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ABSTRACT

The stability of three polycyclic aromatic hydrocarbon (PAH) standards, benzo[a]pyrene (BaP), benzo[a]anthracene (BaA) and
dibenz[a h]anthracene (DBahA) during heating was studied. The residua amount of each PAH was quantified by high-performance liquid
chromatography (HPL C). Results showed that during heating in a closed system, the levels of BaA, BaP and DBahA in solid form or in
hexane decreased both with increasing temperature and time. The degradation of each PAH during heating fits afirst-order model, and the
degradation rate constant (hr1) at 200°C was higher than at 100°C. Also, the PAHsin solid form possessed higher stability than in hexane.
Either in solid form or in solution, BaA showed the highest degradation rate constant, followed by BaP and DBahA at 100°C. Similar result
was found at 200°C, with the exception that BaA was more stable than BaP.
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INTRODUCTION

Polycyclic aromatic hydrocarbons (PAHSs), formed
through incomplete combustion or pyrolysis of wood or
gasoline, represent an important class of food carcinogens.
More than 160 PAHs have been characterized in nature12),
however, only 16 were selected as priority pollutants by the
United States Environmental Protection Agency (EPA). Of
the various PAHSs, benzo[a]pyrene (BaP), benzo[a]
anthracene (BaA) and dibenz[a,h]anthracene (DBahA) were
reported to be the most mutagenic and carcinogenic(23).
However, the stability of these PAHs have been seldom inves-
tigated.

The effects of various processing methods, such as
smoking™®), grilling(®7") and roasting®9, on the formation of
PAHSs have been well documented. Krofmacher et al.(10)
reported that the photodegradation of several PAHS,
benzo[a]pyrene, pyrene and anthracene proceeded faster in
solution than ash in the air. This result indicated that the sta-
bility of PAHs can be varied with the form it exists, under
light storage. The objective of this study wasto determine the
stability of three PAH standards, BaA, BaP and DBahA, in
solid form or in solution, during heating.

MATERIALSAND METHODS

|. Materials

Three PAH standards, including BaA, BaP and DBahA
were purchased from Sigma Co. (St. Louis, MO, USA).
Silicon oil was obtained from Merck Co. (Taipei, Taiwan).
Ampoules were made from Pyrex glass according to a proce-
dure by Chen and Meng(1). An HPLC polymeric C18
Envirosep-pp (125 x 4.6 mm |1.D., 5 um) was from
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Phenomenex Co. (CA, USA). The HPL C-grade solvents such
as hexane and acetonitrile were from Merck Co. (Darmstadit,
Germany), and were filtered through a 0.2-um membrane fil-
ter and were degassed by sonication prior to use.

I1. Instrumentation

The HPLC instrument consists of two PU-980 pumps
(Jasco Co., Tokyo, Japan), aUV/VIS 970/975 detector (Jasco
Co.), an 821-FP fluorescence detector (Jasco Co.), and a
Jasco M D-915 photodiode-array detector. A Borwin comput-
er software (Le Fontanil, France) was used to process data.

I11. Methods
(1) Heating of PAH Solution

A working solution of 50 ppm BaA or BaP was prepared
by dissolving 5 mg of each in 100 mL hexane. Likewise, a
working solution of 20 ppm DBahA was prepared by dis-
solving 2 mg in 100 mL hexane. A portion of each PAH solu-
tion (0.2 mL) was collected and transferred to an ampoule,
which was sealed with a flame by oxygen/gas. The ampoule
was placed in athermostat-controlled oil bath, prefilled with
8 literssilicon oil as a heating medium. The temperature was
preset at 100°C or 200°C. For 100°C, samples were collected
aintervalsof 0, 2, 5, 8, 12, 24, 36, 48, 60, 72, 84, 96 and 120
hr; for 200°C, samples were collected at 0, 20, 40, 60, 90,
120, 150, 180 and 240 min. All the ampoules were immedi-
ately inserted into ice water to terminate the reaction. The
residual PAH solution wasthen transferred toa2-mL vial and
diluted to volume with hexane. The solution was filtered
through a 0.2-um membrane filter and then subjected to
HPLC analysis. A total of 189 ampoules were used.

(1) Heating of Solid PAH
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Three working solutions of 50 ppm BaA, 50 ppm BaP
and 20 ppm DBahA were each prepared as described above.
A portion of PAH solution (0.2 mL) was collected and trans-
ferred to an ampoule. A stream of nitrogen was flushed into
the ampoul e for evaporation of solvent, after which the PAH
was spread uniformly on the surface of the inner wall of the
ampoule. The ampoule was then sealed with aflame by oxy-
gen/gas. Likewise, the ampoule was heated at 100 and 200°C
and samples were collected for HPLC analysis following a
procedure shown above. A total of 189 ampoules were used.

IV. HPLC Analysis

An HPLC method similar to that described by Chen et
al.” was used to separate the various PAHSs. Initially a mix-
ture of acetonitrile/water (50:50, v/v) was maintained for 2
min, then linearly programmed to 100% acetonitrile within
23 min, and maintained for 15 min. The flow rate was 1.2
mL/min with UV wavelength at 287, 263 and 296 nm for
detection of BaA, BaP and DBahA, respectively.
I dentification of each PAH was carried out by comparison of
retention time and absorption spectra of unknown peaks with
reference standards. Quantitation was made using an
absolute calibration method. The calibration curve of each
PAH was prepared by plotting six concentrations (1, 2, 3,4, 5

149 W | Type |WL [nm] | Abs[mAU]
” 1| Valey| 209.00 48.63
2| Peak| 221.00 72.00
5! 3| Valley| 236.00 38.34
% o 4| Peak| 254.00 68.14
g 5 | Valley| 260.00 64.11
g & 6| Peak| 278.00 126.07
« 7 | valey| 281.00 109.97
8| Peak| 287.00 142.10
20
200 300 Wavelength (nm) 400 500

Type | WL [nm] | Abs[mAU]
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and 10 ppm) against area. Triplicate analyses were conduct-
ed, and mean values were determined. The data were also
subjected to analysis of variance and Duncan’s multiple
range test(1?. The detection limit of each PAH was deter-
mined based on a signal-to-noiseratio of 3 (S/N = 3).

V. Determination of the Rate Constant

The degradation of each PAH standard during heating
was kinetically studied. The correlation coefficient (r2) was
calculated from the plot of the logarithm of the concentration
of each PAH standard versus time. The degradation rate con-
stant (hr'1) was obtained from the following formula: K= -
In(CA/CA.)/t where CA= the concentration of each PAH
standard after heating, CAo = theinitial concentration of each
PAH standard, t = heating time.

RESULTS AND DISCUSSION

Figure 1 shows the absorption spectra of BaA, BaP and
DBahA scanned at 200-400 nm. The maximum absorption
wavelength of BaA, BaP and DBahA was found to be 287,
263, and 296 nm, respectively. To obtain the maximum sensi-
tivity, these wavel engths were chosen for detection and quan-
tification of PAHSs. In most studies the simultaneous detec-
tion of 16 PAHs was often conducted by UV at 254nm (Chen
et al, 1996), which would make the quantitative data of the
PAHs less accurate. For the reproducibility test, the coeffi-
cient of variation (CV %) of these three PAHs within days
and between months were 0.52 and 0.71%, respectively. The
detection limits of BaA, BaP, and DBahA were 0.38, 0.15,
and 0.08 ng, respectively. Table 1 shows the linear equation
and R sguare of the calibration curve of the PAHSs. A linear
correlation was observed between concentration and integrat-
ed area of each PAH, and the R square was more than 0.995
for all the three PAHSs. Figure 2 shows the HPLC chro-

Table 1. Linear equations and R sguare of the calibration curves of
BaA, BaP and DBahA

Linear equation R square
BaA y = 277825x - 93888 0.9967
BaP y = 292718x + 65518 0.9995
DBahA y =1130728.9163 x + 670496.9882 0.9954

W
BaP [1[vaie| 200 | 145

" 2| Pesk| 263.00 52.89
_ 3| Vdley| 275.00 3242
2 4| Peak| 284.00 4544
g 5 | Valley| 290.00 38.95
B 6| Pesk| 20600 | 51.28
b 7| Peak| 365.00 24.93
8 | Valey| 374.00 18.85

9| Peak| 383.00 26.49

20 Wavel m@?ﬁ (nm) 600
W/ Type |WL [nm] | Abs[mAU]

1| Valley| 206.00 13.35

DBahP 2| Pesk| 221.00 19.13

3| Valey| 248.00 429

5 4| Peak| 287.00 27.94
%20 5 | Valley| 290.00 26.85
2 6| Peak| 296.00 3555
g 7 [ Valey| 314.00 528
8| Peak| 320.00 5.86

9 | Valey| 326.00 439

10| Pesk| 332.00 5.07
200 300 Wavelength (nm) 400 500

Figure 1. UV spectraof BaA, BaP and DBahA scanned at 200-400nm.

—@ SO,NHCOOCH,

Figure 2. HPLC chromatogram of the blank reagent (n-hexane).
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matogram of the blank reagent (hexane), demonstrating that
no interfering peak or impurity was present. The recovery of
BaA, BaP and DBahA after heating and filtration through a
0.2 um membrane filter was found to be 98.7 + 2.1%, 98.1 +
3.4%, and 99.1 £ 1.3% for triplicate analyses.

Figure 3 shows the HPLC chromatogram of the three
PAHSs heated at 100°C for 6 hr. No significant degradations
were found for BaA or DBahA after heating for 6 hr.
However, a minor degradation of BaP occurred.

35

Nevertheless, this would not interfere with quantification of
BaP. Table 2 shows the residual amount of BaA, BaP and
DBahA in solid form or in solution during heating at 100°C
for 2-120 hr. The amount of each PAH, either in solid form or
in solution, decreased with increasing heating time. Also, the
loss of PAH in solution was found to be higher than that in
solid form at 200°C. Thisis probably because that in a solid
state, most PAH molecules were adsorbed on the surface of
the ampoule glass, and thus caused a decrease of the mobili-
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Figure 3. HPLC chromatograms of BaA, BaP and DBahA in solid form and in hexane during heating at 100C for 6 hr.
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Table 2. Concentration (ppm) change of residual PAH during heating at 100°C
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Solid form Liquid form
Time(hr) BaAl BaP! DBahAl BaAl BaP! DBahAl
0 5.00 + 0.042 5.00 + 0.022 2.00 +0.012 5.00 + 0.02¢ 5.00 + 0.022 2.00 + 0.012
(0.00)2 (0.00) (0.00) (0.00) (0.00) (0.00)
(0.80%)3 (0.40%) (0.50%) (0.40%) (0.40%) (0.50%)
2 4.87 + 0.052 4.88 + 0.06% 1.97 +0.032 4,72 +0.09° 4.66 + 0.04° 1.95 + 0.01%
(2.69) (2.36) (1.56) (5.62) (6.89) (2.31)
(1.03%) (1.23%) (1.52%) (1.91%) (0.86%) (0.51%)
5 4.45 + 0.07° 4.74 +0.08° 1.92 +0.29P 4.30+ 0.09° 414 +0.17° 1.88+ 0.01Pc
(11.00) (5.26) (3.89) (14.08) (17.23) (5.78)
(1.57%) (1.69%) (15.1%) (2.09%) (4.11%) (0.53%)
8 4,03+ 0.05° 4.72+0.91° 1.88 + 0.02¢ 3.88+0.149 3.62+0.27d 1.82 + 0.03%
(19.31) (5.68) (6.22) (22.50) (27.57) (9.25)
(1.24%) (19.28%) (1.06%) (3.61%) (7.46%) (1.65%)
12 3.70 + 0.149 452 +0.12¢ 1.81+0.014 3.31+0.10° 2.93+0.16° 1.76 + 0.054
(26.04) (9.68) (9.34) (33.75) (41.36) (12.13)
(3.78%) (2.65%) (0.55%) (3.02%) (5.46%) (2.84%)
24 3.10+0.18° 4.31+0.03d 1.74 + 0.04° 2,04+ 0.70f 1.95+0.16f 1.66 + 0.03¢
(37.92) (13.87) (13.00) (59.22) (60.96) (17.20)
(5.81%) (0.70%) (2.30%) (34.31%) (8.21%) (1.81%)
36 2.68 + 0.04f 4,29+ 0.06¢ 1.59 + 0.03f 1.63 + 0.069 178 +0.71f 1.64 + 0.058
(46.48) (14.19) (20.72) (67.36) (64.45) (17.80)
(1.49%) (1.40%) (1.89%) (3.68%) (39.89%) (3.05%)
48 2.47 +0.119 3.86+ 0.02¢ 1.56 + 0.01f 1.49 + 0.069 153+ 0.079 1.56 + 0.02f
(50.65) (22.70) (22.14) (70.26) (69.41) (21.90)
(4.45%) (0.52%) (0.64%) (4.03%) (4.58%) (1.28%)
60 2.04 +0.08" 352+ 0.07f 1.45 + 0.019 1.27+0.23" 1.08+0.13" 1.50 + 0.069
(59.16) (29.54) (27.72) (74.57) (78.35) (24.84)
(3.929%) (1.99%) (0.69%) (18.11%) (12.04%) (4.00%)
72 1.95 + 0.06" 3.38+0.08f 1.44 + 0.029 0.83+0.04 1.01+0.01h 1.45 + 0.039
(61.03) (32.32) (28.00) (83.31) (79.80) (27.57)
(3.08%) (2.37%) (1.39%) (4.82%) (0.99%) (2.07%)
84 1.72 + 0.06 2.93+0.129 1.42 +0.019 ND® 0.64 + 0.09 1.35+0.04"
(65.64) (41.38) (28.96) (87.19) (32.46)
(3.49%) (4.10%) (0.70%) (14.06%) (2.96%)
9% 1.57 +0.171 2.87 +0.019 1.28 + 0.05" ND 0.51 + 0.10 1.31+0.10"
(68.66) (42.67) (36.23) (89.76) (34.35)
(10.83%) (0.35%) (3.91%) (19.61%) (7.63%)
120 1.44 + 0.08 2.18+0.22" 1.18 + 0.03 ND 0.47 + 0.021 1.28+0.02"
(71.20) (56.45) (40.89) (90.56) (36.00)
(5.56%) (10.09%) (2.54%) (4.26%) (1.56%)

1 Mean of triplicate analyses + standard deviation.

2 Valuesin parentheses represent the degradation percentage of PAH.
3 Values in parentheses represent the coefficient of variation (CV%).

4 aj symbols bearing different |etters in the same column are significantly different (P < 0.05).

5ND: not detected.

ty of PAH molecules. In contrast, when in solution, the PAH
molecules possessed a higher mobility because of evapora-
tion of hexane, which in turn resulted in a greater loss of
PAH. Of these PAHs, BaA wasthe most susceptibleto degra-
dation when present in solid form during heating, followed
by BaP and DBahA. However, when in solution, DBahA was
the least susceptible to degradation, followed by BaA and
BaP. Similar trend was found for the concentration change of
BaA, BaP and DBahA in solid form or in solution during
heating at 200°C for 20-240 min.(Table 3) The loss of each
PAH, either in solid form or in solution, was higher at 200°C
than at 100°C. For instance, during heating of the BaA solu-
tion at 200°C, a 50% reduction occurred after 2 hr heating.
However, at 100°C, a 50% loss was not observed until heat-

ing time reached 20 hr.

In a similar study, Kamens et al.(13) reported that the
half life of PAH in wood soot at 20°C was about 30-60 min.
However, in this study the half life of al the three PAHs at
100 or 200°C was longer than 1 hr, with the exception of lig-
uid BaP at 200°C. The half life of each PAH was determined
when the residual concentration equal to 50% of the initial
concentration of PAH according to the linear equation of the
logarithm of the concentration of each PAH standard versus
time. This is probably because that in a closed system, less
oxygen is available for thermal oxidation to proceed. Instead,
the thermal degradation dominated during heating.

In this study the effect of light on PAH degradation was
not researched, mainly because in preliminary experiments
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Table 3. Concentration (ppm) change of residual PAH during heating at 2000
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Solid form Liquid form
Time(min)! BaAl BaP! DBahAl BaAl BaP! DbahAl
0 5.00 + 0.0224 5.00 + 0.022 2.00+0.012 5.00 + 0.032 5.00 + 0.032 2.00 £ 0.022
(0.00)2 (0.00) (0.00) (0.00) (0.00) (0.00)
(0.04%)3 (0.04%) (0.50%) (0.60%) (0.60%) (1.00%)
20 4,51+ 0.01° 4.83+0.07° 1.91+0.03% 4.47 +0.08° 2.46 + 0.05° 1.76 + 0.24%
(9.79) (3.35) (4.50) (10.62) (50.85) (12.00)
(0.22%) (1.45%) (1.57%) (1.79%) (2.03%) (13.64%)
40 4.20+0.10° 4.64 +0.02¢ 1.87 + 0.018¢ 3.64 + 0.40° 1.49 + 0.05¢ 1.62 + 0.220¢
(15.92) (7.28) (6.28) (27.26) (70.26) (19.00)
(2.38%) (0.43%) (0.54%) (10.99%) (3.36%) (13.58%)
60 4,03 + 0.06 4,28 +0.021 1.84 + 0.02b¢ 3.22+0.019 1.30+0.154 1.54 + 0.16Pcd
(19.34) (14.33) (7.95) (35.67) (73.97) (23.00)
(1.49%) (0.47%) (1.09%) (0.31%) (11.54%) (10.39%)
90 3,98 + 0.020% 4,27 +0.051 1.82 + 0.05P¢ 2.99 + 0.06° 0.91 + 0.02¢ 1.44 + 0.06bPcde
(20.47) (14.67) (9.16) (40.23) (81.83) (28.00)
(0.50%) (1.17%) (2.75%) (2.01%) (2.20%) (4.17%)
120 3.84+0.17¢ 4,18+ 0.020 1.74 + 0.04%d 2.11+0.13f 0.50 + 0.02f 1.30 + 0.130def
(23.28) (16.42) (13.23) (57.73) (90.06) (35.00)
(4.43%) (0.48%) (2.30%) (6.16%) (4.00%) (10.00%)
150 354+ 0.01f 3.89+0.01¢ 1.61 + 0.02de 2.00 £ 0.14f9 0.44 + 0.02f 1.24 + 0.06%f
(29.13) (22.26) (19.36) (59.93) (91.14) (38.00)
(0.28%) (0.26%) (1.24%) (7.00%) (4.55%) (4.84%)
180 3.41+0.02f 353+ 0.05f 157 +0.03¢ 1.93 + 0.06Y 0.25+0.03¢ 1.10 + 0.30¢
(31.83) (29.34) (21.75) (61.33) (94.90) (45.00)
(0.59%) (1.42%) (1.91%) (3.11%) (12.00%) (27.27%)
240 2.98+0.239 3.04 +0.199 1.42 + 0.0 1.44 +0.07" 0.18 + 0.039 1.00 + 0.11f
(40.40) (39.20) (29.00) (71.20) (96.40) (50.00)
(7.72%) (6.25%) (6.34%) (4.86%) (16.67%) (11.00%)
1 Mean of triplicate analyses + standard deviation.
2 values in parentheses represent the degradation percentage of PAH.
3 Valuesin parentheses represent the coefficient of variation (CV%).3
4 ah symbols bearing different letters in the same column are significantly different (P<0.05).
Table 4. Rate constant (hr'1) of PAH degradation during heating at 100 and 200°C
100°C 200°C
Compound Solid form Liquid form Solid form Liquid form
BaA?2 0.0108 0.0239 0.1139 0.3111
BaP? 0.0063 0.0206 0.1169 0.7649
DBahA2 0.0042 0.0037 0.0777 0.1669

a8Mean of triplicate analyses.

no significant concentration change of solid or liquid PAH
was found when the ampoules were stored at room tempera-
ture under light for 24 hr. The datain Table 2 shows that the
CV (%) for unheated solid or liquid PAH were all less than
1%, revealing that the effect of light on PAH degradation is
insignificant. Likewise, this phenomenon indicated that in a
closed system, less oxygen is available for the photooxida-
tion to proceed. Kamens et al.(1) studied the stability of PAH
on wood soot particles and found no significant change of
PAH occurred after absorption for 3-4 hr. A similar result was
reported by Vaessen et al.(1% when PAH was adsorbed on
active carbon or glass surfaces.

Table 4 shows the degradation rate constant (hr-t) of
BaA, BaP and DBahA during heating at 100 or 200°C. The
degradation of all the three PAHSs during heating fit a first-
order model because alinear correlation (r2>0.95) was found
between the value of In(CA/CA.) versus time, where CA
denotes concentration of each PAH after heating and CAo

denotes theinitial concentration of each PAH. Either in solid
form or in solution, BaA showed the highest rate constant at
100°C, followed by BaP and DBahA. A similar result was
found at 200°C, with the exception that BaA was more stable
than BaP.

In most early studies the stability of PAHs was often
conducted under oxygen and low temperature to monitor the
oxidation. In this study, the three most toxic PAHs were
selected to determine their stability in solid state or in hexane
solution during heating. Two temperatures, 100 and 200°C,
were chosen based on the reason that the former is frequent-
ly used for boiling whilethelatter for frying. Thus, the results
of this study may provide basic information regarding the
PAH removal during food processing, which is important to
food safety.

From the results shown above it may be concluded that
in a closed system, the degradation rate of each PAH was
greatly dependent upon temperature and the form it exists.
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Under the same temperature, the rate constant of each PAH in
solution was greater than in solid form. Either in solution or
in solid form, BaA showed the lowest stability at 100°C, fol-
lowed by BaP and DBahA. However, at 200°C, BaP showed
the lowest stability, followed by BaA and DBahA. Further
research is necessary to determine the degradation products
of each PAH during heating.
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