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Abstract

The measurements of atmospheric carbonyls concentrations in Beijing were conducted from 12 July to 8 October, 2008, covering
the periods of the 2008 Olympic Games and Paralympic Games. Six carbonyls, including formaldehyde, acetaldehyde, acetone,
butyraldehyde, valeraldehyde, and hexaldehyde, were identified in all air samples. The total average concentrations of these carbonyls
before, during, and after traffic restriction were (48.1 + 15.2), (36.6 + 14.5) and (23.4 + 12.3) ug/m?, respectively. Compared with
the period after traffic restriction, the distinct high concentrations of the carbonyls before and during traffic restriction were primarily
ascribed to the remarkable contribution of photochemical reactions. With respect to our previous investigation in the summer of 2005,
the reductions of formaldehyde, acetaldehyde and acetone during traffic restriction period were about 64%, 47% and 27%, respectively,
indicating that the air cleaning actions adopted by the Chinese government for the two games were efficient. The lowest levels of
atmospheric carbonyls and the extremely high composition proportion of acetone after the traffic restriction were mainly attributed to
the long-term effect of the control measures for the two games.
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Introduction

Carbonyls play an important role in atmospheric chem-
istry and urban air quality. They are directly discharged
into the atmosphere from incomplete combustion of
biomass and fossil fuel (Lipari et al., 1984), as well as
formed as the major photochemical reaction products of
volatile organic compounds (VOCs) in the atmosphere
(Grosjean et al., 1996; Possanzini et al., 2002; Pang and
Mu, 2006). Carbonyls are the pivotal source of radicals
in the atmospheric chemistry relating to ozone production
(Lary and Shallcross, 2000). In addition, some carbonyls
are associated with adverse health impacts, because they
have been recognized as carcinogenic and mutagenic char-
acter (Seinfeld and Pandis, 1997) and to be precursors of
toxic, radical intermediates in the atmosphere (Possanzini
et al., 2002).

The air quality in the metropolis of Beijing has aroused
great attention from the world, especially during 2008
Olympic Games (Xie et al., 2008). Beijing municipal
government adopted a series of pollution control measures
to improve Beijing’s air quality for the games by reducing
the local emissions, such as the strict traffic restriction for
motor vehicles (BOCOG, 2005; Hao and Wang, 2005).
In the meantime, strict control strategies for air pollution
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were also carried out in all neighboring provinces and
cities (Hebei Province, Tianjin City, Shanxi Province,
Shandong Province and Inner Mongolia) (BOCOG, 2005).
To evaluate the effect of the control measures, various air
pollutants in Beijing were investigated by several institutes
and universities in China during the two special games.

In this study, the ambient air concentrations of carbonyls
in Beijing were measured from 12 July to 8 October, 2008,
covering the periods of the 2008 Olympic Games and Para-
lympic Games. The objectives of this study were to provide
scientific data for evaluating the effectiveness of the air
cleaning actions adopted by the Chinese government for
the two games, and to extend the database of carbonyls in
the urban ambient air.

1 Experimental method

Air samples were collected on a rooftop (20 m above
the ground level) in the Research Center for Eco-
Environmental Sciences which lies in the north of Beijing

City between 4th ring road and 5th ring foad. The sampling
site is 4.82 km away from the Bird’s Ngst (Olympic Stadi-
um) and surrounded by some residentipl areas, campuses
and institutes. Two side roads with m¢derate traffic flow
were about 120 m away from the samplling site.

To illustrate the effect of the traffic| restriction (motor
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vehicles except taxies and buses were only allowed on road
in odd or even day), air sampling was divided into three
periods: before the traffic restriction (12—19 July), collect-
ed air samples for 5 days; during the traffic restriction
(20 July-20 September), collected samples for 31 days;
and after traffic restriction (21 September—8 October),
collected samples for 6 days.

Carbonyls in the ambient air were sampled and deter-
mined using a technique on the basis of the EPA Method
TO-11 A (US EPA, 1999). The detailed description of
the method can be found in our previous paper of Pang
and Mu (2006). Samples were collected at 2 hr intervals
from 7:00 to 21:00 (local time) for most sampling days. To
reflect the nocturnal variations of carbonyls, air samples
were also collected on several whole days during the
traffic restriction. The sampling flow rate through the
2.4-dinitrophenylhenylhydrazine (DNPH)-coated Sep-Pak
silica gel cartridges (Waters Inc., USA) was controlled
by a rotameter with a needle valve of 0.8 L/min, which
was calibrated by a soap flow meter in the laboratory.
The samples were analyzed as their DNPH derivatives
by a High Performance Liquid Chromatography (HPLC)
system (Waters 2659 separations Module, Waters Inc.,
USA) with a Photodiode Array Detector at 360 nm.
The formed carbonyl-DNPH derivatives were separated
on a Thermo ODS Hypersil column (5 um, 250 x 5.0
mm). Acetonitrile and water were used as mobile phases
according to the following gradient: 0—12 min from 60% to
100% acetonitrile and 40% to 0% water; 12—14 min from
100% to 60% acetonitrile and 0% to 40% water. The flow
rate was 1.0 mL/min and the injection volume was 10 pL.
Relative standard deviations were less than 5.0% for all
identified carbonyls based on the analysis results of five
parallel samples.

2 Results and discussion

Six carbonyls were identified in all air samples, includ-
ing formaldehyde, acetaldehyde, acetone, butyraldehyde,
valeraldehyde, and hexaldehyde. The average concentra-
tions and variation ranges of the identified carbonyls
during the three investigated periods are summarized in
Table 1. Among the carbonyls, acetone was always the
most abundant compound during the three periods, con-
centration ranging between 3.5 and 26.7 ug/m?, followed
by formaldehyde and acetaldehyde, with concentration

ranges of 1.6-24.5 ng/m* and 0.5-19.6 ug/m?, respective-
ly. The concentrations of butyraldehyde, valeraldehyde and
hexaldehyde were in the ranges of 0.1-15.1 ug/m?3, 0.1—
12.3 ug/m* and 0.1-16.4 pg/m?, respectively. Our previous
studies (Pang and Mu, 2006; Pang et al., 2009) at the
same site revealed that the concentrations of atmospheric
carbonyls in Beijing were the highest in August due
to pronounced contribution of photochemical formation
from VOCs. However, the concentrations of carbonyls
in August, 2008 were much lower than those before
the traffic restriction in July, such as the concentrations
of formaldehyde, acetaldehyde, acetone, butyraldehyde,
valeraldehyde and hexaldehyde were 46%, 28%, 10%,
45%, 21% and 30%, respectively lower in August than
those before the traffic restriction. In view of the impact
of the meteorological factors on atmospheric carbonyls,
the average concentrations of carbonyls under clear days
during the three periods were also calculated separately
(data not shown), and the concentrations of the correspond-
ing carbonyls in August were 49%, 35%, 12%, 50%, 24%
and 39%, respectively lower than those before the traffic
restriction. It is evident that the strict control measures,
especially the traffic restriction in Beijing (the number of
automobiles each day were cut down by 1.8 million, about
57.7% of the total vehicle number during the restriction
(Liu et al., 2008)), were the important factors for reduction
of atmospheric carbonyls. The control measures not only
significantly reduced the direct carbonyls emissions from
the controlled sources, but also largely lessened their
atmospheric precursors, for example, the concentration of
BTEX decreased by 50% during the traffic restriction (Liu
et al., 2009). Further evidence could be seen from the
obvious decrease of atmospheric CO (about 21%-35%)
during the traffic restriction (Table 1).

The lowest concentrations of the carbonyls were ob-
served after the traffic restriction when all the measures
of control were cancelled, whereas the pollution levels
of CO and other primary pollutants (such as BTEX, Liu
et al., 2009) quickly recovered. These phenomena further
indicated that the atmospheric carbonyls in Beijing were
dominated by secondary formation. Due to the sunlight in-
tensity and temperature in Beijing gradually decrease since
September, the potential of photochemical conversion of
VOCs to carbonyls was reduced correspondingly (Pang
and Mu, 2006).

To illuminate the possible sources for the measured
carbonyls in detail, the diurnal variations, the correlations

Table 1 Means and standard deviation of the carbonyls and CO during the three sampling periods (unit: ug/m?>)

Before traffic restriction
(7/12-7/19) (N = 36)

After traffic restriction
(9/21-10/8) (N = 42)

During traffic restriction
(7/20-9/20) (N = 203)

Mean + SD Range Mean + SD Range Mean + SD Range

Formaldehyde 11.1 £33 5.8-19.0 7.1+33 1.6-24.5 43+24 +7=155
Acetaldehyde 9.8 +£2.6 6.0-15.1 75+3.6 0.5-19.6 5.1+£3.6 1.5-19.3
Acetone 162 +£4.2 10.9-26.7 15.1+£45 4.7-24.5 10.3 + 3. 3.5-18.5
Butyraldehyde 29+0.8 1.6-5.1 23+1.6 0.1-15.1 1.6 £1.6 0.1-8.6
Valerldehyde 48+3.1 1.1-12.2 25+22 0.6-12.3 1.3+0.5 0.1-4.8
Hexaldehyde 33+1.2 0.7-5.1 2.1+26 0.1-16.4 0.8 £0.6 0.2-2.7
CcO 815 +214 280-1840 640 + 376 300-2660 978 + 794 30042580

N: number of samples in statistical analysis.
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and the influence factors, as well as comparison with
previous studies are further discussed in the following
sections.

2.1 Average diurnal variations of carbonyl compounds

Figure 1 shows the average diurnal variations of car-
bonyls in Beijing during the three periods. The majority of
the identified carbonyls exhibited similar diurnal variation
pattern with peak values appearing in noon time or later
afternoon, which could be interpreted as a consequence
of photochemical formation of carbonyls through the
photochemical oxidation of VOCs. The contribution of
photochemical reactions to atmospheric carbonyls could
also be clearly shown in a typical diel variation (Fig. 2).
Possanzini et al. (2002, 2007) pointed out that photochem-
ical formation accounted for 80%—90% of the atmospheric
carbonyls in downtown of Rome during summer days. The
contribution of photochemical conversion to atmospheric
formaldehyde in Beijing was estimated to be more than
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Fig. 1 Diurnal variations of averaged carbonyls levels in three sampling periods.

70% during spring-autumn according to the report by Pang
and Mu (2006).

To better reveal the effect of the control measures during
the two games, the concentrations of formaldehyde mea-
sured during the whole period in this study are presented in
Fig. 3. The peak values before the two games mostly hap-
pened at noontime of haze days, indicating that the haze
days were in favor of the photochemical formation and
accumulation of formaldehyde (Section 2.2). And the con-
centration of formaldehyde did not drop at the beginning
of the traffic restriction due to frequent haze days. With the
arrival of clear days, the concentration of formaldehyde
decreased gradually, and achieved extremely minimum
value during the two games. Because of the relatively
lower sunlight intensity and temperature in autumn and
the long-term effect of the control measures as discussed
in Section 2.2, the concentration of formaldehyde reached
the lowest level after the traffic restriction.
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Fig.3 Time series of formaldehyde from 12 July to 8 October in Beijing.

2.2 Correlations among carbonyls and meteorological
factors

To clarify the effect of meteorological conditions,
the correlations among the carbonyls and meteorological
factors during the whole investigated period were ana-
lyzed (Table 2). With the only exception of hexaldehyde,
significant correlations among the identified carbonyls
were found, suggesting that they had common sources
(Possanzini et al., 2002, 2007). As mentioned above,
photochemical reaction of VOCs, especially in summer,
was a predominant common source for them (Solberg et
al., 2001; Possanzini et al., 2002; Pang and Mu, 2006).

The negative correlations between carbonyls and wind
speed suggested that wind profited of diffusion of pol-
lutants. The influence of wind speed on atmospheric
carbonyls was clearly exhibited in Fig. 4 for two typical
consecutive days. Cetin et al. (2003) pointed out that the
strong wind defined as the speed higher than 5 m/sec was
helpful for fast dispersion of pollutants. However, wind

speeds greater than 5 m/sec during the whole investigated
period only accounted for three days, and hence, only
the influence of wind speed could not explain the large
difference of the atmospheric carbonyls concentrations
among the three investigated periods.

The significant positive correlations between carbonyls
concentrations and temperature also reflected the con-
tribution of photochemical reactions to the atmospheric
carbonyls, because air temperature is closely relative to
sunlight intensity.

Besides acetone, no significant correlations between
carbonyls and humidity were found. The influence of
humidity on atmospheric carbonyls concentrations is com-

plex. The humidity is usually high after rain events or
during haze days. The concentratios of atmospheric

carbonyls after rain events were low
by the rain; whereas they could inc
cal haze days because of accumulati
from heterogeneous reactions. Scaveng|

due to scavenging
eases under typi=
n or contribution
Ing of atmospheric
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Fig.4 Diurnal variations of carbonyls and wind speed in two consecutive days (24-25 September).

Table 2 Correlation coefficients between carbonyls and meteorology factors during the whole investigated period from 12 July to 8 October (N = 281)

Formaldehyde Acetaldehyde Acetone Butyraldehyde Valeraldehyde Hexaldehyde
Formaldehyde 1
Acetaldehyde 0.618%** 1
Acetone 0.750%* 0.644+* 1
Butyraldehyde 0.548%** 0.571%** 0.586%* 1
Valeraldehyde 0.388%** 0.292%* 0.422%%* 0.150* 1
Hexaldehyde 0.250%* 0.194%* 0.129 0.451%%* 0.051 1
Wind speed —0.158** -0.115 —-0.219%* —0.142%* —-0.043 -0.015
Temperature 0.406%** 0.268%** 0.529%* 0.192%%* 0.362%* 0.233%%*
Humidity 0.099 0.118 0.225%* -0.061 0.009 -0.100

*## Correlation is significant at 0.01 level (2-tailed); * correlation is significant at 0.05 level (2-tailed).

carbonyls via precipitation was observed by comparison  carbonyls was in the range of 42.6-72.4 ug/m?, however,
the concentrations of carbonyls before and after a rain it decreased to 33.8-49.3 ug/m? after the rain event (16
event (with rainfall of 22.0 mm) which lasted from the July). To better illustrate the influence of haze days on
noon of 14 July to the afternoon of 15 July, 2008 (Fig. 5). atmospheric carbonyls, two typical diurnal variations of
Before the rain event (13 July), the total concentration of = carbonyls on two consecutive days (23-24 July) with a
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Fig. 5 Diurnal variation of carbonyls before (13 July) and after a rain event (16 July).
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clear day on 23 July and a haze day on 24 July are
shown in Fig. 6. It is evident that the concentrations of
the carbonyls were much higher in the haze day than those
in the clear day. The stagnant air condition of haze days
is favorable of the accumulation of pollutant (Chan et al.,
2005; Mao et al., 2008), and resulted in relatively high
concentration levels of the carbonyls. In the meantime, the
photochemical reaction activity during haze days might be
more pronounced than that during clear days, e.g., high
concentration of HONO could be formed due to the hetero-
geneous reaction of NO, with H,O on the abundant aerosol
surfaces and resulted in high concentration of OH radicals
which is the key species for atmospheric VOCs oxidation.
Su et al. (2008) had observed the high HONO levels in the
daytime during the summer haze days in Pear River Delta,
Guangzhou, China. The maximal concentration values of
the carbonyls at noon time and the high ethylbenzene/m,p-

xylene ratios observed during haze days could be another
evidence for the high photochemical reaction activity (Liu
et al., 2009). The concentrations of the identified carbonyls
in haze days during the whole investigation period in this
study were 1.5 times higher than those in clear days. Lii et
al. (2009) also found that the average total concentration
of carbonyls in hazy days were higher than those in clear
days by a factor of 1-4.

2.3 Ratios of formaldehyde/acetaldehyde

The ratio of formaldehyde/acetaldehyde (F/A) has been
widely used as an indicator of biogenic source for
formaldehyde (Shepson et al., 1991). F/A ratios were
reported to vary from about 1 in urban area (Ho et
al.,, 2002; Feng et al., 2005; Pang and Mu, 2006) to
about 10 in deciduous forest (Jacob and Wofsy, 1988;
Shepson et al., 1991). High value of F/A ratio implied
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Fig. 6 Diurnal variations of carbonyls, air temperature and humidity in two consecutive days (clear day: 23 July; haz
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that the photo-oxidation of natural hydrocarbons such
as isoprene yields more formaldehyde than acetaldehyde
(Lloyd et al., 1983; Shepson et al., 1991; Duane et al.,
2002). The average F/A ratios before, during, and after the
traffic restriction in this study were 1.11, 0.96, and 0.84,
respectively, suggesting that the anthropogenic activities
were still dominant sources for atmospheric carbonyls
even under such strict control measures during the two
games. It should be mentioned that F/A ratios investigated
in this study during the summer time were about two
times lower than our previous study (Pang and Mu, 2006),
indicating that the control measures might largely change
the proportion of the different sources for atmospheric
carbonyls, e.g., 57.7% of cars were reduced (Liu et al.,
2008), while other sources, such as cooking and the buses
fueled with diesel, were kept constant.

2.4 Comparison with our previous study

2.4.1 Carbonyls’ concentration levels during different
periods

To better evaluate the effect of the control measures
on ambient carbonyls in Beijing, the levels of carbonyls
during different investigation periods in this study were
compared with our previous study at the same site and in
the same season of 2005 (Pang and Mu, 2006). The average
concentrations of formaldehyde, acetaldehyde and acetone
before the traffic restriction (12—19 July) were about 43%,
30% and 22%, respectively lower than those measured in
the same period of 2005 (Pang and Mu, 2006). As the me-
teorological conditions in July between the two years were
almost identical (Table 3), the remarkable reduction of at-
mospheric carbonyls in July 2008 was ascribed to phasing
out the vehicles with exhaust beyond the state standard
(called yellow-marked cars) since 1 July, 2008. Although
the number of yellow-marked cars (357,000) accounted for
about 10% of the total vehicles, the pollutants emitted from
them were estimated to be more than 50% of the emis-
sion from vehicles (http://news.xinhuanet.com). Compared
with the period in the summer of 2005 (Pang and Mu,
2006), the concentrations of formaldehyde, acetaldehyde
and acetone during the traffic restriction decreased by
64%, 47% and 27%, respectively. The yearly variation
of meteorological conditions (Table 3) was insufficient to
account for the large difference of the carbonyls’ levels
between the two years, and hence, the implementation of

Table 3 Comparison from July to October between 2005 and 2008
about average temperature, wind speed, intensity, and humidity, as well
as rain events (http://www.wunderground.com/)

Date Temper-  Wind Rain Intensity ~ Humidity
(yy/mm/dd) ature speed events  (mm) (%)
§(©) (km/hr)

2005/7 26 9 9 83 76
2008/7 26 7 8 66 77
2005/8 25 8 9 87 85
2008/8 25 7 10 88 76
2005/9 21 7 3 15 70
2008/9 20 5 6 50 73
2005/10 14 9 2 1 57
2008/10/1-20 13 8 4 19 64

the strict control measures in 2008 could be in the saddle.
Although the traffic restriction had cancelled since 20 Sep
2008, the concentrations of formaldehyde, acetaldehyde
and acetone after the traffic restriction decreased by 73%,
68% and 38% relative to those in the autumn of 2005.
As mentioned above, the background concentrations of
carbonyls and their precursors in a large region around
Beijing would evidently decrease under the large scale
air cleaning actions, which might have long-term effect
on atmospheric carbonyls (Section 2.4.2). In addition,
scavenging carbonyls by rain events was more remarkable
during Sep—Oct in 2008 than in 2005, e.g., 10 rain events
with total rainfall of 69 mm occurred during the period of
Sep—Oct 2008, whereas only 5 rain events with rainfall of
16 mm happened during the same period in 2005 (Table 3).

2.4.2 Composition patterns of carbonyls

The comparison of percentage contributions of
formaldehyde, acetaldehyde and acetone to their total
concentration between this study during the three
investigated periods and our previous study (Pang and Mu,
2006) during the summer and the autumn are presented
in Fig. 7. The proportion of acetone increased from 44%
to 52% during the traffic restriction in comparison with
that before the traffic restriction, while the proportion
of formaldehyde decreased from 30% to 23%, and the
proportion of acetaldehyde decreased only a little (from
26% to 25%). Because acetone has much longer lifetime
(53 days due to OH consumption and approximately 60
days due to photolysis (Atkinson, 2000)) than those of
formaldehyde and acetaldehyde (formaldehyde: 1.2 days
due to OH consumption and 4 hours due to photolysis;
acetaldehyde: 8.8 hours due to OH consumption and 6
days due to photolysis (Atkinson, 2000)), the significantly
high proportion of acetone during the traffic restriction
relative to that before the traffic restriction indicated that
the levels of formaldehyde and acetaldehyde strikingly
decreased and the background atmospheric acetone
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Fig. 7 Comparison of composition patterns of formaldehyde, acetalde-
hyde and acetone between this study and study frqm Pang and Mu (2006).
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Table4 Comparison of mean concentrations of carbonyl compounds with other cities (unit: pg/m>)

Location Sampling date Formal- Acetal- Acetone Butyral- Valeral- Hexal- Reference
(yy/mm/dd) dehyde dehyde dehyde dehyde dehyde

Beijing, China 2008/7/12-20 11.1 9.8 16.2 29 4.8 33 This study

Beijing, China 2008/7/21-9/20 7.1 75 15.1 2.3 2.5 2.1 This study

Beijing, China 2005/6-8 19.5 14.1 20.7 - - - Pang and Mu, 2006

Beijing, China 2004/7-8 254 15.1 - - - - Wang et al., 2007

Carmen, Mexico 2004/8-9 19.0 26.2 24.8 7.4 - - Cer6n et al., 2007

Guangzhou, China 2003/6-9 13.7 8.3 17.8 1.41 1.01 1.0 Feng et al., 2005

Rio de Janeiro, Brazil 2000/5-11 10.8 10.4 4.1 0.5 0.3 0.3 Grosjean et al., 2002

Beirut, Lebanon 2004/8-10 6.2 4.1 12.9 — - - Moussa et al., 2006

over large scale made great contribution to the level of
acetone in Beijing. The proportion patterns between the
two periods during and after the traffic restriction were
similar, but different in detail, that is, the proportion of
formaldehyde further decreased after the traffic restriction,
while those for acetaldehyde and acetone increased a little.
As mentioned above, the photochemical activity gradually
decreased after the traffic restriction (after September),
and hence the contribution from the photo-oxidation of
biogenic VOCs (especially for isoprene) to atmospheric
formaldehyde reduced accordingly, e.g., the decrease of
the proportion for formaldehyde was also observed from
summer to autumn in our previous investigation (Fig. 7).
In addition, the change of the composition of different
sources after the traffic restriction (Section 2.4.1) might
also partly account for the variation of the carbonyls’
proportions. Due to the long lifetime of acetone, the
extremely high proportion of acetone after the traffic
restriction compared with that investigated in the autumn
of 2005 (Fig. 7) suggested the long-term effect of the
control measures on the atmospheric carbonyls in Beijing.
Although similar composition pattern as that in the
summer of 2005 (Fig. 7), the extremely high proportion of
acetone before the traffic restriction could be ascribed to
the elimination of yellow-marked cars since 1 July, 2008,
e.g., prominent reduction of the atmospheric carbonyls
during this investigated period against those in the summer
of 2005 (as discussed at Section 2.4.1).

2.5 Comparison with other cities

Table 4 illustrates the comparisons of the concentrations
of carbonyls detected in ambient air samples between
Beijing and other cities (Grosjean et al., 2002; Feng et
al., 2005; Pang and Mu, 2006; Moussa et al., 2006;
Cer6n et al., 2007; Wang et al., 2007). It is evident that
the concentrations of formaldehyde and acetaldehyde in
Beijing during the traffic restriction were much lower
than those in the most cities. It should be noticed that
the concentrations of valeraldehyde and hexaldehyde were
extremely high comparing with other cities as well as
Beijing investigated in our previous study. The outer-walls
of the older buildings were decorated for the Games in
July, and the emission from the solvents of the decorating
materials was suspected to be responsible for the relatively
high level of these carbonyls.

3 Conclusions

Based on these results, three conclusions could be
derived: (1) the yellow-marked cars might make signif-
icant contribution to atmospheric carbonyls in Beijing,
and should be ruled out to improve the air quality; (2)
the controlling measures adopted by Chinese government
for the 2008 Olympic Games were effective on reducing
atmospheric carbonyls in Beijing, and had a long-term
effect; (3) the meteorological conditions during haze days
might be beneficial to carbonyls accumulation and photo-
chemical formation.
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