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ABSTRACT: Cement production is a carbon intensive industry and is responsible for large
quantities of greenhouse gases released into the atmosphere. Due to the significant embedded
carbon costs of cement, it might be promising to investigate waste cement for alternative uses so as
to maximize utility of this material. Recent computational work on the sorption of natural gas
constitutions in cement hydrate suggested that it might be worthwhile examining its usefulness in
separating mixtures of C2 hydrocarbons. In light of this and the ongoing challenges of separating
ethene and ethyne in industry, this study employed a multiscale approach to assess the feasibility
of pressure swing adsorption to separate mixtures of ethene + ethyne. By combining stochastic atomistic simulations with macroscale
batch equilibrium modeling, ethene recovery, product gas composition, and the separation power were computed over a range of
temperatures (from 273 to 323 K), pressures (100 to 2000 kPa), and adsorbent masses (10 to 40 g per mole of feed gas). The results
of this study include a look at the intermolecular interactions in the system and their relationship to the adsorption behavior as
described by well-known adsorption isotherm models. This can help point the way to selecting materials that are promising for gas
separations.

1. INTRODUCTION
Concrete is a composite material consisting of an aggregate
phase and a binding phase, with a cement hydrate matrix
comprising the binding phase. Tricalcium silicate, dicalcium
silicate, and tricalcium aluminate are major components of the
binding phase, and they react with water to form three main
hydration products: calcium-silicate hydrate, ettringite, and
portlandite.1 Production of cement is an environmental concern
both due to significant carbon emissions2 and water
consumption.3 Concrete infrastructure and buildings, contain-
ing large quantities of cement hydrate, therefore constitute a
significant amount of embedded carbon worldwide. Hence, it
can be advantageous if more uses can be found for waste cement,
to enable the introduction of additional recycling streams for this
material thereby maximizing the utility of its embedded carbon.
Recent work on the molecular interactions of natural gas

constituents with cement hydrate (with a focus on hydrogen
sulfide)4 yielded results that (incidentally) suggested that
cement hydrate might have potential use in separating mixtures
of ethane/ethene/ethyne. Since all three species have purely
dispersive interactions with the cement hydrate matrix, this is
largely due to reducedmolecular sizes. Ethyne is amore compact
molecule than ethene due to both the reduced number of
hydrogen atoms (rendering ethyne more rodlike than ethene,
which has a dumbbell-like shape in comparison) and the shorter
length of the triple carbon bond as compared to the double
carbon bond. The reduced molecular volume of ethyne as
compared to ethene therefore enables more ethyne molecules to
fit into the tortuous cavities within the cement hydrate matrix.
Ethene (C2H4, commonly called ethylene) is one of the most
widely used basic petrochemicals and is employed as a precursor

for larger organic compounds and to produce polyethylene via
polymerization. In the production of polyethylene, very high
purity ethene is required and necessitates the separation of
ethene from ethyne (C2H2, commonly called acetylene), which
typically occur together following the cracking of naphtha or
ethane/propane mixtures. The presence of ethyne in the ethene
feedstock for polyethylene production in quantities as low as 40
ppm can poison the Ziegler-Natta catalysts needed for this
process,5 and excess ethyne can block gas flow with potentially
explosive results via the generation of solid acetylides.6 The
necessary ethene is generally prepared by the cryogenic
distillation of cracking gas, which typically results in an
unavoidable impurity of 1 mol % ethyne that requires further
separation before downstream processing of the ethene to
produce other materials.7

Presently, adsorption offers an attractive energy-efficient
option for this purification step as compared to conventional
methods such as partial hydrogenation or solvent extraction.8−10

Much recent work has examined the use of microporous or
nanoporous materials such as metal−organic frame-
works7,8,10−13 as adsorbents for the separation of ethene and
ethyne.
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This contribution is concerned with evaluating the potential
efficacy of cement hydrate as an adsorbent for the separation of
ethene/ethyne mixtures via pressure swing adsorption cycles
near ambient temperature. In particular, several variables were
considered for the pressure swing adsorption process: operating
pressure ratio, ratio of the adsorbent mass to feed gas flow rate
(i.e., the bed size), operating temperature, and feed gas
composition. The resulting outputs to be considered were the
ethylene recovery, product gas composition in terms of ethene
purity, and the ethene/ethyne separation power. Monte Carlo
molecular simulations14 in the grand canonical ensemble were
used to generate adsorption isotherm data necessary for
evaluating the pressure swing adsorption cycles, which was
undertaken using a macroscale batch equilibrium approach.15

2. RESULTS AND DISCUSSION
Figures 1 and 2 show the adsorption isotherms for ethene and
ethyne, respectively, at 273, 298, and 323 K. Apart from the

results of the Monte Carlo simulations, fitted adsorption
isotherm models are shown. These are needed for the batch
equilibrium modeling, hence it was necessary to determine
which adsorption isotherm model provides the most accurate
description of the results of the simulations. To that end, three
models were considered: Langmuir,16 Freundlich,17 and Red-
lich−Peterson.18 In both Figures 1 and 2, the Freundlich
adsorption isotherm model is shown alongside the results of the
molecular simulations, as it produced the best fit.
The Langmuir and Freundlichmodels are both two parameter

models, with the former being possibly the simplest means of
describing adsorption of fluid molecules onto a substrate. The
Langmuir adsorption isotherm model is based upon the
following assumptions: monolayer adsorption, finite localized
adsorption sites that are identical and equivalent, and no lateral
interaction or steric hindrance between adsorbed molecules.
The Freundlich model accounts for nonideal and reversible
adsorption, as well as a nonuniform distribution of adsorption
heats and affinities across a heterogenous surface. The three-
parameter Redlich−Peterson model is a hybrid isotherm that
incorporates features of both the Langmuir and Freundlich
models and approaches the Langmuir model at low pressures/
concentrations while approaching the Freundlich model at high
pressures/concentrations. The three adsorption isotherm
models are presented below:

q
QbP

bP1
=

+ (1)

q KP n1/= (2)

q
kP

aP1 h=
+ (3)

wherein q is the quantity of gas adsorbed, P is the gas pressure,
andQ, b,K, n, k, a, and g are parameters fitted to the results of the
simulations. In the Langmuir model,Q represents the saturation
sorption capacity, while b is the Langmuir equilibrium constant.
In the Freundlich model, K is the Freundlich constant indicating
adsorption capacity and 1/n describes the heterogeneity of the
surface. Lastly, in the Redlich−Peterson model, k/a indicates
the adsorption capacity and h is a constant whereby if it is equal
to 1, the Langmuir equation is returned. The results of the
parameter fitting are shown in Tables 123, for each adsorption
model in turn. The correlation coefficient (R2) and the
percentage absolute average deviation (%AAD) are presented
to demonstrate the quality of the fitted models.
It can be noted that while the R2 values for the Freundlich and

Redlich−Peterson models are comparable, the %AAD values for

Figure 1. Adsorption isotherms for ethene in cement hydrate. The
curves shown are for the fitted Freundlich adsorption isotherm model.
Note that the x-axis has beenmade logarithmic for clarity. The thin lines
represent the 95% confidence intervals for each fitted isotherm.

Figure 2. Adsorption isotherms for ethyne in cement hydrate. The
curves shown are for the fitted Freundlich adsorption isotherm model.
Note that the x-axis has beenmade logarithmic for clarity. The thin lines
represent the 95% confidence intervals for each fitted isotherm.

Table 1. Fitted Parameters, R2, and %AAD for the Langmuir
Isotherm Modela

T (K) b (kPa−1) Q (mmol.g−1) R2 %AAD

ethene
273 51.06 ± 47.00 2.220 ± 0.224 0.7113 21.95
298 11.95 ± 10.26 2.095 ± 0.218 0.8269 23.69
323 1.758 ± 1.401 2.032 ± 0.210 0.9184 32.00
ethyne
273 604.5 ± 263.9 5.060 ± 0.105 0.7563 3.384
298 510.2 ± 240.7 4.996 ± 0.126 0.7375 4.497
323 374.6 ± 154.7 4.846 ± 0.131 0.7940 4.606

a95% confidence intervals are given for the fitted parameters.
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the Redlich−Peterson model are better, in relative terms, than
those for the Freundlich model. While the Redlich−Peterson
model produced a slightly closer fit to the results of the
simulations than the Freundlich model, the 95% confidence
intervals for the fitted parameters are rather large, which would
make subsequent secondary analysis unreliable. Hence, the
Freundlich model was used for batch equilibrium modeling of a
single-stage pressure swing adsorption system. While the %AAD
for the Freundlich model is significantly larger than that for the
Redlich−Peterson model in some situations (notably for ethene
at 323 K), it should be noted that this was due to substantial
deviations at very low pressure values, which is outside the range
of interest for the purposes of analyzing the performance of
pressure swing adsorption in this study.
In terms of the influence of parameter variance on the results

of secondary analyses, it can be instructive to consider the
predicted adsorption isotherms for ethene and ethyne relative to
one another, as shown in Figures 1 and 2. Comparing the
bounds of the 95% confidence intervals for the fitted curves, it is
apparent that there is no risk of drastic variation in the ratios of
the adsorbed quantities of gas, which is the variable of interest in
pressure swing adsorption modeling using the batch equilibrium
approach. Moreover, in all cases (except for ethene at very low
pressure at 323 K, which is below the pressure range of interest
in the study in any case), the 95% confidence interval for the
fitted Freundlich adsorption isotherms lie within one standard
deviation of the results of the grand canonical Monte Carlo
simulations, indicating the robustness of the Freundlich
isotherm with regard to describing the system at hand.

In terms of the behavior of the adsorption isotherms, it is clear
that neither species is adequately described by the Langmuir
approach, although at higher temperatures the correlation
coefficient tends to increase. With respect to the Freundlich
model, it generally described the behavior of the system better at
lower temperatures. These outcomes can be better understood
by examining the energies of the systems at 273 and 323 K, as
shown in Figure 3. Since the difference in the quality of the fit for

the Langmuir versus Freundlich models was larger for ethyne
than that for ethene, it is instructive to consider it instead of
ethene. It is apparent that at higher temperatures the bandwidth
between the upper and lower bounds of the standard deviation is
larger at 273 K as compared to 323 K, suggesting an increase in
the degree of uniformity in terms of the magnitude of the
intermolecular interactions, which likely explains the observa-
tions for the Langmuir model fitting better at higher temper-
atures and the Freundlich model working better at lower
temperatures, since a narrower bandwidth for the interaction
energies suggests a greater degree of uniformity in the
intermolecular interactions, a key difference between the
Langmuir and Freundlich models. With respect to selecting
adsorbents for this challenging gas separation task, these results
suggest that the distribution of intermolecular energies can
provide some predictive insights in terms of the adsorption
behavior. Selecting an adsorption with significantly stronger
species-specific interactions that have only a narrow range of
probable interaction energy values would be most desirable and
would also permit the use of the simplistic Langmuir model to
describe the system accurately.
The temperature, bed size (in grams per mole of feed gas),

feed gas composition (as described in terms of the ethene mole
fraction for the binary ethene/ethyne feed), and the operating
pressure ratio (i.e., the ratio of the peak adsorption pressure to
the discharge pressure) were simultaneously varied to generate
response surfaces for the PSA system in terms of ethene
recovery, composition of ethene in the product gas, and ethene/
ethyne separation power. The separation power SP is expressed
as follows:

Table 2. Fitted Parameters, R2, and %AAD for the Freundlich
Isotherm Modela

T (K) K (mmol.g−1.kPa‑1/n) n R2 %AAD

ethene
273 1.644 ± 0.069 17.77 ± 1.82 0.9769 6.900
298 1.365 ± 0.076 14.23 ± 1.54 0.9762 9.908
323 1.106 ± 0.098 11.55 ± 1.58 0.9663 16.50
ethyne
273 4.780 ± 0.045 82.16 ± 10.32 0.9629 1.636
298 4.673 ± 0.055 68.39 ± 9.10 0.9604 2.324
323 4.468 ± 0.081 57.92 ± 10.24 0.9315 3.239

a95% confidence intervals are given for the fitted parameters.

Table 3. Fitted Parameters, R2, and %AAD for the Redlich−
Peterson Isotherm Modela

T
(K)

k
(mmol.g−1.kPa−1) a (kPa‑h) h R2 %AAD

ethene
273 549.6 ± 388.5 320.6 ±

233.9
0.9490 ±
0.0061

0.9855 4.408

298 182.0 ± 62.0 123.1 ±
43.8

0.9399 ±
0.0047

0.9949 3.813

323 63.17 ± 40.81 50.81 ±
34.49

0.9281 ±
0.0102

0.9861 1.089

ethyne
273 8342 ± 3546 1721 ±

741
0.9899 ±
0.0014

0.9848 0.9435

298 7585 ± 4608 1600 ±
985

0.9875 ±
0.0021

0.9760 1.273

323 3898 ± 1817 850.1 ±
405.5

0.9867 ±
0.0029

0.9696 1.985

a95% confidence intervals are given for the fitted parameters.

Figure 3. Distribution of interaction energies E for ethyne in cement
hydrate at 273 compared to 323 K at the maximum pressure value
considered in this study, where p is the likelihood of occurrence. Values
are averaged across three independent simulations.
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where pi is the quantity of a particular component in the product
gas (discharged from the PSA system) and f i is the quantity of
the same species in the feed gas. In all cases the feed and
discharge pressure were 101.3 kPa, and therefore, the operating
pressure ratio is determined by dividing the peak adsorption
pressure by 101.3 kPa. Table 4 summarizes the variation in the

manipulated variables. In all cases, the manipulated variables
were varied in three linearly spaced steps simultaneously, thus
generating results for four values of each.
For feed gas containing 75 mol % ethene, the peak separation

power was obtained at a bed mass of 40 g/mol and an operating
pressure ratio of 200, whereas for the other feed gas
compositions (25 and 50 mol % ethene), the optimal operating
pressure ratio was 10 (the reader is referred to the Supporting
Information data for the full set of response surface results). To
quantify observations further, the peak separation power was
assessed in terms of the feed composition and the operating
temperature. These results are plotted as a response surface as
shown in Figure 4, which indicates that the most effective

separation occurs at high levels of ethene content in the feed gas.
This suggests that cement hydrate, if it is to be used, should be
used for purification rather than bulk separation at low
concentrations of ethene in ethene/ethyne gas mixtures for
which it is actually incapable of improving the concentration of
ethyne in the product gas when the feed gas contains ethene
concentrations as low as 25 mol %. In addition, lower

temperatures are preferred to boost the efficacy of separation
under these conditions. However, the separation power is still
rather low, even in the best-case scenario, with a maximum value
of 5.21 for the range of conditions considered in this study. It
may be noted that due to the limited efficacy of the system at
close to ambient conditions, it was deemed to not be worthwhile
extending the investigation to significantly higher or lower
temperatures; such conditions would likely only increase
operating costs in practical terms while not providing sufficient
enhancement. More suitable adsorbents in terms of selectivity
would be metal−organic frameworks such as UTSA-100a,19

M’MOF-3a,19 SIFSIX-2-Cu-i,12 ELM-12,12 or UTSA-300,13 or
possibly mesoporous silica SBA-15.20 Commercial zeolite 13X
also exhibits superior characteristics as an adsorbent;21 hence, it
is not recommended that cement hydrate and thus waste cement
or concrete should be used as an adsorbent for separating binary
mixtures of ethene and ethyne.

3. CONCLUSIONS

Monte Carlo molecular simulations in the grand canonical
ensemble were used to generate adsorption isotherms for ethene
and ethyne in cement hydrate. In all cases, the Redlich−
Peterson adsorption isotherm model best described the
adsorption behavior, on account of the distribution in
magnitude of the intermolecular interactions for both species.
This fitted adsorption isotherm was then coupled with a batch
equilibrium approach to model a single-stage PSA system
operating under isothermal conditions.
The computer model of the PSA was tested over a range of

bed masses, operating pressure ratios, feed compositions, and
temperatures to assess the separation power, ethene recovery,
and product gas composition. It was observed that the system
functions best at higher temperatures and higher operating
pressure ratios. The best separation powers were achieved at low
temperature (273 K) and high ethene content in the feed (75
mol %), suggesting that cement hydrate is most appropriate
under these conditions. However, the peak separation power
was only about 5.21, thus indicating that other adsorbents such
as metal−organic frameworks or commercial zeolites are
probably preferable to cement hydrate for separating mixtures
of ethene and ethyne.

4. COMPUTATIONAL METHODS

An atomistic molecular model of calcium-silicate-hydrate from
the literature22 that accurately predicts essential features and
fundamental physical properties of the material was used. This
structure has been used previously, with some success, to
describe sorption of natural gas with cement hydrate.4 In
summary, the cement hydrate structure comprises a network of
short silica chains distributed as monomers, dimers, and
pentamers in a gel-like matrix with both crystalline and glassy
features of the mineral tobermorite. The unit cell for this
structure is H196O317Si60Ca99.
Adsorption in the solid cement hydrate phase was described

using Monte Carlo simulations following the Metropolis
scheme14 in the grand canonical ensemble for which the volume
of the simulation cell, fluid reservoir chemical potential, and
temperature are held constant. Version 2020 of Materials Studio
was used for all of theMonte Carlo simulations.23 This ensemble
mimics migration into and out of the adsorbent by permitting
the following moves applied to the gas molecules (with
probabilities of occurrence in parentheses): creation (0.23),

Table 4. Summary of the Manipulated Variables Used to
Investigate the Performance of a Single-Stage PSA System to
Separate an Ethene/Ethyne Mixture under Isothermal
Conditions

variable minimum value maximum value

temperature 273 K 323 K
bed mass 10 g/mol 40 g/mol
operating pressure ratio 10 200
ethene content in the feed 25 mol % 75 mol %

Figure 4.Response surface for the peak separation power for separating
ethene from a binary ethene/ethyne mixture using a single-stage PSA
system in terms of the feed composition and operating temperature.
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deletion (0.23), rotation (0.24), translation (0.24), and
regrowth (0.06). The general methodology of the simulations
employed in this work is similar to previous work,24 although in
this study 2 × 107 Monte Carlo moves were used for
equilibration followed a further 2 × 107 moves to generate
results, and the results were averaged across three independent
simulations. This increased simulation time ensured that there
was no doubt that equilibration was achieved, especially at
higher gas fugacities where there were more adsorbed molecules
in the cement hydrate phase. Fugacities were related to pressures
using the ubiquitous Peng−Robinson cubic equation of state.25
Version 3 of the condensed-phase-optimized molecular

potentials for atomistic simulation studies (COMPASS) was
used in this work.26 The COMPASS force field was successfully
utilized recently for the natural gas + cement hydrate system4 for
which it was found that system size effects were negligible in
terms of artificial periodicity artifacts, and so in this study, a
single unit cell was used with a cutoff radius of 1.85 nm for van
der Waals interactions and Ewald summation for long-range
electrostatic forces.27 Details of the COMPASS force field and
its applicability to the present system can be found in the
literature.4

Batch equilibrium modeling was undertaken according to the
method described in a recently published study,24 which was
based on a shortcut method for evaluating the efficacy of PSA
systems.15 This approach was implemented in version 5.1.0 of
GNUOctave28 to generate the response surface information for
single-stage pressure swing adsorption separation of ethene from
ethene + ethyne mixtures.
To describe adsorption of the gas mixture, in principle either

competitive or noncompetitive adsorption could be considered.
In the former approach, fitting tomixture data would be required
when employing the Freundlich isotherm, whereas mixture
adsorption can be estimated without mixture data when using
the Langmuir or Redlich−Peterson isotherms. With non-
competitive adsorption, the different gas species in the mixture
are considered to adsorb at different locations, and thus, the
adsorption of each species can be described separately without
the need for mixture properties. In this study, the image
processing package implemented in GNUOctave was employed
to determine the correlation coefficient between field densities
of the adsorbed ethene and ethyne molecules at the maximum
uptake for both species (which occurred at 273 K and the
maximum pressure values for each species). A simulation
comprising 2 × 107 Monte Carlo moves for each equilibration
and production, with sampling every 25 moves during
production was used to build up a three-dimensional map of
adsorption sites for each species. This was used to generate a
field map from which two different views were converted into
PNG images (1070 × 571 pixels), which were colored by
distance from the observer (higher color saturation correspond-
ing to a shorter distance from the viewpoint). In these field
maps, the atoms comprising the cement hydrate matrix were
removed, thereby producing images consisting solely of the
adsorption sites. The correlation coefficients for each
perspective were approximately 0.099 and 0.282, thus suggesting
that there is little similarity in the locations of adsorption sites for
ethene and ethyne, and hence noncompetitive adsorption was
deduced to occur at the conditions of interest. These field maps
are provided in the Supporting Information.
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