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Mechanistic investigation of CO generation by
pyrolysis of furan and its main derivativesy

A large amount of furan and its derivatives are contained in the biomass pyrolysis products, which mainly
lead to the formation of combustible CO with an increase in the pyrolysis temperature; in this study, to

illuminate the reaction mechanisms involved in the evolution of CO during the pyrolysis of furan and its

main derivatives, quantum chemical theory has been adopted with the GGA-RPBE method, and nine

possible reaction pathways have been investigated for the pyrolysis of furan, furfural (FF), furfuryl alcohol
(FA) and 5-hydroxymethylfurfural (5-HMF) to generate CO. According to the calculation results, the
optimal path for the pyrolysis of furan and its main derivatives to generate CO is as follows: at first, a ring

opening reaction of furan occurs to form an aldehyde group, and then, decarbonylation occurs to form
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CO. Furthermore, the side chain functional groups on the furan ring can promote the ring opening

reaction of the furan ring. In addition, the reaction energy barriers of the rate-determining step for the
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1. Introduction

Due to the growing need to reduce the excessive consumption
of fossil energy and the increasing pressure for environmental
protection, clean and renewable biomass energy has attracted
significant attention. Cellulose is one of the most abundant
polymers in nature, accounting for about 50% of biomass,
and widely used as a typical biomass for various raw materials
to study the distribution of products and the generation of
typical products under different reaction conditions.'”* Furan
and its derivatives are the main products of cellulose pyrol-
ysis. Wang et al.' have studied the pyrolysis products of
cellulose using pyrolysis-gas chromatography-mass spec-
trometry (Py-GC-MS) and found that the proportion of furan
and its derivatives in the total product is about 35%, higher
than that of small molecular products (SMW) and pyran
compounds. Furan and its derivatives mainly include furan,
furfural (FF), 5-hydroxymethylfurfural (5-HMF), 2-methyl-
furan (2-MF), 2,5-dimethylfuran (DMF), furfuryl alcohol (FA),
etc. Among them, furan can be used in the synthesis of alka-
loids, whereas furfural is mainly used for the preparation of
many drugs and industrial products. 2-Methyl furan is an
important organic synthesis intermediate in the pharmaceu-
tical industry, and the physical and chemical properties of 2,5-
dimethylfuran are very close to those of gasoline.* Therefore,
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pyrolysis of furan, furfural, furfuryl alcohol and 5-hydroxymethylfurfural (5-HMF) to form CO have been
determined as 343 kJ mol™, 330 kJ mol™, 317 kJ mol~! and 363 kJ mol~?, respectively.

the pyrolysis of widely available biomass to produce furan and
its derivatives is quite promising,®>” and thus, the exploration
of the mechanism of biomass pyrolysis is of significant
interest to gain a more in-depth understanding of the
formation of furan and its derivatives; furthermore, as one of
the main products of biomass pyrolysis,**° CO is a relatively
clean fuel, and its pyrolysis mechanism has been mainly
focused in this research to more deeply understand the
decarbonylation of furan and its main derivatives to form CO
during biomass pyrolysis.

To date, the pyrolysis of furan has been extensively studied
experimentally and theoretically. Lifshitz et al.** studied the
pyrolysis of furan molecules via shock tube experiments and
proposed two possible monomolecular reaction pathways for
the thermal decomposition of furan: (1) CH;C=CH + CO and
(2) HC=CH + H,C=C=0. The main decomposition products
identified are methyl acetylene (C;H,), carbon monoxide (CO)
and acetylene (HC=CH). These results are in agreement with
the experimental results of furan pyrolysis carried out after-
wards in a shock tube by Fulle et al.*® On the basis of the
experimental results, Sendt et al."® conducted ab initio calcu-
lations at the CASSCF, CASPT2 and G2-(MP2) levels of theory
to calculate the two possible monomolecular reaction path-
ways and obtained many thermochemical and rate parame-
ters for the key reactions. The calculations show that two
parallel processes are caused by the following process: 1,2-H
transfer leads to the formation of cyclic carbene intermediates
and the carbene intermediates are subsequently decomposed
into CO + propyne and C,H, + ketene (as the primary and
secondary pathways, respectively), which are the main
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pathways of furan decomposition. In this case, the energy
barrier of the direct ring opening of furan to form CO and
propyne was 426 k] mol™', and the energy barrier of CO
formation by the rupture of the P-carbene structure was
288 kJ mol . In 2009, Vasiliou et al.** studied the thermal
decomposition of furan in a tubular silicon carbide reactor
and detected free radicals and other substances generated
during the reaction process using more advanced techniques
such as vacuum ultraviolet photoionization mass spectrom-
etry (PIMS) and matrix isolation infrared spectrometry (IR);
moreover, the initial reaction products of furan pyrolysis were
determined; the results compensated for the lack of free
radical detection in the early experiments and verified Sendt's
theoretical calculation (results obtained from the G2(MP2)
calculations) conducted 9 years ago. Tranter'® experimentally
studied the dissociation of 2-methylfuran at high tempera-
tures using laser schlieren densitometry and theoretically
identified many reaction pathways, most of which were initi-
ated by the formation of a carbene.

Based on the experimental and theoretical studies on
furan, some researchers have carried out further research on
furan compounds. Ma et al.*® studied the process of furfuryl
alcohol ring-opening and conversion to 1,2-pentanediol via
platinum catalysis and verified the calculated results of the
density functional theory by the isotopic tracer method. The
results show that water molecules can obviously promote the
ring opening of furfuryl alcohol. Somers et al.’” performed the
calculations for the pyrolysis of 2-methylfuran via the
quantum chemical method (CBS-QB3, CBS-APNO and G3).
The results showed that the monomolecular decomposition of
2-methylfuran was carried out through the transfer reaction of
hydrogen atoms to form a monolinear carbene intermediate.
Then, the ring of the monolinear carbene intermediate
opened to form a stable non-cyclic CsHsO isomer, which
further decomposed into a C1-C4 compound. In addition, the
dynamic mechanism of simulation obtained by the scholars is
in good agreement with the experimental results obtained
using a shock tube in the literature. Charoenwiangnuea et al.*®
studied the adsorption and decarbonylation of furfural on
a H-ZSM-5 molecular sieve by density functional theory (M06-
2X/6-31G (d,p)). Fellah* theoretically studied the process of
direct decarbonylation of furfural to furan via surface catal-
ysis using platinum-graphene. The main catalysis mecha-
nism proposed includes six steps: furfural adsorption, H
dissociation from the adsorbed furfural, dissociation of the
carbon monoxide molecule from the adsorbed complex (or
decarbonylation), furan formation, furan desorption, and CO
desorption. Here, furfural decarbonylation is the rate-
determining step for furan formation. The global activation
potential barrier of the catalytic system obtained by the
correction of zero energy and thermal energy is 82 k] mol ™.
Huiyan Zhang et al.*® investigated the pyrolysis of furan and
its main derivatives (furan, 2-methyl furan, furfural, and
furfural) at 1100 °C via Py-GC/MS. The results show that
different side chain functional groups on the furan ring lead
to different kinds of products and product distributions.
Moreover, two possible mechanisms of benzene formation by
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polymerization after furan pyrolysis were proposed and
calculated using B3LYP/6-31G++ (d,p), which were the Diels-
Alder reaction mechanism and the acetylene reaction
mechanism.

Furan and its derivatives have a higher proportion in the
pyrolysis stage (450-700 °C) of cellulose;' however, when the
pyrolysis temperature is increased to 700-800 °C, the propor-
tion of furan and its derivatives sharply decreases, whereas the
CO yield markedly increases.** Accordingly, it can be inferred
that furan and its derivative products produce combustible CO
gas during pyrolysis, and Vasiliou's high temperature pyrolysis
experiment on furan' and Fanchiang's catalytic fast pyrolysis
experiment on furfural® have confirmed this implication. In
this study, four types of reactants were chosen, and the calcu-
lation results of furan were consistent with the experimental
results reported by Vasiliou et al' However, the theoretical
calculation results for the other three furan derivatives have not
been experimentally verified, and there is a lack of corre-
sponding theoretical studies in the literature.

To theoretically clarify the mechanism of CO formation,
furan, furfural, furfuryl alcohol and 5-hydroxymethylfurfural
were selected as reactants. Their decarbonylation process was
quantified using density functional theory with the GGA-RPBE
method. In addition, the effects of side chain groups on the
pyrolysis ring opening reaction of furan rings were investigated
by kinetic analysis.

2. Computational details

2.1. Calculation parameters

Density functional theory was adopted in this study, which was
included in the DMol3 module of the Materials Studio 2017R2
software (Accelrys, USA). The atoms were treated with the all-
electron basis sets,” and the valence electron function was used
to describe the valence orbits of the O, C and H atoms by the
double numerical polarization (DNP) basis set. The nonlocal
exchange energies and correlation energies of the reactants,
products and transition states were calculated by the revised Per-
dew-Burke-Ernzerhof (RPBE) functional*** of the generalized
gradient approximation (GGA).>* The threshold values of the
convergence criteria for energy, force and displacement were set as
1 x 10" hartree (Ha), 0.002 Ha A~*, and 0.005 A, respectively. The
overall self-consistent-field (SCF) tolerance, integral accuracy
standard, and orbit truncation quality standard were set at
medium accuracy. The multilevel extension was set to hexadeca-
pole. A Fermi smearing of 0.005 Ha was used to improve the
calculation performance.

2.2. Transient state calculation

The geometrical structures of all the stationary point structures
were fully optimized at the abovementioned levels through an
iterative process, in which the coordinates of atoms were
adjusted to reach the stationary points of energy in the struc-
tures. The as-optimized structures were then used for the calcu-
lation of the reactants or products. However, the transition state
is defined as a stationary point with highest energy in the
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reaction coordinate direction, but lowest energy in other direc-
tions. This maximum energy involved is called the activation
energy, and the structure corresponding to this energy is called
the transition state, which is investigated using the linear
synchronous transmission and quadratic synchronous trans-
mission (LST/QST)* and further confirmed by the Nudged-Elastic
Band (NEB) algorithm.*® For a specific reaction, the minimum
energy path (MEP) may be complex and may contain multiple
local minimum values. The highest saddle point in the path
should be significantly noted as the overall reaction rate depends
on the height of the barrier. The NEB algorithm takes the tran-
sition state found by LST/QST as the starting point, further
searches for the possible lowest point in the direction of the
reactants and products, and then determines the intrinsic reac-
tion coordinate (IRC); this IRC can be used to check whether the
transition state is an instantaneous structure connecting the
reactants and products and whether there are other structures
available with minimum energy in the reaction path.

2.3. Verification of the reliability of the established quantum
calculation methodology

In this study, the bond dissociation energies (BDE) of the C-O
bond and the C-C bond of a series of related model compounds
were calculated and then compared with the experimental
results to verify the correctness of the selected method. It can be
seen that from Table 1 that the calculated values are very close
to the experimental values.*

In addition, the bond length parameters in the geometric
structures of furan and furfural calculated in this study were
compared with the results reported in literature, as shown in
Table 2. It can be seen from Table 2 that the relative differences
between the structural parameters obtained by calculation in this
study and those reported in the literature are within the errors
limits of around 1%, and the differences are insignificant.
Therefore, based on the comparisons presented in Tables 1 and
2, the calculation methodology selected in this study is reliable
for both the geometric optimization and the energy calculation.

Tablel Comparison of the calculated values and experimental values
of BDE for the carbon-carbon bond

Species Eca/K] mol™* Eexp/KJ mol ™"
0
388 384.9 + 8.4
113c-§—c—011
372 379.9 + 6.3
C:HS—S—C—OH
‘7{(:11,
419 426.8 + 4.2
O.
‘J{C'Hj
‘\ / 299 313.8 + 8.4
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Table 2 Bond lengths of furan and furfural (A)
Relative
Structure Bond Length Ref. 13 and 30 error (%)
Furan C1-C2 1.369 1.356 0.96
C2-C3 1.439 1.440 0.07
C3-C4 1.369 1.356 0.96
C4-05 1.378 1.378 0.00
05-C1 1.378 1.378 0.00
Furfural C1-C2 1.377 1.374 0.22
C2-C3 1.426 1.419 0.49
C3-C4 1.383 1.380 0.22
C4-05 1.392 1.386 0.43
05-C1 1.365 1.357 0.59
C4-Co6 1.460 1.451 0.62
C6-07 1.231 1.231 0.00

3. Results and discussions

3.1. Structural parameter analysis of furan and its main
derivatives

To study the reaction mechanism of CO gas generation through
pyrolysis of furan and its main derivatives, the following studies
have been carried out. At first, geometric optimization and
frequency analysis were carried out for all the reactants, prod-
ucts and intermediates involved in the reaction to determine
the space configuration corresponding to the lowest energy
point (Fig. S1 and Table S27). The population numbers of all the
reactants and some intermediate products were analysed, and
the bonding strength was determined according to the pop-
ulation number. Then, the elementary reaction was con-
structed, and the reactants and products were atom-paired with
each other. After this, a linear synchronous transform and
a quadratic synchronous transform were used to search the
transition state structures, and the frequency analysis of the
transition states obtained by the search showed that the tran-
sition states were correct when only one imaginary frequency
appeared in the infrared spectrum. Finally, the transition states
were confirmed by the nudged elastic band (NEB) method. The
imaginary frequency of each transition state is shown in
Table 3.

The population numbers® were obtained through calcula-
tion of the distribution of electron charges among atoms of

Table 3 Transition state frequency

Transition Transition

state Frequency state Frequency
TS1 —586.46 TS2 —252.58
TS3 —1045.63 TS4 —320.36
TS51 —377.95 TS6 —671.52
TS7 —1377.75 TS8 —1550.43
TS9 —484.29 TS10 —1407.91
TS11 —625.41 TS12 —1379.29
TS13 —716.5 TS14 —1401.50
TS15 —1570.91 TS16 —611.66
TS17 —1378.94
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each component. The electron charge distribution in the atom,
atomic orbit, and the positions between two atoms can be ob-
tained by the population analysis, which are called atomic
population, orbit population, and bond population, respec-
tively. In this study, the Mayer population analysis was adopted
to calculate the bond such that to judge the strength of
bonding. The structural information and calculation results of
furan and its main derivatives are shown in Fig. 1.

It can be seen that the population numbers of C1-O5 and
C4-05 are very small in the furan carbon skeleton; thus, bond
breaking and ring opening are most likely at these two places.
Overall, the population number of C-H bonds is smallest,
through which the following conclusions can be drawn: (1) H
atoms are more likely to break away in the reaction, and
different transfer positions result in different reaction paths.
For example, as for Path 1-3, the ring-opening positions are
between C4 and O5. However, when H8 is transferred to C4, the
corresponding path is Path 1; when H6 is transferred to C4, the
corresponding path is Path 2; and when H8 is transferred to C2,
the corresponding path is Path 3. (2) The H transfer process is
easier than the ring-opening process; thus, the H transfer
process may occur earlier than the ring-opening process. This
can be verified from the points mentioned in other studies.**
That is, the pyrolysis of furan first forms an a-carbene structure
or a B-carbene structure, flowing which the ring opens; or H in
the carbene structures break away first to form the free radical
structures, and then, the rings open. According to the pop-
ulation numbers of the three possible intermediates IM1, IM2,
and IM3 generated after the R1 ring opening, the population
numbers between O5 and C1 are on average larger than those
between C1 and C2. The results show that carbon and oxygen
form double bonds after ring opening, and the increased bond
strength is very likely to result in decarbonylation reactions to
generate CO in the subsequent reactions.

To study the effect of the side chain functional group on the
furan ring structures, the population numbers of furfural, fur-
furyl alcohol and 5-hydroxymethylfurfural were calculated.
Compared with the case of furfural, it can be found that the
population number of the furan ring changes obviously when
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Fig.1 Geometric optimization results and population analysis data for
the reactants and intermediates.
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an aldehyde group is added to the C4 position. Compared with
the original furan ring, the population number of C1-O5
increases by 0.045 and that of C4-O5 decreases by 0.062 when
the side chain aldehyde is added; this shows that the existence
of the side chain makes the C-O bond connected to C become
weak and easy to open. Furthermore, on the basis of furfural, by
continuing to add a hydroxymethyl side chain at the C1 posi-
tion, the population number of the C-O bonds in the furan ring
becomes smaller. Moreover, the C4-O5 bond population
attached to the aldehyde group continues to become smaller
from the original 1.013 to 1.002. Therefore, the more the side
chain functional groups in the furan ring, the more easily the
ring opening reaction occurs.

3.2. Furan pyrolysis

Based on the research reported by Erdmann et al.,** using the
new modified function, three possible paths for furan pyrolysis
via ring opening to generate CO were calculated and are pre-
sented in Fig. 2. Furthermore, according to the abovementioned
pyrolysis path of furan and the population numbers of these
reactants, the pyrolysis paths of furfural, furfuryl alcohol and 5-
hydroxymethylfurfural to generate CO are presented in the
Paths 4-9, which have been be analysed in more detail
hereinafter.

As shown in Fig. 2a, among the three possible paths of furan
pyrolysis, Path 1 shows that the bond of C5-04 breaks first, and
then, H8 moves to the C4 position to generate IM1 with
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a cumulated diene structure. Since IM1 has a cis-structure, the
energy of IM2 with a trans-structure is lower; as shown in the
calculation results, the energy of the cis-structure is higher than
that of the trans-structure by 12 k] mol ™', and the energy barrier
is 29 k] mol™. Since the cumulated diene structure in IM2 is
unstable, it can be easily converted to alkynes at high temper-
atures. Therefore, when the aldehyde decarbonization reaction
occurs in IM2, the generation of alkynes and the transfer of H6
to C4 also occur. As shown in Path 2, the C5-04 bond breaks
first; then, H6 transfers to the C4 position, and finally, the C1-
C2 bond breaks to generate CO and propyne. As shown in Path
3, the C5-04 bond breaks first, and then, H§ moves to the C2
position to generate the intermediate IM4; after this, C1-C2 in
IM4 breaks to generate CO and propyne.

Via comparing the energy barriers of all the elementary
reactions in the three steps, as shown in Fig. 2b, it can be seen
that the rate-determining step in the three reaction paths is the
ring-opening reaction of furan, and the energy barriers are
343 kJ mol™ ", 384 k] mol ", and 398 kJ mol ", respectively.
Moreover, in the final step of CO generation by decarbonylation,
the energy barrier of Path 1 is 179 kJ mol *, which is much
lower than 396 k] mol " in Path 2 and 282 kJ mol " in Path 3.
Therefore, Path 1 is the most competitive path among the
abovementioned three reaction paths.
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Fig.3 (a) Reaction path of furfural pyrolysis and (b) its potential energy
profiles.
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3.3. Furfural pyrolysis

There are three possible pathways for the thermal decarbon-
ylation of furfural, corresponding to Path 4 to 6, as shown in
Fig. 3. Among these pathways, Path 4 shows the process of
removal of the side chain aldehyde within furfural directly, that
is, C4-C6 breaks, and H11 moves to the C4 position. The energy
barrier for this step is 360 k] mol~". As shown in Path 5, C1-05
breaks, and H9 moves to C8 to generate the intermediate IM5.
This consists of two carbonyls and a cumulated diene, which is
then decarbonized in the aldehyde at the right end of the
structure to generate CO + IM1. The rate-determining step of the
reaction is a ring-opening reaction, and the energy barrier of
this step is 361 k] mol . The break key of path 6 occurs at the
C4-05 bond position where the furan ring is connected to the
side chain. After this, H10 is transferred from C3 to C4. This
conclusion is the same as that proposed by Weiming Wan
et al.,*> who studied the open-loop reaction of furfural under the
action of a catalyst. The rate-determining step of this path is
also the ring-opening reaction with an energy barrier of
330 kJ mol . Combined with the bond population number of
furfural, it can be seen that when the ring is broken to open at
C1-0O5 where the bond is the strongest, the corresponding
reaction barrier is largest; when the bond is broken to open at
the weakest C4-05 position, the energy barrier of the reaction is
lowest. The results show that the side chain functional groups
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Fig. 4 (a) Reaction path of FF and 5-HMF pyrolysis and (b) their
potential energy profiles.
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have great influence on the thermal decarbonylation of the
furan rings; this makes the generation of CO complicated
during the whole reaction. Therefore, the generation of CO by
Path 4 is also competitive in terms of the reaction steps; this can
be supported by the experimental results obtained by Fan-
chiang et al.** That is, the proportion of furan and CO in the
product of the furfural pyrolysis at 500 °C accounts for 19.5%
and 25.1%, respectively. The results indicate that furfural is
directly decarbonized to generate furan during the pyrolysis
process; however, the content of CO is more than furan.
Therefore, it is probable that there are other sources of CO
besides the direct decarburization, which may include the two
paths proposed in the abovementioned study.

3.4. Pyrolysis of furfuryl alcohol and 5-hydroxymethyl
furfural

The thermal decarbonylation of FA and 5-HMF is relatively
simpler than that of the other furan derivatives as above-
mentioned. For furfuryl alcohol, there are two ways for gener-
ating CO. First, the bond of O5-C1 breaks to form an aldehyde
group, which then generates CO by decarbonization. Second,
the O5-C4 bond breaks to form a carbonyl group at the position
of C1. The bonds of both C1-C6 and C1-C2 break to generate
CO from the carbonyl group. Many steps are included in this
process, and the bond of 05-C4 is stronger than that of 05-C1
based on the population number analysis, as shown in Fig. 1.
Therefore, the most possible way for FA to generate CO is the
first path (Path 7, as shown in Fig. 4a). The energy barrier of the
furan ring opening in the first step of this path is 317 k] mol ",
which is lower than the minimum energy barrier of the furan
ring opening (343 kJ mol™"). The results show that the side
chain in the furan ring decreases the structural stability of the
furan ring; thus, it is easier to break. The energy barrier of the
intermediate IM7 decarbonylation process in the second step is
307 k] mol~', which is larger than the energy barrier of decar-
bonylation with the similar intermediate IM1(179 kJ mol ).
The results show that when the length of the carbon chain
increases, the aldehyde decarbonylation at the end of the
carbon chain becomes difficult.

5-HMF contains two different side chain functional groups,
as shown in Fig. 4. FA is generated when the aldehyde group at
the C2 position is removed; thus, Path 8 takes into account the
process of CO generation by direct decarbonization. The energy
barrier of this step is 363 k] mol™ ', and the reaction energy is
43 kJ mol ™", very close to the values of the decarbonylation of
the FF side chain aldehyde, which are 360 k] mol™' and
40 kJ mol ', respectively. The results show that the increase in
the side chain functional groups in the furan ring does not have
much effect on the decarbonylation of the side chain aldehyde
group. Moreover, this energy barrier is larger than that of the
furan ring opening at 343 kJ mol ™~ '; this indicates that the furan
reactants are most likely to undergo a ring opening reaction in
the process, instead of the side chain breaking reaction. In
addition, in Path 9, where the ring is opened before the
generation of CO by decarbonization, the rate determining step
is the ring opening reaction, and the corresponding energy
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barrier is 325 k] mol . The energy barrier of CO generated by
this path is much lower than that of the direct decarbonylation
in Path 8, which is 363 k] mol .

4. Conclusions

Through theoretical calculations adopting the GGA-RPBE
density function, nine possible reaction paths for the reaction
mechanism of CO generation by the pyrolysis decarbonylation
of furan substances have been proposed in this study. The
results are as follows: (1) the optimal path for furan pyrolysis is
the breaking of the carbon-oxygen bond to form the cumulated
diene structure with the aldehyde group, which then generates
CO by decarbonylation. (2) The optimal paths for CO generation
by pyrolysis of furfural, furfuryl alcohol and 5-hydrox-
ymethylfurfural include two steps: the breakage of the C-O
bond at the junction of the side chain functional groups to form
an aldehyde group and then decarbonylation of the aldehyde
group on the end chain to generate CO. (3) The existence of the
side chain functional groups will reduce the bond energy of C-O
in the furan ring and cause the furan ring to more easily open in
this position, and thus, the energy barrier of decarbonylation is
significantly reduced. Finally, the reaction energy barriers of
furan, furfural, furfuryl alcohol and 5-hydroxymethylfurfural in
the rate-determining step are determined as 343 kJ mol ',
330 kJ mol ™", 317 k] mol " and 325 k] mol ?, respectively.
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