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        Abstract



        
          Object:


          Excessive amount of oxygen content in unprocessed bio-oil deteriorates the quality of bio-oil which cannot be used in transportation vehicles without upgrading. Acetic acid (CH3COOH) is a vital component of ‘acids’ catalogue of unprocessed bio-oil produced from thermochemical conversions of most of biomass feedstocks such as switchgrass, alfalfa, etc. In this study, the decomposition reactions of acetic acid are carried out by two reaction pathways, i.e., decarboxylation and dehydration reactions. In addition, the reaction rates of decomposition are analysed in a wide range of temperatures, i.e., 298-900 K and at atmospheric pressure.

        


        
          Method:


          All quantum chemical calculations are performed in the gas phase using two DFT functionals, B3LYP and M06-2X, with 6-31g(d) basis set. The dehydration reaction of acetic acid proceeds directly from ground state structure of acetic acid, whereas, decarboxylation reaction forms an unstable intermediate of acetic acid to initiate the proton migration. Barrier height and kinetics study for both reactions and theories are different and illustrated in the reaction pathway and rate profiles, respectively. Furthermore, both levels of theories offer similar structural configurations but they differ slightly in energetics.

        


        
          Conclusion:


          The reaction kinetics of both reactions is linearly fitted and the Arrhenius equations corresponding to each decomposition mechanism are generated by fitting the data from line equation.
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      1. INTRODUCTION


      Non-renewable energy resources, particularly, fossil fuels are depleting at an excessive rate and it could be in scarce for the next generation. To overcome this problem, most of the countries have started to use renewable energy sources to maintain the energy demands; and climate concerns caused by the fossil fuels. Biomass is one and the only promising renewable energy resource which can be exploited to acquire sustainable carbon for transportation vehicles and platform chemicals [1]. The bio-oil from thermochemical conversions of lignocellulosic biomass contains a vast amount of oxy-compounds, more than 300, which are classified into various oxy-catalogues, e.g., acids, alcohols, ethers, furans, phenolic, miscellaneous oxygenates, etc [2]. Acetic acid is a promising model compound of ‘acids’ catalogue of unprocessed bio-oil compounds produced from most of the biomass feedstocks. Mullen et al. [3] have reported weight percentages of acetic acid as 2.94 wt. %, 2.26 wt. %, and 3.49 wt. % in their bio-oil production experiments from switchgrass, alfalfa early bud, and alfalfa full flower, respectively. Since, bio-oil is a mixture of more than 300 oxygenated compounds, the weight percentage of ~3-4% is a huge quantity. This is one of the reasons why most of bio-
oil upgradation researches are based on acetic acid compound. These excessive amount of oxy-compounds cause various drawbacks in terms of low heating value, low pH, low stability, high viscosity, etc.; therefore, the bio-oil produced from thermochemical conversions of lignocellulosic biomass needs to be upgraded to reduce oxygen functionalities.

      Out of various decomposition mechanisms of acetic acid, two favourable unimolecular decomposition reaction of acetic acid are decarboxylation reaction and dehydration reaction [4, 5]. Decarboxylation reaction of acetic acid yields methane and carbon di oxide molecules, whereas, dehydration reaction of acetic acid produces a simplest ketene group called ethenone molecule and water compound. The decomposition reactions of acetic acid are as follows:
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      In decarboxylation reaction of acetic acid, the ground state structure of acetic acid (cis-CH3COOH) first undergoes dihedral change to produce a less stable acetic acid structure, i.e., trans-CH3COOH, which migrates hydrogen atom from –COOH group to methyl group to produce methane molecule and on the other hand, cleavage of C–C sigma bond occurs to form carbon dioxide compound. In dehydration reaction, methyl group of cis-CH3COOH donates its one of the hydrogen atom to OH of –COOH group to produce water and ethenone compounds [4-7]. The decomposition reactions of acetic acid have been studied by several researchers in past using experimental and computational means. For instance, Nguyen et al. [4] performed decomposition reaction of acetic acid at MP2/6-3lg(d,p) level of theory and reported barrier heights required by decarboxylation reaction and dehydration reactions as 71.89 kcal/mol and 74.28 kcal/mol, respectively. Pinho et al. [5] carried out numerical work on acetic acid to check the accuracy and reliability of the methods and found that MP2 and CASSCF/6-31g(d) level of theories do not deviate significantly with the experiments. Bamford et al. [6]. Performed an experiment to find out the kinetic parameters of the decomposition reaction of acetic acid for a temperature range of 770–920oC and reported expressions for the rate constants of both reactions (1) and (2) as:
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      Blake et al. [7, 8] also reported kinetic parameters of the decomposition reactions of acetic acid for a temperature range of 530-1950 K. They observed that decarboxylation reaction of acetic acid follows first order reaction kinetics for a wide temperature range of 530-1950 K, whereas, dehydration reaction of acetic acid follows second order reaction kinetics for temperature below 600 K and first order reaction kinetics above 600 K. Mackie et al. [9] performed kinetic analysis for the decomposition of acetic acid in dilute argon in a single pulse shock tube over a temperature range of 1300–1950 K. They reported that both reactions show first order reaction kinetics for a temperature range of 1300–1950 K; and activation energy ranges from 64.84 kcal/mol to 70.46 kcal/mol for reaction (1) and 67.45 kcal/mol to 70.46 kcal/mol for reaction (2). Duan et al. [10]. performed a numerical work for the decomposition reaction of acetic acid with both, decarboxylation reaction and dehydration reaction, routes in gas phase medium and they also compared decarboxylation reaction with water catalysed medium using MØller–Plesset second order perturbation (MP2) theory. They reported activation energy of 76 kcal/mol for dehydration reaction, whereas, for decarboxylation reaction, they reported activation energies of 77.31 kcal/mol and 64 kcal/mol for gas phase and water catalysed phase, respectively.


      To the best of authors’ knowledge, kinetic analyses of decomposition reactions of acetic acid in temperature range of 298–900 K using density functional theory (DFT) are incomplete in literature. To fill this gap of information, we propose the kinetic study for the decomposition reaction of acetic acid using B3LYP and M06-2X functionals of DFT with the basis set of 6-31g(d) for a temperature range of 298–900 K at atmospheric pressure. In addition, the reaction kinetics of both reactions are linearly fitted and the Arrhenius equations corresponding to each decomposition mechanism are generated by fitting the data from line equation.

    


    
      2. COMPUTATIONAL DETAILS


      Minimum and transition state geometries are optimized by B3LYP (Becke-3 parameter-Lee-Yang-Parr) [11, 12] and M06-2X (Minnesota functional of 06 family) [13, 14] functionals of density functional theory (DFT) [15-17] with 6-31g(d) [18, 19] basis set. Transition state structures are identified as the first order saddle points by obtaining a single imaginary frequency in frequency results of normal mode vibrational frequency calculations. To affirm the transition state structure as the actual transition state which links to two minima through the minimum energy path, an IRC [20] calculation at the same level of theory as of optimization theory has been carried out. All quantum chemical calculations are performed in gas phase using Gaussian 09 [21] and Gauss View 5 [22] software packages. For kinetic analyses, thermochemical parameters are obtained from vibrational analyses for a wide range of temperature 300-900 K and fixed pressure of 1 atm. The evaluation of reaction rate constants are carried out by solving the Eyring’s transition state theory [23] which is:
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      where kB is the Boltzmann's constant (1.30662 Х 10-23 JK-1); h is the Planck's constant (6.0626176 Х 10-34 J.sec); T is temperature in Kelvin; and R is universal gas constant (1.987 kcal mol-1). The free energy barrier, ∆‡G (kcal mol-1) is given as the formula below:
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      3. RESULT AND DISCUSSION


      The ground state structure of acetic acid is found in cis conformer shown in structure R of Table 1. However, the decomposition of acetic acid by decarboxylation method undergoes through intermediate trans–CH3COOH which is an unstable acetic acid structure compared to cis conformer. On the other hand, dehydration reaction starts from cis–conformer of acetic acid. The vibrational frequency analyses for both decomposition reactions are carried out at 298, 300–900 K with an interval of 100 K, and the thermochemistry parameters, involving Gibbs free energy and enthalpy, are given in supplementary information.


      
        Table 1 The optimized molecular structures of decarboxylation reaction of acetic acid.
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        3.1. Decarboxylation Reaction


        Decarboxylation reaction of acetic acid (R) which produces methane and carbon di oxide molecules first undergoes the formation of a higher energy state, i.e., trans conformer of acetic acid (IM). In order to form the trans conformer, the torsional movement of 7H atom is carried out and can be seen in structures R, TS1, and IM of Table 1. In Fig. (1), blue and red coloured lines with square and triangle symbols show the decarboxylation reaction pathway at B3LYP/6-31g(d) and M06-2X/6-31g(d) level of theories, respectively. This one–dimensional minimum energy path is slice of the whole potential energy surface (PES). Quantitatively, it has only one coordinate (energy) but qualitatively, x–axis shows the reaction progress. Qualitatively, R progresses the reaction and forms TS1; however, quantitatively, TS1 has been optimized first followed by normal mode vibrational frequency analysis and an IRC calculation which linked its two minima in both directions as R and IM. The structures R and IM are true minima confirmed by another frequency analysis. Zero imaginary frequency in the frequency analysis of R and IM confirms the structures as true minima. The formation of trans-acetic acid occurs with 12.91 kcal/mol of barrier height given by B3LYP functional, whereas, same barrier height is reported as 12.43 kcal/mol by M06-2X functional. Further, the trans conformer of acetic acid produces carbon di oxide and methane molecule and, in order to get the actual product, a transition state TS2 in between IM and P has been optimized. The 7H atom of OH of –COOH functional migrates and forms a sigma bond with CH3 group and at the same time, cleavage of the C–O sigma bond occurs in order to form CH4 and CO2 molecules. The C=O bond distance in P is 1.17 Å; but the same bond distances in R and TS2 are 1.204 Å and 1.27 Å respectively. This is because in transition state search process molecule has to go through with inter-atomic stretching and bending until first order of energy gradient is not becoming zero in all the directions except any one. After donating hydrogen atom (7H), oxygen (6O) atom forms a double bond with carbon atom (1C) to produce CO2. Similar to prior process, an IRC calculation has been performed on the optimized transition state structure, TS2, to get the minima in both directions i.e., IM and P. The minima, IM and P, are the local minima with TS2 as the highest energy state in the minimum energy path of IM to P. This elementary reaction step, i.e., IM → P, is high kinetic demanding compared to previous reaction. It requires activation barriers of 63.38 kcal/mol and 66.72 kcal/mol due to B3LYP/6-31g(d) and M06-2X/6-31g(d) level of theories, respectively. Comparing the barrier heights of the decarboxylation reaction of M06-2X theory with the B3LYP theory; it is observed that M06-2X theory offers slightly higher energetics. The relative energies of IM and TS1 structures using M06-2X theory are 0.10 kcal/mol and 0.48 Kcal/mol higher compared to B3LYP theory. On the other hand, the relative energies of structures TS2 and P from M06-2X theory are 3.24 kcal/mol and 5.12 kcal/mol higher than B3LYP theory. The activation energy requirements by M06-2X theory for the first and second reaction steps are 12.43 kcal/mol and 66.72 kcal/mol, respectively, are under very good agreement with experimental work of Mackie et al. [9] and numerical work due to Duan et al. [10]. The M06-2X/6-31g(d) level of theory looks more similar like B3LYP theory but differs with slight changes in the bonding distances and energetics. This theory also follows the same reaction progress as of B3LYP theory. Comparing C=O bonding distances of carbon di oxide in TS2 of M06-2X functional with B3LYP theory, there are very minute change in distances. The changes in bonding distances of the structures due to M06-2X theory are in order of 10-2 – 10-3 with B3LYP theory for all involving structures in decarboxylation reaction.


        [image: ]
Fig. (1)

        Reaction pathways of decarboxylation and dehydration reactions using both level of theories. Energies are with respect to R and in kcal/mol with ZPVE correction.

        The Gibbs free energies at 298 K, 300–900 K with an interval of 100 K state that the cis to trans conformer reaction of acetic acid is not spontaneous for both level of theories at each studied temperature, whereas, the reaction between trans conformer of acetic acid to product (CH4 and CO2) is spontaneous reaction for both level of theories at all temperatures. Similarly, the enthalpy analysis shows that cis to trans conformer reaction and second reaction step of decarboxylation reaction of acetic acid are endothermic and exothermic reactions, respectively, at all temperatures up to 900 K.

      


      
        3.2. Dehydration Reaction


        The potential energy surfaces of dehydration reaction of acetic acid using both level of theories are depicted in Fig. (1); and the corresponding molecular structures, i.e., R, TS, and P, are shown in Table 2.


        
          Table 2 The optimized molecular structures of dehydration reaction of acetic acid.
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        The dehydration reaction proceeds from the cis structure of the acetic acid whereas the decarboxylation reaction, discussed earlier, proceeds with the trans structure of acetic acid. The PES of dehydration reaction involves only one transition state structure (TS) and it connects its both minima as P an R. The hydrogen atom of the methyl group of acetic acid forms sigma bond to OH of –COOH functional to produce water molecule. Then, after donating the hydrogen atom, methylene group (then methyl group) forms a double bond with the next carbon atom to produce ethenone. The activation barrier for this reaction using B3LYP/6-31g(d) level of theory is 75.86 kcal/mol. The relative energy of P is 40.49 kcal/mol with respect to R and this reaction is reported as an endothermic reaction. On the other hand, the relative energy of TS in M06-2X/6-31g(d) method is higher, i.e., 78.57 kcal/mol compared to the relative energy of TS due to B3LYP. Ruelle et al. [24] predicted the activation energy for this one step dehydration reaction of acetic acid as 78.4 kcal/mol which is in very good agreement with M06-2X/6-31g(d) level of theory. Duan et al. [10] predicted the activation energy for dehydration reaction of acetic acid as 76.4 kcal/mol which is in good agreement with B3LYP/6-31g(d) level of theory. The relative energy of the product of dehydration reaction, i.e., ethenone and water molecules, using M06-2X functional is 40.67 kcal/mol with respect to reactant’s energy, whereas, B3LYP functional shows the relative energy for this structure as 40.49 kcal/mol with respect to R. For dehydration reaction of acetic acid yielding ethenone and water molecules, the energetics don’t deviate significantly for product structure P comparing with both theories, whereas, the relative energies of P structures of decarboxylation reaction by both reported theories vary significantly. Comparing all molecular structures and reaction progress behaviours of M06-2X with B3LYP functional, both functionals do not deviate much in structural configurations but deviate a little in their energetics.


        Using B3LYP functional at 298 K, the reaction free energy and reaction enthalpy of the dehydration reaction are reported as 39.16 kcal/mol and 41.90 kcal/mol respectively. The M06-2X/6-31g(d) level of theory predicts thermochemistry similar to B3LYP/6-31g(d) level of theory with little deviations, e.g., at 298 K, the reaction free energy and reaction enthalpy of dehydration reaction at M06-2X/6-31g(d) level of theory are 38.54 kcal/mol and 41.55 kcal/mol, respectively. However, at 900 K temperature using B3LYP functional, both thermodynamic parameters result in 31.65 kcal/mol and 44.14 kcal/mol respectively for dehydration reaction. On the other hand, at 900 K using M06-2X/6-31g(d) level of theory, the reaction free energy and reaction enthalpy are reported as 30.5 kcal/mol and 43.8 kcal/mol, respectively. Therefore, at 298 K using both level of theories, the dehydration reaction can be predicted as neither spontaneous nor exothermic reaction because of the very high positive energies of reaction free energy and reaction enthalpy. However, at elevated temperature, the reaction reaction constant (k) increases from 10-44 (298 K) to 10-6 (900 K) which means that there is an increase in reaction rate which is constructive in the context of reaction pace.

      


      
        3.3. Kinetics


        The reaction rate constants (sec-1) for the dehydration and decarboxylation reaction for both the theories are shown in Table 3. The linear plots of ln k versus 1/T for all reactions under each level of theory are shown in Fig. (2).


        
          Table 3 Reaction rate constants of decarboxylation and dehydration reactions of acetic acid using both level of theories.
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                	1.31E+03
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        The k1 and k2 denote rate constants for first and second reaction steps, respectively, of the decarboxylation reaction of acetic acid. The first elementary reaction step of decarboxylation reaction is highly favourable reaction because of low activation energy and high rate constants in the order of 103-1010 sec-1 for both level of theories. At 298 K, the B3LYP/6-31g(d) theory report the rate constant as 1.31 Х 103 sec-1, whereas, M06-2X/6-31g(d) theory present this rate constant as 4.59 Х 103 sec-1. Similarly, at 900 K, k1 (B3LYP) and k1 (M06-2X) values are 5.81 Х 109 sec-1 and 1.25 Х 1010 sec-1, respectively. It is observed that the k1 (M06-2X) report higher values compared to the k1 (B3LYP). For the second step of the decarboxylation reaction of acetic acid, k2 values for both level of theories are also increasing with an increase in temperature (see Table 1). But, the second elementary reaction step of decarboxylation reaction is not likely to occur at 298 K because of very low rate constants. Further, increasing temperature improves reaction rate constants remarkably but even at 900 K, the rate constants k2 remain in the range of 10-3 and 10-4 sec-1 for B3LYP and M06-2X functionals, respectively.
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Fig. (2)

        Plot of ln(k) vs. 1/T for decarboxylation and dehydration reactions of acetic acid using both level of theories.

        The reaction rate constant of dehydration reaction of acetic acid is shown by k3 (see Table 3). The kinetic analyses of dehydration reaction using both level of theories suggest non-favourability of reaction because of much lower reaction rate constants. In addition, the values of k3 for dehydration reaction are much lower than k2 of decarboxylation reaction which suggests lower possibility of formation of ethenone and water molecules compared to the formation of methane and CO2. However, the rate constants of dehydration reaction are increasing with the temperature (see Table 1) for both level of theories but those remain close to zero even at 900 K which means reaction is not likely to occur.


        The rate constant profiles of decarboxylation and dehydration reactions are linearly fitted for the values of ln k with respect to 1/T; and the plots of ln(k) vs. 1/T are shown in the Fig. (2) for both level of theories, i.e., B3LYP/6-31g(d) and M06-2X/6-31g(d). Blake et al. [7, 8] experimentally demonstrated that the decarboxylation reaction of acetic acid follows the first order reaction order for a temperature range of 530–1600 K. The profiles of ln(k) vs. 1/T are linear for all elementary reaction steps of decomposition reactions using both level of theories. Further, the Arrhenius relations are generated for each elementary reaction steps of decomposition reactions of acetic acid which are as follows:
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        where reaction rate constants (k) are in sec-1 and temperatures (T) are in Kelvins.

      

    


    
      CONCLUSION


      The decomposition of acetic acid is performed using dehydration and decarboxylation reactions within the framework of density functional theory. Two competitive DFT functionals, i.e., B3LYP and M06-2X using 6-31g(d) basis set are employed for the analyses of barrier heights and reaction rate constants. The barrier heights for dehydration reaction are found as 75.86 kcal/mol and 78.57 kcal/mol for B3LYP and M06-2X functionals, respectively. The activation energies of decarboxylation reaction are 69.59 kcal/mol and 72.83 kcal/mol for B3LYP/6-31g(d) and M06-2X/6-31g(d) level of theories, respectively. These activation energies are in very good agreement with literature values. The kinetic analyses of decomposition reaction of acetic acid suggest non-favourability of both decomposition mechanisms in the temperature range of 298-900 K; however, decarboxylation reaction of acetic acid is slightly advantageous compared to dehydration reaction.
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