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CO, adsorption on a modified graphite surface with sodium
dodecyl sulfate surfactants: a molecular dynamics study
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Molecular dynamics simulations were carried out to study adsorption ef @Ca graphite surface at different gas concentrations. As the

CO, concentration increased, a decrement in the adsorption on the graphite surface was observed. When the graphite surface was modified
by the presence of surfactant molecules, sodium dodecyl sulfate, the results indicated that gas adsorption increased with respect to the system
without surfactant. Analysis of density profiles were used to characterize adsorption and Langmuir isotherms constructed for the systems
with and without surfactant modified surfaces. Interactions between the graphite plate amegf@investigated in terms of pair distribution

functions.
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1. Introduction thermodynamics and structural propertiég, adsorption
isotherms and density profiles, respectively. Moreover, the

Nowadays it is well known that carbon dioxide (€X®mis-  simulations are conducted with and without the presence of
sions are causing environmental problems. In fact, severg)yrfactants on the solid surface.

investigations have been conducted to produce new materi-
als with good sorption properties to capture that gas. For in-
stance, C@ sorption has been proved with lithium ceramics 2. Computational Method and Model
at high temperatures [1-3], by activated carbon [4,5], by zeo-
lites [6] and polymeric membranes [7] methods. Amines [8],Studies of the systems are conducted using Molecular Dy-
molten salts [9] and surfaces such as graphite [10,11] haveamics simulations in three different stages. In the first one,
been also used. In fact, it has been observed that the charaimulations to test the COmodel in bulk were conducted, in
teristics of the materials play an important role in the physicathe second stage simulations with €@olecules deposited
and chemical properties of the adsorbates. On the other handh the solid surface were carried out to study adsorption of
surfactants have proved to be a good alternative not only fothe gas, and in the last stage surfactant molecules were in-
gas remediation but also for other type of contaminants [12]cluded on the surface to study the effect of the amphiphilic
Moreover, surfactant-modified surfaces have shown improvemolecules in the gas adsorption. Therefore, the first simula-
ment for pollutant removal [13-15]. For instance, sodium do-tions started with C@molecules in a bulk gas phase in a cu-
decyl sulfate (SDS) and its mixtures have been used with thbic simulation box. For the COwve used a model with virtual
Micellar-Enhanced Ultrafiltration technique (MEUF) to re- sites to keep the linear structure of the molecule [19]. Param-
move phenol with good results [16]. eters for the model were obtained from the literature [20].
Computational methods have also been used to studyhen, simulations at temperatufe = 298 K and P = 10
adsorption of contaminants in bulk [17] and on solid sur-bar were conducted to obtain gas density to compare with
faces [12] as alternative to investigate such complex systemseal experiments. Simulation data,= 18 kg/m®, was in
In particular, sorption of C@on solid surfaces have been good agreement with the experimental value at the same ther-
studied with Monte Carlo methods giving good results withmodynamic conditions [21]. Simulations were carried out
actual experiments [18]. Molecular dynamics simulationsin the NPT ensemble using the Parinello-Rahman barostat
have also been tested to investigate removal of contaminangd No€-Hoover thermostat to maintain constant the pres-
using surfactants [12] on solid surfaces. sure and the temperature, respectively with relaxation times
In the present work we investigate adsorption of,G@  of 7p = 2.0 ps andry = 0.1 ps.
a graphite surface with and without the presence of an an- All simulations were conducted with GROMACS-
ionic surfactant, sodium dodecyl sulfate. We are interested.5 [22] software using periodic boundary conditions in all
in the effects of those surfactants on the adsorption phenondirections. The electrostatic interactions were handle with the
ena of gases on solid surfaces and whether the amphiphiligarticle mesh Ewald method and the short range interactions
molecules might be used as agents to improve capture ofere cutoff at 208 whereas bond lengths were constrained
CO,. The analysis of the results are conducted in terms ofising the Lincs algorithm. Then, simulations were performed
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Y FIGURE 2. Density profiles of CQ adsorbed on a graphite surface

) ) i at different gas concentrations a) 100 £8) 200 CQ c) 300 CQ
FIGURE 1. Snapshot of the Cfgas and solid graphite wall config- ) 400 CQ and e) 500 C@ molecules. The graphite surface was
uration. In the bottom the graphite atoms are represented in greef}, the X-Y plane and it is represented in the Y-axis in the figure.
an in the top of the figure are the G@olecules. Temperature is & = 298 K.

for 30 ns after 2 ns of equilibration with a timestepdf= forent cq concentrations are shown. In the figure, it is ob-
0.002 ps. ) _ served a first well adsorbed layer of €@nolecules (in all

The second part of the simulations was conducted fof4ts) on the graphite surface. Moreover, it was possible to
the equilibrated C@ molecules,i.e they were located on @ pserye that the first peak in the density profiles, increased
graphite surface in a simulation box of dimensions X = 78.7,¢ the C@ concentration increased, suggested that more gas
A, Y =72.7Aand Z = 150.08. In the Z-direction areflect-  5jecules were adsorbed on the surface. The percentage of
ing wall (using a repulsive potential) was used at the distancg,ia co, molecules adsorbed on the graphite plate, calcu-
of Z =70.8/A to avoid CG, molecules interacting with the | 51eq by integration of the density profile Eq. (1), is indicated
other side of the graphite wall due to the periodic boundary, Tapie I. It is noted in the table that the percentage of,CO

conditions, and also to have a gas density of 18 kg/m’  44sarhed, with respect to the total carbon dioxide molecules,
(gas phase). The graphite surface was constructed with 9218, reases as the gas concentration increases.
carbon atoms in four layers (see Fig. 1).

A third set of simulations were carried out using SDS N T oo
surfactants. The SDS surfactant was constructed using a n—= 2t _ (/p(z)dz)/(/p(z)dz) (1)
molecular model of a hydrocarbon chain of 12 united carbon Nr
atoms attached to a headgroup ,S8toms in the headgroup

were explicitly modeled [23]. Initially 127 SDS molecules, N, and Ny are the number of molecules in the first peak

to have an area per molecule of A@/moleculg, were lo- 5 the total number of molecules in the system, respectively.
cated close to the graphite surface solvated with 5000 watefp,q upper limit % goes to the distance of the first peak in
molecules using the SPC model [24]. Once the surfactantg,o density profile.

were equilibrated on the graphite surface, water molecules
were removed and CQwas added at different concentrations
to study adsorption of the gas.

All last simulations were conducted in the NVT ensemble

TABLE |. CO, adsorption with and without SDS.

at constant temperatur&, = 298 K, using the Noé-Hoover Total CO, adsorbed CQ adsorbed CQ
thermostat with a relaxation time constant of 0.1 ps for up to molecules percentage (%) percentage (%)
30 ns.
with SDS

100 62 81
3. Results 200 46 -
3.1. CO, adsorption 300 35 57

400 31 50
Adsorption of CQ on the graphite surface was analyzed in 500 29 44

terms of density profiles. In Fig. 2, density profiles at dif-
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FIGURE 3. a) Isotherm plot of C@ adsorption. b) Fitting data of
the isotherm plot of C@adsorption.
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FIGURE 4. Density profiles of CQ adsorbed on a modified
Since it is observed a single peak, suggesting an isotherigraphite surface with SDS surfactants at different gas concentra-
type 1 [25], the adsorption can be analyzed in terms of théions a) 100 C@ b) 200 CQ c) 300 CQ d) 400 CQ and e)
Langmuir adsorption isotherm and plotted in Fig. 3a. Then500 CO: molecules. The graphite surface was in the X-Y plane
the isotherm data were fitted with the Langmuir model [26], and it is represented in the Y-axis in the figure. Temperature is at
T

= 298 K.
= bc (2) plate. In fact, the density profiles with SDS present more
1+0bC structure than those without SDiS; they show layers along
where~ is the cover fraction on the surfackgives infor-  the normal of the surface. Even though, it is possible to ob-
mation of the ratio between the adsorption reaction constarerve a gas phase above the SDS aggregate. In Table I, the
and the desorption reaction constanis/kqes andC' is the  number of CQ molecules adsorbed on the graphite surface

gl

initial concentration. is shown and the total percentage of adsorbed @0lecules
By defining a new variabley = y/y,, last equation can for these systems.
be rewritten as From Table | it is noted that as a general feature the per-
centage of C@adsorbed decreases as the gas concentration
1 1 1 1 . . -
= )+ = (3) increasesj.e. the same trend as that obtained for the ad-
y  ymb \C Ym sorption without SDS surfactants. However, it is worthy to

and plotted in Fig. 3b. Then, by fitting the best line to NOte that the percentage of ¢@dsorbed in the presence of
the data it obtained the parametérs- 4.8199 x 103 and SDS molecules is higher than that without the surfactants. As
ym = 188.6792, i.e from those values it is estimated that in the case without surfactants, it is possible to construct an

from the data it was observed that the adsorption decreas&§"ved more than one layer it is assumed an isotherm type
as the CQ concentration increases suggesting a maximun® [25] and we fit an Freundlich isotherm [27], which repre-
number of molecules adsorbed on the surface indicated b§ent better multilayer adsorptions,

the parametey,,, i.e. above that value it is not possible to y = KO/ (4)
have more adsorbed molecules on the surface. Because of the

small value of %" indicates a weak interaction of the gas with WhereC'is the initial concentrationis’ is a constant related
the surface. with the adsorption capacity of the system arid represents

the saturation rate of adsorption. In Fig. 5a the adsorption
3.2. CO, adsorption with SDS Surfactants isotherm is shown. Then, the parameters of Eq. (4) were

found from a log-log plot (see Fig. 5b). By fitting the best
In Fig. 4 the density profiles of C{adsorbed on the graphite curve to the isotherm the values&f= 4.921 andn = 1.616
plate in the presence of SDS surfactants are shown. It is olwere obtained. It is worthy mentioning that in this model
served that the SDS tail groups are adsorbed on the graphiteere is not a molecular covering limit on the surface since it
surface with the SDS headgroups on the top layer. The Nais a multilayer process.e there is a higher gas adsorption in
ions are located close to the head groups as indicated by thikis system. In fact sincé/n < 1, it suggests that we have
density profiles. It is also noted from those profiles that, CO better adsorption in this system. Moreover, from these results
is deposited above the hydrocarbon SDS tails, however, as thvee note that adsorption increases with a modified graphite
gas concentration increases few of those molecules penetragarface respect to the systems without surfactant molecules
into the surface, showing good adsorption on the graphiteon the solid surface.
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0 T 1T T =& 7 ] positive ion. In fact, a strong attraction between the carbon
T /_.,,/f*" 7] of the CQ, with the oxygens of the SDS head group should
oL e 7] also occur as suggested by the high peak in the pair correla-
g p /.,// o tion function of the sulfur atom, in the SDS, with the €O
a o 7 R On the other hand, the GGnd SDS tails present less affin-
LY S S T T 6'00 ity each other as indicated by thér) of Fig. 6, CH,-CO,.
Total number of CO, molecules That result could be explained since the SDS tail groups, de-
s posited on the graphite surface, did not have much contact
L ] with CO, moleculesj.e. adsorption occurs mainly with the
e headgroups, which are the ones attached to the tails deposited
2T . 7 on the surface.
45 //,‘_—”” LI
e 1 J 4 Conclusions

Studies of CQ adsorption on a modified graphite surface
were investigated as alternative of gas capture. In the present
work we used an anionic surfactant to promote adsorption
on a graphite surface. The results showed that the addition

FIGURE 5. a) Isotherm plot of C@ adsorption in graphite plate
with SDS surfactants. b) Log-log representation of the isotherm
plot of CO; adsorption.

U T - T - - - - of surfactants on the solid surface increased the amount of
- Y . gas retention respect to the case of a graphite surface only.
AL $(SDS)- CO, | When a graphite plate is used, €@ adsorbed on the sur-
= CHn (SDS)- €O, face forming one single layer with a maximum amount of gas

retention as indicated by the Langmuir isotherm calculations.
On the other hand, when graphite was modified with SDS on
its surface several layers were obseniesia thicker adsorp-
tion layer was obtained. Previous experimental results have
shown that modified graphite surfaces with amine molecules
improved CQ capture [11]. In the present work, we did not
use amines to modify the surface, the graphite was modi-
fied with surfactant molecules however, similar tendencies
of those experimental works were observed,the modi-

30—

g@)

20—

v (om) fied surface increased gas adsorption. Somehow, adsorption
FIGURE 6. Pair correlation functiong(r) of CO, with different of CO;, is C(,)n_dUCted mf';unly ny _ammes or Surfactz:;mts rath.er
sites of the SDS molecules. Temperature i at 298 K. than the pristine graphite. It is important to mention that in

the present work the CQadsorption is mainly produced by
In recent experimental studies adsorption of ,CO the SDS surfactant as indicated by the first strong peak of the

on a graphite oxide modified by tetraethylenepentaminePair correlation function between the SDS headgroup and the
molecules were analyzed [11]. In those experiments, theg:og. All of these results indicate that surfactants can be used
conducted experiments at different concentrations and it wa¥ increase confinement of GChowever it might be possible
observed, that at some concentrations, adsorption was bett&@at not only anionic but also cationic (or non-ionic) surfac-
with modified surfaces than with pristine graphite. They alsgf@nts can also have the same effect and those investigations
observed that temperature can affect the adsorption and co@te conducting in our group.
sequently, the C@capture on the modified graphite oxide.

Acknowledgments
3.3. CQO, interaction

The authors acknowledge support from DGAPA-UNAM-
The interaction of C@with the graphite surface is also ana- Mexico grant IN102017 and DGTIC-UNAM grant
lyzed in terms of pair correlation functiong(¢)). In Fig. 6, LANCAD-UNAM-DGTIC-238 for the supercomputer fa-
g(r) plots with different sites are shown, it is observed thatcilities. We also acknowledge Alberto Lopez-Vivas and
the CQ molecules are closer to the Naons, which could Alejandro Pompa for technical support. HEJ acknowledges
be explained by the attraction of the €Oxygens with the scholarship from DGAPA-UNAM-Mexico grant IN102017.

Rev. Mex. Fis65(2019) 20-24



24

—_

[\V]

10.

11.

12.

13.

14.

. N. Z. Zulkurnai, U. F. Md.Alli, N. Ibrahim, N. S. Abdul Manan,

H. ESPINOSA-JIMENEZ AND H. DOMINGUEZ

. H. A. Mosqueda, C. Vazquez, P. Bosh, H. Pfeiff@hem.  15.
Mater, 18 (2006) 2307.
. K. Essaki, K. Nakagawa, M. Kato, H. J. UemoloChem. Eng.  16.

Jpn, 37(2004) 772.

B. N. Nair, T. Yamaguchi, H. Kawamura, S. I. Nakao, K. Nak- 17

agawa,J. Am. Ceram. Soc87 (2004) 68.

IOP Conf. Ser.:Mater. Sci. Eng206(2017) 012001.

S. S. Mohammad, W. D. Wan Mohd Ashri, H. Amirhossein, S.
Ahmad,J. Analytical and Applied Pyrolysi89 (2010) 143.

k. L. Chung, S. L. Shin, C. J. Lain, C. W. Cheng, S. L. Kuen,
D. L. Meng,J. of Hazardous Materialsl47 (2007) 997.

D. A. Jones, T. P. Lelyveld, S. D. Mavrofidis, S. W. Kingman,
N. J. Miles, Res.Conservation and Recycling4 (2002) 75.

E. E.Unveren, B.O. Monkul, S. Sarioglan, N. Karademir, E. 21
Alper, Petroleum 3 (2017) 37.

L. Huang, Ch. Xu, R. Ren, Q. Zheng, Z. Wang, B. Louis, Q. 2.

Wang,Sustainable Energy Fuel (2018) 68.

A. K. Mishra, S. Ramaprabhunt. J. Chem. Eng. Appl 1
(2010) 266.

Y. Zhang, Y. Chi, C. Zhao, Y. Liu, Y. Zhao, L. Jiang, Y. Song,
J. Chem. Eng. Date63(2018) 202.

M. A. Pacheco-Blas, H. Dominguez, M. Rive@hem. Phys
485-486(2017) 13.

Z. Li, C. A. Willms, K. Kniola, Clay. Clay. Minerals51 (2003)
445,

Y-Ch Song, B. Subha, J. H. Woo, H. J. Lim, P. Senthilkumar,
water air soil Pollut 225(2014) 2067.

18.

19.

20.

23.

24.

25.

26.
27.

S. P. Nayyar, D. A. Sabatini, H. Harwell Environ Sci. technpl
28(1994) 1874.

L. Xue, Z. Guang-Ming, H. Jin-Hui, R. MirDesalination 276
(2011) 136.

D. Peredo-Mancilla, H. Domingue, Molec, Graphics Model
56 (2016) 108.

M. Lara-Pena, H. Domingue®Bhys. Chem. Chem. Phy47
(2015) 27894.

Lemkul, J. Virtual Sites. GROMACS TutoriaDepartment of
Pharmaceutical Sciences University of Maryland, Baltimore.
(2015). http://lwww .mdtutori- als.com/gmx/vsites/index.html

T. T. Trinh, T. J. H. Vlugt, M-B. Hagg, D. Bedeaux, S. Kjel-
strup, 12th Joint European Thermodynamics Conference Bres-
cia, July 1-5, (2013).

. NIST Chemistry WebBook. https://webbook.nist.gov

B. Hess, C. Kutzner, D. van der Spoel, E. Lindahl,
Chem.Theory Compuyé (2008) 435.

H. Dominguez,J. Phys. Chem. B115(2011) 12422.

H. J. C. Berendsen, J. P. M. Postma, W. F. van Gunsteren,
J. Hermans. B. Pullmanntermolecular Forces(Reidel, Dor-
drecht, 1981).

I. N. Levine, Physical Chemistry5th Edition, McGraw-Hill,
2002.

I. Langmuir,Am. Chem. Soc38 (1916) 2221.

H. Freundlich Kapillarchemiegine Darstellung der Chemie
der Kolloide und verwandter GebietAkademische Verlags-
gesellschaf, Leipzig (1909).

Rev. Mex. Fis65(2019) 20-24



