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a b s t r a c t 

As more attention is being paid to the characteristics of atmospheric amines, there is also 

an increasing demand for reliable detection technologies. Herein, a method was developed 

for simultaneous detection of atmospheric amines in both gaseous and particulate phases 

using gas chromatography-mass spectrometry (GC-MS). The amine samples were collected 

with and without phosphoric acid filters, followed by derivatization with benzenesulfonyl 

chloride under alkaline condition prior to GC-MS analysis. Furthermore, the method was op- 

timized and validated for determining 14 standard amines. The detection limits ranged from 

0.0408-0.421 μg/mL (for gaseous samples) and 0.163-1.69 μg/mL (for particulate samples), re- 

spectively. The obtained recoveries ranged from 68.8%-180% and the relative standard devi- 

ation was less than 30%, indicating high precision and good reliability of the method. Seven 

amines were simultaneously detected in gaseous and particulate samples in an industrial 

park using the developed method successfully. Methylamine, dimethylamine and diethy- 

lamine together accounted for 76.7% and 75.6% of particulate and gaseous samples, respec- 

tively. By comparing the measured and predicted values of gas-particle partition fractions, 

it was found that absorption process of aqueous phase played a more important role in the 

gas-partition of amines than physical adsorption. Moreover, the reaction between unproto- 

nated amines and acid (aq.) in water phase likely promoted water absorption. Higher mea- 

sured partition fraction of dibutylamine was likely due to the reaction with gaseous HCl. The 

developed method would help provide a deeper understanding of gas-particle partitioning 

as well as atmospheric evolution of amines. 
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mines are the one of the most important nitrogen- 
ontaining organics in atmosphere, which affect human 

ealth and actively participate in physical as well as atmo- 
pheric chemical reactions ( Liu and Du, 2020 ), such as the for- 
ations of new particles and brown carbon ( De Haan et al.,

011 ). Atmospheric amines have various natural and anthro- 
ogenic sources, such as evaporation from ocean, biomass 
urning, vegetation, and some geologic activities ( Shen et al.,
017 ; Zhou et al., 2019 ). Most of the aromatic amines from an-
hropogenic sources are linked with fish processing, chemical 
ndustry and leather manufacturing ( Ge et al., 2011a ). Addi- 
ionally, with increasing attention to climate change, amines 
re widely used as effective absorption solvents for captur- 
ng CO 2 for combustion process ( Ge et al., 2014 ; Varghese and 

aranikolos, 2020 ). Therefore, carbon sequestration is consid- 
red as another anthropogenic source of atmospheric amines 
 Nielsen et al., 2012 ). Gaseous amines, including methylamine 
MA), dimethylamine (DMA) and trimethylamine (TMA), are 
ighly hazardous and toxic, and usually have an unpleasant 
mell ( Ge et al., 2011a ; Li et al., 2019 ; Qiu et al., 2021 ). Although
hey are not very detrimental at typical ambient concentra- 
ions, the occurrence of amine conversion and degradation 

roducts which are also carcinogenic, or frequent exposure to 
hese anthropogenic sources might elevate human health risk 
 Chhibber-Goel et al., 2016 ; Nielsen et al., 2012 ). 

In addition, amines have been proved to promote the for- 
ation and growth of neutral and ionic clusters ( Kürten et al.,

014 ; Zhang et al., 2021 ), even when their concentration is sev- 
ral orders of magnitude lower than that of NH 3 . It has been re-
orted that the particle formation rate of DMA was 1000 times 
igher than that of NH 3 when DMA level was higher than 3 
ptv ( Almeida et al., 2013 ). Partitioning of gaseous amines into 

articles and subsequent displacement of ammonium in the 
articles would also increase the concentration of amines on 

articles ( Huang et al., 2014 ). This might further modify pH 

alue and contribute to the brown carbon formation from the 
eaction of amines with carbonyl compounds (e.g., glyoxal) 
 De Haan et al., 2011 ). On the contrary, a study on ammonium
ormation from the reaction of gaseous amines with NO x dur- 
ng photooxidation process showed that amines repartition 

rom ammonium back to gaseous phase with the decrease in 

evel of the parent amines in gaseous phase ( Murphy et al.,
007 ). Therefore, simultaneous observation of amines in both 

aseous and particulate phases would provide a deeper un- 
erstanding of the evolution of amines in atmosphere. 

Measurement of gaseous amines is typically performed 

sing online techniques including ambient pressure proton 

ransfer mass spectrometry (AmPMS) ( Hanson et al., 2011 ),
igh-resolution time-of-flight chemical ionization mass spec- 

rometer (HR-ToF-CIMS) ( You et al., 2014 ), and chemical ioniza- 
ion atmospheric pressure interface time-of-flight mass spec- 
rometry (CI-APi-TOF-MS) ( Simon et al., 2016 ). Other online 
echniques, such as aerosol time-of-flight mass spectrome- 
ry (ATOFMS) ( Healy et al., 2015 ), single-particle aerosol mass 
pectrometry (SPAMS) ( Chen et al., 2019 ), atmospheric pres- 
ure interface time-of-flight mass spectrometry (APi-TOF-MS) 
 Junninen et al., 2010 ) and thermal desorption chemical ion- 
7
zation mass spectrometry (TDCIMS) ( Smith et al., 2010 ), have 
lso been used to detect amines deposited onto particles. Al- 
hough these online techniques are attractive in their ability 
o analyze the evolution of atmospheric amines with a high 

ime resolution ( Healy et al., 2015 ; You et al., 2014 ), the simul-
aneous determination of amine species in both gaseous and 

articulate phases has not been attempted yet. 
Compared with online instruments, off-line methods can 

rovide greater selectivity or better separation for amine 
onitoring ( Jastrzebska et al., 2014 ). Many off-line meth- 

ds have also been developed for amine determination in 

aseous or particulate phases due to their simplicity, high 

esolving power and sensitivity, especially in the analysis of 
ery complex mixtures. Gas chromatography (GC) coupled 

ith mass spectrometry (GC-MS) method has been widely 
sed for detecting atmospheric amines. However, there are 
ery few methods for simultaneous determination of amines 
n both gaseous and particulate phases. Most of the meth- 
ds only focus on the particulate phase or gaseous phase.
kyüz (2007) reported the simultaneous determination of 

hirty-four amines in PM 2.5 , PM 10 and gaseous phase using 
sobutyl chloroformate as the derivatization reagent. In their 
ork, 0.1 mol/L HCl solution was used to absorb gaseous phase 
mines, but the collection and derivatization processes are 
omplex and the liquid absorption equipment is not easy 
o handle or transport. A faster and simpler derivatization 

ethod was developed using benzenesulfonyl chloride (BSC) 
s the derivatization reagent to elucidate the characteristics 
f amines in particulate phase ( Liu et al., 2017 ). However, the
onditions of derivatization have not been discussed in detail.

The aim of this study was to develop a new method for 
imultaneous determination of atmospheric amines in both 

aseous and particulate phases with BSC derivatization by 
C-MS, coupled with a commonly used method to collect 
aseous and particulate amines using phosphoric acidified fil- 
er ( Kieloaho et al., 2013 ; Rampfl et al., 2008 ). An in-depth eval-
ation of this new developed method was performed to op- 
imize the influence of amount of BSC and alkali condition 

n the derivatization procedure. Furthermore, the developed 

ethod was successfully validated in simultaneous measure- 
ent of the concentration of gaseous and particulate amines 

n an industrial district in China. 

. Materials and methods 

.1. Reagents and instruments 

he details of the reagents and instruments used in this 
ork are provided in Appendix A. Supplementary data. The 

tructures and molecular weights of the 14 tested amines 
re all shown in Table S1 . The 14 amines are methylamine 
MA), dimethylamine (DMA), ethylamine (EA), propylamine 
PA), diethylamine (DEA), butylamine (BA), tert -butylamine 
TBA), cyclohexylamine (CA), dipropylamine (DPA), hexy- 
amine (HA), benzylamine (BMA), dibutylamine (DBA), di- n - 
mylamine (DAA), and dihexylamine (DHA). GC-MS (Agilent 
890B-5977B, USA) was used to analyze the amines. 
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1.2. Sampling site and sampling procedure 

Six parallel samples of particulate and gaseous phases were
collected from Guangzhou Industrial Park between 17 to 19
June, 2020, and each sample was collected for 8 hr continu-
ously. Environmental variables (e.g., temperature and relative
humidity (RH, %)) were routinely monitored during this pe-
riod. The sampling site is located in an open square in the
Industrial Park with logistics, chemical and pharmaceutical
industries. Two layers of quartz filters were placed in a to-
tal suspended particulate (TSP) high flow sampler (Tianhong
Instruments Inc., flow rate of 0.65 m 

3 /min). The upper filter
was used to collect amines in particulate phase and the lower
filter (soaked with 5 vol.% (by volume) methanol phosphate
(referred to as acid filter below)) was used to collect gaseous
amines. The filters were initially baked for 4 hr in a muffle fur-
nace at 500 °C. Before weighing, all filters were kept in a cham-
ber (at 20 °C, relative humidity of 30%) for 24 hr, and then trans-
ported to the laboratory and stored at -20 °C until sampling. 

Sampling artifact analysis included the collection effi-
ciency of acidified membrane and the influence of particles in
the first layer. Three layers of filters were placed in the same
sampler for sampling to evaluate the absorption rate. The first
layer was a blank phosphate free filter, and the second and
third layers were the same batch of phosphate containing fil-
ters. Two samplers were used for parallel sampling to eval-
uate the influence of particles in the first layer. The second
layer of filter of both samplers was phosphate acidified filter.
The first layer in one sampler was blank (defined as the con-
trol group), and the first layer of the other sampler was a fil-
ter containing a certain amount of particles (defined as the
experimental group). The samples involved in sampling arti-
fact analysis were collected on the roof of the teaching build-
ing of the School of Environment, Guangdong University of
Technology. Each sample was collected for 8 hr continuously,
with the flow rate of 0.65 m 

3 /min and the relative humidity
of 73%. 

1.3. Derivatization procedures 

Mixed standard solution was dissolved in methanol to reach
a concentration of 100 μg/mL for each standard amine. NaOH
solution (200 μL 10 mol/L) and BSC (200 μL) were added into a
brown vial with non-acidified filter extract, and 1000 μL NaOH
solution (10 mol/L) and 200 μL BSC were added into another
brown vial with acidified filter extract. The vials were closed
and agitated using a magnetic stirrer at room temperature
for 30 min. Another 0.5 mL of NaOH solution (10 mol/L) was
added into the vials and agitated at 80 °C for another 30 min.
The mixed solution was cooled down to room temperature
and transferred into a Teflon centrifuge tube, and then the pH
was adjusted to 5.5 with 36.5 wt.% HCl solution. The mixed
solution was extracted with 3 mL dichloromethane for three
times, and mixed with a shaking mixer for 1 min each time.
The organic phase was washed with 3 mL Na 2 CO 3 solution
(0.05 mol/L) and then dried with anhydrous sodium sul-
fate. The internal standard indicator hexamethylbenzene was
added and the volume was fixed to a specific volume for later
analysis. 
Part of each sample was ultrasonically extracted with ul-
trapure water for 15 min, and the process was repeated three
times. A total of 20 mL extracted solution was transferred into
a flat bottom flask. The derivatization of amines in extracted
solution was performed using the above processes. Note that
the volume of BSC was optimized as 200 μL for derivatization
of all amines in extracted solution, and 200 and 1000 μL 10
mol/L NaOH solution for particulate and gaseous amines, re-
spectively, as discussed in Section 2.2 . All samples were spiked
with DMA-d6 as the recovery standard. 

1.4. GC-MS analysis 

All amines were analyzed using GC-MS. The chromatographic
column employed was a 30 m HP-5MS column (i.d. 0.25 mm,
0.25 μm film thickness, 19091S-433UI, Agilent, USA). The GC
temperature program was as follows: initial temperature was
80 °C, held for 1 min, and then continuously programmed heat-
ing to 180 °C at 5 °C/min, then to 240 °C at 10 °C/min, 290 °C at
25 °C/min and finally held for 10 min. The injector and transfer
line temperatures were both maintained at 290 °C. Helium was
used as a carrier gas and the flow rate was set as 1 mL/min.
Splitless injection mode of a 1 μL sample was performed. Elec-
tron energy was set at 70 eV and the mass scan range of mass-
to-charge ratio ( m/z ) 50-450 was monitored. 

Then, 20 μL of 100 μg/mL mixed standard solution of
amines was added and then followed by the above derivatiza-
tion processes. Furthermore, each amine was diluted to var-
ied concentrations (i.e., 0.5, 1.0, 2.0, 5.0, 8.0, 10.0, 15.0, 20.0,
25.0 μg/mL) for the establishment of calibration curve. The
limit of detection (LOD) and limit of quantification (LOQ) of
each amine are defined as three and ten times of the signal-
to-noise ratio ( S/N ), respectively. Three spiking amounts
of 500, 1000 and 5000 ng for each amine were selected
to determine the recoveries (characterization of loss dur-
ing membrane extraction) and relative standard deviation
(RSD). 

1.5. Statistical methods 

SPSS V26.0 was used to compare the effects of variables, and
the data were analyzed using Analysis of Variance (ANOVA)
statistical tests (including one-way analysis and Welche’s
analysis), and multiple comparison (including post-hoc Tukey
tests and Games-Howell test). The analysis process is shown
in Fig. S1 . Variables of interest for these tests included amount
of BSC and NaOH for particulate and gaseous amine detection,
respectively. Normality test was used to determine whether
the data were suitable for ANOVA statistical tests, and the re-
sults were expressed by significance (Sig.), as shown in Table
S2 . The significance results of the test data were higher than
0.05, suggesting that ANOVA analysis was suitable for the data
in this study. ANOVA results ( p -value) higher than 0.05 indicate
that the variable has no impact on derivatization efficiency
of amines, while p -value less than 0.05 indicates that it has
an obvious influence. Then, multiple comparison was used to
identify the subset with the best average efficiency under dif-
ferent dosages. The efficiency of each dosage in this subset
was equivalent. The details of calculations and statistical pro-
cess are provided in Appendix A. Supplementary data. 
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Fig. 1 – Total ion chromatography of 14 amines derived in (a) non-acid filter extract and (b) acid filter extract. 
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. Results and discussion 

.1. Analytical method 

urrently, various derivatizing reagents are used to prevent 
nteraction of the strong dipole between amines and silanol 
roups or siloxane bridges, to allow the measurement of 
mines using GC-MS ( Fekete et al., 2010 ). BSC is frequently 
elected as derivatization reagent because it can react with 

mines to form derivatives with low polarity. Previously, BSC 

as used as a derivatization reagent to determine the concen- 
ration of 17 amines in river ( Zhang et al., 2012 ) and 9 amines
n PM 2.5 ( Liu et al., 2017 ). A total of 14 standard amines were

easured using the BSC derivatization method in this study.
mong the tested amines, the analysis of TBA, DHA, DAA and 

A has not been reported in previous studies. Fig. 1 shows the 
otal ion chromatography of 14 standard amines. Their reten- 
ion time, qualitative ions and quantitative ions are listed in 

able 1 . The retention times of 14 standard amines ranged 

rom 15.73 to 28.24 min, which was more time saving than the 
ethod developed by Akyüz ( Akyüz, 2007 ), whose time spent 
as about 60 mins. Moreover, some isomers, such as TBA, BA 

nd DEA, HA and DPA, could be well separated ( Fig. 1 a ). For
nstance, there were no tailing peaks in the chromatogram 

etween TBA and DEA which can be easily distinguished, de- 
pite the similar retention times of TBA (18.34 min) and DEA 

18.44 min). 
According to the reaction formula of organic amines and 

SC, HCl is formed after reaction. Then, the addition of alkali 
onsumes the generated HCl and makes the reaction move 
orward. Fig. S2 shows derivatization efficiencies of 14 stan- 
ard amines in the absence and presence of NaOH. It was 
ound that the derivatization efficiencies of 14 amines in- 
reased by 5%-70% in the presence of NaOH relative to the 
bsence of NaOH. This indicates that the presence of NaOH 

olution improves derivatization efficiency of amines and al- 
aline conditions are necessary for the derivatization of BSC.
n this study, a quartz filter acidified by phosphoric acid and 

 non-acidified filter were placed in a sampler to simultane- 
usly collect gaseous and particulate amines. To completely 
ollect gaseous amines, excess phosphoric acid was used in 

he filter, so that its extract was acidic. Therefore, more alkali 
as added in the treatment of gaseous samples than particu- 

ate samples. Fig. 1 b shows the total ion chromatography re- 
ults of 14 amines derived by BSC in the extract of acidified 

lters, indicating that the derivatization method of BSC can 

e used for the pretreatment of gaseous amines. 

.2. Optimization of derivatization 

or unknown samples, excess derivatization reagents are usu- 
lly added to ensure that various amines be fully derivatized 

 Huang et al., 2014 ). However, an optimum volume of deriva- 
ization reagent has not been described in the previous stud- 



journal of environmental sciences 114 (2022) 401–411 405 

Table 1 – Retention time, qualitative ions and quantitative ions of atmospheric amines. 

No. Compounds Retention time (min) Qualitative ion and quantitative ion ( m/z ) 

1 Methylamine (MA) 16.50 77, 106, 141, 171 
2 Dimethylamine 

(DMA) 
15.73 77, 120, 141, 185 

3 Ethylamine (EA) 17.43 77, 141, 170, 185 
4 Diethylamine (DEA) 18.44 77, 141, 198 , 213 
5 Propylamine (PA) 19.38 77, 78, 141, 170 ,199 
6 Dipropylamine (DPA) 21.72 77, 141, 170 , 212 
7 tert -Butylamine 

(TBA) 
18.34 77, 141, 198 

8 Butylamine (BA) 21.46 77, 141, 158, 170 , 213 
9 Dibutylamine (DBA) 24.41 77, 141, 170, 184, 226 
10 Cyclohexylamine 

(CA) 
25.11 77, 98, 196, 239 

11 Hexylamine (HA) 24.69 77, 100, 141, 158, 170 , 241 
12 Di- n -amylamine 

(DAA) 
26.61 77, 140, 98, 184, 240 

13 Benzylamine (BMA) 26.82 77, 106 , 125, 143 
14 Dihexylamine (DHA) 28.24 77, 141, 184, 254 
15 Aniline (AE) 25.37 77, 141, 210 , 253 

Bold words represent the quantitative ion. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ies ( Liu et al., 2017 ; Zhang et al., 2012 ). To determine the op-
timum volume of BSC, in this study, a series of BSC volumes
were set up ranging from 25 to 400 μL, corresponding to mo-
lar ratios of BSC to total amine (BSC/amines total ) ranging from
149 to 2363. Derivatization efficiencies of various amines with
different BSC volumes were expressed by peak areas of their
derivatization products. Furthermore, the data were analyzed
using ANOVA statistical tests to evaluate whether BSC volume
affects the derivatization efficiency. As seen from Table S3 , ex-
cept for BMA ( p -value = 0.176), the p -values of other amines
were less than 0.05, indicating that the amount of BSC had a
great influence on their derivatization efficiencies. To further
obtain the optimal amount of BSC, a multiple comparison was
also performed ( Tables S4 and S5 ). Take DHA for example, the
parallel data of DHA at one BSC dosage were classified into
a group, and the groups with different BSC dosages were di-
vided into three subsets by multiple comparison ( Table S4 ).
The third subset with the largest serial number corresponded
to the subset with the best average derivatization efficiency.
Based on the principle of green chemistry, in the third sub-
set, the minimum amount (25 μL) was the best derivative vol-
ume for DHA. Similarly, 25 μL of BSC was the optimized vol-
ume to achieve the highest derivatization efficiency for BMA
and DHA ( Fig. S3a ), 50 μL for PA, DPA, CA, HA, DAA, BA, and
DBA ( Fig. S3b ), and 100 μL for MA, DMA, and DEA ( Fig. S3c ). It
should be pointed out that, for EA and TBA, reasonable results
could not be obtained using only the method based on ho-
mogeneous subsets. Hence, Games-Howell multiple compari-
son was used to modify the results of homogeneous subsets
( Table S5 ). It was found that 100 μL BSC was the optimized
choice for EA, and 200 μL for TBA ( Fig. S3d ). Therefore, 200 μL
BSC (when BSC/amines total > 1182, i.e. total mass of amines
was 56 μg) was selected as the optimized volume to ensure
sufficient derivatization efficiency of each amine in this study.

As discussed in Section 2.1 , NaOH played an important role
in increasing the derivatization efficiency of BSC. However, it
is still not clear whether more amount of NaOH can lead to
better derivatization efficiency. Therefore, to obtain the opti-
mal volume, different volumes of NaOH (10 mol/L) including
200, 400, 600, 800 and 1000 μL were used for estimating deriva-
tization efficiency of amines. As Fig. S4 shows, the derivatiza-
tion efficiency of 14 amines did not increase with increase in
NaOH volume. According to the one-way ANOVA analysis, the
p -values of amines ranged from 0.074-0.861 and were higher
than 0.05, except for MA ( p = 0.015), EA ( p = 0.041 and DEA
( p = 0.015) ( Table S6 ). These results indicated that increase in
volume of NaOH cannot enhance the derivatization efficiency
of amines. The results of MA, EA and DEA using the multiple
comparison method showed that the optimal volume of NaOH
was 200 μL ( Table S7 ). This value was consistent with the re-
sults of the other 11 amines. Thus, 200 μL of 10 mol/L NaOH
solution was the optimal volume for the BSC derivatization of
amines. 

In this study, a quartz filter acidified by phosphoric acid
and a non-acidified filter were placed in a sampler to simulta-
neously collect gaseous and particulate amines, respectively.
Amines collected in the phosphoric acid and non-acidified fil-
ters were extracted with ultrapure water to further measure
their species and concentration using the BSC derivatization
method. To completely absorb gaseous amines, excess phos-
phoric acid was used in the filter, resulting in an acidic envi-
ronment. Therefore, more alkali should be added in the treat-
ment of gaseous samples than particulate samples, because
the gaseous samples include a large amount of phosphoric
acid. 

Herein, different volumes (800, 1000, 1200, 1400 and 1600
μL) of NaOH solution (10 mol/L) were used to determine the
optimal alkali volume for measurement of gaseous amines.
As Fig. S5 shows, except for TBA and MA, the derivatization
efficiency of other amines increased by 3%-50% with increase
in volume of NaOH from 800 to 1000 μL. However, there were
obvious changes in the derivatization efficiency of 14 amines
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Table 2 – limit of detection (LOD), limit of quantification (LOQ) and parameters of the calibration curves for atmospheric 
amines in gaseous and particulate. 

No. Compounds 
Linear range (μg/mL) Correlation coefficient ( R 2 ) 

LOD (μg/mL) LOQ (μg/mL) 
Gaseous amines Particulate amines Gaseous amines Particulate amines 

1 DMA 0.5-25.0 0.5-25.0 0.995 0.998 0.0845 0.338 
2 MA 1.0-25.0 1.0-25.0 0.996 0.998 0.421 1.686 
3 EA 1.0-25.0 1.0-25.0 0.992 0.997 0.121 0.484 
4 DEA 0.5-25.0 0.5-25.0 0.997 0.998 0.421 0.432 
5 TBA 1.0-25.0 1.0-25.0 0.992 0.995 0.0818 0.327 
6 PA 0.5-25.0 0.5-25.0 0.993 0.999 0.126 0.502 
7 DPA 0.5-25.0 0.5-25.0 0.995 0.998 0.114 0.454 
8 BA 0.5-25.0 0.5-25.0 0.993 0.997 0.156 0.624 
9 DBA 0.5-25.0 0.5-25.0 0.998 0.997 0.0993 0.397 
10 CA 0.5-25.0 0.5-25.0 0.996 0.993 0.0818 0.327 
11 HA 0.5-25.0 0.5-25.0 0.996 0.998 0.145 0.579 
12 BMA 1.0-25.0 1.0-25.0 0.996 0.996 0.0408 0.163 
13 DAA 0.5-25.0 0.5-25.0 0.997 0.997 0.178 0.712 
14 DHA 0.5-25.0 0.5-25.0 0.994 0.997 0.125 0.499 
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ith NaOH volumes above 1000 μL. Based on the one-way 
NOVA analysis, as the NaOH volumes increased from 1000 

o 1600 μL, the p -values of 14 amines ranged from 0.051-0.909 
 Table S8 ), all of which were higher than 0.05. This further con- 
rmed that NaOH volume above 1000 μL had a minor effect 
n derivatization efficiency of amines. Therefore, for the de- 
ection of gaseous amines, 1000 μL of 10 mol/L NaOH solution 

as the optimal amount. The overall optimal conditions for 
imultaneous detection of amines in gaseous and particulate 
hases were 200 μL BSC for both gaseous and particulate sam- 
les, as well as 200 and 1000 μL 10 mol/L NaOH solution for 
articulate and gaseous samples, respectively. 

.3. Method validation 

he collection efficiency ( η) in this study was calculated by 
q. (1) : 

= 

c second 

c second + c third 
× 100% (1) 

here c second and c third (ng/m 

3 ) are the concentrations of 
mines in second and third layers, respectively. As seen from 

he results in Table S9 , the collection efficiency of total amines 
etected was 95.8% ± 0.48%, indicating that second layer filter 
as enough for collection. 

The influence of particles in the first layer is expressed by 
atio α in this study, which can be calculated by Eq. (2) : 

= 

∣∣c exp − c con 
∣∣

c exp 
× 100% (2) 

here c con and c exp (ng/m 

3 ) are the concentrations of total 
aseous amines in control and experimental groups, respec- 
ively. As shown in Table S9 , the α value of total amines de- 
ected was 1.7% ± 0.95%, indicating that the contribution of 
aseous amines related to particles in the first layer accounted 

or a small part. Therefore, the influence of particles in the first 
ayer can be ignored. 

Table 2 summarizes the parameters of the calibration 

urves for particulate and gaseous amines, including linear 
ange, correlation coefficient ( R 

2 ), LOD and LOQ. Calibration 

urves of particle amines detection method (hereafter referred 

o as particle method) and gaseous amines detection method 

hereafter referred to as gaseous method) were developed 

or amine concentrations varying from 0.5 to 25 μg/mL, and 

he quantification was performed using the internal standard 

ethod. High R 

2 values in the range of 0.992-0.998 and 0.993- 
.999 were observed for the calibration curves of 14 amines 
or particle and gaseous methods, respectively. The calculated 

OD and LOQ obtained from GC-MS results based on “S/N = 3”
nd “S/N = 10” were within the range of 0.0408-0.421 and 

.163-1.68 μg/mL, respectively. 
Three spiking amounts of 500, 1000 and 5000 ng for each 

mine were selected to determine the recoveries (character- 
zation of loss in membrane extraction) and RSD. The RSD 

efers to the ratio of standard deviation to arithmetic mean 

f measured results, which reflects the precision and repro- 
ucibility of the obtained results. The recoveries and RSDs 
f 14 amines with particle and gaseous methods are listed 

n Table S10 . The recoveries of all amines using particle and 

aseous methods were 65.8%-133% and 68.0%-180%, respec- 
ively. The RSD for particle and gaseous methods were both 

ess than 30%. Therefore, the method established in this study 
an be used to quantify amines in gaseous and particulate 
amples. 

.4. Environmental application 

o verify the feasibility of this developed method in environ- 
ental application and explore the transformation of gaseous 

mines into particles, six parallel samples of particulate and 

aseous phases were collected in the Guangzhou industrial 
ark for three days. The average relative humidity during sam- 
ling was 81% and the temperature was 33 °C. The detailed 

eather parameters of the industrial park can be found in Ta- 
le S11 . 

Seven amines including MA, DMA, EA, DEA, CA, DBA and 

BA were found in gaseous and particulate phases. Their to- 
al concentration in gaseous phase was 238 ng/m 

3 , which was 
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Fig. 2 – (a) Concentration and (b) relative abundance of atmospheric amines in gaseous, TSP samples. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

more than two times higher than that in particulate phase
( Fig. 2 ). In gaseous phase, MA, DMA and DEA were the main
organic amines, and their concentrations were 95.9 ± 44.1,
34.8 ± 31.7, and 49.5 ± 38.6 ng/m 

3 , which accounted for 40.2%,
14.6%, and 20.8% of total seven amines, respectively. In par-
ticulate phase, MA, DMA and DEA were also the main amines,
and their concentrations were 29.1 ± 25.8, 16.0 ± 7.39, and 40.6
± 19.0 ng/m 

3 , accounting for 26.1%, 14.3%, and 36.4% of total
seven amines, respectively. 

A previous study of urban district in Guangzhou found that
the main amines in PM 2.5 are MA, DMA and DBA, while DEA
accounts for a small proportion ( Cheng et al., 2019 ; Liu et al.,
2017 ). In contrast, DEA accounted for a large proportion (up to
36%) of particulate samples in the industrial park in this work.
In addition, previous studies ( Ho et al., 2016 ; Perrone et al.,
2016 ) only found low weight amines with simple structure.
However, in this study, small proportions of CA (4% and 8%)
and TBA (8% and 6%) with higher weight or complex struc-
ture were also found in both gaseous and particulate phases,
which may come from the chemical sources ( Ge et al., 2011a ).

Furthermore, two different processes were used to describe
the gas-particle partitioning of amines, namely, physical ad-
sorption onto aerosol surface and absorption into condensed
phase ( Ge et al., 2011b ; Lohmann and Lammel, 2004 ). The mea-
sured fraction of gas-particle partition of amines ( �( Meas . ) )
can be described by Eq. (3) ( Lohmann and Lammel, 2004 ), 

�( Meas . ) = 

c p 
c p + c g 

× 100% (3)

where, c p and c g (ng/m 

3 ) are the concentrations of particulate
and gaseous phase amines, respectively. The measured frac-
tions of gas-particle partition ( �(Meas.)) of seven amines in
this study were as follows: DMA 38% ± 25%, MA 24% ± 21%,
EA 23% ± 2%, TBA 33% ± 37%, DEA 49% ± 29%, DBA 37% ± 6%
and CA 43% ± 16% ( Fig. 3 ). The �(Meas.) values of DMA and
MA in this study were higher than those reported by Liu et al.
(DMA 3.6%, and MA 14% in PM 2.5 ) ( Liu et al., 2018 ). 

The fraction of gas-particle partition through physical ad-
sorption can be predicted by Junge-Pankow adsorption (J-P
model, p o L -based) ( Bidleman, 1988 ), 

�adsorption ( Pred . ) = 

cθ
p o L + cθ

× 100% (4)

where, c is a constant (typically 17.2 Pa •cm) which relates
to the heat of condensation of the chemical and the surface
properties. The particle surface area per unit volume of air,
θ , is often assumed to be 1.1 × 10 −5 cm 

2 /cm 

3 for urban air
( Bidleman, 1988 ). p o L (atm) is the subcooled liquid vapor pres-
sure of amine (the value of each amine can be found in Table
S12 ). The predictive fractions of physical adsorption process
( �adsorption ( Pred . ) ) for seven amines in this study ranged from
(4.7 × 10 −5 )% - (5.6 × 10 −8 )% ( Fig. 3 ), which were 5-8 orders
of magnitude lower than the measured value. This is differ-
ent from polybrominated diphenyl ethers, which are neutral
semi volatile organic compounds and their simulated adsorp-
tion values are similar to the measured values ( An et al., 2011 ).

In the atmosphere, as a kind of free base with strong po-
larity, amines dissolve directly in the condensed liquid phase
(including water phase, high polarity organic phase and low
polarity organic phase) ( Eq. (5) ), and then react with H 

+ to form
salt in water phase ( Eq. (6) ). Moreover, they also dissolve in
the liquid phase through acid-base reaction ( Eq. (7) ) ( Ge et al.,
2011b ; Nielsen et al., 2012 ; Qiu and Zhang, 2013 ). 

A m (g) � A m ( aq ) (5)

A m ( aq ) + H 

+ � AmH 

+ 
( aq ) (6)

A m ( g ) + H X ( g ) � Am X ( s ) (7)
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Fig. 3 – Comparing with the measured fraction ( �(Meas.)) of seven amines in particle and their theoretical predictive fraction 

through physical adsorption ( �adsorption ( Pred . ) ) and absorption without acid-base reaction in aqueous phase 

( �Am , w 

absorption ( Pred . )) and with acid-base reaction ( �tot , w 

absorption ( Pred . ) ). 
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here Am represents neutral “free-base” and unprotonated 

onoamines, and X 

− = Cl − or NO 3 
−. 

According to literature ( Lohmann and Lammel, 2004 ), for 
he direct dissolution process in pure water Eq. (5) , the fraction 

 �w 

absorption , Am 

( Pred . ) ) of amines can be described as follows: 

Am , w 

absorption ( Pred . ) = 

K 

w 

p , Am 

TSP 

K 

w 

p , Am 

TSP + 1 
× 100% (8) 

here TSP (μg/m 

3 ) is the concentration of total suspended 

articulate matter according to the filters. K 

w 

p , Am 

is the con- 
tant for partitioning of unprotonated amines in water phase,
nd can be calculated by Eq. (9) ( Pankow, 2015 ), 

 

w 

p , Am 

= 

K w H 
γ w 

Am 

RT 

10 9 
(9) 

here K 

w 

H 

(mol/(kg •atm)) is the Henry’s gas law constant for 
artitioning to an aqueous phase, referenced to infinite di- 

ution in water (which can be found in Table S11 ). γ w 

Am 

s the molal scale activity coefficient (dimensionless) of an 

mine in water phase, and that in dilute water is γ w 

Am 

= 1. In 

his study, the predicted values of partition fraction for each 

mine ( �Am , w 

absorption ( Pred . ) ) were as follows: DMA (9.8 × 10 −6 )%,

A (1.1 × 10 −5 )%, EA (1.1 × 10 −5 )%, TBA (1.7 × 10 −5 )%, DEA 

4.1 × 10 −5 )%, DBA (4.8 × 10 −5 )% and CA 7.4% ( Fig. 3 ). Amounts
f seven amines, the �Am , w 

absorption ( Pred . ) values of MA, DMA, EA,
EA, DBA, and TBA are 5-6 orders of magnitude lower than 

( Meas . ) value, and the �Am , w 

absorption ( Pred . ) value of CA is signifi- 
antly higher than others. These results indicate that it is eas- 
er to enter the water phase through direct dissolution process 
ith unprotonated form in water phase. 
In an aqueous solution which is at equilibrium with the 
aseous phase, the total molality of amines is equal to 
he sum of the undissociated amine and the amine cation 

ankow, 2015 ) (due to process of Eq. (6) ). Thus, the fractions
 �

tot , w 

absorption ( Pred . )) of amines can be predicted by the follow- 
ng Eqs. (10) - (12) ( Ge et al., 2011b ), 

�
tot , w 

absorption ( Pred . ) = 1 / ( 1+ 

(
273 . 15 

T 

)

×
(

1 
0 . 022414 

)
/ 
(
g w 

/ 1000 ×tot K H 

)) × 100% (10) 

o g 10 
tot K H 

≈ lo g 10 

(
K 

w 

H 

K a 

)
− pH (11) 

H = −lo g 10 

(
γ × [ H 

+ ] ins 

V 

)
(12) 

here, T (K) is the environmental temperature during sam- 
ling (here, T = 306.15 K) and ( g w 

(g/m 

3 )) refers to the amount
f liquid water in the aqueous aerosol phase per m 

3 of at- 
osphere. Aerosol solution volume ( V (cm 

3 )), in situ acidity 
[H 

+ ] ins (nmol/m 

3 )) and activity coefficient ( γ ) were obtained 

y the model E-AIM (model AIM-I) ( http://www.aim.env.uea. 
c.uk/aim/aim.php ) ( Carslaw et al., 1995 ). According to the 
odel, the average pH of condensed phase was 2.2 ± 0.13, and 

verage g w 

was 6.09 ± 2.30 μg/m 

3 (parameters in Eq. (11) are 
isted in Table 3 ). tot K H 

is the total Henry’s Law constant of 
mines. When pH of aerosol is < 7, it can be calculated by
q. (11) ( Ge et al., 2011b ), and the results are shown in Table
12 . K a represents the acidity constant on molal scale refer- 
nced to infinite dilution in water (the values are provided 

http://www.aim.env.uea.ac.uk/aim/aim.php
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Table 3 – Concentration of atmospheric seven amines in 

gaseous and particle samples, and the concentration of 
total suspended particles (TSP), inorganic cation and an- 
ion in particle. 

Composition 
Concentration 
Gaseous Particle 

DMA (ng/m 

3 ) 34.8 ± 31.7 15.6 ± 7.39 
MA (ng/m 

3 ) 95.9 ± 44.1 29.1 ± 25.8 
EA (ng/m 

3 ) 21.7 ± 10.7 6.45 ± 2.65 
TBA (ng/m 

3 ) 19.1 ± 22.6 6.76 ± 7.44 
DEA (ng/m 

3 ) 49.5 ± 38.6 40.6 ± 19.0 
CA (ng/m 

3 ) 10.7 ± 6.19 8.78 ± 7.90 
DBA (ng/m 

3 ) 6.66 ± 0.85 3.96 ± 0.63 
Na + (μg/m 

3 ) - 12.6 ± 0.95 
K 

+ (μg/m 

3 ) - 3.24 ± 0.59 
Mg 2 + (μg/m 

3 ) - 1.99 ± 0.06 
Ca 2 + (μg/m 

3 ) - 17.1 ± 10.2 
Cl − (μg/m 

3 ) - 8.23 ± 4.89 
NO 3 

− (μg/m 

3 ) - 11.1 ± 9.39 
Br − (μg/m 

3 ) - 0.33 ± 0.13 
SO 4 

2 − (μg/m 

3 ) - 1.35 ± 6.94 
TSP (μg/m 

3 ) 126 ± 21.6 
pH - 2.2 ± 0.13 
In situ acidity ([H 

+ ] ins (nmol/m 

3 )) - 132 ± 63.0 
Activity coefficient ( γ ) - 1.59 ± 0.28 
Aerosol solution volume 
( V aerosol (10 −4 cm 

3 )) 
- 1.52 ± 0.35 

H 2 O (μg/m 

3 ) - 6.09 ± 2.30 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

in Table S12 ). The �tot , w 

absorption ( Pred . ) values of seven amines

ranged from 35%-100%. The maximum of �
tot , w 

absorption ( Pred . )
was the value of CA (100%), and second one was DEA (87%),
followed by DMA (57%), MA (56%) and, EA (55%) and the mini-
mum was DBA (35%) ( Fig. 3 ). This is consistent with the mea-
sured values of CA and DEA in this study, indicating that they
are likely to enter the aqueous phase by direct dissolution.
However, the lowest �tot , w 

absorption ( Pred . ) of DBA suggested that
its trend of direct dissolution in water phase was weak, and
there may be other processes involved. 

The predicted values of gas-particle partition fraction
through three processes (including physical adsorption, sim-
ple gas-liquid conversion process ( Eq. (5) ), and gas-liquid con-
version process considering protonation ( Eq. (6) ) were com-
pared with the measured values ( Fig. 3 ). The predicted val-
ues of physical adsorption and simple gas-liquid conversion in
water phase were far less than the actual measured values (5-8
orders of magnitude difference), while the order of magnitude
of the predicted value was the same as that of the measured.
These results indicate that the absorption process of aqueous
phase plays an important role in the gas-partition of amines,
and the reaction between unprotonated amines and acid (aq) 

in water phase may promote water absorption. In addition,
the measured value was lower than the �tot , w 

absorption ( Pred . ) in
this study, which may be due to some additional transforma-
tion pathways of amines, such as carbonyl-amine reactions
( Qiu and Zhang, 2013 ) and oxidation reaction with O 3 or • OH
( Tong et al., 2020 ). 

At present, there is no established simulation model to pre-
dict the gas-particle partition fraction based on the reaction
between gaseous amines and gaseous acid ( Eq. (7) ). However,
the K 

∗
p , dissociation constant of solid aminium nitrate or chlo-

ride (to form gaseous phase amine and HNO 3 or HCl) can be
used to evaluate the partition law based on Eq. (7) . At temper-
ature above 298.15 K, the smaller the K 

∗
p value of amines, the

greater the possibility of forming corresponding aminium salt
( Ge et al., 2011b ). Ge et al. (2011b) estimated that the possibility
of salt formation of amines is as follows: for aminium chloride,
DBA > DEA > MA > EA > DMA; for aminium nitrate, DEA > EA
> DMA > MA. Moreover, a considerable number of [Cl −] (8.23
± 4.89 μg/m 

3 ), as a second inorganic anion in the particle, can
be found in this study. Thus, higher measured value ( �( Meas . ) )
of DBA in this study is likely due to the reaction with gaseous
HCl. 

3. Conclusions 

In this study, a new method was developed for simultaneous
determination of gaseous and particulate amines using BSC
derivatization. The optimal reaction conditions were 200 μL
BSC (for all samples), as well as 200 μL (for particulate sam-
ples) and 1000 μL (for gaseous samples) NaOH (10 mol/L). The
detection limits obtained by using GC-MS results based on
“S/N = 3” and “S/N = 10” were within the range of 0.0408-
0.4214 μg/mL (for gaseous samples) and 0.1630-1.6857 μg/mL
(for particulate samples), respectively. The obtained recover-
ies ranged from 68.81% to 180.65% and the standard deviation
of this method was < 30%, which indicates high precision and
good reliability of the method. This method was further vali-
dated for the simultaneous determination of gaseous and par-
ticulate amines in practical environmental samples collected
from industrial areas. Seven amines including MA, DMA, EA,
DEA, DBA, CA, and TBA were found in gaseous and particu-
late phases in the industrial park. MA, DMA and DEA were the
main amines in both particulate and gaseous samples. Com-
parison of the measured and predicted values showed that the
gas-particle partitioning of amines in this study was mostly
affected by acid-base reaction in particles, rather than physi-
cal absorption or simple gas-pure water conversion. Different
from CA, which is more likely to enter the condensed phase
by direct dissolution, DBA is more likely to enter the particle
phase by reacting with acid gas. 
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