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Abstract Chlorogenic acid and its two structural com-
ponents, quinic acid and caffeic acid, were pyrolyzed under
reaction conditions simulating the typical pyrolysis condi-
tions inside a burning cigarette. Major phenolic products
from pyrolysis of the three acids were quantified and
compared to evaluate the respective contribution of the
quinic and caffeic acid moieties to the overall phenolic
yield in chlorogenic acid pyrolysis. The results show that
the most prominent phenolic product of chlorogenic acid is
catechol, followed in order by phenol, hydroquinone, and
alkylcatechols. Among these phenolics, catechol and
alkylcatechols are formed mainly from the caffeic acid
moiety of chlorogenic acid, while phenol and hydroqui-
none are produced predominantly from the quinic acid
moiety. The quinic acid moiety can thus contribute more
than 40 % of the overall phenolic yields in chlorogenic
acid pyrolysis (0.54 mol mol " chlorogenic acid pyrolyzed
at 600 °C). Because considerable amounts of free quinic
acid and its derivatives exist in tobacco, the results of this
study indicate that quinic acid can be an important source
of phenolic compounds, especially hydroquinone and
phenol, in tobacco smoke.

Z. Wang - X. Li

State Key Laboratory of Chemical Resource Engineering,
Beijing University of Chemical Technology,

Beijing 100029, China

S. Zhen
Shanghai Tobacco (Group) Corporation, Shanghai 200082,
China

X. Li - C. Wang - Y. Wang (IX)

State Key Joint Laboratory of Environmental Simulation
and Pollution Control, School of Environment,
Tsinghua University, Beijing 100084, China

e-mail: wangyujue @tsignhua.edu.cn

Keywords Chlorogenic acid - Quinic acid - Caffeic acid -
Pyrolysis - Phenolic compounds

Introduction

Phenolic compounds are a main class of chemical con-
stituents of tobacco smoke. Major phenolic compounds
identified in tobacco smoke include phenol, catechol,
hydroquinone, and their alkyl derivatives [1-4]. Many of
these phenolics (e.g., hydroquinone, catechol, and their
methyl derivatives) have been shown to be toxic and car-
cinogenic [4—7]. To minimize these phenolics in tobacco
smoke, extensive research has been conducted to identify
their source and formation mechanisms during cigarette
smoking [3, 8-10]. The results indicate that the predomi-
nant phenolic compounds in tobacco smoke are formed
from pyrolysis of tobacco constituents at high temperatures
in the pyrolysis/distillation region of a burning cigarette
[9, 11-13]. Particularly, polyphenolic constituents (e.g.,
chlorogenic acid and lignin) of tobacco have been con-
sidered a major source of the phenolic compounds in
tobacco smoke [4, 8-10, 14-16].

Chlorogenic acid is one of the most abundant polyphenolic
constituents of tobacco, constituting about 2-3 % of tobacco
leaf mass [17]. It is an ester of quinic acid and caffeic acid
(see Fig. 1 for the chemical structure of the three acids), and
has been identified as an important precursor of phenolic
compounds in tobacco smoke [3, 4, 9, 17]. For example,
several studies report that chlorogenic acid can contribute at
least 13 % of catechol in mainstream smoke [9] and about
11 % of the overall yield of hydroquinone from pyrolysis of
tobacco [18]. In addition, the content of chlorogenic acid in
tobacco has been shown to correlate linearly with the catechol
yield in tobacco smoke [5].
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Fig. 1 Chemical structure of

chlorogenic acid, quinic acid, 0
and caffeic acid HO OH
HO OH
OH
Quinic acid

A number of studies have investigated pyrolysis of chlor-
ogenic acid under various reaction conditions [3, 4, 17, 19].
Major phenolic products identified in these studies include
phenol, hydroquinone, catechol, and alkylcatechols. For
catechol and alkylcatechols, it is easily rationalized that
they are formed from the caffeic acid moiety of chloro-
genic acid because it has a catecholic structure [17, 19].
However, the source and formation pathways of hydro-
quinone and phenol are still not well understood.

Several researchers have suggested that phenol is formed
mainly from secondary reactions (e.g., dehydroxylation and
demethylation) of catechols during chlorogenic acid pyrolysis
[17, 19]. In contrast, others have proposed that phenol and
hydroquinone are more likely derived from the quinic acid
moiety of chlorogenic acid [3, 4]. However, because very few
previous studies have investigated pyrolysis of quinic acid and
its pyrolysis products, there is still insufficient information in
literature for determining the role of quinic acid in the
phenolic formation in chlorogenic acid pyrolysis.

The main objective of this study was therefore to inves-
tigate pyrolysis of quinic acid and evaluate its contribution to
the phenolic formation in chlorogenic acid pyrolysis. Quinic
acid, caffeic acid, and chlorogenic acid were pyrolyzed in a
micro semi-batch reactor under reaction conditions
simulating those inside a burning cigarette [11]. The major
phenolic products from pyrolysis of the three acids were then
quantified and compared to evaluate the respective contri-
bution of quinic and caffeic acid moieties to the overall
phenolic yield in chlorogenic acid pyrolysis. Thermogravi-
metric  analysis—-mass spectrometry (TG-MS) was
performed to monitor the evolution profiles of major pyro-
lysis products of the three acids during TG pyrolysis. Based
on the test results, overall reaction pathways for the phenolic
formation from chlorogenic acid pyrolysis were then
proposed.

Materials and methods
Materials
Chlorogenic acid (95 %), quinic acid (99 %), and caffeic

acid (99 %) were purchased from Sigma-Aldrich Inc. The
properties of the three compounds are listed in Table 1 [20].
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Table 1 Properties of chlorogenic acid, quinic acid, and caffeic acid
[20]

Property Chlorogenic acid ~ Quinic acid  Caffeic acid
Formula Ci6H15300 C,;H,0¢ CyHgOy4
Molecular mass 3543 192.2 180.2
Density/g cm > 1.28/1.65 1.828 1.478
Melting point/°C 210 162-163 223-225
Boiling point/°C 665 438.4 416.8

Pyrolysis—gas chromatography—mass spectrometry
(Py—-GC-MS) analysis

The three acids were pyrolyzed with a Pyroprobe 5200
analytical pyrolyzer (CDS Analytical Inc.) using a heating
protocol designed by Baker et al. [11]. Approximately
0.5 mg of the acid sample was inserted into a quartz tube
(2 mm id., 2.5 cm in length), which was then held at
300 °C for 5 s to simulate the inter-puff smolder period.
The temperature was then rapidly increased at a heating
rate of 30 °C s~ to varying final temperatures between
400 and 700 °C. The final temperature was held for another
5 s. This heating protocol simulates the average heating
rate, typical temperature range, and pyrolysis time in the
pyrolysis/distillation region of a burning cigarette. The
volatile products were carried by high-purity helium
through a heated tube to a gas chromatograph (GC, Agilent
7890A) that was equipped with a mass spectrometer
(5975C MSD) for analysis. The GC inlet was kept at
300 °C, and the inject split ratio was 100:1. The pyrolysis
products were separated with an HP-5 MS column
(30 m x 0.25 mm i.d. x 0.25 um film thickness, Agilent
Technologies, Inc.). The GC oven was programmed to start
at 40 °C for 3 min followed by a gradient of 10 °C/min to
200 °C, and then increased at 20 °C min~! up to a final
temperature of 280 °C. The GC-MS interface was kept as
300 °C, and the ionization mode on the MS was “electron
impact” at 70 eV. The mass range was from m/z 29 to 400
scanned at 3.84 s~ '. All mass spectra were compared to the
NIST mass spectrum library to identify the pyrolysis
products. Triplicate Py—GC-MS tests were performed for
each sample. The yields of major phenolic products were
then quantified by comparing the peak area with those of
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standard solutions (Sigma-Aldrich) that contained target
phenolic compounds with known concentrations.

Thermogravimetry—mass spectrometry (TG-MS)
analysis

Approximately 10 mg of the acid sample was placed in a
thermogravimetric analyzer (TGA/DSC 1 STARe, Mettler
Toledo, Switzerland) and pyrolyzed from 50 to 700 °C at a
heating rate of 20 °C min~—' under an argon atmosphere.
The gaseous effluent from the TG flowed through a heated
transporting tube to a downstream mass spectrometer
(Thermostar GSD 320, Pfeiffer Vacuum Inc., Nashua, NH)
for pyrolysis product analysis. The MS was operated at
70 eV and monitored selected m/z values that were con-
sidered to be representatives of target compounds identified
in the Py-GC-MS tests. An *®Ar isotope of the carrier
argon gas served as an inner standard. The MS intensities
were normalized to the intensities of **Ar isotope to
account for changes in ion current caused by a shift in the
MS sensitivity [21], and these were then normalized by the
mass of the samples.

Results and discussion

Pyrolysis of chlorogenic acid, quinic acid, and caffeic
acid

Approximately 30 pyrolysis products were identified in the
Py-GC-MS pyrograms for quinic, caffeic, and chlorogenic
acids. Table 2 lists the relative abundances of these pyro-
lysis products based on GC area %. Quinic and caffeic
acids produced significantly different pyrolysis products.
Major organic products were quinide, phenol, hydroqui-
none, and benzoic acids for quinic acid, whereas they were
catechol, 4-ethylcatechol, 4-vinylcatechol, and 3-(3,4-
dihydroxy-phenyl)-2-propenal for caffeic acid. All the
major pyrolysis products of both quinic and caffeic acids
were observed in the pyrolysis products of chlorogenic
acid. In addition, no obvious cross-over products between
the quinic and caffeic acid moieties were observed in the
pyrolysis products of chlorogenic acid (Table 2), indicating
that the two moieties are decomposed almost indepen-
dently during chlorogenic acid pyrolysis.

Previous studies have suggested that the initial thermal
decomposition of chlorogenic acid occurs by breaking the
side chain between the quinic and caffeic moieties at
various positions, while the central part of the two acid
moieties (i.e., alicyclic polyol and catechol nuclear)
remains essentially intact [17, 19]. These two central parts
then further crack and rearrange to produce secondary
products. This may explain that the major pyrolysis

products of chlorogenic acid are essentially the same as
those produced in pyrolysis of individual quinic acid and
caffeic acid (Table 2).

To evaluate the effect of temperature on the yields of
phenolic compounds, chlorogenic acid was pyrolyzed at
varying temperatures between 400 and 700 °C with a
heating rate of 30 °C s~'. Major phenolic compounds were
then quantified by comparing the MS peak areas with those
of calibration standards. As shown in Fig. 2, the most
prominent phenolic product was catechol, followed in

Table 2 Major pyrolysis products identified in total ion chromato-
grams of quinic acid, caffeic acid, and chlorogenic acid (pyrolysis
temperature 600 °C)

Retention Compound Area®/ %
time/min — - -
Quinic Caffeic Chlorogenic
acid acid acid
1.64 Carbon dioxide 16.5 22.3 18.6
2.06 1,3-Cyclopentadiene 2.2 - 0.8
2.36 Acetic acid - - 0.3
2.99 Benzene 1.1 - 2.8
391 Vinylfuran 1.0 - 0.4
4.70 Toluene 0.1 - 0.5
8.03 2-Cyclohexen, 1-one 2.1 - 0.4
8.86 Phenol 10.3 0.1 9.1
9.25 1,2-Cyclohexanedione 0.4 - 0.1
9.77 1,2- 0.4 - 0.1
Cyclopentanedione,
3-methyl
10.10 Phenol, 2-methyl- - - 0.1
10.49 Phenol, 3-methyl- 0.1 0.2 0.4
11.97 Phenol, 3-ethyl- - 0.2 0.4
12.18 Benzoic acid 6.1 - 5.6
12.44 Catechol 4.3 31.5 16.3
13.42 Catechol, 3-methyl 0.0 0.4 0.2
13.54 Hydroquinone 14.3 - 8.4
13.73 Catechol, 4-methyl- - 39 2.6
14.53 1,3-Benzenediol, - 3.7 0.2
4-ethyl
15.23 Catechol, 4-ethyl - 21.2 9.8
15.76 Catechol, 4-vinyl 0.2 7.0 2.7
16.59 Benzoic acid, 7.5 - 6.4
3-hydroxy-
16.68 p-Hydroxycinnamic 0.1 2.1 2.5
acid
16.78 Benzoic acid, 4.3 - 3.5
4-hydroxy-
18.04 2-Propenal, 3-(3,4- 0.1 7.4 0.6
dihydroxyphenyl)
19.91 Quinide 28.8 - 7.2

 Calculated by dividing the peak area of each product by the sum of
peak areas of all the products
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order by phenol, hydroquinone, 4-ethylcatechol, 4-meth-
ylcatechol, and cresols (including m-, o-, and p-cresols).
The yields of all phenolic products increased considerably
from 400 to 500 °C. They then only slightly changed with
yet further increasing the temperature, indicating that
thermal decomposition of chlorogenic acid is almost
entirely complete at 500 °C.

The catechol yield did not change much between 500
and 700 °C (approximately 0.21 mol mol™' chlorogenic
acid pyrolyzed), suggesting that it is stable at this testing
temperature range. In comparison, the yields of phenol,
hydroquinone, and 4-ethylcatechol decreased slightly from
500 to 700 °C, possibly due to secondary reactions at high
temperatures [17, 19]. The yield of 4-methylcatechol
reached a plateau at 600 °C. This is possibly because
4-methylcatechol is formed via the C=C bond cleavage in
the side chain of the caffeic acid moiety [17], which is
enhanced at higher temperatures. Cresols (including m-, o-,
and p-cresols) increased constantly from 400 to 700 °C
(0.005-0.012 mol mol™"), consistent with the previous
finding that cresols are formed predominantly at high
temperatures possibly from the solid residue of chlorogenic
acid [3].

As mentioned previously, cross-over reactions between
the quinic and caffeic acid moieties did not play a signif-
icant role in chlorogenic acid pyrolysis. This enables us to
evaluate the respective contribution of the two moieties to
the overall phenolic yields in chlorogenic acid pyrolysis by
comparing the pyrolysis products of the three acids. The
yields of major phenolic products from pyrolysis of the
three acids at 600 °C are compared in Fig. 3. For a better
comparison, the phenolic yields are reported as molar
yields for the three acids because chlorogenic acid is
composed of equimolar quinic and caffeic acids. As shown,
chlorogenic and quinic acids produced comparable yields
of phenol (0.14 and 0.10 mol mol™", respectively) and
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Fig. 3 The yields of phenolic compounds in pyrolysis of chlorogenic,
caffeic, and quinic acids

hydroquinone (0.09 and 0.12 mol mol ™', respectively). In
contrast, caffeic acid produced only trace amount of phenol
and no hydroquinone. On the other hand, chlorogenic and
caffeic acids produced considerable amounts of catechol
(0.21 and 0.25 mol mol ™", respectively) and alkylcatechols
(0.91 and 0.11 mol mol™", respectively), whereas quinic
acid produced only small amounts of catechol and no al-
kylcatechols. All the three acids produced small amounts of
cresols, which are possibly formed from the solid residue
of the acids during pyrolysis [3].

The above comparison shows that catechol and
alkylcatechols are mainly derived from the caffeic acid
moiety during chlorogenic acid pyrolysis, while phenol and
hydroquinone are produced predominantly from the quinic
acid moiety. In addition, the quinic acid moiety also pro-
duces a small fraction of catechol. The quinic acid moiety
can thus contribute a significant fraction of the total phe-
nolic yield in chlorogenic acid pyrolysis. For example, the
yield of phenol plus hydroquinone (0.23 mol mol™")
accounts for about 43 % of the overall phenolic yield



The important role of quinic acid

1235

(0.54 mol mol~") when chlorogenic acid was pyrolyzed at
600 °C (Fig. 2).

Furthermore, the results suggest that although quinic
acid does not have a phenolic chemical structure, it can be
an important source of phenolic compounds, especially
phenol and hydroquinone in tobacco smoke. This is
consistent with the recent finding of McGrath et al. [3],
who reported that adding 3 % quinic acid to tobacco leaves
significantly increased the yields of phenol, hydroquinone,
and catechol in tobacco smoke, whereas adding caffeic
acid increased only catechol.

The formation of catechol and alkylcatechols from the
caffeic acid moiety is easily rationalized considering the
polyphenolic structure of caffeic acid [3, 17, 19]. In con-
trast, the formation of phenol, hydroquinone, and catechol
from the quinic acid moiety have not been well understood.
To get more insight into the reaction pathways for phenolic
formation in pyrolysis of the three acids, we performed
TG-MS tests for chlorogenic, quinic, and caffeic acids.

TG-MS of chlorogenic acid, quinic acid,
and caffeic acid

All the three acids were thermally decomposed at temper-
atures below their respective boiling points (416.8-665 °C,
see Table 1) during TG heating (Fig. 4a). The majority of
mass loss occurred in the temperature range of 200400 °C

Fig. 4 Mass loss profiles and

(a) Quinic acid

for all the three acids. The minimal mass loss at tempera-
tures above 400 °C are attributed to the secondary decom-
position of char [3, 17, 22]. During TG heating, volatiles
released from the three acids were monitored by a down-
stream online MS. An array of MS responses (i.e., m/z val-
ues) was monitored and assigned to the species of concern,
e.g., mlz =18, miz = 44, m/z = 94 for H,O, CO,, and
phenol, respectively [23]. The MS response of m/z = 110
can be ascribed to the ion fragments of both catechol and
hydroquinone. Based on the Py—GC-MS testing results, we
perceived that m/z = 110 is attributed mostly to hydroqui-
none for quinic acid and to catechol for caffeic acid, whereas
it can be attributed to both catechol and hydroquinone for
chlorogenic acid. Alkylcatechols were not detected because
they have high boiling temperatures and thus were easily
condensed in the interface and transporting line between the
TG and MS [24-26].

As the TG and DTG curves show (Fig. 4a), the mass loss
of quinic acid occurred mainly within 180—400 °C, and it
produced almost no solid residue at the end of TG pyrolysis.
The initial mass loss at approximately 180-220 °C is mainly
attributed to the loss of H;O molecule from quinic acid,
which can be discerned by the MS response of H,O
(m/z = 18). This dehydration reaction produces quinide
(i.e., y-lactone), an internal ester of quinic acid as the
primary product [27, 28]. As temperature increased
yet further, quinide was further decomposed to produce

(b) Caffeic acid (¢) Chlorogenic acid
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secondary products. As the MS curve of H,O (m/z = 18)
shown, H,O continuously evolved with broad overlapped
peaks within the temperature range of approximately
180-500 °C, indicating that the hydroxyl groups of quinide
are successively detached to produce H,O. CO, (m/z = 44)
was formed from decarboxylation reactions of the internal
ester of quinide at temperatures above approximately
280 °C. Concurrently, hydroquinone (m/z = 110) and
phenol (m/z = 94) began to evolve at about 280 °C. The
coincidence of MS peaks of hydroquinone, phenol, CO,, and
H,O all occurring at approximately 280-500 °C suggests
that hydroquinone and phenol are formed via decarboxy-
lation and dehydration reactions of quinide.

Caffeic acid exhibited two stages of mass loss at tem-
perature range of approximately 200400 °C, and pro-
duced considerable solid residue (about 18 mass %) at the
end of TG heating (700 °C) (Fig. 4b). The first sharp peak
(200-250 °C) in the DTG curve is mainly ascribed to the
decarboxylation reaction of caffeic acid, which produced
CO, and alkylcatechols as the major pyrolysis products

Fig. 5 Overall reaction
pathways for the formation of
phenolic compounds in
pyrolysis of chlorogenic acid

@ Springer

[17]. Correspondingly, a sharp peak was observed at
approximately 240 °C in the MS curve of CO, (m/z = 44).
The second peak (250-400 °C) in the DTG curve can be
mainly attributed to evaporation of catechols, whose boil-
ing points are generally higher than 245 °C (e.g., catechol
245.5 °C, 4-methylcatechol of 251 °C, and 4-ethylcatechol
of 273.3 °C). The MS response of m/z = 110 shows that
catechol was primarily formed at temperatures above
approximately 300 °C when the bond between the alkyl
side chain and benzene ring of alkylcatechols was cleaved.
However, no obvious MS peak of phenol (m/z = 94) was
observed during TG pyrolysis of caffeic acid, consistent
with our previous Py—-GC-MS result that caffeic acid did
not produce much phenol during pyrolysis. The result
indicates that secondary reactions of catechol to phenol are
negligible under the testing conditions, agreeing with the
finding of Lomnicki et al. [29], who reported that catechol
is stable within the temperature range of 550-850 °C under
inert atmosphere and produces a maximum phenol yield of
only about 0.2 % at 700 °C.
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Compared with quinic acid and caffeic acid, chlorogenic
acid released mass more gradually and produced the
highest solid residue (approximately 29 mass %) during
TG pyrolysis (Fig. 4c). The TG curve shows that the
decomposition of chlorogenic acid occurred mainly below
400 °C, similar to the result of Sharma et al. [17]. A broad
DTG peak was observed within the temperature range of
~200-420 °C, indicating that the thermal decomposition
of chlorogenic acid involves a series of simultaneous and
consecutive reaction such as dehydration, decarbonylation,
and decarboxylation [17]. The DTG shoulder at about
220 °C can be attributed to the dehydration of quinic acid
moiety, which produces chlorogenic acid lactone [27, 30].
CO, (m/z = 44) is produced from decarboxylation reac-
tions of the ester functional group between the quinic and
caffeic acid moieties and the internal ester of quinide. As
the temperature increases, the side chain between the qui-
nic and caffeic acid moieties breaks at various positions
[17]. Phenol, hydroquinone, catechol, and alkylcatechols
are then formed via the similar reaction pathways described
above for pyrolysis of quinic and caffeic acids.

Overall reaction pathways of phenolic formation
in chlorogenic acid pyrolysis

Based on the above information, the overall reaction
pathways of phenolic formation in pyrolysis of chlorogenic
acid is proposed in Fig. 5. This is a modification to the
previous schemes proposed by Sharma et al. [17] and
Nowakowski et al. [19], showing the contribution of quinic
acid to the phenolic formation in chlorogenic acid pyro-
lysis. In addition, by taking into account the Py—-GC-MS
results (Table 2), it can be concluded that benzene, which
has been previously assumed to be produced from the
successive reduction of catechol [17], and benzoic acids are
more likely derived from the quinic acid moiety.

The Py—GC-MS test results indicate that chlorogenic acid
is a potent precursor of phenolic compounds in tobacco
smoke. High yields of phenolic compounds can be formed
from the pyrolysis of chlorogenic acid. The most prominent
phenolic products include catechol, phenol, hydroquinone,
and 4-ethylcatechol (~0.21,0.14,0.09, and 0.07 mol mol ™!
at 600 °C, respectively). Among these phenolic products,
catechol and alkylcatechols are derived predominantly from
the caffeic acid moiety of chlorogenic acid, whereas phenol
and hydroquinone are derived mainly from the quinic acid
moiety. The quinic acid moiety can thus contribute more
than 40 % of the overall phenolic yields (in molar yields) in
chlorogenic acid pyrolysis (see Fig. 3).

In addition to being structural component of chlorogenic
acid, quinic acid exists in appreciable amounts as free acid
and structural components of many compounds in tobacco
[1-3, 31, 32]. The content of free quinic acid in green tobacco

leaves varies widely from trace amounts to 3.5 % (by dry
mass) [31], and a concentration of 0.23 % (by dry mass) has
been reported for flue-cured tobacco leaves [32]. Moreover,
considerable amounts of quinic acid derivatives such as feru-
loylquinic acid, syringoylquinic acid, and p-coumarylquinic
acid have been identified in tobacco [2, 3]. Despite the sig-
nificant existence of quinic acid in tobacco, the importance of
quinic acid as a precursor of phenolic compounds in tobacco
smoke may have been somewhat underestimated before. This
is possibly because quinic acid often exists in associated forms
(e.g., chlorogenic acid and p-coumarylquinic acid) with phe-
nolic constituents of tobacco (e.g., caffeic acid and p-coumaryl
alcohol), which have conventionally been considered the
major sources of phenolic compounds in tobacco smoke [10].
However, given the high yields of phenol and hydroquinone in
pyrolysis of quinic acid (Fig. 3), our results indicate that quinic
acid can be an important source of phenolic compounds,
especially, hydroquinone and phenol in tobacco smoke.

Conclusions

Pyrolysis of chlorogenic acid produces high yields of
phenolic compounds, including catechol, phenol, hydro-
quinone, and alkylcatechols. Among these phenolics,
phenol and hydroquinone are predominantly produced
from the quinic acid moiety, while catechol and alkylca-
techols are formed primarily from the caffeic acid moiety
of chlorogenic acid. The results of this study also indicate
that quinic acid can be an important source of phenolic
compounds in tobacco smoke.
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