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Abstract

:

Lignin is the second-largest renewable resource in nature, second only to cellulose. Lignin is one of the most significant components of biomass, and it determines the behaviour of biomass in many thermochemical processes. However, limited studies have focused on the influence of metal catalysts on lignin pyrolysis. This study aims to develop a sustainable lignin catalytic pyrolysis technology to improve biomass energy-conversion efficiency, reduce dependence on fossil fuels, and promote the development of clean energy. In this study, the impact of Pt catalyst on the pyrolysis process of hardwood lignin was simulated by using reactive force field (ReaxFF) molecular dynamics. Through the comparison of the system without catalysts, the catalyst exhibited evident attraction to lignin macromolecules, prompting their decomposition at lower temperatures. Additionally, the catalyst has the strongest adsorption capacity for H radical. The activation energy of the reaction was calculated by kinetic analysis. It was found that the addition of catalysts significantly reduced the activation energy of the reaction. By revealing the effect of Pt catalyst on the lignin pyrolysis process, it provides a theoretical basis for biomass pyrolysis and the utilization of metal catalysts in industry.
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1. Introduction


Traditional fossil energy sources, including coal, oil, and natural gas, continue to dominate global energy use, but these three energy sources are non-renewable energy. Therefore, more and more attention has been paid to environmentally friendly renewable resources [1,2,3]. Biomass, as a renewable resource, is of great significance for sustainable development. The sustainable development significance of biomass research lies in its ability to promote energy transformation, protect the environment, promote sustainable development of agriculture and forestry, and promote technological innovation and industrial development. By continuously deepening biomass research, we can achieve a sustainable energy supply and promote sustainable economic and social development. The sources of biomass are very extensive [4,5,6], such as straw, wood, animal excrement, and so on. Biomass can be decomposed to produce high-value-added chemicals and fuels [7,8,9,10]. Pyrolysis, gasification, combustion, and liquefaction are the primary thermochemical processes of biomass transformation [11,12,13]. The pyrolysis method has been widely used at present, which can convert biomass into biochar, bio-oil, biogas, or other high-quality products. Biomass is mostly made up of lignin, cellulose, and hemicellulose, while lignin is one of the most significant components of biomass, second only to cellulose [14,15], accounting for 24–33% of the whole mass of softwood and 19–35% of hardwood [16].



The quality of bio-oil obtained by the direct pyrolysis of biomass is not high, and its composition is relatively complex, with high water content, high viscosity, and low energy density. Therefore, research on quality improvement is imperative. Catalytic pyrolysis is one of the most promising methods for the efficient utilization of biomass. Catalytic pyrolysis refers to the addition of catalysts in the process of pyrolysis to promote the decarbonylation, hydroxyl, carboxyl, and other reactions of volatile compounds so that more oxygen elements in bio-oil can be removed in the form of CO, CO2, and H2O, or more target products can be obtained through the directional transformation of bio-oil molecules. Uncovering the internal relationship between biomass raw materials, catalyst types, reaction conditions, and target products has important practical significance and guiding value for improving the selectivity and yield of target products, realizing the high-value utilization of biological oil, and improving the economy of the catalytic pyrolysis process of biomass.



The most important thing in the process of catalytic pyrolysis is the catalyst, which has been widely used at present [17]. Alkaline metal oxide catalysts have been studied for the catalytic pyrolysis of waste polymers [18], and Ni-based catalysts are especially used to increase the amounts of gaseous products. Wang et al. [19] reported that Ni-based catalyst has an excellent effect on generating H2-rich gas from biomass pyrolysis. However, few studies have considered the effect of Pt catalyst on the lignin pyrolysis process alone. Pt as a catalyst has the advantages of high catalytic activity, strong selectivity, convenient catalyst production, and low usage. At the same time, it has a wide range of applications and can be repeatedly regenerated and activated for use. Pt has good catalytic properties and is able to promote lignin pyrolysis at lower temperatures, which means that higher reaction efficiencies and product selectivity can be obtained under milder conditions. At the same time, the Pt catalyst helps to regulate the product distribution of lignin pyrolysis and reduce unwanted by-products. Although Pt is a bit expensive, it has high chemical stability and is able to maintain its catalytic activity at high temperatures, extending the catalyst’s service life. This is particularly important for industrial applications, as it reduces the frequency of catalyst replacement and lowers production costs.



Capturing all the intricacies of the reaction and precisely articulating the pyrolysis mechanism, however, remains a great issue due to the complexity of biomass pyrolysis and the fact that degrading reactions often take place in a relatively short amount of time. Computer simulation has developed into an effective tool for studying biomass pyrolysis processes. The high spatiotemporal resolution of the molecular dynamics (MD)-employing reaction force fields (ReaxFF) introduced by van Duin et al. [20] gives it a significant edge over other numerical techniques and allows researchers to understand complicated processes at the atomic and molecular level. ReaxFF MD can simulate complicated chemical processes without pre-defining reaction routes in macromolecular systems, in contrast to quantum mechanics (QM) approaches and conventional MD methods. ReaxFF MD has so far been used effectively for a number of intricate systems [21,22,23]. At present, the ReaxFF method [24] has been widely used in the simulation of biomass, among which the gasification process of cellulose has been studied a lot. But, the research about lignin is few in number, and many areas are still unclear. Li et al. [25] simulated the supercritical water gasification process of lignin by ReaxFF MD, and the main conclusion was that the proportion of H2 in the product increased with the increase in temperature. Han et al. [26] simulated the size effect of Ni nanocatalysts in the supercritical water gasification (SCWG) process of lignin by using ReaxFF MD.



In this paper, ReaxFF molecular dynamics simulations were used to investigate the effect of Pt catalysts on the molecular pyrolysis process of hardwood lignin on a molecular scale. The catalytic mechanism of Pt, the ratio of products, the structural evolution of lignin molecules, and the magnitude of activation energy are evaluated mainly by the control group without a catalyst. The study helps to understand the reaction mechanism of Pt-catalyzed lignin pyrolysis from the microscopic point of view and provides a reference for the use of catalysts in practical applications.




2. Materials and Methods


ReaxFF [20] is a well-known molecular force field that can simulate chemical reactions in systems, and its biggest advantage is that it can handle large-scale molecular systems with tens of thousands of atoms. The ReaxFF MD simulation method is widely used at present, especially in complex reaction processes such as pyrolysis, gasification, and oxidation.



In this study, the molecular dynamics simulation of the pyrolysis process was carried out using the large-scale atomic/molecular massively parallel simulator (LAMMPS) [27] and reactive force-field (ReaxFF) method. The ReaxFF potential parameters used were derived from Shin’s [28] paper, The reaction force field can describe the hydrocarbon conversion on the metal catalysts.



In this work, beech lignin was studied, a classic hardwood lignin. The specific lignin model is a three-dimensional (3D) lignin model constructed on the basis of the two-dimensional (2D) lignin model proposed by Nimz [29] in the last century. This lignin model is a type of lignin produced in American beech trees. The detailed 2D model structure of Nimz used in this study is provided in Supplementary Figure S1. The two monomolecular lignin models were first optimised separately by using the Dreiding potential field. Then the two optimised monomolecules were compressed into a cubic periodic simulation box to construct an amorphous lignin model. The cell box was compressed from 0.2 g/cm3 to 1.3 g/cm3. The initial density of 0.2 g/cm3 was chosen to prevent the overlap of aromatic rings and other functional groups. The lignin model was then relaxed for 200 ps at 1 atm and 298 K. Finally, thermal annealing was conducted using an NVT ensemble from 298 K to 800 K to obtain a more reasonable structure as adopted in previous studies [30]. The final lignin model is shown in Figure 1a. The catalysts were added by placing three layers of 98 Å × 98 Å Pt atoms in a cell box, as shown in Figure 1b. In the catalyst model, to prevent molecules from crossing the y boundaries and escaping from the simulation box, reflective walls were used along the y direction. Periodic boundary conditions are used in the x and z directions to eliminate the effect of edge effects. All the Pt atoms were pinned to prevent lateral movement along the y-axis. And in the model without the catalysts, periodic boundary conditions were used in the x, y, and z directions. Previous studies by Li et al. [31,32,33] showed that high temperatures can significantly accelerate chemical reactions during the simulation of reactive molecular dynamics. The pyrolysis of lignin is typically set at temperatures between 600 and 1000 K in experiments. However, in ReaxFF molecular dynamics simulations, the time scale of the simulation is on the picosecond scale, which is much shorter than the experimental time. The high temperatures used in ReaxFF MD simulations can be considered as “time-scale compressing” for the low temperatures in experiments. The main assumption of this method is based on the harmonic transition state theory [34]. Therefore, in order to accelerate the reaction speed and reduce the computational costs, temperatures of 3000 K or higher are usually used in simulations. In addition, several studies [35,36,37,38,39,40] have also chosen high temperatures above 2000 K for ReaxFF MD simulations. So, all simulations were heated from 300 K to 5000 K with an NVT ensemble. The timestep is 0.2 fs. For the system with catalysts, all Pt was optimised at 20 ps with an NPT ensemble before heating up.




3. Results


3.1. Evolution of Pyrolysis Products


The results analysed in the main text are all obtained with a heating rate of 6 k/ps heating, while the results of 2 k/ps and 4 k/ps are given in the Supplementary Figures S2 and S3.



To verify the simulation in this study, the results of the ReaxFF MD simulation were compared with the experimental data reported by Di et al. [41] As shown in Figure 2, tar and gas mass fractions were compared between the system without catalysts and the experiment. By comparing the results of the experiment and simulation, it can be seen that the trend of gas mass fraction change is basically consistent, while the mass fraction of tar in the simulation is higher than that in the experiment. This is due to the use of higher simulation temperatures in molecular dynamics simulations, which generate more tar at around 2000 K. As the temperature further increases, tar will decompose and produce a certain amount of gas. In the simulation, before 2000 K, the mass fractions of gas and tar were very low because lignin had not undergone significant decomposition and mainly existed in the form of char. Therefore, considering the changes in tar and gas at temperatures before 2000 K is not very meaningful. When the simulated temperature reaches 3200 K or above, due to the closed system chosen for simulation, the mass fraction of tar will further decrease, while the mass fraction of gas will correspondingly increase. Therefore, we chose a temperature range of 2000–3200 K for comparison with the experiment.



According to the number of carbon atoms in pyrolysis products, pyrolysis products can be divided into three categories, among which, char is defined as if the number of carbon atoms is greater than 40, tar is defined as if the number of carbon atoms is 5–40, and gas is considered as if the number of carbon atoms is less than 5 [42]. As shown in Figure 3, the weight percentage change of char, tar, and gas in the two systems is calculated separately. In Figure 3, the overall trend of (a) and (b) is basically the same. As the temperature increases, the char content gradually decreases to zero, the tar content increases first and then decreases, and the gas content basically keeps increasing. Zhang et al. [30] studied the pyrolysis process of different lignin molecules, and the overall evolution was basically consistent with this study.



The pyrolysis of lignin molecules is mainly divided into two stages, as shown in Figure 3a. Before 1600 K, lignin molecules were mainly restructured, during which the lignin molecules had not decomposed, and the char content accounted for 100%. From 1600 K to 2400 K, the char content is rapidly reduced to zero, and the lignin molecules decompose to form tar, gas, and other components. At this time, the content of tar is relatively large, and there is also a small amount of gas. After 2400 K, these components are further decomposed into gas molecules, and the content of gas rises rapidly.



For the system with catalysts, as shown in Figure 3b, the lignin molecule begins to decompose at about 1000 K, and the char content is reduced to zero at 1400 K. Compared with the system without catalysts, the overall pyrolysis process is accelerated. The temperature required for lignin molecules to start pyrolysis is lower, and the time required for each stage is shorter. This indicated that the addition of catalyst Pt significantly reduced the temperature at which lignin molecules started pyrolysis, accelerated the reaction process, and it also had a good catalytic effect. The catalyst system has a higher percentage of gas weight at 5000 K because the overall reaction process of the system without catalysts is slower, and more pyrolysis time can achieve the same product content as the catalyst system.



As shown in Figure 4, the number of some of the gas molecules in the model is calculated, mainly considering the number of H2, CO, H2O, CO2, and H radicals. Other gases are not counted due to their small quantities. As can be seen from Figure 4a, the number of molecules of various gases begins to increase gradually from 2000 K, with CO and H2 increasing at the fastest rate and in the largest quantity. Song et al. [43] studied the gasification of α-O-4 linkage lignin, whose main gas products are also CO and H2. The number of molecules of H2O increases first and then decreases, reaching a peak value at 3400 K. At the same time, the generation rate of H2 increases rapidly, which is due to the decomposition of water molecules at high temperatures, generating a large number of H radicals. These H radicals combine with each other to generate H2 molecules. It can also be seen from the graph that the increase in the number of H2 molecules corresponds to the continuous decrease in the amount of water. And the H2 formation rate slows down; the reason here is the decomposition of H2. As can be seen from Figure 4b, the overall change trend of the gas is consistent, but the gas has begun to form at 1000 K, and it takes less time for gas production to peak, which indicates that the addition of catalysts enables the generation of gas molecules at lower temperatures, thus allowing for the adoption of lower temperatures in industrial production by adding catalysts. This is consistent with the temperature at which the catalyst reduces the pyrolysis of lignin molecules, as shown in Figure 3. At the beginning of 3000 K, the amount of H2 begins to decrease and the number of H radicals increases rapidly. This is due to the decomposition of H2, which indicates that the catalyst can also promote the decomposition of H2 to some extent.




3.2. Structural Evolution of Lignin Molecules


As mentioned earlier, Pt catalysts can significantly reduce the temperature of lignin decomposition. In order to find out the effect of catalysts on the pyrolysis of lignin molecules, configuration changes were captured at several temperatures during the simulation process, as shown in Figure 5. The configuration changes in the system without catalysts were also compared, as shown in Figure 6. Figure 5a is the initial configuration, with the lignin macromolecule in the middle region of the box and three layers of Pt in the lower part of the box. With the increase in temperature, the lignin molecules began to decompose some of the middle molecular fragments, and the whole macromolecule began to gradually become dispersed. At 720 K, one molecular fragment has been separated from the macromolecule, and the volume of the entire molecule becomes larger. At 840 K, more molecular fragments appear, while the entire molecule is attracted to the catalysts, and some begin to come into direct contact with the catalysts. The reason why lignin molecules are adsorbed by Pt catalysts may be due to the presence of some active sites on the catalyst surface, which can form hydrogen bonds with functional groups such as hydroxyl or carbonyl groups in lignin, thereby promoting the adsorption of lignin molecules by the catalyst. At 900 K, many fragments have been adsorbed by the catalysts, and the entire molecule moves from the middle region to the upper part of the catalysts. At 1056 K, the number of molecules becomes very large, and these fragments begin to disperse in the box. Many are still adsorbed by the catalysts.



In Figure 6, it can be seen that from 300 K to 1056 K, the whole molecule is basically in the state of clusters, and they are distributed in the middle region of the box. There is no trend of migration to the lower part, and the lignin molecule has not been pyrolysis. Therefore, from the changes in configuration, it can be seen that the catalyst has a good catalytic effect because the catalyst can attract lignin macromolecules. This attraction will make the whole lignin molecules move towards the catalyst surface, and the volume of lignin will expand in the process of movement, which accelerates the initial pyrolysis of lignin and generates many medium molecular fragments, thus reducing the temperature at which lignin begins pyrolysis.



As shown in Figure 7, the formation processes of two main gas products, H2 and CO, were captured. As shown in Figure 7a, the end of a carbon chain is stripped of an H2 molecule by breaking the H-H bond. Figure 7b shows the process of forming a CO molecule by breaking the C=O bond on the carbon chain.



In order to explore the adsorption phenomenon of the catalysts on lignin molecules and which element the catalysts adsorbed more strongly, the configuration changes near the catalyst were observed, as shown in Figure 8. At 1190 K, the lignin molecular fragments were attracted by the catalysts, and a small amount of H was adsorbed on the catalyst surface. At 1378 K, a large amount of H began to attach to the upper surface of the catalysts. With the increase of temperature and further pyrolysis of lignin molecules, at 1461 K, it was observed that some H could move freely through the three-layer Pt, while other atoms such as C and O could not pass through the catalysts. At 1833 K, H passing through the catalysts was shown to be attached to the lower surface of the catalysts. As shown in Figure 8e, a large amount of H has been adsorbed on the lower surface of the catalysts, and some of the H atoms move to the lower part of the box, reforming H2 molecules. Therefore, the addition of catalysts can accelerate the pyrolysis process of lignin through the adsorption of H, and also accelerate the decomposition of H2, so that H can move freely through the three-layer Pt.



In order to reflect the adsorption of H by the catalysts and the penetration effect of H through the catalysis layers by quantitative analysis, the density distribution of H on the Y-axis at six temperatures was calculated, as shown in Figure 9. The Y-axis was chosen because the vertical direction of the three-layer Pt is the Y-axis. At 300 K, H exists in the lignin macromolecules and distributes in the middle region of the Y-axis. When the temperature reaches 1300 K, H begins to evenly distribute in the region above the catalysts. At this time, the lignin macromolecules have been initially decomposed, and a small amount of H2 has been generated. As shown in Figure 9c, with further pyrolysis, the H density distribution on the Y-axis appeared at a peak, and the peak position was exactly where the top-layer Pt was located, which quantitatively verified the strong adsorption of H by the catalysts in Figure 7. At 2300 K, a peak also appeared on the lower surface of the bottom layer of Pt, and there was also a small amount of H between the three layers of catalysts, which also verified that H could penetrate into the three layers of Pt and pass through the catalysts to the lower part of the box. In Figure 9e,f, it can be seen that, at 3000 K and 4300 K, the peak distribution of H density on the upper and lower surfaces of the catalysts is basically the same, and the pyrolysis of lignin has been relatively thorough. Therefore, the catalyst accelerates the generation and further decomposition of H2 to a certain extent through the adsorption of H.




3.3. Kinetic Analysis


Kinetic analysis is an essential approach for the quantitative evaluation of the thermochemical conversion process. The Kinetics Committee of the International Union of Thermal Analysis and Calorimetry (ICTAC) recommends the use of multiple heating rates to calculate the activation energy, avoiding a single heating rate [44]. The activation energy calculation of biomass pyrolysis at 2000 K was also studied by Liu et al. [45]. Therefore, this study selected three groups of heating rates of 2 K/ps, 4 K/ps, and 6 K/ps for calculation. In the kinetic study of the thermal degradation process, some fundamental rate equations have been extensively used [46,47,48]. In this study, by fitting different equations, including the Flynn–Ozawa–Wall (FOW) method [49,50], the Kissinger–Akahira–Sunose (KAS) method [51], the and Friedman (F) method [52]. The error bars of different equation fitting were compared, as shown in Figure 10. By comparing the error bar and R2 in Table S1, finally, the Flynn-Ozawa-Wall (FOW) method was selected as the kinetic model to obtain an equation more suitable for lignin molecular pyrolysis, as shown in Equation (1).


      l o g β = l o g   A E   R f ( x )   − 2.135 − 0.4567   E   R T    



(1)




where β is the heating rate, T is the corresponding temperature under a certain conversion rate, A (min−1) is the pre-factor, E (J/mol) is the activation energy, and R is the gas constant (8.314 J/mol·K). By fitting the logarithm of the heating rate and the relation of 1/T, the degradation activation energy can be calculated. If the relationship between the two is a straight line, then the slope is −0.4567E/R, and the activation energy can be calculated.



First, the conversion curves were calculated at different heating rates, as shown in Figure 11. As can be seen from Figure 11, with the increase in heating rate, the conversion curve as a whole shifted to the right. This indicates that the slower the heating rate is at the same temperature, the higher the conversion rate is, which is also caused by a lower heating rate and a longer pyrolysis time. In Figure 11a, the model without catalysts began to transform after 1250 K and was basically completely transformed at about 2000 K, while the model with catalysts added in Figure 11b began to transform at 750 K and was completely transformed at 1300 K, which further verified the catalytic effect of the catalysts.



Through the conversion curve, six groups of conversion rates were selected to calculate the average activation energy, as shown in Figure 12. The activation energies calculated by different conversion rates are shown in Table S1. Finally, the activation energy under the six conversion rates is averaged. It can be seen from Table S1 that the average activation energy of the system without catalysts is 151.28 kJ/mol, while the average activation energy of the system with catalysts is 98.18 kJ/mol. From the kinetic point of view, the addition of catalysts significantly reduces the activation energy of the system, reflecting the good catalytic performance of Pt.





4. Conclusions


In this study, ReaxFF MD was used to simulate the effect of catalyst Pt on lignin pyrolysis. Compared with the control group without catalysts, the main conclusions are as follows:



(1) The addition of Pt catalyst significantly reduces the temperature at which lignin starts pyrolysis and also shortens the time required for the pyrolysis process;



(2) From the configuration, it can be found that the catalyst has an obvious attraction effect on lignin macromolecules, and the lignin begins to decompose during the attraction process. So, the lignin starts to break down at a lower temperature;



(3) The catalyst has a strong adsorption effect on H, which can accelerate the generation and further decomposition of H2, and H atoms can move freely through the three-layer Pt;



(4) The activation energy of the reaction process without catalysts and with catalysts was calculated from the kinetic analysis. It was found that the addition of a catalyst significantly reduced the activation energy of the reaction, indicating from a kinetic perspective that the catalyst accelerated the reaction rate, thereby proving the good catalytic effect of Pt catalyst on lignin pyrolysis.
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Figure 1. Initial structure: (a) system without catalysts; (b) system with catalysts. Three layers of Pt are placed underneath the lignin molecule (C: gray, H: white, O: red, and Pt: blue). 
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Figure 2. Comparison of the gas and tar mass fractions between the ReaxFF MD simulation and the experiment [41]. 
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Figure 3. Evolution of char, tar and gas contents: (a) without catalysts, (b) with Pt catalysts. 
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Figure 4. The evolution of gas compositions: (a) without catalysts, (b) with Pt catalysts. 
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Figure 5. Configuration change in the system with catalysts at (a) 300 K; (b) 560 K; (c) 720 K; (d) 840 K; (e) 900 K; (f) 1056 K. 
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Figure 6. Configuration change in the system without catalysts at (a) 300 K; (b) 560 K; (c) 720 K; (d) 840 K; (e) 900 K; (f) 1056 K. 
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Figure 7. (a) The formation process of H2 molecule; (b) the formation process of CO molecule. 
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Figure 8. The adsorption and penetration of H on the Pt catalysts at (a) 1190 K; (b) 1378 K; (c) 1461 K; (d) 1833 K; (e) 2445 K. 
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Figure 9. H density distribution on the Y-axis at (a) 300 K; (b) 1300 K; (c) 1700 K; (d) 2300 K; (e) 3000 K; (f) 4300 K; the dashed line indicates the position of three layers Pt. 
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Figure 10. Comparison of several kinetic calculation methods. 
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Figure 11. Conversion curves at different heating rates (a) without catalysts; (b) with catalysts. 
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Figure 12. The fitting of activation energies at 6 K/ps (a) without catalysts; (b) with catalysts. 
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