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 6 
Abstract: Cellulosic insulating paper is the component part of the insulation in power transformers. 7 
Under thermal stress inside the transformer, cellulosic insulating paper degrades to generate formic 8 
acid that will dissolve in insulating oil. In addition, the generation of formic acid further accelerates 9 
the aging process of insulating paper. This study took cellulose molecule with DP of 2 that was 10 
composed of D-glucose as the research object, the ReaxFF reaction force field was used to simulate 11 
the high temperature thermal aging process of cellulose. This study obtained the main reaction 12 
pathways of cellulose pyrolysis to generate formic acid. During the pyrolysis process, the number 13 
of formic acid molecules presented short-term fluctuations, which was the phenomenon of 14 
disappearance and regeneration of formic acid molecules. The combined element tracing method 15 
obtained three pathways of cellulose pyrolysis to generate formic acid: 1) The ether group oxygen 16 
atom O5(O'5) and C1(C'1) form a carbonyl group to generate formic acid. 2) Dehydrogenation of the 17 
primary alcohol hydroxyl group and the attached C atom form a carbonyl group to generate formic 18 
acid. 3) Dehydrogenation of the secondary alcohol hydroxyl group and the attached C atom form a 19 
carbonyl group to generate formic acid. Statistics found that the generation of formic acid molecules 20 
mainly come from the first pathway. The pre-exponential factor and activation energy of the 21 
calculated pyrolysis model were consistent with the experimental results. This study designed the 22 
accelerated thermal aging experiment of oil-paper insulation. The silanization derivatization method 23 
was used to detect the formic acid generated by the aging of insulating paper, which further verified 24 
the feasibility of formic acid as an index for evaluating the aging of cellulosic insulating paper. 25 

Keywords Cellulosic insulation ꞏ Formic acid ꞏ ReaxFF ꞏ Silanization derivatization 26 
___________________________________ 27 
 28 
 29 
 30 
 31 
Hanbo Zheng () ꞏ Enchen Yang ꞏ Xufan Li ꞏ Zijian Wang ꞏ Yongji Feng 32 
School of Electrical Engineering, Guangxi University, 33 
Nanning 530004, Guangxi, China 34 
e-mail: hanbozheng@163.com 35 
 36 
 37 
Tao Yang 38 
State Grid Henan Electric Power Research Institute, 39 
Zhengzhou 450002, Henan, China. 40 
 41 



2 

Introduction 42 

Oil-immersed power transformer is the key equipment for power transmission and 43 

transformation, its life depends mainly on the performance of oil-paper insulation. 44 

The oil-paper insulation system is affected by the synergistic effect of heat, electric 45 

field, chemical corrosion and other factors, resulting in the performance 46 

degradation. When local overheating occurs inside the transformer, the temperature 47 

is as high as 1000°C (Standard 2006; Wang et al. 2012), and long-term local 48 

overheating causes thermal aging of the insulating paper. Lundgaard et al (2004, 49 

2008) studies have shown that formic acid will be generated after aging of 50 

insulating paper. Compared with the CO, CO2 and alcohols produced by thermal 51 

aging of cellulosic insulating paper (Gao et al. 2012; Zheng et al. 2020), the 52 

presence of formic acid will accelerate the aging process of insulating paper. Formic 53 

acid is a medium strong acid with strong ionization capacity, the ionized H+ only 54 

acts as a catalyst and is not consumed in the hydrolysis and degradation reaction of 55 

insulating paper, so the H+ content of insulating paper will increase with aging to 56 

form a self-accelerating mechanism (Lelekakis et al. 2014). In the aging process of 57 

insulating paper, the small volume of formic acid molecules can fully dissolve in 58 

the insulating paper to destroy the crystalline and amorphous regions of the 59 

insulating paper, which significantly accelerates the aging rate of the insulating 60 

paper (Ingebrigtsen et al. 2004; Lundgaard et al. 2005; Gao S et al. 2020). The 61 

influence of carboxylic acid on the life of insulating paper is related to its dielectric 62 

constant, the dielectric constant of formic acid is much higher than other carboxylic 63 

acids generated by the aging of oil-paper insulation (Mo et al. 2016). Kouassi et al 64 

(2018) tested the aging rate of insulating paper under the action of three low 65 

molecular weight carboxylic acids, and found that the aging rate of insulating paper 66 

was the fastest under the action of formic acid. Vahidi et al (2017) studied the 67 

influence of different carboxylic acids on the conductivity of insulating oil, of 68 

which formic acid had the greatest influence on the conductivity of insulating oil. 69 

At the same time, formic acid will increase the probability of partial discharge of 70 

the insulating oil paper and the corrosion of metal parts such as iron core windings 71 

(Wada et al. 2014). Furfural (2-FAL) is a commonly used marker for evaluating the 72 

aging status of transformers (Urquiza et al. 2015), but Tang et al (2017) found that 73 

the content of furfural in transformer oil showed a downward trend in the later 74 
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stages of aging, which was completely inconsistent with the continuous aging of 75 

insulating paper. The oxidation of alcohols and aldehydes will generate carboxylic 76 

acids, so the stability of carboxylic acids is higher than that of alcohols and 77 

aldehydes. Azis et al (2014) studied scrapped transformers and found that there was 78 

an exponential relationship between the tensile strength of insulating paper and the 79 

content of low molecular weight carboxylic acids, thus proposed that low molecular 80 

weight carboxylic acids in insulating oil could be used as a potential indicator of 81 

the aging of insulating paper. Therefore, as a kind of low molecular weight 82 

carboxylic acid produced by the aging of insulating paper, formic acid is a potential 83 

indicator for evaluating the aging state of insulating paper. 84 

Early research on pyrolysis of cellulosic insulating paper mostly used 85 

experimental methods. The pyrolysis process of polymer compounds involves 86 

complex chemical changes, and the micro-mechanism of cellulosic insulating paper 87 

at high temperature is difficult to obtain from traditional experiments. With the 88 

development of quantum mechanics theory system and computer technology, 89 

molecular simulation has been widely used in many fields (English et al. 2015; Tang 90 

et al. 2015). In the increasingly complex field of high-voltage insulation, molecular 91 

simulation technology has been used to analyze the aging mechanism of insulating 92 

materials with remarkable success (Li et al. 2019; Du et al. 2020). ReaxFF (Adri et 93 

al. 2001) is a reactive molecular dynamics force field that can describe the 94 

formation and breaking of chemical bonds, it is widely used to describe complex 95 

chemical reaction processes. The ReaxFF force field method can clearly describe 96 

the structural changes of reactants and reveal their reaction mechanisms. Shi et al 97 

(2001) used ReaxFF force field to study the generation principle and destruction 98 

mechanism of water molecules during the high temperature pyrolysis of insulating 99 

paper, it analyzed the generation path and generation law of water molecules at 100 

different temperatures. The initial reaction mechanism of cellulose pyrolysis was 101 

studied by the ReaxFF force field, it obtained the detailed reaction pathway of 102 

cellulose pyrolysis to produce glycolaldehyde, hydroxyacetone and 2-103 

hydroxypropionaldehyde (Zheng et al. 2016). Paajanen et al (2017) used ReaxFF 104 

force field to study the initial stage of the thermal decomposition process of 105 

cellulose molecules, the most commonly observed products are glycolaldehyde and 106 

formic acid. Zhang et al (2020) used the ReaxFF reaction kinetic model to study the 107 

microscopic mechanism of methanol generation during thermal aging and cracking 108 
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of insulating paper, which obtained the reaction path of the pyrolysis of insulating 109 

paper to methanol. The study showed that methanol could be used to evaluate the 110 

aging state of insulating paper at the initial stage of aging. These research results 111 

have laid a theoretical foundation for using the ReaxFF reaction dynamic field, 112 

which study the production mechanism of formic acid during the high-temperature 113 

pyrolysis of insulating paper. 114 

To study the formation mechanism of formic acid during high temperature 115 

thermal aging of insulating paper, this paper built a cellulose molecular model. This 116 

study used the ReaxFF reaction force field to simulate the pyrolysis reaction of a 117 

multi-molecular system. It analyzed the generation pathway and law of formic acid 118 

from the atomic level. This study established the cellulose pyrolysis models at 119 

different temperatures, which analyzed the influence of temperature on the 120 

formation and pathway of formic acid. This paper designed oil-paper insulation 121 

accelerated thermal aging experiments, the silanization derivatization method was 122 

used to detect the formic acid generated by the aging of the insulation paper. 123 

Molecular simulation section 124 

ReaxFF force field calculation principle 125 

The selection of force field is an important part in molecular dynamics 126 

simulation. As a new generation of force field, ReaxFF can truly reflect the 127 

formation, transition and fracture process of chemical bonds in the system. The 128 

ReaxFF reaction force field takes the bond level (BO) as the core, which calculates 129 

the BO from the distance between two atoms. BO judges the connectivity of atoms 130 

at the current moment, characterizes the breaking and formation of chemical bonds 131 

(Adri et al. 2001). Suppose the distance between two atoms at the current moment 132 

is rij, then the uncorrected bond level between the two atoms is shown in Eq. (1). 133 
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 (1) 134 

As in Eq. (1), BO'ij denotes a single bond, BOπ
ij denotes a double bond, BOππ

ij 135 

denotes a triple bond, Pbo denotes a bond parameter, r0
σ, r0π, r0ππ denotes atomic 136 

parameters. On this basis, the ReaxFF force field corrects the over-coordinated 137 

bond poles and obtains the corrected bond level BOij. BOij=0.3 is used as the 138 
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criterion of whether the product is generated. When BOij≥0.3, it is considered that 139 

the chemical bond is formed and the product generates, otherwise the chemical 140 

bond is broken. 141 

ReaxFF defines the interaction energy between atoms as a function of the bond 142 

level. The system potential function Esystem is the sum of the potential energy of 143 

each part of the molecule. The expression of the potential energy function is as 144 

follows: 145 

 system bond lp over under val pen

triple tors conj H bond vdWaals Coulamb

E E E E E E E

E E E E E E

      

    
 (2) 146 

As in Eq. (2), Ebond denotes the bond energy, Elp denotes the lone pair electron term, 147 

Eover and Eunder denote the over-coordination energy correction terms, Eval denotes 148 

the valence energy term, Epen denotes the penalty energy term, Etriple denotes the 149 

triple bond correction term, Etors denotes the torsion energy item, Econj denotes the 150 

conjugation item of the molecule, EH-bond denotes the hydrogen bonding item, 151 

EvdWaals denotes the non-bonded van der Waals force item, ECoulomb denotes the non-152 

bonded Coulomb force item. According to the potential energy of the system at the 153 

current moment, the ReaxFF force field can calculate the distance between the 154 

atoms at the next moment. It calculates the bond level to get the atom connection at 155 

the current moment, which judges the composition of the chemical bond. The 156 

molecular dynamics simulation of chemical reaction process is realized by cyclic 157 

iteration. 158 

ReaxFF- MD simulation details 159 

The basic component of insulating paper for oil-immersed transformers is 160 

cellulose, it is formed by D-glucose through β-1,4-glycosidic linkage (Gao et al. 161 

2019). The degree of polymerization of cellulose molecules is the number of 162 

glucose monomers, the degree of polymerization of the newly-running transformer 163 

insulation paper is between 1000 and 1200 (Wang et al. 2019). Mazeau et al (2003) 164 

conducted simulation experiments with cellulose chains of different lengths. It 165 

found that the cellulose chain models of different lengths behave basically the same 166 

in molecular conformation and physical and chemical properties. This paper aims 167 

to study the generation mechanism of formic acid during the high-temperature 168 

pyrolysis of insulating paper, rather than simulating the process of aging of 169 

insulating paper DP. To save calculation time and improve calculation efficiency, 170 
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this paper only constructed DP-2 cellulose molecular model. At the same time, the 171 

D-glucose monomer molecule can be used as a model to show the formation process 172 

of formic acid more intuitively. Fig. 1a shows the structural formula of cellulose 173 

molecular formed by connecting two D-glucose monomers. To facilitate 174 

subsequent analysis, the major atoms in the model are labeled by element 175 

categories. Fig. 1b shows molecular structure model of DP-2 cellulose molecule, 176 

the red atoms are O atoms, the gray atoms are C atoms, and the white atoms are H 177 

atoms. The two pyran rings in the cellulose molecule are connected by β-1,4-178 

glycosidic bond. The C atom 1 on the pyran ring is connected to the ether group, 179 

the C atoms at positions 2, 3, and 4 are connected to a secondary alcohol hydroxyl 180 

group. The C atom at position 6 is connected to the primary alcohol hydroxyl group.  181 

Molecular model construction 182 

In this paper, AMS software is used to simulate the reaction molecular dynamics 183 

of cellulose thermal degradation mechanism with reasonable geometric 184 

conformation under given conditions (Zhang et al. 2020). Firstly, this study built an 185 

amorphous cell model containing 50 cellulose molecules with a density of 186 

0.66g/cm3. The initial size of the model is 35*35*35Å, geometric structure 187 

optimization and energy optimization were carried out for the constructed initial 188 

model. The density of the model was adjusted under the isothermal isobaric 189 

ensemble condition. The simulated temperature was set at 0K, the time was set at 190 

5ps and the pressure was set at 500 MPa. Finally, the model density was adjusted 191 

to reach the actual cellulose density of 1.599/cm3 (Tang et al. 2019), the optimized 192 

model size is 26.4*25.3*26.6Å. Then the model used the NVT canonical ensemble 193 

to set a simulated temperature of 100K and a time of 20ps, the model was treated 194 

with energy minimization that made the system in a stable state. Fig. 1d shows the 195 

optimized model. 196 

The object of study in this paper is cellulose that only contains three elements of 197 

C, H and O, so CHO. ff field in ReaxFF field is selected (Chenoweth et al. 2008).  198 

Rensen et al (2000) proposed that the reaction kinetics method of temperature 199 

acceleration, which uses the transition state theory to accelerate the molecular 200 

transition by increasing the temperature, but it only allows the event of initial 201 

temperature to occur. Shi et al (2016) used the ReaxFF force field to study the 202 

generation of cellulose pyrolysis water molecules. It found that temperature 203 
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changes only affect the pyrolysis rate and the number of products, but the product 204 

generation path didn't change. High temperature can enhance the collision effect 205 

between molecules and ensure the whole simulation time within a reasonable range. 206 

Under the premise of keeping the model reasonable and improving the calculation 207 

efficiency, several times of pyrolysis simulation was conducted by setting the 0K-208 

3000K temperature rise process in order to optimize the temperature setting. 209 

Finally, the model pyrolysis temperatures were set between 1600K-2600K, the 210 

pyrolysis time was set to 100ps and each step is 0.2fs. The pyrolysis process was 211 

completed under the NVT canonical ensemble. In addition to the temperature, the 212 

pyrolysis parameters of each system should be the same to ensure the reliability of 213 

the simulation results. To analyze the cracked products, the current reaction state of 214 

the system is recorded every 10 fs. 215 

In the reaction process, electrostatic attraction makes the process of molecular 216 

interaction closely related to the electrostatic potential on the molecular surface. In 217 

this paper, the distribution of electrostatic potential (Lu et al. 2012) on the molecular 218 

van der Waals surface was analyzed to predict intermolecular reaction sites and 219 

intermolecular interactions. Fig. 1c shows the surface electrostatic potential 220 

distribution of cellulose molecule. In Fig. 1c, the darker blue area indicates the 221 

negative electrostatic potential, the darker red area indicates the positive 222 

electrostatic potential. The electrostatic potential value of the white area is near 0. 223 

Electrophilic reactions are prone to occur in areas with negative electrostatic 224 

potential. Nucleophilic reactions are prone to occur in areas with positive 225 

electrostatic potential. It can be seen from Fig.1c that the C-O bond site is in the 226 

blue region and is prone to nucleophilic reaction, while the red hydrogen atom site 227 

is prone to nucleophilic reaction. It can be seen that the C-O bond and H atom in 228 

the cellulose molecule show strong reactivity, so the C-O bond and H atom are the 229 

easiest to react during the pyrolysis of the cellulose molecule. 230 

Experimental method and process 231 

The reports on the research of carboxylic acid substances in oil-paper insulation 232 

are mostly to monitor the acid value of the insulation system during the aging 233 

process, and explore the influence of carboxylic acid substances on the degradation 234 

of oil-paper insulation (Cui et al. 2013; Ojha et al. 2017). There are few reports on  235 
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 236 
Fig. 1 a The main atoms of DP-2 cellulose molecule. b Molecular model of DP-2 cellulose 237 
molecule. c Electrostatic potential distribution on the surface of DP-2 cellulose molecule. d 238 
Amorphous unit cell optimized model.  239 
the qualitative detection of the types of carboxylic acids produced during the aging 240 

process of oil-paper insulation. To verify the generation of formic acid from aging 241 

of insulating paper, this study designed the aging experiment of oil-paper insulation 242 

that conduct qualitative detection of formic acid. The experimental process is 243 

shown in Figure 2. Different from the detection of alcohols in transformer oil paper 244 

insulation (Zhang et al. 2021), the qualitative study of low molecular weight 245 

carboxylic acids is mostly done by derivatization and gas chromatography-mass 246 

spectrometry combined technology. The BSTFA silanization reagent has the 247 

advantages of high derivatization rate and simple detection process when detecting 248 

low molecular weight molecule carboxylic acid substances (Šťávová et al. 2012). 249 

Therefore, this study chose BSTFA silanization derivatization method to detect 250 

formic acid. Firstly, insulating oil and insulating paper with a mass ratio of 10:1 251 

was dried in a drying oven for 48 hours. After drying, the insulating paper was put 252 

into insulating oil and insulation paper vacuumed immersion oil for 24 hours. Then 253 

the oil-paper insulation sample was placed in a 140°C aging box for accelerated 254 

thermal aging, the aging time was 5 days. The aging insulating paper was extracted 255 

by acetonitrile, then the extraction solution and BSTFA reagent with a volume ratio 256 

of 2:1 was placed a thermostat at 60°C for 60 minutes of silanization. Finally, the 257 

silanized samples were detected by a gas chromatography mass spectrometer. 258 
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 259 
Fig.2 Oil-paper insulation thermal aging experiment and silanization detection for formic acid 260 

Analysis of pyrolysis results 261 

To study the evolution of formic acid with time during the pyrolysis of cellulose, 262 

the amounts of formic acid were counted at different simulated temperatures. Fig. 263 

3 a-f shows the curve of the number of formic acid molecules changing with time 264 

under the pyrolysis conditions of 1600K-2600K. When the simulated temperature 265 

was different, the earliest time for formic acid molecules to appear in each system 266 

was different. The formic acid molecules started to appear after 40ps at 1600K, the 267 

number of formic acid molecules was less and the curve fluctuation was not 268 

obvious. When the simulated temperature was 1800K-2000K, formic acid 269 

molecules appeared around 10ps at the initial stage of pyrolysis. The amount of 270 

formic acid increased rapidly and presented a fluctuating upward trend. When the 271 

simulated temperature was 2200K-2600K, formic acid molecules appeared before 272 

10ps. The amount of formic acid fluctuated to the peak and then dropped slightly at 273 

the end. As the pyrolysis temperature increased, the rate of increase in the number 274 

of formic acid molecules increased. When the temperature continued to rise, the 275 

peak number of formic acid molecules basically no longer changed. The increase 276 

of pyrolysis temperature advanced the peak time of the number of formic acid 277 

molecules. After the number of formic acid molecules reached the maximum, the 278 

number of formic acid molecules decreased slightly. There were still plenty of 279 
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formic acid molecules in the later stage of pyrolysis, indicating that formic acid 280 

molecules have better stability. During the pyrolysis process, the number of formic 281 

acid molecules would fluctuate. This phenomenon was due to the formation of a 282 

large number of small molecular fragments during the high temperature pyrolysis 283 

of cellulose molecules. The high-speed movement of molecules in the high 284 

temperature thermal field increased the frequency of intermolecular collisions, 285 

which resulted in secondary reactions between small molecules and formic acid. At 286 

the same time, formic acid may undergo an esterification reaction with the hydroxyl 287 

group on the cellulose molecule (Ese et al. 2014). Therefore, formic acid 288 

occasionally disappeared and regenerated. After analyzing the pathways, it was 289 

found that the generation pathways of formic acid molecules at different 290 

temperatures was the same. The temperature conditions of 1800K-2200K were 291 

taken as examples to analyze the formation process of formic acid molecules. 292 

Generation pathways of formic acid molecules 293 

The bond breaking process in chemical reactions is closely related to the bond 294 

energy of chemical bonds. The bond energy can be used to analyze the pyrolysis 295 

process of cellulose. Table 1 lists the bond energies involved in the main chemical 296 

bonds in the model (Zhang et al. 2020). The formation pathways of formic acid 297 

molecules were analyzed by observing the fracture and formation of molecular 298 

bonds of reactants in different pyrolysis states. According to the different types of 299 

bond energies in Table 1, it can be seen that the C-O bond in the cellulose molecule 300 

is most likely to be broken. The simulation results in this paper are consistent with 301 

this conclusion (Wang et al. 2017). For the convenience of analysis, the pyrolysis 302 

images are partially enlarged for broken bonds and bonding sites. The reacted 303 

molecular groups were marked, it marked the breakage and formation of chemical 304 

bonds with dashed lines. 305 

The activity of O atoms at different positions of cellulose molecules varies 306 

greatly. The O5（O'5）atom at the ether group and C1（C'1）are more likely to 307 

form carbonyl, while O atoms at secondary alcohols (C2, C3 and C4) and O atoms 308 

at primary alcohol C6 are more difficult to dehydrogenate to form carbonyl. This 309 

paper analyzed the pyrolysis of cellulosic insulating paper at different temperatures.  310 
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 311 
Fig. 3 Change curves of the number of formic acid molecules with pyrolysis time at 1600K-312 
2600K  313 

Table 1 Bond energy values of related chemical bonds 314 
Bond type Bond energy(kJ/mol) 

C-O 326 
C-C  332 
C-H  414 

O-H  464 

  315 
The molecular generation pathways of formic acid can be divided into three 316 

categories. The three pathways of generating formic acid molecules are as follows: 317 
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1) The first pathway is that the ether group O5 (O'5) atom and the connected C1 318 

(C'1) atom formed a carbonyl group to generate formic acid molecule. In the case 319 

of 1800 K, the formation process of the formic acid molecule was traced through 320 

the element tracer method. At 7.88ps, the O'5 and C'1 formed a carbonyl group after 321 

the ether group O'5-C'5 broke, as shown in Fig. 4a. At 8.09ps, the formic acid 322 

molecule was generated after the bond C'1-C'2 broke. At 29.26ps, the O5 and C1 323 

formed a carbonyl group after the ether group O5-C5 broke, as shown in Fig. 4c. At 324 

30.16ps, the bond C1-C2 broke, as shown in Fig. 4d. At 30.63ps, the bond O6-C'4 325 

broke, as shown in Fig. 4e. At 35.1ps, the formic acid molecule was generated after 326 

the O atom grabbed H atom on the nearby group to form a hydroxyl group. Fig.5 327 

shows the reaction formula of formic acid formation pathway 1. The key group 328 

carbonyl formed during the reaction that was marked with a dotted line. Statistics 329 

on the source of formic acid molecule generation under 1600K-2600K temperature 330 

conditions show that the generation of formic acid molecule mainly comes from 331 

this pathway. According to the analysis of molecular electrostatic potential and the 332 

comparison of molecular chemical bond energy, the bond C-O is most likely to 333 

break. Therefore, this pathway accounts for the highest proportion in the generation 334 

sources of formic acid molecules. 335 

2) The second pathway is that formic acid molecule is generated after the primary 336 

alcohol hydroxyl group dehydrogenates to form carbonyl group. It is found that the 337 

pathway is to generate formaldehyde molecules firstly, then formic acid molecule 338 

is generated through a second reaction. In the case of 2000 K, the formation process 339 

of the formic acid molecule was traced through the element tracer method. Fig. 6a 340 

showed the structure of the primary alcohol hydroxyl group connected to C6 at 0ps. 341 

At 29.75ps, the bond C6-C5 broke to form free radicals, as shown in Fig. 6b. At 342 

30.42ps, formaldehyde molecule was generated after hydroxyl in the radical group 343 

dehydrogenated to form a carbonyl group, as shown in Fig. 6c. At 39.17ps, the C6 344 

atom in the center of the formaldehyde molecule occurred dehydrogenation reaction, 345 

as shown in Fig. 6d. At 54.28ps, the C6 atom gained hydroxyl group, as shown in 346 

Fig. 6e. At 54.32ps, formic acid molecule was generated, as shown in Fig. 6f. Fig.7 347 

shows the reaction formula of formic acid generation pathway 2. The key group 348 

carbonyl formed during the reaction that is marked with a dotted line. According to 349 

the oxidation reduction reaction, it can be known that formaldehyde is further 350 

oxidized to generate formic acid (Tojo et al. 2007). Statistics found that the number 351 



13 

 352 
Fig. 4 Microscopic formation process of formic acid molecules. The picture reveals the 353 
generation pathway 1 of formic acid molecule during the pyrolysis of cellulose molecules 354 

 355 
Fig. 5 Reaction formula of formic acid generation pathway 1. The pathway shows the breakage 356 
and formation of related chemical bonds 357 
of formic acid molecules generated in this pathway was small. According to the 358 

analysis of molecular electrostatic potential and the comparison of molecular 359 

chemical bond energy, it can be known that this pathway required more energy to 360 

generate formic acid molecules than the first pathway. 361 

3) The third pathway is that formic acid molecule is generated after the secondary 362 

alcohol hydroxyl group dehydrogenates to form carbonyl group. In the case of 363 

2200 K, the generation process of the formic acid molecule was traced through the 364 
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 365 
Fig 6 Microscopic formation process of formic acid molecules. The picture reveals the 366 
generation pathway 2 of formic acid molecule during the pyrolysis of cellulose molecules 367 

 368 
Fig.7 Reaction formula of formic acid generation pathway 2. The pathway shows the breakage 369 
and formation of related chemical bonds 370 
element tracer method. The pathway to form formic acid molecules is shown in 371 

Fig. 8. Fig. 8a showed the structure of the secondary alcohol hydroxyl group 372 

connected to C4 at 0ps. At 17.6ps, the bond C3-C4 broke, as shown in Fig. 8b. At 373 

41.06ps, the hydroxyl group attached to C4 dehydrogenated to form carbonyl group, 374 

as shown in Fig. 8c. At 42.58ps, the bond C4-C5 broke, as shown in Fig. 8d. At 375 

47.8ps, C4 atom gained O atom to form C-O bonds, as shown in Fig. 8e. At 47.8ps, 376 

O atom deprived H to form formic acid molecule, as shown in Fig. 8f. Fig.9 shows 377 

the reaction formula of formic acid formation pathway 3. The key group carbonyl 378 

formed during the reaction that is marked with a dotted line. Statistics found that 379 

the number of formic acid molecules generated in this pathway was least. 380 

According to the structure of the cellulose molecular formula, the C atom connected 381 

to the secondary alcohol hydroxyl group contains two C-C bonds. According to the 382 
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 383 
Fig.8 Microscopic formation process of formic acid molecules. The picture reveals the 384 
generation pathway 3 of formic acid molecule during the pyrolysis of cellulose molecules 385 

 386 
Fig. 9 Reaction formula of formic acid generation pathway 3. The pathway shows the breakage 387 
and formation of related chemical bonds 388 
analysis of molecular electrostatic potential and the comparison of molecular 389 

chemical bond energy, it is known that this pathway is the most difficult to generate 390 

formic acid molecules. 391 

Kinetic analysis of molecular model pyrolysis 392 

The use of reactant consumption rate is to study pyrolysis kinetics that has been 393 

extensively studied (Chen et al. 2011; Ding et al. 2013). The molecular dynamics 394 

model assumes that the reactants have been completely pyrolyzed in these studies. 395 

To verify the reliability of the pyrolysis simulation, this paper studied the pyrolysis 396 

kinetics of cellulose molecule at 2200k-2600k. 397 

 0ln lntN N kt   (3)  398 
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T

    (4)  399 

Under the premise of ensuring accuracy, to quickly calculate the rate constant, 400 

the number of cellulose molecules was used instead of the concentration of the 401 

reactant. The linear fit between the number of molecules Nt and the simulation time 402 

t are shown in (3). The symbol N0 represents the number of initial cellulose 403 

molecules, its value is 50. To calculate the rate constant k at a constant temperature 404 

T, the natural logarithm of the rate constant k and the reciprocal of the constant 405 

temperature were linearly fitted with 1/T firstly. As shown in formula (4), the 406 

activation energy Ea and the pre-exponential factor A were calculated through the 407 

Arrhenius expression. In formula (4), R is the molar gas constant, its value is about 408 

8.3144J/(molꞏK). Relevant data from the simulation study were used to calculate 409 

the rate constant k for many times through formula (3), then the Arrhenius formula 410 

(3) was used to linearly fit lnk and 1/T. As shown in Fig.10, the slope of the fit was 411 

-16.9849×103Kꞏs-1and the y-intercept was 31.5903s-1. Finally, the calculated 412 

activation energy Ea was 135.3802kJꞏmol-1 and the pre-exponential factor A was 413 

3.8508×1013s-1. The calculated results are in line with the range of activation energy 414 

and pre-exponential factors summarized by many scholars on the kinetics of 415 

cellulose pyrolysis (Lin et al. 2009; Paajanen et al. 2017). The calculated results 416 

show that the pyrolysis results are all within the range of the above experimental 417 

results, verifies the reliability of the simulation research in this paper. Therefore, 418 

the simulation temperature is higher than the experimental temperature, which does 419 

not affect the simulation results. Meanwhile it shows the accuracy of using reactive 420 

molecular dynamics to study the aging of cellulosic insulating paper. 421 

 422 
Fig.10 Fitted napierian logarithm of the rate constant k versus inverse temperature T obtained 423 
from the pyrolysis of DP-2 cellulose molecules at 2200K-2600K 424 
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Analysis of experimental result 425 

It was detected by gas chromatography mass spectrometer that the aged cellulosic 426 

insulating paper generated formic acid molecules, which verified the accuracy of 427 

the simulation results. Meanwhile it shows the reliability of the BSTFA silanization 428 

derivatization method in detecting formic acid molecules. The silylation reaction 429 

between the silylation reagent BSTFA and formic acid is that the methylsilyl group 430 

in BSTFA replaces the carboxyl hydrogen in formic acid, which generates formic 431 

acid TMS derivative (Bugelytė et al. 2019). The reaction formula is shown in 432 

Fig. 11. Fig.12 shows the detection results of the formic acid derivative by gas 433 

chromatography mass spectrometer. Fig. 12 a denotes the mass spectrum of the 434 

target component. Fig. 12b denotes the mass spectrum in the National Institute of 435 

Standards and Technology database. The obtained mass spectrum is compared with 436 

the database, it further confirms that the target component is a formic acid 437 

derivative. Fig. 12c shows the chromatogram of formic acid derivative, which 438 

shows the retention time of the chromatographic peak of formic acid derivative. 439 

 440 

 441 
Fig. 11 Reaction formula of BSTFA and formic acid generating the formic acid TMS 442 
derivatives 443 
 444 

 445 

 446 
447 

 448 
 449 

(a)

(b)
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 450 

 451 
Fig. 12 Results of detection of formic acid derivatives by gas chromatography mass 452 
spectrometer 453 

Conclusion 454 

This paper used ReaxFF-MD simulation and accelerated aging experiments to 455 

study the pyrolysis of insulating paper. ReaxFF-MD was used to observe the 456 

formation and breaking of chemical bonds at the atomic level, which analyzed the 457 

generation pathways of formic acid at different temperatures. The kinetic model 458 

was used to describe the pyrolysis process of cellulosic insulating paper. The 459 

calculated activation energy Ea is 135.3802kJꞏmol-1 and the pre-exponential 460 

factor A is 3.8508×1013s-1. The results are in line with the existing experimental 461 

data and Arrhenius’s law, which verifies the accuracy of ReaxFF-MD simulation at 462 

the atomic level to study the pyrolysis of cellulosic insulating paper. 463 

This paper analyzed the pyrolysis of cellulose molecules to generate formic acid 464 

molecules at 1600K-2600K. It showed that formic acid molecules were the main 465 

product of cellulose pyrolysis. As the pyrolysis temperature rised, the rate of rise in 466 

the number of formic acid molecules increased. When the pyrolysis temperature 467 

rised, the peak time of the number of formic acid molecules would be advanced. 468 

The number of formic acid molecules decreased slightly after its number reached 469 

the maximum. The number of formic acid molecules would fluctuate during the 470 

pyrolysis process. Through the analysis of the generation pathways of formic acid 471 

molecules, it was found that the generation of formic acid can be divided into three 472 

pathways. The first pathway is that the ether group oxygen atom O5(O'5) and C1(C'1) 473 

form carbonyl group to generate formic acid molecule. In this pathway, formic acid 474 

is directly generated through molecular bond breaking. The second pathway is that 475 

formic acid molecule is generated after the primary alcohol hydroxyl group 476 

dehydrogenates to form carbonyl group. In this pathway, formic acid is generated 477 

through secondary reaction. The reaction generates formaldehyde molecule that 478 

dehydrogenates and grabs hydroxyl group to generate formic acid molecule. The 479 

third pathway is that formic acid molecule is generated after the secondary alcohol 480 

(c)
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hydroxyl group dehydrogenates to form carbonyl group. After the hydroxyl group 481 

dehydrogenates to form a carbonyl group, the C-C bond is broken, and formic acid 482 

molecule is generated after the capture of hydroxyl group reaction occurs. 483 

According to statistics, it is found that the generation of formic acid molecules 484 

mainly comes from the first pathway. When the pyrolysis temperature and pyrolysis 485 

time increase, the generation of formic acid molecules appears in the latter two 486 

pathways. The latter two pathways generate a smaller number of formic acid 487 

molecules. 488 

Though analysis of simulation results, it was found that formic acid appeared in 489 

the early stage of pyrolysis and stably existed in the later stage of pyrolysis. In the 490 

later stage of aging, the formic acid generated by the pyrolysis of cellulosic 491 

insulating paper continued to increase, it would diffuse into the insulating oil. This 492 

paper designed oil-paper insulation accelerated thermal aging experiments, the 493 

samples were silanized with BSTFA reagent. Finally, it was detected by gas 494 

chromatography mass spectrometer that a large amount of formic acid was 495 

generated due to the aging of cellulosic insulating paper. It further verified the 496 

feasibility of formic acid as an assessment of the aging state of cellulosic insulating 497 

paper. This also showed the reliability of BSTFA silanization derivatization method 498 

in detecting formic acid in oil paper insulation. 499 
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Figures

Figure 1

a The main atoms of DP-2 cellulose molecule. b Molecular model of DP-2 cellulose molecule. c
Electrostatic potential distribution on the surface of DP-2 cellulose molecule. d Amorphous unit cell
optimized model.



Figure 2

Oil-paper insulation thermal aging experiment and silanization detection for formic acid



Figure 3

Change curves of the number of formic acid molecules with pyrolysis time at 1600K- 2600K



Figure 4

Microscopic formation process of formic acid molecules. The picture reveals the generation pathway 1 of
formic acid molecule during the pyrolysis of cellulose molecules



Figure 5

Reaction formula of formic acid generation pathway 1. The pathway shows the breakage and formation
of related chemical bonds



Figure 6

Microscopic formation process of formic acid molecules. The picture reveals the generation pathway 2 of
formic acid molecule during the pyrolysis of cellulose molecules

Figure 7

Reaction formula of formic acid generation pathway 2. The pathway shows the breakage and formation
of related chemical bonds



Figure 8

Microscopic formation process of formic acid molecules. The picture reveals the generation pathway 3 of
formic acid molecule during the pyrolysis of cellulose molecules

Figure 9



Reaction formula of formic acid generation pathway 3. The pathway shows the breakage and formation
of related chemical bonds

Figure 10

Fitted napierian logarithm of the rate constant k versus inverse temperature T obtained from the pyrolysis
of DP-2 cellulose molecules at 2200K-2600K

Figure 11

Reaction formula of BSTFA and formic acid generating the formic acid TMS derivatives



Figure 12

Results of detection of formic acid derivatives by gas chromatography mass spectrometer
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