the vinyl chloride moment,
mimicking the different electrostatic contributions.

Once the model for the solid and the fluids are chosen, the
next step is to define the simulation details to obtain the required
data for comparison with experimental results.

II.3. Simulation Details. The usual magnitudes for represent-
ing adsorption data are the amount of fluid adsorbed in the pore
versus the relative pressurep/p0 in the bulk phase; herep0 is the
bulk saturation pressure of each pure fluid. The virial equation
of state in terms of activity was used:29

whereê0 andF0 are the activity and density of the saturation state
point of the pure fluid at the needed temperature. The chosen
state points for the reduction of activities to pressures are reported
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Figure 1. Adsorption isotherms of pure fluids, ethyl chloride and
vinyl chloride, at 323 K. (a) Ethyl chloride on AlMePO-R (O) and
ethyl chloride on AlPO14 (b); (b) vinyl chloride on AlMePO-R (])
and vinyl chloride on AlPO14 ([).

Figure 2. Sketch of the (left) ethyl chloride and (right) vinyl chloride
models. (Charges are not represented here.)

Table 1. Fluid Molecular Model Parameters and Dipole
Moments

LJ beads σ(Å) ε/k(K)

Cl 3.6000 127.900
CH3 3.5000 120.150
CH2 3.4612 86.291
C 3.4000 35.800
H 2.8000 10.000

ethyl chloride Q(e0) µ(D) exptl/calcd

Cl -0.1628
C1 -0.0585
C2 -0.1448 2.05 1.99
Ha 0.0797
Hb 0.0689

vinyl chloride Q(e0) µ(D) exptl/calcd

Cl -0.1398
C1 -0.0258
C2 -0.0739 1.45 1.84
Ha 0.08380
Hb 0.07779

p
p0

)
2êê0

2 + (F0 - ê0)ê
2

(F0 + ê0)ê0
2

(1)
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in Table 2 (i.e., the saturation point of pure ethyl chloride and
vinyl chloride at different temperatures under study).

The standard Lorentz-Berthelot rules were used to calculate
the interaction between different species (and with the surfaces).
Dispersive-repulsive interactions between two sites (at different
molecules) were calculated using the 12-6 LJ potential function.
The electrostatic contribution to the internal energy was calculated
using the Ewald summation;30-34 an extended explanation for
the long-range calculations can be found in our previous work.24

The real-space cutoff used was half the smallest width of the
simulation box, thus only the nearest-image interacting charges
had to be taken into account. The convergence parameter was
set to 0.27, and the numbers ofk vectors in the Fourier space
sum was 1330. Test runs were performed to ensure that the
Ewald sum sufficiently converged so as not to affect the out-
come of the simulations. Because the atoms in AlMePO-R are
fixed, the solid-solid interactions do not affect the calcula-
tions because they cancel out when energetically comparing
simulated configurations; hence only solid-fluid and fluid-
fluid interactions were calculated along the simulations. To save
computation time, we turned on the electrostatic calculation when
the system had reached an equilibrated state by just computing
the internal energy with simple LJ interactions in the equilibration
period. We have verified that this does not affect the final results
obtained in the calculations, by comparison with selected
simulations performed with electrostatic contributions from the
initial state.

Almost all simulation runs required 1× 108 configurations
to reach equilibrium (neglecting electrostatic contributions).
Additional 2× 108 configurations were generated, accounting
for both short- and long-range interactions. Under some condi-
tions, longer runs were required to achieve equilibrium (i.e., the
selectivity study needed at least double the size of the simulation
cell for higher pressures). Average properties were calculated
over blocks with 5× 105 configurations once equilibrium was
reached. The fluid-fluid potential was cut atrc ) 6σff , as
recommended by Duque and Vega.35

To compare with experimental data, the excess pore fluid
density was calculated to be

where〈N〉 is the mean number of molecules inside the pore,Fbulk

is the bulk density value under the same conditions, calculated
using the GCMC bulk method.

III. Results and Discussion

To assess the validity of the new force fields for ethyl chloride
and vinyl chloride, a series of GCMC Monte Carlo simulations
were performed in the bulk phase at the reported experimental
vapor pressure (related to the chemical potential) of each fluid.
The volume of the simulation cell and the initial number of
molecules were selected to start the simulation close to the
experimental gas-phase density in order to save computational
time. Results concerning the performance of the proposed ethyl
chloride and the vinyl chloride models in the bulk phase are
presented in Figure 3. Excellent agreement between simulations
and the experimental36 reported gas data phase for both fluids
is obtained. However, additional simulations under different
conditions are needed before one can assess the validity of these
force fields for general simulation purposes. Nevertheless, the
excellent agreement found for the gas phase, even close to the
critical region, permits us to use them with confidence for the
adsorption studies under investigation. In case the agreement
with the experimental data for the adsorbed phase was not good
enough, further refinements of the model, as such polarizability
effects, could be included.

Figures 4, 6, and 7 depict the simulated and experimental pure
fluid adsorption isotherms for ethyl chloride and vinyl chloride
at 293, 323, and 363 K, respectively. The simulation results were
obtained by using the model for the adsorbent material described
in our previous work24in a purely predictive manner. In particular,
theσCH3 value of 0.35 nm found previously24 was kept constant
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(32) Gregg, S. J.; Sing, K. S. W.Adsorption, Surface Area, and Porosity;

Academic Press: New York, 1982.
(33) Smith, W.; Forester, T. R.The DLPOLY 2 User Manual, version 2.13;

CCLRC, Daresbury Laboratory: Daresbury, Warrington, England, 2001.
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(35) Duque, D.; Vega, L. F.J. Chem. Phys.2004, 121, 8611.

(36) Daubert, T. E.; Danner, R. P.Physical and Thermodynamic Properties
of Pure Chemicals: Data Compilation; Hemisphere Publishing Corp.: New York,
2004.

Table 2. Saturation Points of Ethyl Chloride and Vinyl
Chloride

T (K) P(kPa) F(mol/L) ê(nm-3)

293.15 134.495 0.05758 7.5645× 10-4

ethyl chloride 323.15 349.137 0.14054 3.1467× 10-3

363.15 955.011 0.37382 4.0109× 10-3

293.15 342.556 0.14925 8.4852× 10-4

vinyl chloride 323.15 779.809 0.32881 1.2170× 10-3

363.15 1849.955 0.80702 2.6916× 10-3

〈Fexc〉 )
〈N〉
V

- Fbulk (2)

Figure 3. VLE of ethyl chloride and vinyl chloride. Symbols are
as follows: experimental phase diagram of ethyl chloride (-),
experimental phase envelope of vinyl chloride (--); ethyl chloride
GCMC simulations (×); vinyl chloride GCMC simulations (*).

Figure 4. Adsorption isotherms of the pure fluids at 293 K. Ethyl
chloride experimental data (O), ethyl chloride simulated results (b),
vinyl chloride experimental data (]), and vinyl chloride simulated
results ([).
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in this study, allowing us to avoid any fine-tuning procedure.
Regarding the adsorption behavior, it is observed that the ethyl
chloride adsorption capacity of AlMePO-R is always higher than
the vinyl chloride adsorption capacity along the three temperatures
studied and this trend increases with temperature (Table 3). At
323 K in the pressure range of 30-100 kPa, the vinyl chloride
adsorption capacity of AlMePO-R is substantially reduced. This,
together with the fact that AlMePO-R is clearly more selective
for ethyl chloride than is AlPO14 (Figure 1), leads us to the
conclusion that a key factor for this selective adsorption is the
specific interaction between the methyl groups on the surface
and the ethyl chloride molecule. However, some other competing
effects may also lead to this behavior to a lesser extent, such as
steric effects due to the rigidity of the vinyl chloride molecule

compared to that of the ethyl chloride molecule. Further
investigationswithdifferentporousmaterialswithattachedmethyl
groups and/or different porous sizes will help to elucidate these
key factors.

Regarding the performance of the model used for the Monte
Carlo simulations, one can observe that at the lowest and
intermediate temperature investigated here the agreement between
experimental and simulated isotherms is excellent. This is striking,
especially taking intoaccount that these resultsarepurepredictions
in which even the use of a scaling factor has been avoided.
However, at the highest temperature of 363 K, we have obtained
good but qualitative agreement: the trend of the experimental
curve seems to be linear, but simulations do not follow this
trend. A plausible explanation for this deviation may come from
the fact that we have considered a rigid framework for the
AlMePO-R material whereas at this high temperature the actual
material may be somehow less stiff than modeled in the
simulations.

An additional advantage of using molecular simulations for
this study is that one can actually see the arrangement of molecules
inside the pore for a given equilibrated state, providing some
insight into the molecular adsorption process. Figure 5 depicts
the maximum loading at 293 K for both fluids, as obtained from
the simulations. In the snapshots presented here, the Cl atoms
are represented in green for ethyl chloride and in pink for vinyl
chloride. It is observed that both ethyl chloride and vinyl chloride
are located inside the AlMePO-R material in a similar manner
to water24 (i.e., in the center of the channel), avoiding the three
locii preferred by nitrogen.24

Given the accuracy of the results obtained for the pure fluids
at 293 and 323 K, the model was used to study the behavior of
mixtures at these two temperatures in a purely predictive manner.
This study aims at defining the optimal conditions for separation
before performing any experimental measurements. The selec-
tivity of ethyl chloride (SEC) versus vinyl chloride was defined

Figure 5. Snapshots related to the maximum loading in Figure 4.
Cl atoms are represented in green for ethyl chloride and in pink for
vinyl chloride.

Figure 6. Adsorption isotherms of the pure fluids at 323 K. The
legend is the same as in Figure 4.

Figure 7. Adsorption isotherms of the pure fluids at 363 K. The
legend is the same as in Figure 4.

Table 3. Ethyl Chloride and Vinyl Chloride Adsorption
Capacity on AlMePO-r

exptl adsorption
capacity

(mmol‚gsolid
-1)

simulated adsorption
capacity

(mmol‚gsolid
-1)

adsorbate
temp
(K)

0-100
kPa

30-100
kPa

0-100
kPa

30-100
kPa

293.15 1.04 0.04 1.08 0.09
ethyl chloride 323.15 0.97 0.08 0.99 0.09

363.15 0.81 0.22 0.69 0.19

293.15 0.82 0.03 0.92 0.13
vinyl chloride 323.15 0.40 0.21 0.39 0.16

363.15 0.18 0.01 0.33 0.14
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as the ratio of the mole fractions (xi) in the pore divided by the
ratio of the mole fractions in the infinite bulk.

Figure 8 depicts the selectivity of the material for ethyl chloride
as a function of pressure at two different temperatures, 293 and
323 K, for a fixed bulk composition of vinyl chloride{(xVC)bulk

) 0.90}. Figure 8a shows the selectivity curve on a log-log plot
to better illustrate the selectivity behavior at low pressures.
Contrary to what is obtained with the individual isotherms, the
material seems to be more selective for ethyl chloride at the
lowest temperature considered (T ) 293 K). This may be due
to the definition used for selectivity (eq 3) in which the
composition both in the bulk and in the adsorbed phase are
considered. However, even at 323 K, AlMePO-R is selective for
ethyl chloride. Both curves present maxima in selectivity (around
90 and 60, respectively) at the same pressure,∼1 kPa. Although
this pressure is too low for practical purposes, note that the
selectivity of AlMePO-R for ethyl chloride versus vinyl chloride
at 293 K is always around 40 (for this particular bulk composition).
This allows separation by adsorption in this material at higher
pressures than the optimal value, which is simpler to achieve in
the laboratory.

Finally, the influence of bulk composition on the selectivity
of the material for ethyl chloride has also been investigated here.
Figure 9 depicts the selectivity of ethyl chloride as a function
of pressure at 323 K for two different vinyl chloride bulk
compositions, 0.90 (also presented in Figure 8) and 0.95. As in
the previous case, both the normal scale and the log-log scale
are shown for clarity. The selectivity of ethyl chloride increases
by 1 order of magnitude when the bulk composition of vinyl
chloride increases from 0.9 to 0.95, further enhancing the high
selectivity of the material with respect to ethyl chloride. Figure
10 shows snapshots related to the selectivity of ethyl chloride

Figure 8. Selectivity of ethyl chloride as a function of pressure for
two different temperatures, (b) 293.15 K and (O) 323.15 K, for a
fixed vinyl chloride bulk composition of 0.9. The dashed lines are
guides for the eye.

Figure 9. Selectivity of ethyl chloride as a function of pressure at
323.15 K for two different vinyl chloride bulk compositions: (O)
0.9 and (b) 0.95. The dashed lines are guides for the eye.

SEC )
(xEC/xVC)pore

(xEC/xVC)bulk

(3)

Figure 10. Snapshots related to the selectivity of ethyl chloride at
a bulk vinyl chloride composition of 0.95 (related to Figure 9).
(Top)p) 1 kPa and (bottom)p) 1000 kPa. Cl atoms are represented
in green for ethyl chloride and in pink for vinyl chloride.
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at a bulk composition of 0.95 for vinyl chloride. The top snapshot
is related to a pressure of 1 kPa. At this pressure, when the
selectivity of ethyl chloride reaches a maximum, just a few
molecules of vinyl chloride are allowed to enter the material.
The bottom snapshot shows results at a pressure of 1000 kPa,
at which the system load of vinyl chloride is increased, setting
the drop-off of the selectivity of ethyl chloride.

IV. Conclusions

This is the first study reporting on an adsorbent that
preferentially adsorbs ethyl chloride in a mixture with vinyl
chloride. It has been demonstrated, on the basis of experimental
adsorption isotherms for the pure compounds and molecular
simulations for the mixtures of ethyl and vinyl chloride, that
AlMePO-R is an adequate candidate for the purification of vinyl
chloride streams by the adsorption of the ethyl chloride in the

gas phase. Further investigations should be performed to
determine if this is the best material for the selective separation
of the paraffin from the olefin or to search for new materials with
the desired selective behavior. The results of this work show that
the simultaneous use of experimental adsorption and molecular
simulation techniques can be a powerful tool in the study and
design of new adsorbents.
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