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      Molecular dynamics simulation was used to investigate the adsorption of a typical azo dye on a graphene nanosheet (GNS). The 
influence of temperature on the adsorption process was studied in the temperature range of 288.15 to 338.15 K. The structural, transport, 
and thermodynamic properties of dye and GNS were investigated during adsorption. The results showed that the potential of mean force 
becomes more negative by reaching dye molecule to GNS surface, which reflects the spontaneous adsorption of dye molecule on GNS. The 
structural studies showed that π-π stacking between the benzene rings of dye and the GNS surface plays a key role for an efficient 
adsorption. The results showed that after adding GNS to the dye solution, the diffusion coefficient of dye decreased from 2.718 ×               
10-8 m2 s-1 to 1.755 × 10-8 m2 s-1 owning to adsorption. Both radial distribution function and density profile analysis showed that the 
interaction between water and dye weakens due to the presence of GNS. The isochoric heat capacity was calculated as 24.85 J mol-1 K-1.  
By increasing the temperature from 288.15 to 338.15 K, the adsorption energy decreased from -2.5070 to -1.7302 kJ mol-1. The negative 
and low adsorption energies indicate that the dye was physically adsorbed on GNS.  
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INTRODUCTION 
 
      Water pollution is a serious environmental concern. 
Industrial developments and population growth lead to 
release of the contaminants into the environment that 
increased the destructive and harmful effects of these 
pollutants [1]. Industrial effluents contain high 
concentration of chemicals such as hydrocarbon solvents, 
heavy metals, and dyes. Dyes are considered as one of the 
most important group of contaminants. Among various 
types of dyes, azo dyes threaten environment to a great 
extent due to their toxic nature, recalcitrant structures, and 
widespread usage in the textile industry. Therefore, the 
removal of azo dyes from effluents is an urgent need [2]. 
      Up  to  now, several techniques  such  as  oxidation,  
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ozonation, biological degradation, and adsorption have 
been used to remove dye molecules from colored 
effluents [3-9]. Among all available methods, 
adsorption is widely applied for water treatment 
because of its cost, flexibility, simplicity of design, and 
insensitivity to toxic pollutants [10]. Adsorption is a 
surface phenomenon where pollutants are adsorbed 
onto the surface of an adsorbent [11]. Several types           
of traditional adsorbents such as activated carbon,           
clay minerals, chelating agents, biosorbents, and 
chitosan/natural zeolites can remove dyes from aqueous 
solutions [12,13]. However, their low adsorption 
capacities and long adsorption equilibrium duration or 
period limit their applications [14]. To address these 
limitations, some nanomaterials (NMs) have been used 
as novel adsorbents [15]. NMs are superior adsorbents 
due to their small size, large surface area,  and  multiple  
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active sites [16]. Carbonaceous NMs as novel 
adsorbents have high adsorption capacity and 
selectivity for organic solutes in aqueous solutions [17-
19]. Few examples of carbonaceous NMs are carbon 
nanotube, graphene, graphene oxide, graphene 
nanoribbons, and graphene quantum dots. Graphene is a 
perfect two-dimensional carbon sheet in which sp2-
hybridized carbon atoms arranged in a hexagonal 
honeycomb lattice [16]. Among all outstanding 
properties of graphene, the large specific surface area 
(2630 m2 g-1) and the flat structure make it an ideal 
adsorbent for removal of pollutants [17,20,21]. The out-
of-plane π bonds in graphene can form π-π stacking 
interactions with delocalized network of electrons in 
aromatic compounds [22,23]. 

Liu et al. [24] investigated the adsorption of 
methylene blue (MB) as a cationic dye from water by 
graphene oxide (GO) using molecular dynamics (MD) 
simulation. Their study revealed that MB cations 
quickly aggregate around the GO in water. 

Hezarkhani and Ghadari [25] explored the binding 
properties of azo dyes to a nitrogen doped GO using 
computational modelling. MD simulation studies 
showed that the binding of azo dyes to the surface of 
the nitrogen-doped GO is mainly performed by van der 
Waals interactions. 

Yadav et al. [26] studied the simultaneous 
adsorption of MB and arsenic (III) on graphene, boron 
nitride, and boron carbon nitride nanosheets using MD 
simulation. They found graphene among NMs is 
superior for simultaneous adsorption of MB and  
arsenic (III).  

The main goal of the present study is to investigate 
the adsorption of an azo dye on graphene nanosheet 
(GNS) via MD simulation at different temperatures. A 
pristine GNS was considered as an adsorbent. For the 
first time, the current research reports the structural, 
thermodynamic, and transport properties of GNS and 
azo dye aqueous solution during adsorption by 
conducting a series of MD simulations.  
 
METHODOLOGY AND SIMULATION 
DETAILS 
 
     MD  simulations  were   performed   by  DL_POLY 2.17 

 
 
Table 1. The LJ Parameters for Similar Atoms 
 
Atom σ 

(Å) 
ε 

(kJ mol-1) 
N 3.26 0.324 
C 3.40 0.233 
S 3.59 1.439 
O 3.03 0.400 
Na  2.80 2.092 
H 2.85 0.064 

 
 
simulation package [27]. The carbon atoms in rigid 
graphene sheet were modelled as uncharged Lennard-Jones 
(LJ) spheres with σcc = 3.40 Å and εcc = 0.233 kJ mol-1 [28]. 
Azo dye molecule was described by the explicit atomistic 
model in DREIDING force field. Ewald summation was 
applied to compute the long-range electrostatic interactions 
whereas van der Waals (vdW) interactions were treated with 
LJ potential. The LJ parameters for the similar atoms are 
reported in Table 1. The water-graphene, water-dye, and 
dye-graphene interaction parameters are σij and εij derived 
from the Lorentz-Berthelot combining rules [29]: 
  
      σij = (σii + σjj)/2                                                             (1) 
 
      εij = (εiiεjj)1/2                                                                  (2) 
 
In above formulations, the subscripts of ii and jj belong to 
the pure compounds. The GNS in this work consists of 1680 
carbon atoms symbolized by C_2 hereafter. Dye solution 
was prepared by adding one dye molecule into 1339 water 
molecules to construct a dilute solution with xdye = 7.46 × 
10-4. Figures 1a and 1b show the structures of GNS and dye 
molecule, respectively. Density functional theory (DFT) 
was used to obtain the optimized structure and atomic 
charges of dye molecule. These computations were done at 
the B3LYP/6-31+G* level of theory using Gaussian 03 
package [30]. Table S1 gives the equilibrium bond lengths, 
equilibrium angles, and natural bond orbital atomic charges 
of dye molecule. The frequency calculation was conducted 
to ensure that the dye is in its local minimum. It is worth to 
mention that GNS in Fig. 1a is large enough to provide an 
appropriate surface for adsorption of a big molecule  like an 
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Fig. 1. The structure of (a) GNS and (b) azo dye. 

 
 
azo dye. For the case of water, simple point charge (SPC) 
potential was applied with atomic charges computed at 
B3LYP/6-31+G* level of theory. Table S2 reports atomic 
charges computed for the water molecule. 
     Simulations were carried out in NVT ensemble. The 
equations of motion were integrated with a time step of         
0.1 fs using Leapfrog Verlet integration algorithm [31]. The 
velocity-rescaled Berendsen thermostat with a relaxation 
time of 1 ps was implemented to maintain the system at a 
constant temperature. Periodic boundary conditions were 
used in all three directions. The dimensions of the 
simulation box were 90.639 × 90.693 × 90.693 Å3. The cut 
off distance for non-bonded interactions was considered         
15 Å. All calculations were performed after the system 
reached to equilibrium, i.e., the system achieved constant 
energy   and    temperature.    After    the   equilibrium,    the  

 
 
Berendsen thermostat was turned off. Three separate sets of 
simulation for GNS, dye solution, and mixed system (dye 
solution + GNS) were carried out. These simulations were 
the same in all details except the number of steps. The 
simulation temperature was varied from 288.15 to 338.15 K.  
 
RESULTS AND DISCUSSION 
 
     Adsorption of dye molecule on GNS surface was 
investigated by performing three different simulations for 
the GNS, the dye solution (1 dye molecule + 1339 water 
molecules, xdye = 7.46 × 10-4), and the mixed system (the 
dye solution with xdye = 7.46 × 10-4 + GNS), respectively. In 
the following sections, the structural, thermodynamic, and 
transport properties of the dye molecule before and after 
adsorption on the GNS surface were studied.  
 
Structural Properties 
     The radial distribution function (RDF) acts as a link for 
connecting macroscopic thermodynamic properties to 
interparticle interactions of a substance [32]. Figure 2 shows 
the radial distribution function (RDF) for the GNS atoms. 
The appearance of the sharp peaks is consistent with the 
long-range order of solid systems. The RDF is zero for short 
distances (less than 1.245 Å)  due to strong repulsive forces.  
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Fig. 2. The RDF of GNS (inset: the effect of temperature on  
             the first RDF peak). 
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The inset in Fig. 2 shows the effect of temperature on the 
first RDF peak of the GNS. As temperature increased, the 
intensity of peaks decreased due to an increase in thermal 
motions and a decrease in pair correlations. However, the 
position of the RDF peaks did not change.  
     In order to further understand the interaction between the 
dye atoms and solvent, the RDFs of water molecules around 
dye atoms were investigated. The label of dye atoms is 
shown in Table 2. Figure 3 shows the RDFs of different 
atoms of dye (C_3, C_R, N_R, O_2, O_3, and S_3) with 
respect to hydrogen of water molecules. The appearance of 
a few damped oscillating peaks in Fig. 3 is a characteristic 
feature of liquids and confirms the existence of short-range 
interactions. The overall RDF distributions for C_3 and S_3 
in dye molecule were relatively flat corresponding to weak 
solvation interactions. Thus, no obvious solvation shell 
could be formed around C_3 and S_3 atoms of dye. On the 
other hand, there were significant solvation peaks for N_R, 
O_2, O_3, and C_R atoms at 2.70, 2.73, 2.65, and 3.92 Å, 
respectively; this is due to their ability to form the strong 
interactions with hydrogen atoms of water molecules.  
      The adsorption of dye on GNS can be monitored by 
studying the correlations between different atoms of dye 
and graphene surface. All possible correlations between dye 
atoms (O_2, O_3, S_3, N_R, C_R, and C_3) and GNS 
surface were considered. Figure 4 shows that all atoms of 
dye have effective interactions with the GNS in the distance 
range between 4.0 to 5.1 Å. Among different atoms of dye, 
C_R, C_3, O_2, and S_3 atoms were relatively close to the 
GNS surface. The close distance between C_R and GNS 
may be related to the formation of π-π interactions with 
GNS. When the spacing between the two neighbouring 
molecules is approximately less than 4.5 Å (the 
characteristic length for the π-π stacking distance), it is 
expected that the interaction occurs due to this special type 
of interaction. Since the GNS surface in this work has no     
charge, the only driving force for adsorption of dye on GNS 
was π-π stacking interactions. Therefore, during the 
simulation time, dye molecule twisted and folded to reach 
or attain the proper orientation for the π-π interactions. As a 
result of twisting, O_2 and S_3 atoms of dye, which were 
connected to the benzene rings, also became closer to the 
GNS surface. 

 
 
Table 2. The Labels of Dye Atoms 
 
Label Description 
N_R Nitrogen atoms bonded to ring 
N_3 Nitrogen atoms with sp3 hybridization 
C_3 Carbon atoms with sp3 hybridization 
C_R Carbon atoms bonded to ring 
O_2 Oxygen atoms with sp2 hybridization 
O_3 Oxygen atoms with sp3 hybridization 
S_3 Sulfur atoms with sp3 hybridization 
Na Sodium atoms 
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      From the RDFs, we obtained potential of mean force 
(PMF), W(r) between the dye atoms and the GNS surface. 
W(r) is defined as [33]: 
 
      )(ln)( rgkTrW                                                           (3) 

 
    The PMF plot is shown in Fig. 5. When the RDF is larger 
than unity, the corresponding effective pair potential is 
negative (attractive). The W(r) is positive (repulsive) when 
the RDF is less than unity. Using the PMF curves, we can 
evaluate the free energy of atoms during the adsorption 
process. From Fig. 5, the free energy of all dye atoms 
decreased by the movement of the dye molecule from 
aqueous solution to the graphene surface. When dye atoms 
reached to the graphene surface, the amount of W(r) became 
more negative. It confirms the spontaneous adsorption of 
dye on GNS. This behavior again reflects that the π-π 
stacking interaction between dye molecule and graphene is 
the driving force for the adsorption.  
     The pair correlation function between the oxygen atoms 
of dye (O_2) and the hydrogen atoms of water (HW) at 
298.15 K is shown in Fig. 6. The area below the curves is a 
measure of the total interactions. Before adding GNS, the 
water molecules were near the O_2 atoms of dye due to the 
strong hydrogen bonds (HB). After adding graphene, O_2 
atoms were hindered from one side due to the adsorption on 
GNS, and the number of HB interactions significantly 
reduced. Therefore, lower RDF plot of mixed system can be 
related to the adsorption of dye on the GNS, which weakens 
the HB interactions between water and dye.  
     Investigation of changes in atomic density during the 
simulation is useful to elucidate the preferred orientation of 
the dye molecule toward the GNS. Figures 7a and 7b show 
the atomic densities in Z-direction of the simulation          
box before and after adding GNS to the dye solution at 
298.15 K, respectively. Before adding GNS, there was no 
distinct boundary between curves and there were random 
distributions. In Z-density profile, outer lines may be 
attributed to atoms orientated toward solid surface while 
other atoms orientated toward solution [34]. After adding 
the GNS, the density of aromatic part of the dye (C_R) and 
the oxygen of carbonyl group (O_2) were obviously 
separated from others and located in the external lines of 
diagram. Formation of π-π interactions is favourable  due to  
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Fig. 6. The RDF plot of O_2 and HW correlation in the  
           absence and presence of  GNS (inset: the  same  

                plot for cut off distance of 45 Å). 
 
 
the presence of delocalized π-electrons of GNS. Therefore, 
the dye molecule was folded in such a way to orient C_R 
atoms in the closest distance with respect to the surface. 
This facilitates the formation of π-π stacking interactions 
between the benzene rings of the dye and the GNS. As a 
result of this folding, O_2 atoms are also located in a closer 
distance to the graphene surface. Peaks of other  dye atoms  
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Fig. 7. The Z-density of different atoms of dye (a) before  
           and (b) after adding GNS. The symbols in (a) and  

              (b) are the same 
 
 
(except O_2 and C_R) were inside the Z-density plot, 
showing that these atoms were oriented towards the solution 
rather than toward the GNS surface. 
     The snapshots at different time intervals of simulation 
are illustrated in Fig. 8. The initial structure of the dye 
molecule on the GNS surface is shown in Fig. 8a. At initial 
step, dye molecule was completely intact. After passing      
120 ps from simulation, dye molecule came closer to the 
graphene surface and began twisting to achieve the 
optimum structure (Fig. 8b). When the simulation time 
approached to 1.8 ns, dye molecule attained to an optimum 
structure in which the benzene rings oriented and  twisted to 

 
 

 
Fig. 8. Snapshots of  dye direction  to GNS surface at (a)          
            t = 0 ps,  (b)   t = 120  ps,  (c)  t = 1.8 ns,  and  (d)  
           formation  of   π-π stacking  interactions between  
          benzene rings of dye molecule and GNS surface  

              at 298.15 K. 
 
 
construct π-π stacking with the graphene surface. As shown 
in Fig. 8c, during the adsorption of dye on the GNS, the 
structure of dye did not change. Also, Fig. 8c shows GNS 
was not degraded during the simulation. For simplicity, 
water molecules are not shown in this figure.  
  
Transport Properties 
     The mean square displacement (MSD) is used to 
calculate transport properties of a system. MSD can be 
related to diffusion coefficient, D, by the Einstein relation 
[35]: 
      2

)0()(


 rtrMSD                                                 (4) 

      
t

rtr
D

t 6

)0()(
lim

2





                                               (5) 

 
In this formulation, the r(0) and r(t) represent the position 
vector of the central mass of a molecule at initial time and at 
time t, respectively.   
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     In a solid system, atoms are approximately fixed at their 
positions. Hence, MSD cannot be applied for a solid system 
like GNS. Temperature dependence of MSD for the mixed 
system was studied at different temperatures from 288.15 to 
338.15 K (Fig. 9). The results show that by increasing the 
temperature, the slope of the MSD increases. The diffusion 
coefficients of the mixed system obtained from the MSD 
plots and the correlation factors (R2) are listed in Table 3. 
As shown in this table, by increasing the temperature, the 
diffusion coefficient increased due to the increased random 
motions. 
      The correlation between the diffusion coefficient and 
temperature is given by the following equation: 
 
      

RT
E

DD diff
o  lnln                                                              (4) 

Here, Do is diffusion coefficient at very high temperature, R 
is the gas constant, and T is absolute temperature. Ediff is the 
activation energy of migration. The calculated Ediff and Do 
were 19.927 kJ mol-1 and 5.159 × 10-5 m2 s-1, respectively 
(using Fig. 10).   
      Figure 11 demonstrates that there is a significant 
difference between the MSD of dye before and after 
adsorption. Before adding graphene, the dye molecule could 
freely diffuse among the water molecules of the system. 
Adsorption of dye molecule on the graphene surface slowed 
down the motions of the dye molecule, which in turn 
decreased the diffusion coefficient and MSD. The diffusion 
coefficient of dye decreased from 2.718 × 10-8 m2 s-1 to 
1.755 × 10-8 m2 s-1 after adding graphene at 298.15 K. This 
reduction is a good evidence for adsorption of dye on 
graphene surface. 
 
Thermodynamic Properties 
     By applying simulations based on NVT ensemble, the 
isochoric heat capacity, Cv, can be calculated. The isochoric 
heat capacity is expressed as: 

      
VV T

EC )(




                                                                (5) 

 
Here, E is the total energy. The value of Cv was from the 
slope of graph E versus T (Fig. S1). The calculated Cv was 
24.85 J mol-1 K-1, which is in a good agreement with the 
literature value (24.98 J mol-1 K-1) [36,37].  

 
 
  Table 3. The Diffusion Coefficients of  Mixed System at  
                  Different Temperatures 
 

T  
(K) 

D × 10-8 
(m2 s-1) 

R2 

288.15 1.9654 0.9979 
298.15 1.7549 0.9998 
308.15 2.0309 0.9998 
318.15 2.7536 0.9999 
328.15 3.3668 1.0000 
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Fig. 9. The MSD of mixed system at different temperatures. 
 
 

 
Fig. 10. The correlation between diffusion coefficient and  

                temperature. 
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Fig. 11. The MSD of dye solution before and after adding  

               GNS at 298.15 K 
 

 
      The values of Cv for the dye and the mixed solutions are 
shown in Table 4. According to this table, the order of 
isochoric heat capacity for different systems is as follows: 
dye solution > mixed system > GNS. The maximum Cv was 
obtained for the dye solution; this is due to the presence of 
strong electrostatic and HB interactions between water and 
dye. In the mixed system, electrostatic interactions 
decreased compared to the dye solution because of the 
presence of GNS; the surface prevents the formation of 
strong HB between water and dye. On the other hand, π-π 
interactions compensated the decrease in electrostatic 
interactions to some extent. Therefore, the Cv of the mixed 
system was intermediate between dye solution and GNS 
pure systems and its value was closer to the dye solution 
than to the GNS. In the GNS system, there was neither 
electrostatic nor π-π interactions and hence, the minimum 
value of Cv was obtained for this system.  
Adsorption energy, Eads, can be calculated using the 
following equation:  
 
      Eads= EGNS+dye - EGNS - Edye                                                                  (6)  

                                                                                           
Here, EGNS+dye, EGNS, and E dye are the total energy of the 
mixed system, total energy of the GNS, and total energy of 
the dye solution, respectively. The values of Eads at different 
temperatures are shown in Table 5. The  negative  values of 

 
 
 Table 4. Isochoric  Heat Capacity  of  GNS,  Dye  Solution,  
                 and Mixed  System at  the Temperature Range of  
                 288.15 to 338.15 K 
 
Sample Cv 

(J mol-1 K-1) 
R2  

GNS 24.85 1.000  
Dye 37.28 0.999  
Mixed system 35.89 0.999  

 
 
 Table 5. Adsorption Energies  of  Dye Molecule on GNS at  
                 Different Temperatures  
 
T  
(K) 

Eads 

 (kJ mol-1) 

288.15 -2.5070 
298.15 -2.4318 
308.15 -2.3826 
318.15 -2.1876 
328.15 -2.1577 
338.15 -1.7302 

 
      
Eads indicated that adsorption of dye molecule on the surface 
is thermodynamically favorable. The small value of the 
adsorption energy indicated the physisorption of dye 
molecule on the GNS. Dye molecule was adsorbed on GNS 
via weak van der Waals and π-π stacking interactions. The 
adsorption was more favorable at lower temperatures. By 
increasing temperature, random motions increased and 
adsorption of dye molecule on GNS surface weakened. 

 
CONCLUSIONS 
 
      MD simulation was performed to investigate the 
adsorption of an azo dye on GNS. Separate sets of MD 
simulations were performed on GNS, dye solution, and the 
mixed system. The MD simulations were performed in the 
temperature range of 288.15 to 338.15 K. The structural, 
transport, and thermodynamic properties of adsorption were 
obtained. The main conclusions are summarized as follows: 
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1. The results confirmed the adsorption of dye on the 
GNS. The diffusion coefficient of the mixed system            
(1.755 × 10-8 m2 s-1) is less than that of dye solution        
(2.718 × 10-8 m2 s-1) at 298.15 K due to the effective 
interactions between GNS and the dye molecule.  
2. The free energy of atoms was evaluated during the 
adsorption process using the PMF curves. The results 
showed that the free energy of all dye atoms decreases by 
transferring dye molecule from the aqueous solution to the 
graphene surface. When dye atoms are close to the graphene 
surface, the W(r) is more negative. This confirm that the 
adsorption of dye on the GNS is spontaneous. 
3. Dye is adsorbed physically on the GNS since the values 
of adsorption energy are low and negative.  
4. The Z-density profiles were used to study the 
orientation in interfacial region and confirmed that dye 
atoms are re-oriented from rings (C_R) and O_2 atoms 
toward the graphene surface to form a π-π stacking. 
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