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Abstract: Carbonyl compounds (CCs) are a pivotal class of oxygenated volatile organic compounds
in ambient air, which are mainly derived from natural emissions, primary emissions from an-
thropogenic sources, and secondary formation due to atmospheric oxidation. Various classes of CCs
have different impacts on human health, and play critical roles in atmospheric photochemical
reactions, ozone production, and the formation of secondary organic aerosols. At present, the
number of CCs in ambient air determined by traditional methods is limited, especially for high
molecular weight monocarbonyl compounds (HMW-MCs) and dicarbonyl compounds (DCs). If more
CCs can be accurately determined, it will be beneficial for the study of atmospheric oxidation

mechanisms and the formulation of pollution control strategies.In this study, an analytical method
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was developed that enables simultaneous determination of the 40 CCs in ambient air with a single
injection, utilizing high-performance liquid chromatography-triple quadrupole mass spectrometry.
First, the 16 CCs-2, 4-dinitrophenylhydrazine (DNPH ) -derivatized single standards were prepared
using purified DNPH crystals in the laboratory. Second, the remaining 24 commercial CCs-DNPH-
derivatized hybrid standards were purchased. Finally, all the above standards were mixed in a certain
proportion to prepare the 40 CCs-DNPH-derivatized hybrid standards for later use. The sample
collection procedures (sampling flow rate and sampling duration), the pretreatment methods (elution
volume and constant volume ), the chromatographic analysis conditions ( chromatographic column,
the concentration of ammonium acetate, etc.) and the mass spectrometry analysis conditions (ion
source parameters, fragmentation voltage, collision energy, etc.) were optimized. Ambient air
samples were collected using DNPH cartridges (at a flow rate of 1 L/min, for 4 h), eluted with 4
mL of acetonitrile and diluted to a final volume of 5 mL (the acetonitrile naturally flowed through
the DNPH cartridges in the opposite direction to the sampling direction) in a vacuum drying
chamber, and then filtered through a 0.22 pm organic filter membrane and transferred to 1.5 mL
brown sample bottles prior to instrumental analysis. Chromatographic separation was performed
using a Sepax BR-C18 column (250 mmx4.6 mm, 5 wm) with mobile phases consisting of 1.0 mmol/L
ammonium aqueous solution and acetonitrile under gradient elution conditions. The analysis was
performed at a column temperature of 50 C with an injection volume of 5 pwL. The target analytes
were identified using negative electrospray ionization (ESI") and multiple reaction monitoring (MRM)
modes and quantified using the external standard method. The results showed that the 40 CCs
exhibited good linearities within the mass concentration range of 2.5-200 pg/L, with the deter-
mination coefficients (R’) exceeding 0.997 8. The method detection limits and method quantification
limits were established within the ranges of 0.001-0.03 pg/m’ and 0.005-0.12 pg/m’, respectively.
The blank spiked recoveries of the target analytes at low, middle, and high concentration levels
(0.05, 0.1, and 0.2 pg) ranged from 75.2% to 119.0%, while the relative standard deviations (RSDs,
n=7) ranged from 0.4% to 4.2%. This analytical method was applied to the monitoring of ambient
samples in the Pearl River Delta region. Except for 2-furaldehyde and isophorone, 38 CCs were
effectively detected. Among these, formaldehyde, acetaldehyde and nonanal consistently showed
higher concentrations across all sampling sites. Overall, the concentrations of low molecular weight
monocarbonyl compounds (LMW-MCs) were moderately higher than those of HMW-MCs, and
substantially higher than those of DCs. Compared with conventional methods, this method effectively
overcame the limitations in existing approaches regarding the limited variety and detection difficulties
of DCs and HMW-MCs. Additionally, it also improved the chromatographic resolution of target
analytes which have similar retention times and the same ion pairs. Overall, this method was simple
and rapid, offering excellent sensitivity, precision, and chromatographic resolution. It was suitable
for the determination of the abovementioned 40 CCs in ambient air.

Keywords: carbonyl compounds (CCs); ambient air; high performance liquid chromatography-

triple quadrupole mass spectrometry (HPLC-MS/MS)
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Table 1 MS parameters of the 40 carbonyl compounds (CCs)

. Quantitative . Dwell
No. Compound R.etentlc?n I.’recursor product ion Fragmentor/V Collision time/
time/min  ion (m/z) (m/z) energy/eV
1 formaldehyde ( H1 /)" 10.30 209.1 163.0 135 10 200
2 acetaldehyde (Z )" 12.22 223.1 163.1 135 10 200
3 2-furaldehyde (HEESE)" 13.89 275.0 228.0 110 5 200
4 arolein (N 14.35 235.1 158.2 125 20 200
5 acetone (A iil)" 14.74 237.1 207.3 120 25 200
6 propionaldehyde (%) 15.59 237.1 162.9 115 15 200
7 salicylaldehyde (/KM )™ 15.91 301.0 182.0 80 5 150
8 2-butenal ( T 4#ME)" 17.55 249.1 172.1 75 5 150
9 methacrolein ( FT 2 P78 )" 18.43 249.1 172.1 75 5 150
10 glyoxal (Z )™ 19.23 417.1 182.1 90 10 150
11 2-butanone (2-7 fifl)" 19.27 251.1 152.1 115 10 150
12 butanal (T /)" 19.46 251.2 163.3 115 15 150
13 benzaldehyde (# HI )" 20.28 285.2 163.1 75 20 200
14 isovaleraldehyde (5% /)" 23.11 265.2 152.1 80 15 200
15  2-pentanone (2-J )" 23.54 265.0 152.0 115 20 200
16  acetophenone (£ Z )" 23.70 299.0 254.0 125 20 100
17 cyclohexanone (¥ . i)’ 23.73 277.2 247.1 95 5 200
18  methylglyoxal (I %2 — )™ 23.96 431.1 182.1 125 10 150
19 pentanal (J%/)" 24.05 265.2 152.2 115 15 200
20  p-tolualdehyde (X 3 4 HT i )" 24.36 299.2 163.1 125 10 100
21 m-tolualdehyde ( [a] FT 3 2 HI g ) 24.85 299.2 163.1 85 10 100
22 o-tolualdehyde (4P H1 52 I g )* 25.13 299.2 163.2 95 10 100
23 trams-2-hexenal (JZ & -2-C /58 )" 27.10 277.0 163.3 75 5 100
24 methyl isobutyl ketone ( F 3 5 T 57 )* 27.53 279.2 152.2 100 15 100
25  hexanal (CV/)" 29.28 279.2 152.0 90 10 100
26  2,5-dimethylbenzaldehyde (2,5-— I 35 HI )" 29.30 313.2 181.0 85 20 200
27  2-methylcyclohexanone (2-H 33 & il )™ 30.47 291.0 152.2 90 15 200
28  6-methyl-5-hepen-2-one (6-F JE-5-Bd -2-fii )™ 32.62 305.0 152.2 100 20 200
29 nopinone (¥ JEfH )™ 33.20 317.0 152.1 105 20 200
30  2-heptanone (2-Pififl)™ 33.99 293.0 152.2 110 5 200
31 heptanal ( i )" 34.30 293.2 163.0 85 5 200
32 isophorone ( 5 /K i)™ 34.31 317.0 152.1 95 10 200
33 limona ketone (4-Z Bt 5-1-H 3E-3R O )™ 35.07 317.0 152.1 95 10 200
34 2-octanone (2-¥ )" 36.51 307.0 152.1 85 5 200
35  octanal ()" 36.70 307.3 163.1 75 10 200
36 nonanal (T-i§)" 38.96 321.3 152.0 95 15 200
37  decanal (%) 41.70 335.2 163.0 90 10 200
38  undecanal (+—#)" 45.05 349.0 162.8 95 15 200
39  dodecanal (+ )" 49.26 363.0 163.4 90 15 200
40  tridecanal (=) 54.61 377.0 162.8 95 15 200

* The standards were commercial; ** The standards were homemade.
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Fig.1 Extracted ion chromatograms of the 40 CCs-2, 4-dinitrophenylhydrazine (DNPH) derivatives using different chro-

matographic columns

Mobile phases A: 1.0 mmol/L ammonium acetate aqueous solution; mobile phases B: acetonitrile; gradient programs: a. 0-12 min,
60%B-75%B, 12-15 min, 75%B-99%B, 15-25 min, 99%B, 25-30 min, 99%B-60%B; b. 0-25 min, 60%B-90%B, 25-30 min, 90%B-95%B,
30-40 min, 95%B, 40-45 min, 95%B-80%B, 45-50 min, 80%B-60%B; c. 0-27 min, 65%B-80%B, 27-30 min, 80%B-95%B, 30-50 min,

95%B, 50-55 min, 95%B-80%B, 55-60 min, 80%B-65%B.
Peaks 1-40 were the same as those in Table 1.
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Fig. 2 Peak areas of the 40 CCs-DNPH derivatives using different concentrations of ammonium acetate (n=3)
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Fig.3 Penetrances of the three typical CCs using different (a) sampling flow rates and (b) sampling durations (n=3)
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Table 2 Regression equations, determination coefficients (R?), method detection limits (MDLs), method quantification
limits (MQLs), recoveries, and relative standard deviations (RSDs) of the 40 CCs

Compound Regression equation R’ (rg?rltlé) (rg(/gr{?) Recovery/% RSD/%
Formaldehyde ¥=3.80x10"x+1.17x10" 0.9998 0.01 0.05 84.8-87.9 0.6-0.7
Acetaldehyde y=1.74x10°2+9.81x10" 0.9998 0.006 0.02 82.3-88.3 0.6-1.0
2-Furaldehyde y=4.48x10°x+3.42x10° 0.9999 0.01 0.05 75.2-75.7 2.8-3.3
Acrolein y=4.73x10°2+3.62x10° 0.9995 0.01 0.05 76.3-76.4 0.7-2.1
Acetone y=2.73x10°x+4.14x10° 0.9999 0.005 0.02 78.8-79.4 0.4-0.9
Propionaldehyde ¥=3.58x10°x+9.69x10° 0.9996 0.006 0.02 86.1-87.3 1.1-2.4
Salicylaldehyde y=3.11x10°x-3.04x10” 0.9995 0.005 0.02 79.6-82.5 1.2-3.4
2-Butenal ¥=6.56x10°x+5.66x10° 0.9993 0.008 0.03 80.8-83.8 1.3-2.5,
Methacrolein Y=6.64x10°x+1.41x10° 0.9996 0.01 0.04 83.5-83.6 1.5-2.1
Glyoxal y=4.57x10°x+1.16x10° 0.9995 0.005 0.02 90.3-103.2 2.4-3.1
2-Butanone y=3.22x10°x+2.92x10? 0.9999 0.005 0.02 87.1-91.3 2.5-3.4
Butanal Y=5.74x10°x+8.68x10° 0.9998 0.01 0.05 83.1-87.1 2.1-3.2
Benzaldehyde Y=5.59x10°x+1.32x10? 0.9996 0.01 0.05 82.5-86.3 2.1-4.3
Isovaleraldehyde y=7.97x10°2+9.37x10> 0.9998 0.01 0.04 86.2-87.5 1.0-1.2
2-Pentanone y=3.37x10°x-4.67x10" 0.9991 0.004 0.02 87.9-103.6 1.6-2.7
Acetophenone y=3.04x10°x+6.20x10° 0.9998 0.01 0.04 88.8-109.9 2.6-3.3
Cyclohexanone y=4.09x10"x+1.84x10 0.9998 0.009 0.04 82.5-83.4 3.5-4.6
Methylglyoxal y=2.35%10°0-5.17%x10? 0.9993 0.02 0.07 89.2-103.1 3.4-5.1
Pentanal ¥=6.65x10°x+1.11x10? 0.9998 0.009 0.04 88.2-89.9 2.1-3.3
p-Tolualdehyde y=7.36x10°x-5.01x10" 0.9996 0.01 0.06 80.0-83.1 1.2-1.5
m-Tolualdehyde ¥=6.48x10°0-7.23%x10° 0.9993 0.01 0.05 82.5-84.3 2.1-2.2
o-Tolualdehyde Y=6.14x10°x-2.14x10? 0.9994 0.02 0.06 82.7-83.1 2.4-3.4
trans-2-Hexenal ¥=9.36x10°2-7.59x107 0.9994 0.004 0.02 85.9-81.2 0.9-1.1
Methyl isobutyl ketone y=4.38x10°x+2.49x10° 1.0000 0.006 0.02 77.8-81.6 2.1-2.2
Hexanal y=7.16x10°x+8.34x10> 0.9998 0.007 0.03 92.7-88.0 1.9-2.1
2,5-Dimethylbenzaldehyde y=8.75x10°x~6.49%10? 0.9995 0.01 0.04 86.0-103.2 1.7-1.8
2-Methylcyclohexanone y=1.56x10%r-1.18%x10' 0.9992 0.02 0.06 118.1-119.0 1.5-1.8
6-Methyl-5-hepen-2-one ¥=3.52x10°x-3.94x10” 0.9986 0.004 0.02 92.9-99.6 2.3-3.1
Nopinone Y=5.52x10°x-6.48%x10” 0.9993 0.002 0.01 78.3-78.7 3.6-4.2
2-Heptanone y=4.39x10°x+1.97x10? 0.9994 0.02 0.08 83.5-109.3 2.8-3.4
Heptanal y=1.47x10°2+1.83x10° 0.9997 0.01 0.04 87.6-89.3 2.1-3.5
Isophorone ¥=7.92x10°x-7.23%10” 0.9991 0.001 0.005 80.7-81.4 3.1-3.6
Limona ketone ¥=5.01x10"x+4.43x10" 0.9978 0.009 0.04 113.9-116.0 3.7-4.1
2-Octanone ¥=6.82x10°x-6.68%10" 0.9989 0.003 0.01 90.8-94.8 3.5-4.2
Octanal y=2.06x10°2+2.79x10° 0.9997 0.02 0.11 88.9-95.6 3.7-4.2
Nonanal y=2.21x10°2+2.30x10? 0.9997 0.03 0.11 88.7-100.3 2.3-3.7
Decanal y=2.46x10°2r+2.33x10° 0.9997 0.03 0.11 85.4-91.1 3.4-4.6
Undecanal y=2.30x10°%-3.56x10" 0.9991 0.003 0.01 85.9-88.2 2.8-3.2
Dodecanal y=2.20x10°%-3.43x10° 0.9989 0.002 0.01 89.5-90.1 2.7-4.1
Tridecanal y=5.37x10°x-3.52x10" 0.9994 0.03 0.12 91.0-106.0 2.6-3.4

y: peak area; x: mass concentration, pg/L.
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Fig.5 Content distributions of the CCs in real samples (n=5)

LMW-MCs: low molecular weight monocarbonyl compounds; HMW-MCs: high molecular weight monocarbonyl compounds; DCs: di-

carbonyl compounds.
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