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1. Introduction 

      The presence of SO2 and NO2 in the atmosphere has 

a significant impact on air pollution, including acid rain, 

photochemical smog, greenhouse effect, and ozone layer 

depletion [1]. When sulfur-containing fossil fuels are 

burned in factories, car engines, power plants, and homes, 

SO2 gas is released into the atmosphere. Acid rain is 

created when the subsequent SO2 gas mixes with 

atmospheric moisture [2]. However, high-temperature 

combustion processes, electrical discharge during 

thunderstorms, and microbiological activities in the soil 

all produce NO2 gas [3]. The main antecedent of 

photochemical smog is the resultant NO2 gas in the 

atmosphere [4]. 

To maintain a friendly environment, it becomes a 

global task to reduce the amount of greenhouse gases in 

the atmosphere [5]. Researchers spent a significant 

amount of effort and resources in developing effective 

methods to remove these dangerous gases from the 

environment [6]. Due to its low operating cost, 
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effectiveness, simplicity of construction, and sensitivity 

towards gases, sensing gas molecules to capture the 

pollutant gases by adsorption is considered to be a 

method of choice. This is among the various methods 

developed to counteract the effect of greenhouse gases in 

the atmosphere [7]. Metal oxides have reportedly 

attracted a lot of attention among the various materials 

used to trap polluting gases from the atmosphere because 

of their wide range of applications [8]. 

Zirconia is a crystalline zirconium dioxide with 

mechanical characteristics resembling those of the metals 

to which it is analogous [9]. There are three different 

types of zirconia: mono-clinic, cubic, and tetragonal [10]. 

Numerous scientists have used experimental approaches, 

such as infrared spectroscopy and micro calorimetry 

techniques, to investigate the adsorption characteristics of 

gaseous contaminants on zirconia surfaces [11–13]. In 

hydrous zirconia gels, the origin of porosity was 

examined by Gimblett et al. [14].  
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In order to save the environment, there is an urgent need for control measures due 

to the rapidly rising concentration of greenhouse gases in the atmosphere. Density 

functional theory (DFT) and molecular dynamic simulation investigations were 

used in this study to examine the adsorption characteristics of SO2 and NO2 on 

zirconia surface. Several global reactivity parameters where analyzed as part of the 

DFT calculations. Compared to NO2 (∆E = 6.424eV), the zirconia surface is 

substantially more sensitive to SO2 (∆E = 5.415eV) capture, according to the 

observed DFT data. The findings of the quenched molecular dynamic simulations 

also showed that SO2 (Eads = -66.23kcal/mol) is more likely to adsorb on zirconia 

surface than NO2 (Eads = -57.50kcal/mol), despite the fact that both molecules obey 

the physical adsorption mechanism. SO2 and NO2 respectively bond to the ZrO2 (1 

1 0) surface due to the two molecules' favorable orientation, which is parallel to the 

surface with angles pointing upward. Zirconium oxide can find use as an effective 

adsorbent for the removal of SO2 and NO2 gases from air environments because of 

these discoveries. 
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To the best of our knowledge, no known research has 

tested the effectiveness of SO2 and NO2 molecules 

adsorbing on zirconia surface using a computational 

technique. In order to examine the sensitivity and 

mechanism of zirconia surface toward the adsorptive 

capture of SO2 and NO2 polluting gases from the 

environment, the current research used a theoretical 

approach. 
 

2. Results and Discussion 

 

2.1 Frontier molecular orbital distribution 

 It is demonstrated that the electronic distribution of 

the Frontier molecular orbitals (HOMO and LUMO) of 

the reacting species completely determines the reactivity 

of molecules [15]. As a result, it is crucial to analyze the 

orbital distribution of the molecules under study to obtain 

accurate information about their molecular reactivity. 

The ability of molecules to donate electrons is associated 

with HOMO, whereas the ability to accept electrons is 

associated with LUMO [16]. The structures of optimized 

molecules, as well as their HOMO and LUMO 

distribution, are shown in Figure 1. From Figure 1, the 

HOMO and LUMO can be observed to be evenly 

distributed throughout the SO2 molecule, indicating that 

both the sulphur and oxygen atoms in the molecule have 

the ability to donate electrons to ZrO2 (1 1 0) as well as 

accept electrons from the ZrO2 (1 1 0) through back 

bonding to establish feedback bonds. Unlike the LUMO 

distribution, which is not concentrated on the nitrogen 

atom in NO2, this suggests that it is unable to participate 

in taking electrons from ZrO2 (1 1 0). The HOMO orbital 

distribution for NO2 is identical to that of SO2. This may 

be explained by the fact that the presence of extra 

electronegative atoms (oxygen) flanked on both sides of 

nitrogen in NO2 and sulphur in SO2 has significantly 

inhibited its propensity to take electrons. 

2.2 Orbital energies and their derived parameters 

It is thought that the analysis of the Frontier molecular 

orbital energies and the derived parameters including EH, 

EL, ∆E, ω, χ, η, ε, ∆Nmax, ∆Eb-d etc, are important DFT 

parameters that can forecast a molecule's reactivity with 

respect to an adsorbent surface and the relationship 

between that reactivity and structure [17]. Table 1 

displays the quantum chemical parameters determined 

from the Frontier molecular orbital energies by 

calculation. While EL refers to a molecule's ability to 

accept electrons, EH often refers to a molecule's ability to 

donate electrons [18]. One key factor that affects 

molecular reactivity is the energy gap (∆E) between the 

HOMO and LUMO [19]. Because transferring an 

electron from the last occupied molecular orbital to the 

next accessible orbital requires energy, the higher the ∆E 

value, the less molecular reactivity. Therefore molecular 

reactivity increases with decreasing ∆E value [20]. Table 

1 shows that when compared to NO2 (6.424eV), SO2 has 

a substantially lower ∆E value (5.415eV). It can therefore 

be inferred from the ∆E value that SO2 is expected to be 

more firmly adsorbed on ZrO2 (1 1 0) surface than NO2. 

The hard-soft-acid-base (HSAB) principle, which holds 

that hard acids prefer to attach to hard bases whereas soft 

acids prefer to bond to soft bases [22], explains the nature 

of molecular interaction on adsorbent surfaces [39]. Since 

the zirconia surface is a soft acid in this situation, a softer 

base is necessary for an effective binding strength. In this 

regard, it can be concluded from Table 1 that SO2 with a 

softness value of 0.369 eV1 is greater than and will 

interact with zirconia surfaces more strongly and 

effectively than NO2 with a softness value of 0.311 eV-1. 

According to equation 8, the number of electrons 

transported (∆Nmax) was computed. The results are shown 

in Table 1. As can be observed, the values are both 

positive (1.097 eV for SO2 and 0.786 eV for NO2), 

indicating that the exchange of electrons between the 

gases and the zirconia surface is favorable. According to 

Verma et al. [23], the adsorption strength increases as the 

gases' ability to donate electrons increases. The 

superiority of SO2 binding susceptibility on zirconia 

surface over NO2 is further confirmed by this parameter. 

Additionally, the energy of back donation (∆Eb-d) 

principle was used to assess the interaction between the 

molecules of the examined gases (NO2 and SO2) and the 

zirconia surface. ∆Eb-d is the energy change that occurs 

when a molecule gets energy and then donates it back 

[24]. According to Gomez et al. [25] and Obi-Egbedi et 

al. [26], the stabilization energy concept can be used to 

explain the reason for stronger adsorption energy 

between the adsorbate molecule and the adsorbent 

surface. The lesser the negative value is, the better the 

process of back donation. In light of this, we can say that 

zirconia is more effective in absorbing SO2 (-0.677eV) 

than NO2 (-0.803eV). The inverse of electrophilicity 

(1/ω) called nucleophilicity (ε) denotes the propensity of 

molecules to donate or share electrons, whereas the 

electrophilicity index (ω) denotes the capacity of 

molecules to accept electrons [27]. According to 

literature, compounds with high nucleophilicity values 

are more adsorptive, whereas those with high 

electrophilicity index values are less adsorptive [28]. It is 

clear from Table 1 that SO2 molecule has the lowest 

electrophilicity index and the highest nucleophilicity, 

making it relatively a better adsorbate on the ZrO2 surface 

than the NO2 molecule. 

 

Table 1. Quantum chemical parameters of the studied 

molecules 

Molecule SO2 NO2 

EH (eV) -8.646 -8.263 

EL (eV) -3.231 -1.839 

∆E (eV) 5.415 6.424 
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η (eV) 2.708 3.212 

σ (eV)-1 0.369 0.311 

χ (eV) 5.939 5.051 

ω (eV) 6.512 3.972 

ε (eV)-1 0.154 0.252 

∆Nmax 1.097 0.786 

∆Eb-d (eV) -0.677 -0.803 

 

2.3 Local and Global Reactivity 

Molecules are known to interact with metal surfaces 

by donating, accepting or exchanging electron(s). 

Understanding the mechanism of electron transfer is 

crucial, since doing so can reveal the active site(s) on the 

molecules under study. The Fukui indices were used as 

local reactivity indicators to access the active regions of 

interaction within the molecules under nucleophilic (f+), 

electrophilic (f-), and radical (fo) attack conditions. The 

nucleophilic, electrophilic and radical points of attack are 

controlled by the maximal threshold values of f+, f-, and 

fo. The targets of nucleophilic attacks are the atoms with 

the highest value of f+. Similar to this, when f- has the 

maximum value, electrophilic attacks are preferred. 

Condensed Fukui functions of the investigated molecules 

are listed in Table 2. The Table shows that for the f-, f+, 

and fo indices, NO2 has the largest Mulliken and Hirshfeld 

charges on O(1), O(1), and O(3) atoms. This suggests that 

the two flanking oxygen atoms in NO2 molecule are 

vulnerable to electrophilic and nucleophilic attack. For 

SO2, the sulphur atom of the molecule yielded the greatest 

Mulliken and Hirshfeld values for the f-, f+, and fo indices. 

This shows that the SO2 molecule's center of reactivity 

for electrophilic, nucleophilic, or radical atoms is located 

on the sulphur atom. 

  

Table 3 displays the calculated proportion of the 

second-order Fukui function for the investigated 

molecules, while Figure 2 displays their graphical 

representations. Values from Table 3 show that for both 

the Mulliken and Hirshfeld charges for SO2 and NO2, 

33.33% of the items in Figure 4 had positive values of the 

Fukui second order function (f2 > 0), while 66.67% had 

negative values (f2 < 0). The two molecules' second order 

Fukui functions indicate that they are both nucleophilic 

in terms of their overall reactivity. 

 

2.4 Molecular Dynamic (MD) simulation 

The Forcite module in the Acceryls Materials Studio 

7.0 program was used to conduct the MD simulation of 

the interaction between the adsorbate gases and the 

zirconia surface in order to study their adsorption 

behavior. The MD simulation was run for 5000 steps to 

quench at every 250 steps in order to reduce the system's 

temperature and energy. Figure 3 shows the equilibrium 

configuration of the gases on the ZrO2 (1 1 0) surface. The 

figure clearly shows that the two gases were properly 

oriented for adsorption on the zirconia surface and that 

both S and O atoms (for SO2) and N and O atoms (for 

NO2) were structurally adjusted.  

 

Equation 13 was used to calculate the adsorption 

energy of the interaction, while equation 14 was utilized 

to determine the binding energy of each gas molecule to 

the ZrO2 (1 1 0) surface. This was done to be able to tell 

how strong of a bond or interaction there was between the 

two gases on the ZrO2 (1 1 0) surface [20]. It is clear from 

Table 4 that both compounds' adsorption energies are 

significantly negative, which points to a successful 

adsorption process [29]. Additionally, the Table shows 

that the adsorption energy of SO2 (-66.23 kcalmol-1) is 

considerably larger than that of NO2 (-57.50 kcalmol-1), 

indicating that ZrO2 (1 1 0) is likely to have a stronger 

affinity for SO2 from the environment than NO2 because 

SO2 is more sensitive to its surface than NO2. All of the 

gaseous molecule interactions with the ZrO2 surface had 

adsorption/binding energies that were less than +100 

kcalmol-1, which is the cutoff point that distinguishes 

between physical and chemical adsorption mechanisms 

[30]. A strong physisorption mechanism can be inferred 

to explain the process based on the values of the 

adsorption/binding energies of the gases on the metal 

surfaces. 

 

The measure/distance module in Acceryls Material 

Studio 7.0 was used to determine the distances between 

the adsorbate molecules and ZrO2 (1 1 0) surface and the 

results were listed in Table 4. Shorter bond distances 

between linked atoms indicate stronger interactions, 

therefore we conclude that SO2 is more favorably 

adsorbed on ZrO2 (1 1 0) than NO2 based on the distances, 

which are more than 3.5Å with SO2 (d = 3.51Å) closer to 

the surface than NO2 (d = 3.55Å). It is further 

hypothesized that there may be physical interaction 

between the molecules and the zirconia surface at bond 

lengths larger than 3.5Å, as described by Belghitti et al. 

[31]. 

 Additionally, the atomic radii of the two bonded atoms 

are much higher than the shortest adsorption bond 

distances (d) between the nearest atoms of the molecules 

to the zirconia surface (S-ZrO2 for SO2 and N-ZrO2 for 

NO2). According to Pyykko and Atsumi [32], ZrO2 and S 

have an atomic radius sum of 2.57Å, while ZrO2 and N 

have an atomic radius total of 2.25Å. When these are 

compared to the shortest adsorption bond distances 

between the molecules and the zirconia surface listed in 

Table 4, these values are relatively distances shorter. 

According to Ye et al. [33], if the difference is greater 

than +0.3Å, the interaction between the two linked atoms 

does not entail a chemical bond, hence it is safe to assume 

that the two gases were physically adsorbed onto the 

zirconia surface 
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The hollow (H), bridge (B), and top (T) of the zirconia 

surface are the three distinct adsorption sites for housing 

the gas molecules, respectively (Figure 4a) [34]. Kulishi 

et al. [35] suggested that the hollow was the most reliable 

adsorption location. Additionally, the two molecules 

interact with the zirconia surface in three different 

configurations: the two parallel to the surface (O-S-O and 

O-N-O angles facing downward) bind oxygen to the 

surface (Figure 4b); the two perpendicular to the surface 

bind oxygen to the surface (Figure 4c); and the two 

parallel to the surface (O-S-O and O-N-O angles facing 

upward) bind S for SO2 and N for NO2 to the surface, 

respectively (Figure 4d). The final configuration out of 

the three provides the highest adsorption energy; as a 

result, it was chosen for adsorption on the hollow site in 

all simulations. 

 

2.5 Electronic and geometric structure 

The molecules' bond lengths and bond angles before 

and after adsorption where compared and the results are 

as shown in Table 5. It is evident that both molecules 

underwent some significant geometrical modifications 

during adsorption. S-O and N-O bonds have been 

lengthened by 0.37 and 0.30Å, respectively. Similar to 

bond lengths, the O-N-O bond angle increased by 3.160o, 

while the O-S-O bond angle decreased by 9.260o. After 

adsorption, the molecules' bonds and bond angles 

underwent a significant shift, indicating that there was 

significant contact between the molecules and the 

zirconia surface [29]. 

 

 

     

 

 

 

 

SO2 

   
Optimized 

Molecule 

HOMO LUMO 

 

 

 

NO2 

   

Optimized 

Molecule 

HOMO LUMO 

Figure 1. Electronic and structural properties of optimized SO2 and NO2 

 

Table 2. Calculated Fukui Functions of the studied Molecules 

 f- f+ fo 

Atom Mulliken Hirshfeld Mulliken Hirshfeld Mulliken Hirshfeld 

NO2 Molecule 

O1 0.414 0.404 0.351 0.352 0.382 0.378 

N2 0.178 0.192 0.301 0.296 0.239 0.244 

O3 0.408 0.404 0.348 0.352 0.378 0.378 

SO2 Molecule 

S1 0.395 0.423 0.420 0.429 0.407 0.426 

O2 0.303 0.289 0.290 0.286 0.296 0.287 

O3 0.303 0.289 0.290 0.286 0.296 0.287 
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NO2 SO2 

 

Figure 2. Second-order Fukui function of the studied compounds 

 

 

Table 3. Calculated percentage of second- order Fukui function of the studied inhibitor molecules 

 

Molecules  Nucleophilic (F2+) Electrophilic (F2-) 

 Mulliken Hirshfeld Mulliken Hirshfeld 

NO2 33.33 33.33 66.67 66.67 

SO2 33.33 33.33 66.67 66.67 

 

 

    

(a) (b) (c) (d) 

 

Figure 3. Equilibrium adsorption configurations of molecules: (a) and (b) are for SO2 (side and top view 

respectively), (c) and (d) for NO2 (side and top view respectively) 

 

Table 4. Calculated adsorption parameters for the interaction of the gas molecules with the ZrO2 (1 1 0) surface 

 Molecules 

Properties SO2 NO2 

Total potential energy (kcal/mol) -87.57 -77.87 

Energy of molecule (kcal/mol) -21.34 -20.37 

Energy of ZrO2 (1 1 0) surface (kcal/mol) 0.00 0.00 

Adsorption energy (kcal/mol) -66.23 -57.50 

Binding energy (kcal/mol) 66.23 57.50 

Bond length between gas molecules and ZrO2 (1 1 0) (Å) 3.51 3.55 
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Figure 4. Relaxed structure of zirconia showing: (a) the three adsorption sites: hollow (H), bridge (B) and on top (T); 

(b) SO2 parallel to ZrO2 (1 1 0) with angle O-S-O facing downward; (c) SO2 perpendicular to ZrO2 (1 1 0); (d) SO2 

parallel to ZrO2 (1 1 0) with angle O-S-O facing upward 

 

Table 5. Bond lengths (Å) and bond angles (o) of optimized molecules before and after adsorption on ZrO2 (1 1 0) 

surface 

Geometric parameter SO2 NO2 ZrO2-SO2 ZrO2-NO2 

S-O 1.43 - 1.80 - 

N-O - 1.21 - 1.51 

O-S-O 119.30 - 110.04 - 

O-N-O - 128.14 - 131.30 

 

 

 

3. Computational Methods 

3.1 Quantum chemical calculations 

Density functional theory calculations using the 

double numerical polarization (DNP) basis set from 

Material Studio 7.0 (Accerys, Inc.) were conducted [36]. 

The molecules where only subjected to DFT calculations 

after they have been geometrically fine-tuned to achieve 

energetically low and stable structures [37]. Additionally, 

the PCM (Polarization continuum Model) was applied 

[38]. The energy of the highest occupied molecular 

orbital (EH), energy of the lowest unoccupied molecular 

orbital (EL), separation energy (∆E), and parameters that 

provide information about molecular reactivity, such as 

electronegativity (χ), ionization potential (I), electron 

affinity (A), hardness (η), softness (σ), electrophilicity 

index (ω), and nucleophilicity (ε), were calculated using 

equations (1–7) in this study [39–41]. 

𝐼  =    −𝐸𝐻       (1) 

𝐴 =   −𝐸𝐿      (2) 

χ  =  
(𝐼+𝐴)

2
  =  −

𝐸𝐿+𝐸𝐻

2
    (3) 

η =  (
𝐼−𝐴

2
)  =   −

𝐸𝐿−𝐸𝐻

2
    (4) 

𝜎 =  
1

𝜂
       (5) 

𝜔 =  
𝜇2

2ղ
=  

𝐸𝐻𝑂𝑀𝑂+ 𝐸𝐿𝑈𝑀𝑂

8
=

𝜒2

2ղ
   (6) 

𝜀 =  
1

𝜔
        (7) 

 

Global softness, which is the inverse of chemical 

hardness, can be used to quantify the degree of 

polarizability [42–43]. Global characteristics such as the 

energy of back donation (∆Eb-d) and the fraction of 

electrons transferred (∆Nmax) between each gas molecule 

and zirconia surface were calculated from global 

hardness and electronegativity values as shown in 

equations (8–9) [44]: 

∆𝑁𝑚𝑎𝑥   =   
𝜒  

2𝜂
         (8)                                                                                        
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𝛥𝐸𝑏−𝑑  =  −
𝜂

4
 =  

1

8
(𝐸𝐻 − 𝐸𝐿)   (9) 

 

The finding that an electron will tend to diffuse if it is 

introduced to an N- electron molecule in order to lower 

the energy of the resulting (N + σ)-electron system is the 

basis for the Fukui function. Given the accompanying 

changes in electron density, the finite difference 

approximation was used to determine the nucleophilic 

(f+) and electrophilic (f-) Fukui functions as follows [45–

49]: 

f += 
(δpr)

(δN)v+ =q(N+1)-q(N)     (10) 

f -= 
(δpr)

(δN)v- =q(N)-q(N-1)     (11) 

where q(N+1), q(N), and q(N-1) stand for the atom's 

corresponding Mulliken, Hirshfield and electron density 

charges. The second order Fukui function was used to 

further define the electrophilic or nucleophilic nature of 

the entire molecule (global reactivity) as in equation (12): 

∆𝑓(r)= 𝑓+- 𝑓- = 𝑓2                        (12) 

 

3.2 Molecular dynamic (MD) simulation 

The Forcite module in Acceryls Material Studio 7.0 

was used to carry out the MD simulation investigations 

of the interaction between the adsorbate gases and the 

zirconia surface with a goal to determining the lowest 

configuration adsorption energy [50]. Prior to the 

simulation investigations, the structures (adsorbate gases 

and zirconia surface) were improved geometrically using 

the COMPASS force field (condensed-phase optimized 

molecular potentials for atomistic simulation research) 

[30]. In order to replicate a representative portion of an 

interface free from any arbitrary border effects, ZrO2 (1 1 

0) was employed for the research in a simulation box (7 

x 4Å) with periodic boundary conditions [22]. The NVT 

conical ensemble simulation at 350K with a time step of 

1fs and a simulation length of 5ps were employed using 

the clever algorithm [51-54]. Every 250 steps, the system 

was quenched, and the adsorption energy (Eads) of the 

molecules on ZrO2 (1 1 0) was determined by averaging 

the five energies with the lowest values in accordance 

with equation 13 [24]. 

 

𝐸𝑎𝑑𝑠   =   𝐸𝑡𝑜𝑡  −   (𝐸𝑚𝑜𝑙  +  𝐸𝑠𝑢𝑟)  (13) 

 

Where Esur is the energy of the zirconia surface 

without the gas molecule and Emol is the energy of the free 

gas molecule, Etot is the total energy of the gas molecule 

adsorbed on the zirconia surface. 

Equation 14 shows that binding energy is the opposite 

of adsorption energy. 

𝐸𝑏𝑖𝑛𝑑𝑖𝑛𝑔 =  − 𝐸𝑎𝑑𝑠               (14) 

4. Conclusion 

The adsorption mechanisms of SO2 and NO2 on 

zirconia surface have been predicted using density 

functional theory and molecular dynamic simulation 

methods. Through the process of physical adsorption, the 

investigated molecules were bound to the zirconia 

surface. The adsorption energies were determined via 

MD simulation and the determined DFT parameters 

agreed well in their trends. The molecules' adsorption 

strengths on the zirconia surface occur in the following 

order: SO2 > NO2.The fact that SO2 is greater than NO2 

in Eads is due to the fact that S is less electronegative than 

N and therefore more nucleophilic in nature. The 

geometrical study shows that the molecules strongly 

physisorb on the zirconia surface. It is suggested that the 

orientation of the molecules during interaction is that 

both molecules orient parallel to the surface (O-S-O and 

O-N-O angles facing upward), with S for SO2 and N for 

NO2 respectively binding to the surface. Since from this 

theoretical study, SO2 and NO2 can be sensed and 

adsorbed from the atmospheric environment, ZrO2 (1 1 0) 

might be used for this purpose, according to both DFT 

and molecular dynamic simulation results. 
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