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on fine inhalable particles (see Figs. 2, 3 and 4)
[5].

It is very interesting that several PAHs, such
as perylene, B(a)P, benzo[ghi]perylene and
coronene, are very similar even quantitatively in
their size-based percentage concentrations.

Cocaine (whether from tobacco leaves process
ing or from cigarette smoking) was detected for
the first time [9] in Chengdu city.

In a Chinese-Japanese cooperative study
(1981-84) on elements, organic constituents,

Fig. 2. Percentages (w /w) of air particulates of different sizes
(from coke plant, Dec. 1983) [5].
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the cause of the minimum concentration ob
served after 9 a.m. The second maximum
occurred in the evening, probably corresponding
to the traffic at the end of the day and also to
cooking. Fig. 1 shows the monthly variation of
B(a)P in air particulates collected from three
typical locations in Beijing [8]: (1) is a heavily
polluted area where each institution has its own
boilers or heating devices, (2) is a location where
a central heating facility was established and (3)
is a rural clean site [8].

Some correlations between different PAHs
have been observed, and in most places samples
collected at noon are higher in PAHs with three
and fewer rings than those collected in the
morning, while the reverse holds for compounds
with four and more rings [5,14].

Systematic data indicating the concentration of
B(a)P and PAHs on very fine particles [5,14] and
the mutagenicity results confirmed the regularity
that mutagenic compounds are mainly adsorbed

month
Fig. 1. Monthly changes in the concentrations of TSP, B(a)P
and PAH pollutants at different sites [8]: 1 = Zhong-guan
cun; 2 = Qing-hua University; 3 = Shi-san-ling Reservoir.
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Fig. 3. Percentages of B(a)P and PAHs in air particulates of
different sizes (from coke plant) [5].
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Table 7
Concentration limts in "Ambient Air Quality Standard", revision draft [116]

Pollutant Sampling time' Concentration limit (mg/STP m3
)

Sulfur dioxide

TSP

Inhalable particulates

Nitrogen oxide

Nitrogen dioxide

Carbon monoxide

Ozone
Lead

Benzo[a]pyrene
Fluoride

Yearlyav.
Dailyav.
Hourlyav.
Yearlyav.
Dailyav.
Yearlyav.
Dailyav.
Yearlyav.
Dailyav.
Hourlyav.
Yearlyav.
Dailyav.
Hourlyav.
Dailyav.
Hourlyav.
Hourlyav.
Season avo
Yearlyav.
Dailyav.
Dailyav.
Hourlyav.

Class 1

0.02
0.05
0.15
0.10
0.15
0.04
0.05
0.05
0.10
0.15
0.04
0.08
0.12
4.00

10.00
0.12

Class 2

0.06
0.15
0.50
0.20
0.30
0.10
0.15
0.05
0.10 b

0.15
0.04
0.08
0.12
4.00

10.00
0.16
1.50
1.00
0.01
7

20

Class 3

0.10
0.25
0.70
0.30
0.50
0.15
0.25
0.10
0.15 b

0.30
0.08
0.12
0.24
6.00

20.00
0.20

Remarks

mg/m'
b

p.g/m3

, avo = Average.
b Same value as those in GB 3095-82 "Ambient Air Quality Standards" (analytical standard method in China) now used.

the national economy and the continuous in
crease in energy consumption. A network of
over 1000 air monitoring stations has been estab
lished. New methods of analyses and standards
will be developed. Based on the results of
scientific investigations, including chromato
graphic studies, measures are being taken to
reduce pollution, such as coal gasification, use of
natural gas, centralization of power plants and
some interim measures, e.g., using coal briquet
tes. China is also participating in many projects
of global interest such as studies of acid rain,
ozone depletion and climatic changes.

China is now developing its own environmen
tal protection industry. Various materials, equip
ment and instruments are produced in either
local or internationally collaborating factories to
support environmental studies. These will greatly

speed up the progress of environmental science
in China.
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[34]. During the determination of benzanthrone
and other polycyclic aromatic ketones by capil
lary GC, random overlap with PAHs may occur,
and stationary phases of different polarities
should be employed in compound identification
by GC [35].

Polar polycyclic aromatic compounds have
been characterized by GC-MS with negative-ion
chemical ionization [36]. The sample used was
NBS standard reference material SRM 1650,
which originated from Diesel exhaust particulate
matter and was fractionated by normal-phase
HPLC prior to GC-MS.

4. Mutagenicity

Numerous investigations into the mutagenicity
of benzanthrone have been performed in the
past 15 years. Benzanthrone was found to be'
mutagenic in a test with Salmonella typhimurium
strains after activation, and it is suspected that its
oxidation in air may also lead to mutagenic
products [37]. The Ames test for mutagenicity
was performed with 30 polycyclic compounds
from urban air particulate matter [38]. Soot and
70 associated polycyclic compounds were tested
for mutagenicity [39]. The mutagenicity of in
door air pollutants was measured [40,41]. Weak
mutagenicity was found for keto derivatives of
PAHs [42]. Dilute wood smoke was reacted with
sub-ppm levels of 03 and NOz in a Teflon
chamber. Aromatic ketones contributed 4% of
total mutagenicity before reaction and 16-30%
after reaction [43]. Residential wood combustion
contributed to Contra Costa County community
airborne mutagens in a winter inversion [44].
The polar neutral fraction of urban airborne
particulate matter was found to be more muta
genic in the Ames assay than aliphatic or aro
matic hydrocarbons [45].

Polar neutral compounds isolated from air
borne particulate matter originating from res
idential heating and exhaust gases were more
mutagenic than PAHs [46]. A mutagenicity-di
rected approach was undertaken to the determi
nation of genotoxic components in coastal sedi
ments. Fractionation was carried out by normal-

and reversed-phase LC and gel permeation chro
matography (GPC) , and the Ames test for
mutagenicity was performed [47]. A bioassay
directed fractionation and interseasonal study
was also undertaken [48].

5. Toxicity

Since benzanthrone is also an industrial chemi
cal, data on its toxicity have been reported.
More than six hepatic microsomal metabolites
were isolated [49]. Algal cancer was observed in
the marine alga Porphyra tenera in the presence
of benzanthrone in Fukuoka, Japan [50]. The
effect of benzanthrone on the bladder of guinea
pigs has been investigated, and localized damage
was observed at a dose of 25 mg/kg [51]. The
long-term effect of benzanthrone in rats at a
biweekly administration rate of 25 JLg/kg has
been described [52]. Benzanthrone was adminis
tered to mice, rats and rabbits, and a low acute
and a strong subchronic toxicity to liver and
blood were observed [53]. The health status of
workers in the production of benzanthrone was
surveyed, and disorders of the liver were attribu
ted to combined effects of several chemicals [54].
The interaction of benzanthrone with serum
proteins was found to be strongest at pH 7-8
[55]. The toxicity of PAHs and related com
pounds to Daphnia magna was investigated, and
PAHs were classified as toxic, moderately toxic
and non-toxic [56]. Photoinduced toxicity to
larvae was reported [57]. Bioelimination and
organ retention of benzanthrone in scorbutic and
non-scorbutic guinea pigs was investigated, and
ascorbic acid facilitated the bioelimination of
benzanthrone [58,59]. Ascorbic acid also re
versed the effects of benzanthrone in mice [60].
Bioelimination of benzanthrone was slower in
guinea pigs than in rats [61].

6. Environmental occurrence

As benzanthrone is not only an industrial
chemical but also accompanies PAHs in combus
tion related particulate emissions, it is found
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Owing to its widespread distribution in the
environment, there is a comprehensive literature
available on the environmental occurrence of
benzanthrone. Oxygenated arenes were iden
tified in urban air in Toronto, Canada [63].
Diesel exhaust contains polycyclic aromatic
ketones in the most mutagenic fractions sepa
rated from diesel soot extracts, and benzanth
rone was identified among other oxygen-con
taining derivatives of PAHs such as anthra
cenedione, 4H-cyclopenta[detlphenanthren-4
one and fluorenones [64]. Polar subfractions of
Diesel exhaust account for 65% of direct-acting
mutagenicity in the Ames assay [65]. Polycyclic
ketones were also identified in urban airborne
particulate matter from St, Louis, MO, USA
[66]. Emission rates of benzanthrone were found
to be twice as high from gasoline engines than
Diesel engines in Japan [67]. Emissions of poly
cyclic compounds from rubber combustion were
characterized [68]. Ambient airborne particulate
matter was investigated in the Philadelphia in
dustrial area, and mutagenicity testing was done
[69]. Polycyclic aromatic ketones were also pres
ent in the pot room of an aluminium production
plant [70]. Higher mutagenic activity is found for
PAHs in Diesel exhaust after oxidation [71]. An
interesting area is the gas/particle distribution of
atmospheric organic compounds including poly
cyclic compounds [5,72]. The analysis of organic
matter in coke oven emissions also revealed
polycyclic compounds [73]. Sources of fine or
ganic aerosol were systematically investigated
[74-76]. Benzanthrone was also determined in
urban surface soil from Japan, and it was found
that it had originated from air particulate matter
precipitated from the atmosphere [77].

7. Conclusion

The determination of benzanthrone is mostly
done by multi-stage clean-up procedures and
characterization by instrumental methods involv
ing MS in addition to HPLC or Gc. Owing to
the complex analytical procedure, fewer data
have been published on the environmental oc-

currence of benzanthrone and other related
polycyclic aromatic ketones than on parent
PAHs. It is recommended that any determina
tion of polycyclic compounds should include
polycyclic aromatic ketones of molecular masses
230 and 254, since they are always abundant in
emissions from combustion sources, and obvi
ously contribute to the total mutagenicity after
being derivatized by secondary reactions.

Minor components among polynuclear aro
matic compounds and the atmospheric reaction
products of primary emissions including ben
zanthrone form an exceedingly large group of
slightly or strongly polar polynuclear aromatic
compounds. Multi-step clean-up procedures
must be applied, and determination of selected
compounds poses a challenge to current efficient
analytical methods. An increase in mutagenic
activity after atmospheric reactions has been
reported [71]. The ratio of benzanthrone and
benzo[a]pyrene to benzo[e]pyrene decreases dur
ing atmospheric degradation, and this ratio thus
gives an important indication whether such at
mospheric reactions have occurred or not.

Profile analysis of polycyclic aromatic ketones
must be performed if the ratio of benzanthrone
to minor polycyclic aromatic compounds is to be
determined. A multi-step clean-up procedure is
performed, and PAHs are absent from the pro
file of polycyclic aromatic ketones obtained by
capillary GC [27].

The ratio of benzanthrone to benzo[e]pyrene
and other PAHs is most rapidly revealed by
clean-up on XAD-2 and profile analysis by
capillary GC. Quantitative ratios of benzanth
rone to all other major polycyclic compounds,
including PAHs, are directly available from the
chromatogram, whereas some overlap may occur
among minor components [13].

HPLC is an efficient method for sample clean
up but cannot provide comprehensive informa
tion on related compounds that occur together
with benzanthrone at similar concentration.
Combined techniques such as GC-MS, LC-GC
or LC-MS were all applied successfully and
allow direct compound identification without
sample clean-up.
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Table 2
Benzacridines in an atmospheric aerosols

Compound

Benzacridines
Benz[c]acridine (1)
Benz[a]acridine (2)
2-Methylbenz[a]acridine
7-Methylbenz[a]acridine

Dibenzacridines
Dibenz[a,nacridine (3)
Dibenz[a,h]acridine (4)
Dibenz[c,h]acridine (6)

Source

Diesel (ng/m3
)

5.80
6.10±0.5
1.12
0.49

0.84 ±0.8
0.82
0.72

Petrol (ng/m3
)

0.07
0.19
0.01
0.01

acetonitrile-chloroform (4: 1) mobile phase. The
basic fraction was scraped from TLC plate <md
measured by fluorescence spectrometry. The
basic sample was analyzed by gas chromatog
raphy on a fused-silica capillary column with
bound OV-1 equipped with a thermionic specific
detector (TSD). The identification of azaarenes
in the creosote oils was achieved by gas chroma
tography-mass spectrometry (GC-MS) con
nected with a mass selective detector. Benz[c]
acridine (1), 9-methylbenz[c]acridine, 10
methylbenz[c]acridine in creosote oils have been
detected at concentrations of 192.7, 7.7 and 18.4
/Lg/g, respectively [40].

6. Gas-liquid chromatography

Sawicki found benz[c]acridine (1) and dibenz
[a,h ]acridine (4) as a composite average in
American urban air in 1963 at 1/Lg/1000 m 3 and
2'10- 1 /Lg/1000 m 3

, respectively [41]. Four
fused ring benzacridines, benz[c]acridine (1) and
its related carcinogenic methylated benz[c]ac
ridines, and benz[a]acridine (2) and its related
carcinogenic methylated benz[a]acridines were
all found in urban American atmospheres [3,41].
Additionally, five-fused ring benzacridines, car
cinogenic dibenz[a,h]acridine (4), and dibenz
[a,j]acridine (3) with its related alkylated car-

cinogenic dibenz[a,j]acridines have been found
in the same cities [3,41].

Dust samples were collected from the air by
means of an high-volume Staplex pump. The
pump was situated about 15 meters above the
ground. Samples of 0.3-0.5 g of dust collected
from 1000 to 2000 m 3 air were Soxhlet-extracted
with cyclohexane. After extraction and chemical
treatments, the basic samples were analyzed by
GC with a glass capillary column coated with
SE-52 at 180°C, with flame ionization or elec
tron-capture detection. Consequently, benz[c]
acridine (1), lO-methylbenz[c]acridine, 10
methylbenz[a]acridine, 1,10-dimethylbenz[a]ac
ridine and 8,1O-dimethylbenz[c]acridine were
found in these atmospheric dust extracts [20].

Tobacco was pyrolyzed at 850°C in an atmos
phere of nitrogen. The various fractions were
then analyzed by GC on a stainless-steel column
containing 15% Carbowax on Chromosorb W,
equipped with a flame ionization detector. Thin
layer chromatography on each basic fraction
extract was carried out on silica gel G using ethyl
acetate-methyl alcohol-formic acid (80: 10:10)
and benzene-methyl alcohol (95:5). Benzac
ridines have been found in tobacco of the
pyrolyzates and tobacco smoke condensate. Di
benzacridines could not be found in this study
[42]. However, Van Duuren et al. reported that
dibenzacridines were found in tobacco smoke, in
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A crucial parameter appearing in the last
calculations is

been derived with initial condition Eq. 29,
whereas Eq. 30, i.e., with the analyte injected as
a gaseous volume large enough to fill the entire
denuder tube initially, leads to a slightly differ
ent form of Eq. 43, namely Nz is replaced by N 3

(d., Eq. 35) throughout, and the factor -3 in
the last two terms becomes +1. Therefore, the
way of introducing the analyte into the denuder
tube may change the appearance of the diffusion
bands, because of the change in the prefix sign of
some terms, but the theoretical equations remain
substantially the same, and the details described
for the calculations [9] are exactly the same in
both cases.

Equation 43 shows that the diffusion band
consists of four exponential functions of time. By
using a non-linear regression analysis computer
program, the exponential coefficients, termed
B1, B2, B3 and B4, and the respective pre
exponential factors, denoted AI, A2, A3 and
A4, can be calculated from the experimental
bands. Such a program has been written in GW
BASIC and is given in Appendix A. It can be
run on a simple PC by entering in the DATA
lines the values H, T in pairs, where H is the
height (in arbitrary units, say cm) of the sample
peaks and T the respective times, when reversal
of the carrier gas-flow was made. The total
number of pairs N, the response factor of the
detector M (say 1 for a flame ionization detec
tor), and any factor HI to divide H (say 103

) are
entered in the 150, 170 and 180 INPUT lines,
respectively. Running the program in Appendix
A gives the logarithms In(A1), In(A2), In(A3)
and In(A4) of the four pre-exponential factors
Al = Nz(1- ZIIYI), A2 = N z(1 + ZIIYI), A3 =
3Nz(1- ZzlYz) and A4 = 3Nz(1 + ZzlYz) of Eq.
43 and the respective exponential coefficients
B1 = -[(XI - Y I)12 + k z]' B2 = -[(XI + YI)I
2 + k z]' B3 = -[(Xz - Yz)12 + k z] and B4 = 

[(Xz + Y z)/2 + k z]' together with their standard
errors and the prefixes S, P and X ( +1 or -1).

A similar PC program for the sum of two
exponential functions has been published else
where [33] and gives In A1(empty) and
In A2(empty), together with the respective ex
ponential coefficients B1(empty) and
B2(empty), which are equal to -aA and -9aA,

(44)

(42)

(45)

where

XI = aA + k~l - k~ - k z
(Xi - Yi)/4 = k~l(aA - k z)

ZI =XI -2k~1

X z = 9aA + k~1 - k~ - k z

(X~ - Y~)/4 = k~1(9aA - k z)

Zz =Xz -2k~1

k~ and k~1 being given by the relationships

k' = 4kl and
I 2+Rzk1D

I A

k' = 2k_ 1
-I 2+RZkID

1 A

where k 1 (S-l) is an adsorption rate constant,
defined as

K' being a dimensionless equilibrium distribu
tion constant (K' = k 1 I k_ 1 ), and p is the Laplace
transform parameter with respect to time.

Finally, the double inverse Laplace trans
formation with respect to z and t gives the
function measured experimentally, i.e., the
height H of the sample peaks:

It must be pointed out that Eq. 43 reduces to
Eq. 33 when k~1 = k~ = k z = O. Also, Eq. 43 has
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measured by parallel plate denuders [6], under
various conditions, change continuously with
time and this is expected to happen with the
other denuder types through which air flows
continuously. This is not the case here, however,
the initial Rk1 value (Eq. 48) and the final value
(Eq. 50) being just two different physical quan
tities, or different approximations of Vd •

(3) As seen from Eqs. 12-14 and pointed out
in Sections 2 and 5, to measure l' accurately it is
necessary to avoid diffusion-limited deposition
velocities, or find estimates of it, as long as there
are order of magnitude differences between
them and the measured deposition velocities.
Only when surface resistance becomes the domi
nant limiting process in transport to the wall are
Vd and l' independent of diffusion rates. In the
present section methodology gaseous diffusion
has become the only carrier of the phenomena,
but it does not enter into the calculations of Vd

and 1', except as a small correction in the
calculation of k l and k_ l from k; and k~l

computed initially (ct., Eqs. 45). To see how
small this correction is, one can cast the first of
Eq. 45 into a form similar to that of Eq. 14:

2 1 R
-=-+--
V~ Vd 2DA

where, according to Eq. 48, V~ = Rk; and Vd =

Rk l are the directly measured deposition ve
locity and the corrected value, respectively. The
radius of the tube R here takes the place of 8e ,

the thickness of the stationary layer on the solid.
It is as if the whole gaseous volume inside the
denuder tube has become the stationary layer.

(4) In the previous sections, irreversible sur
face reactions of the pollutants with the solid
were assumed. In contrast, the return flux of
accommodated molecules back to the gas phase
is not considered negligible in the present sec
tion, i.e., reversible reactions are taken into
account. This is clearly shown by Eqs. 38 and 39.

With all these differences between the present
method and those based on GK and CKD
equations, it is not surprising that Vd and l'
appear to have one or two orders of magnitude
smaller values than before.

6.3. Axial diffusion in the presence of a wall
partly coated and no homogeneous reaction

If one tries to apply the method in Section 6.2,
namely Eq. 43 and the following calculations, to
the action of, say, sulfur dioxide on marble
powder covering the internal wall of the diffu
sion denuder, no sample peaks are obtained,
unless large amounts of SOz are injected. This is
obviously due to high deposition velocities of this
gas onto marble, and Eq. 43 cannot be applied,
since it predicts zero or negative peak heights H.
A further development of the method was there
fore required to embrace this case of relatively
high deposition velocities. It was accomplished
[34] by using a denuder having a wall coating
with the solid only in a small part L z of its total
length L l + L z, as shown in Fig. 5.

Adopting as initial condition

cy(O, y) = c; and cJO, z) = 0

which can be fulfilled by injecting into the
denuder a volume of analyte gas small enough to
fill only section L z (approximately), we can
apply the mathematical analysis of Topalova et
al. [9] only to this part of the denuder tube,
whereas for the remaining. part L 1 equations
applicable in the absence of a wall coating (ct.
Section 6.1) are used. Linking the solutions in
parts L z and L l by continuity conditions of
concentrations and fluxes, and using certain
approximations given in detail elsewhere [34],
one finds for the height of the sample peaks,
instead of Eq. 43, the equation

11M ( Z) (X - y )H = N 4 1 - y exp - -2-·-. t

+N4 (1 + ~) exp( - X; Y. t ) (52)

where

N 4 = c;L;DA /3vS l (53)

X = (Sz - AiS3)DAISI (54)

(Xz - Y Z)/4 = (2A - Ais4 + A~S5)D~/SI (55)

Z = X - 2DA ( -;- Ai) (56)
L z
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S2=S2+T( I) - 2
S3=S3+Y(I)
S4=S4+Y(I)-2
S5=S5+T(I)*Y(I)

NEXT I
Z=L-K+l :REM Number of points for the linear regression analysis
Ml=S5-S1*S3/Z
M2=S2-S1-2/Z
M3=S4-S3-2/Z
A=(S3-S1*Ml/M2)/Z
B-Ml/M2
SYT=SQR(ABS(S4-A*S3-B*S5)/(Z-2»
SA=SYT*SQR(S2/Z/M2)
SB=SYT/SQR(M2)
RETURN

223

Appendix E

10 REM
20 REM
30 REM
40 REM
50 REM
60 REM
70 REM
80 REM
90 REM

Non-Linear Regression Analysis of Function:
H-(1/M)=Al*EXP(Bl*T)+S*A2*EXP(B2*T)+P*A3*EXP(B3*T)
VARIABLES

N2 Minimum. number of points of first exponential function
MAX = Square of maximum correlation coefficient
OPT = Final optional choice of variables when OPT=l
J Number of points of first exponential function
G = Number of points of second exponential function

K,L First and last point for linear regression analysis in the

100 REM
110 REM
120 REM

SA,SB
Y(I)
U(I)

subroutine
Standard errors of A and B in each linear regression
Ordinate for each linear regression in the subroutine
Variable remaining by removal of the previous one or two

exponential functions
130 REM 0(1) Function for calculating the correlation coefficient
140 INPUT "Total number of pairs H,T=";N
150 DIM H(N),T(N),Y(N),U(N),D(N)
160 INPUT "Response factor=";M
170 INPUT "Factor to divide H(I)=";Hl
180 FOR 1=1 TO N
190 READ H(I),T(I)
200 H(I)=H(I)/H1
210 NEXT I
220 N2=INT(N/6+.5)
230 MAX=O:OPT-O
240 REM Calculation of Al and Bl with H,T pairs ranging from N2 to N-N2-3
250 FOR J=N2 TO N-N2-3
260 K=N-J+l
270 L=N
280 FOR I=K TO L
290 Y(I)=(l/M)*LOG(H(I»
300 NEXT I
310 GOSUB 2040 : REM Subroutine for linear regression analysis
320 A1=EXP(A)
330 B1=B
340 SA1=SA
350 SBl=SB
360 IF OPT-l THEN 400
370 REM Calculation of A2 and B2 with H,T pairs ranging from N2 to N-J-3 and

both prefixes -1 and +1
380 FOR S=-l TO +1 STEP 2
390 FOR G=N2 TO N-J-3
400 K=N-J-G+l
410 L=N-J
420 FOR I-K TO L
430 U(I)=S*H(I)-(1/M)-S*Al*EXP(B1*T(I»
440 Y(I)=LOG(ABS(U(I»)
450 NEXT I
460 GOSUB 2040 : REM Subroutine for linear regression analysis
470 A2=EXP(A)
480 B2=B
490 SA2=SA
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