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H I G H L I G H T S  

� HLB-M, HLB-N, and PPL methods are comparatively investigated and estimated. 
� All SPE methods were favorable for high UV absorbance and aromatic compounds. 
� Some HULIS molecules were changed during the HLB-N treatment. 
� The PPL method serves equally good for HULIS isolation and characterization.  
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A B S T R A C T   

Humic-like substances (HULIS) constitute a significant fraction of the water-soluble organic compounds in the 
environment and influence many properties of atmospheric aerosols. In this study, three solid phase extraction 
(SPE) methods that involve the use of hydrophilic/lipophilic balanced (HLB) resin with pure methanol (HLB-M), 
HLB resin with 2% (v/v) ammonia/methanol (HLB-N), and Bond Elut PPL (Priority PolLutant) resin with 
methanol (PPL), were compared for the isolation of HULIS from atmospheric aerosols. The HLB-N and PPL 
methods efficiently recovered Suwannee River fulvic acid (SRFA) and were excellent for quantifying HULIS at 
low levels in aerosols. All three SPE methods were favorable for the elution of aromatic and strongly UV- 
absorbing compounds. However, the chemical structures and molecular compositions of the HULIS isolated by 
the three methods showed some differences. The HULISHLB-N and HULISPPL fractions contained higher concen
trations of aliphatic and aromatic C–H groups than did the HULISHLB-M fraction, indicating that relative higher 
content of weak polar organic species in HULIS fractions isolated by the HLB-N and PPL methods than those 
isolated by the HLB-M method. Moreover, the HULISHLB-N and HULISPPL were both characterized by having 
lower relative abundance-weighted modified aromaticity index values and higher concentrations of S-containing 
compounds than the HULISHLB-M, as indicated by Fourier transform ion cyclotron resonance mass spectrometry. 
Some N-containing structures were identified only in the HULISHLB-N, suggesting that some of HULIS molecules 
were changed during the HLB-N treatment. Based on these comparisons of the three methods, we found that the 
PPL method serves equally good as compared to other two methods, and therefore, one can utilize PPL method 
also for HULIS isolation and characterization.   

1. Introduction 

Humic-like substances (HULIS), a class of water-soluble organic 

compounds in atmospheric samples, have certain features (e.g., UV–Vis 
absorbance, fluorescence, and nuclear magnetic resonance (NMR) 
characteristics) similar to those of natural humic and fulvic acids 
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(Graber and Rudich, 2006; Win et al., 2018). These substances are 
ubiquitous in the atmospheric aerosols, cloudwater, fogwater, and 
rainwater in various environments and account for a significant portion 
of the water-soluble organic compounds (Duarte et al., 2007; Lin et al., 
2010; Song et al., 2012; Zheng et al., 2013). Because of their strong 
light-absorbing properties, water solubility, and surface activity, HULIS 
have a strong effect on the formation of cloud condensation nuclei and 
aerosol hygroscopicity and affect the scattering and light absorption of 
aerosols; therefore, they have a substantial impact on the regional at
mospheric environment and climate changes (Dinar et al., 2006; Wang 
and Knopf, 2011). In addition, some HULIS may induce the generation of 
reactive oxygen species and thus have direct or indirect harmful effects 
on human health (Verma et al., 2012, 2015; Win et al., 2018). 

It is well known that HULIS are complex organic molecules, and 
many methods have been used for their isolation from ambient samples 
(Decesari et al., 2000; Samburova et al., 2005). Among these methods, 
solid phase extraction (SPE) is the one most frequently used for the 
simultaneous concentration and isolation of HULIS from other water 
soluble constituents (Baduel et al., 2009; Fan et al., 2012, 2013; Lin 
et al., 2010; Varga et al., 2001; Zhao et al., 2016). The commonly used 
sorbents include HLB (hydrophilic/lipophilic balanced polymer) (Lin 
et al., 2010; Park and Yu, 2016; Varga et al., 2001), C-18 (Baduel et al., 
2009; Verma et al., 2015), XAD-8 (Sullivan and Weber, 2006) and DEAE 
(diethylaminoethyl cellulose) (Baduel et al., 2009; Fan et al., 2012; 
Varga et al., 2001). Each sorbent has advantages and disadvantages (Fan 
et al., 2012, 2013; Varga et al., 2001). For example, Varga et al. (2001) 
proposed a comparison between the HLB and C-18 methods and re
ported that HLB may be the preferred method for the isolation of HULIS. 
In our previous studies (Fan et al., 2012, 2013), comprehensive com
parisons among the ENVI-18, HLB, XAD-8, and DEAE methods were 
conducted, and the HLB method was found to have several advantages 
for the separation of HULIS in aerosols when methanol was used as the 
eluent (HLB resin with pure methanol, HLB-M). One of the advantages 
was that the properties of the HULIS were not changed during the 
treatment processes. However, a substantial amount of adsorbed carbon 
(19 � 12%) was retained on the HLB column when methanol was used as 
the eluent, and this amount decreased to 4 � 5% when 2% ammonia/
methanol was used for the elution (HLB-N) (Lin et al., 2010). The HULIS 
isolated using the HLB-N method also exhibited some differences from 
those isolated by HLB-M (Fan et al., 2013). The HULISHLB-N had a rela
tively high N/C ratio and contained some N-containing functional 
groups, but these results were obtained based only on the proton nuclear 
magnetic resonance (1H-NMR) properties, and further investigation at 
the molecular level is necessary. 

More recently, the functionalized styrene-divinylbenzene polymer 
(Bond Elut Priority PolLutant resin, PPL) sorbent has been widely uti
lized to isolate dissolved organic matter from ocean water samples 
(Dittmar et al., 2008; Green et al., 2014). The PPL resin can extract 
hydrophobic and less polar compounds, such as phenols, and has been 
shown to give a high recovery of dissolved organic matter (DOM) from 
river and ocean water (Dittmar et al., 2008; Li et al., 2017; Stubbins 
et al., 2012). Because atmospheric HULIS are a type of water-soluble 
organic matter and are similar to natural humic substances, the PPL 
method is likely to be a good choice for the isolation of water soluble 
HULIS from atmospheric samples. 

The aim of this study was to develop a reliable method for the 
isolation and characterization of HULIS in atmospheric aerosols, based 
on previous studies of the isolation of atmospheric HULIS (Baduel et al., 
2009; Sullivan and Weber, 2006; Varga et al., 2001). Thus, the fulvic 
acid (FA) yields from a Suwannee river fulvic acid (SRFA) solution and 
HULIS in aerosol water-soluble organic carbon (WSOC) isolated by the 
HLB method with elution by methanol (HLB-M) and 2% (v/v) ammo
nia/methanol (HLB-N) and the PPL method with elution by methanol 
(PPL) were determined by total organic carbon (TOC) and UV254 
detection. Then, the chemical and molecular properties of the HULIS 
isolated by these three methods were examined using UV–Vis and 

1H-NMR spectroscopy and Fourier transform ion cyclotron resonance 
mass spectrometry (FT-ICR MS). The results will advance our under
standing of the characteristics of each method and enable the estab
lishment of a method that has a high extraction recovery of HULIS and 
causes little change in its chemical composition and structure. 

2. Experimental 

2.1. Materials 

In this study, Suwannee river fulvic acid (SRFA) (1R101F) was used 
as a model for atmospheric HULIS. The sample was obtained from the 
International Humic Substances Society (IHSS) and was selected 
because of its widespread use in many studies as a representative sub
stance for atmospheric HULIS (Baduel et al., 2009; Chalbot et al., 2014; 
Lin et al., 2010; Park and Yu, 2016). 

Ambient aerosol samples were also used to test the three SPE 
methods. The aerosol samples were collected on 20.3 � 25.4 sq. cm 
Whatman quartz fiber filters with a high-volume sampler at a flow rate 
of 300 L/min (Mingye PM-PUF-300, Mingye Instruments, Guangzhou, 
China). The sampler was located approximately 30 m above ground 
level on the rooftop of a nine-story building at the Guangzhou Institute 
of Geochemistry, Chinese Academy of Sciences. The sampling was 
conducted January 3–5, 2016 (No. WuShan-1, abbreviated as WS1) and 
October 24–30, 2017 (Nos. WS2� WS7). Each sample acquisition lasted 
for 24 h, and a total of eight samples were collected. Before the sam
pling, filters were packed in aluminum foil and pretreated by baking in a 
furnace for 4 h at 450 �C to remove any organic contaminants. The PM2.5 
concentrations were obtained by weighing the filters before and after 
exposure on a microbalance (Model BP210D, Sartorius, G€ottingen, 
Germany) with an accuracy of 0.01 mg under a constant temperature of 
25 �C and a relative humidity of 50%. Finally, the filter samples were 
stored in a freezer below � 20 �C until further analysis. 

2.2. Solid phase extraction methods 

2.2.1. Standard solution and aqueous extraction of the aerosol samples 
A solution of the SRFA model sample was prepared by dissolving 12 

mg of dried solid in 300 mL of ultrapure water and then filtering it 
through a filter of 0.22 μm pore size. The water-soluble organic fraction 
of the aerosol sample was obtained with three repetitions of a 30-min 
ultrasonic extraction with a 220 cm2 PM2.5 filter in 100 mL of ultra
pure water. Prior to the extraction, the PM2.5 filter was presoaked in 
ultrapure water for 1 h. The water extracts were then filtered through a 
membrane filter (0.22 μm pore size) to remove the filter debris and 
suspended insoluble particles. Finally, approximately 100 mL of water- 
soluble organic compounds were obtained from each sample. 

2.2.2. Isolation procedure 
Three one-step SPE isolation procedures were tested for isolation of 

SRFA and atmospheric HULIS. These procedures were referred to as 
HLB-M, HLB-N, and PPL, and the details of the procedures are shown in 
Fig. S1 and the Supporting Information (SI) (Baduel et al., 2009; Fan 
et al., 2012; Perminova et al., 2014; Varga et al., 2001). The SPE pro
cedure was performed using Waters Oasis HLB (Waters Oasis HLB, 500 
mg/6 mL, USA) and Agilent PPL cartridges (Agilent Bond Elut-PPL, 500 
mg/6 mL, USA), which consisted of divinylbenzene and N-vinyl
pyrrolidone reverse-phase sorbent resin and styrene-divinylbenzene 
copolymer sorbent resin, respectively. All the results were blank cor
rected by subtracting the filter blank. The data in this study were pre
sented as a mean � standard deviation based on quadruplicate analyses 
of the SRFA or WSOC solution of the WS1 aerosol sample (WS1 WSOC). 

C. Zou et al.                                                                                                                                                                                                                                      



Atmospheric Environment 225 (2020) 117370

3

2.3. Characterization 

2.3.1. TOC and UV–Vis measurements 
The carbon content of the WSOC and HULIS was determined with a 

TOC analyzer (Shimadzu, Kyoto, Japan), based on the high-temperature 
catalytic oxidation method. The data reported here are the average re
sults of three measurements. The UV–Vis spectra of the WSOC and 
HULIS samples were measured using a UV–visible spectrophotometer 
(Lambda 850: PerkinElmer, Waltham, MA, USA) and were recorded in 
the range of 200–700 nm at 1 nm wavelength step sizes. Each spectrum 
was corrected against a reference cuvette containing pure water. 

2.3.2. Optical properties of the HULIS 
To characterize the optical properties of the HULIS isolated by the 

different methods, some spectroscopic parameters were calculated. The 
specific UV–Vis absorbance at 254 nm was obtained by equation (1) 
(Fan et al., 2012):  

SUVA254 ¼ A/bc                                                                             (1) 

where SUVA254 is the specific UV–Vis absorbance at 254 nm (m2/gC), A 
is the absorbance at 254 nm, b (m) is the cell path length, and c (mgC/L) 
is the concentration of the WSOC or HULIS solution. 

The absorption Ångstr€om exponent (AAE), which describes the 
spectral dependence of the light absorption of chromophores in HULIS, 
was calculated according to the following power law equation (Wu 
et al., 2018):   

Aλ ¼ Kλ� AAE                                                                                 (2) 

where Aλ is the absorbance derived from the spectrophotometer at a 
given wavelength λ (330–400 nm) and K is a constant. 

The mass absorption efficiency (MAE) is a key parameter used to 
characterize the light absorbing ability of chromophores in HULIS. 
Based on the light-absorption spectra, the mass absorption efficiency 
(MAE365, m2/gC) at a given wavelength (365 nm) of the HULIS in the 
extracts was calculated (Chen et al., 2016).  

MAE365 ¼ A365/(C ⋅ L) � ln (10)                                                       (3) 

where A365 is the absorbance at 365 nm, C is the concentration of HULIS 
in solution (μgC mL� 1), and L is the absorbing path length. 

2.3.3. Proton nuclear magnetic resonance spectroscopy 
Approximately 10 mg of dried HULIS from the WS1 sample was 

dissolved in 500 μL D2O and then was transferred to a 5-mm NMR tube. 
The 1H NMR spectra were obtained at a frequency of 400 MHz on a 
spectrometer (Avance III 400, Bruker Daltonik GmbH, Bremen, Ger
many). Data were acquired from 100 scans, with a recycle time of 2 s for 
a condensed water sample. The length of the proton 90� pulse was 8.87 
μs A 1.0 Hz line-broadening weighting function and baseline correction 
were applied. The identification of the functional groups in the NMR 
spectra was based on their chemical shift (δH) relative to that of tetra
methylsilane (TMS: 0 ppm). 

2.3.4. Fourier transform ion cyclotron resonance mass spectrometry 
analysis 

The HULIS fractions isolated from the WS1 sample were analyzed 
with a 9.4 T SolariX XR FT-ICR MS (Bruker Daltonik) and were ionized in 
negative ion mode using an ESI ion source. The dried HULIS samples 
were redissolved in 1 mL of methanol and injected into an electrospray 
source at a flow rate of 120 mL/h, with a nebulizer gas pressure of 138 
kPa and a drying gas pressure of 103 kPa. The ion accumulation time 
was set to 0.65 s. A total of 100 continuous 4 M data FT-ICR transients 
were added to enhance the signal-to-noise ratio and the dynamic range. 
The detection mass range was set to m/z 150–1000 u. The mass spectra 
were calibrated externally with arginine clusters using a linear calibra
tion. The final spectrum was internally recalibrated with typical O5-class 

species peaks using a quadratic calibration in DataAnalysis 4.4 (Bruker 
Daltonic). The elemental formulas were calculated for each peak in 
batch mode using custom software, with a signal-to-noise ratio above 10 
and a mass tolerance of �1.5 ppm. 

3. Results and discussion 

3.1. Analytical performance 

To determine the performances of the HLB-M, HLB-N, and PPL 
methods, the analytical characteristics, i.e., the recovery yield, repro
ducibility, and limit of detection (LOD), were determined using SRFA 
standard solutions (Baduel et al., 2009; Fan et al., 2012). As shown in 
Table 1, the recovery yield of SRFA by the HLB-N method, as determined 
by the TOC analysis, was 92 � 0.3%, which was similar to the values 
reported in previous studies (Table S2) and much larger than the 43 �
0.2% achieved using the HLB-M method. The lower recovery for the 
HLB-M method may be attributed to the irreversible adsorption and/or 
incomplete elution of the SRFA by this method. The PPL method also 
gave a high recovery (91 � 0.3%) of SRFA, indicating that the HLB-N 
and PPL methods were both excellent for the recovery of SRFA. Com
parable results were obtained with the UV254 detection; the HLB-N and 
PPL methods both gave significantly higher recovery yields (93–94%) 
than that of the HLB-M method (31%). These results indicated that the 
HLB-N and PPL methods efficiently recovered the FA from the original 
SRFA solutions, whereas a large amount of SRFA was retained in the 
HLB resin when pure methanol was used as the eluent. Note that a 
consistently high analytical recovery (92 � 2%) of the HULIS model 
sample (Humic acid sodium salt standard, Sigma Aldrich) was also 
achieved using the HLB cartridge with methanol:acetonitrile (1:1, v/v) 
as the eluent (Kumar et al., 2017, 2018), which was similar to the 
findings of this study. Therefore, HLB-N, PPL, and HLB-methanol: 
acetonitrile (1:1, v/v) may be equally effective for HULIS quantification. 

The reproducibility, expressed as the relative standard deviation 
(RSD), was determined at approximately 20 mL of 20 μg C/mL SRFA for 
each protocol (n ¼ 6). The three methods all had relatively low RSD 
values, i.e., 0.5% (HLB-M), 0.3% (HLB-N), and 0.3% (PPL), as deter
mined by TOC measurements. Therefore, the reproducibility of these 
methods were all excellent, enabling the measurement of the HULIS in 
atmospheric samples. 

The LOD was calculated as three standard deviations of the blank 
value obtained for each procedure for a series of six measurements 
performed with a sample volume of 20 mL of organic-free water. The 
average values were approximately 29.2, 31.6, and 19.2 μgC for the 
HLB-M, HLB-N, and PPL methods, respectively. The LOD of the PPL 
method was lower than those of the HLB-M and HLB-N methods, indi
cating that the PPL method may be also suitable for detecting HULIS at a 
lower abundance in atmospheric samples. 

3.2. Quantification of HULIS in atmospheric aerosols 

To further compare the SPE methods, we evaluated the three 
methods with aerosol samples. As shown in Table 1, the HULIS fractions 
recovered from the WS1 WSOC sample were 50% (HLB-M), 57% (HLB- 
N), and 55% (PPL), as determined by TOC detection. In the case of UV 
absorption at 254 nm, the recoveries of the total UV absorption of the 
WS1 sample were 64% (HLB-M), 78% (HLB-N), and 75% (PPL). Very 
low RSD values (0.35–0.40%) were observed for the three SPE methods, 
which again indicated that these three methods had good reproduc
ibility for the measurement of HULIS in atmospheric samples. 

The three methods were also used to measure the HULIS content in 
seven aerosol samples at the WS site. The results in Table 1 show that the 
HULIS fractions recovered from the seven aerosol samples were 35–49% 
(HULISHLB-M), 39–57% (HULISHLB-N), and 39–56% (HULISPPL), as 
determined by TOC detection. These results were comparable with the 
data described in previous studies (Table S2). In the case of UV 
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absorption at 254 nm, the recovery yields were 54–67% (HLB-M), 
69–84% (HLB-N), and 59–76% (PPL) for the seven aerosol samples. 
There were differences in the HULIS content of the WSOC measured by 
the different analysis methods depending on the isolation procedure 
(Fig. S2). The HLB-N and PPL methods both gave slightly higher HULIS 
yields from the WSOC than did the HLB-M method, which were similarly 
to the result obtained for the SRFA. These findings indicate that the HLB- 
N and PPL methods may be preferable for the isolation of HULIS in 
aerosols. 

3.3. Characterization of HULIS isolated by the three methods 

3.3.1. UV–vis spectra 
The UV–Vis spectra obtained for the HULIS fractions and original 

WSOC of the WS1 sample are shown in Fig. 1. The UV–Vis spectra of the 
three HULIS fractions were similar, with all of them decreasing sharply 
with increasing wavelength. There were some differences identified 
among the three methods, with the specific absorbance of the HULIS 
fraction obtained by the HLB-N and PPL methods being slightly higher 
than that obtained by the HLB-M method in the UV region. These results 
indicated that more light-absorbing organic constituents were recovered 
by the HLB-N and PPL methods than by the HLB-M method. The lower 
light absorption of the HULISHLB-M was probably related to the retention 
of some strong light-absorbing compounds in the resin due to irrevers
ible adsorption in the HLB-M protocol. It was therefore concluded that 
the HULIS fractions isolated by the HLB-N and PPL methods were more 
representative of the HULIS in ambient aerosols. 

The spectroscopic properties (i.e., SUVA254, MAE365, and AAE) were 
determined to elucidate the properties of the HULIS isolated by the 
different methods. As shown in Table 2, the SUVA254 values of the three 

isolated HULIS fractions (HULISHLB-M, HULISHLB-N and HULISPPL) were 
in a small range of 2.3–2.5 L/(mgC⋅m), which suggested there were 
similar contents of light-absorbing organic components in the three 
HULIS fractions. However, the SUVA254 values of the three HULIS 
fractions were all higher than that for the WSOC (1.9 L/(mgC⋅m)), which 
indicated that the HULIS isolated by the SPE methods had enriched 
fraction of light-absorbing organic constituents than did the original 
WSOC (Fan et al., 2012). 

The MAE365 and AAE values revealed the light-absorbing properties 
of the WSOC and HULIS samples (Li et al., 2019; Lin et al., 2017) and 
were used to evaluate the three SPE methods in the present study. As 
shown in Table 2, the MAE365 values of the three isolated HULIS frac
tions were in the range of 1.4–1.5 m2/gC, all higher than the 1.1 m2/gC 
of the WSOC, suggesting that all three HULIS fractions had stronger light 
absorption ability than the original WSOC. However, it is worth noting 
that light absorption ability of the three HULIS fractions (HULISHLB-M, 
HULISHLB-N and HULISPPL) were similar because the MAE365 values of 
the three isolated HULIS fractions were in very small ranges (1.4–1.5 
m2/gC). 

The AAE of the HULIS fitted between the wavelengths of 330 and 
400 nm for the three HULIS fractions and the WSOC were 4.3, 4.4, 4.4, 
and 4.3, respectively. The AAE values of the HULIS fraction were in the 
range of those for ambient HULIS (3.0–8.3) reported in previous studies 
but with relative lower levels (Cheng et al., 2016; Fan et al., 2016; 
Hecobian et al., 2010; Kumar et al., 2017; Srinivas et al., 2016). The AAE 
values of the three HULIS fractions were all similar to those of the 
original WSOC, indicating that the light-absorbing chromophores in the 
HULIS fractions isolated by these methods may have been similar to 
those in the original WSOC. 

3.3.2. Proton nuclear magnetic resonance spectroscopy 
Fig. 2 shows the 1H-NMR spectra of the isolated HULIS fractions and 

the original WSOC. The spectra were quite similar and were all char
acterized by a combination of sharp peaks of the most abundant organic 
species and convoluted spectral resonances of the organic compounds 
present at low concentrations. For the sharp signals, a limited number of 
resonances were assigned to specific organic compounds based on the 
reference 1H-NMR spectra of model compounds and a comparison with 
previous studies (Chalbot and Kavouras, 2014; Chalbot et al., 2014; 
Graham et al., 2002; Suzuki et al., 2001). These sharp signals were 
assigned to phthalic acid (at δ7.47 ppm) and terephthalic acid (at δ8.01 
ppm)], which are associated with both primary and secondary organic 
aerosols; monomethylamine (at δ2.59 ppm); levoglucosan (at δ3.67 
ppm), which is associated with biomass burning emissions; sugars 
[glucose (at δ3.39–δ3.41 ppm), fructose (at δ3.46 and δ3.55 ppm), and 
sucrose (at δ3.91–δ4.03 ppm)], and tracers of marine secondary organic 
aerosol (methanesulfonic acid at δ3.55–δ3.59 ppm). 

Although these sharp peaks were identified, most of the signals in the 
1H-NMR spectra remained unresolved and appeared as a continuous 
distribution, suggesting that the HULIS and WSOC fractions mainly 
consisted of a complex mixture of organic species (Chalbot et al., 2014, 
2016; Song et al., 2012). According to the chemical shift assignments of 

Table 1 
Recovery efficiencies of the SPE methods for Suwannee river fulvic acid (SRFA) and aerosol samples.  

Samples TOC (%) UV254(%) 

HULISHLB-M HULISHLB-N HULISPPL HULISHLB-M HULISHLB-N HULISPPL 

SRFA 43 � 0.2 92 � 0.3 91 � 0.3 31 � 0.1 93 � 0.1 94 � 0.1 
WS1 50 � 0.2 57 � 0.2 55 � 0.2 64 � 0.1 78 � 0.2 75 � 0.2 
WS2 44 50 48 59 70 67 
WS3 41 46 44 67 75 74 
WS4 35 43 39 59 74 69 
WS5 35 39 39 64 72 73 
WS6 37 44 43 54 69 59 
WS7 41 47 45 61 81 75 
WS8 49 57 56 65 84 76  

Fig. 1. Comparison of UV spectra of HULIS resulting from the three SPE 
methods for WS1 sample. 
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the proton resonance spectra, four categories of H functional groups 
were assigned and integrated in the spectra: (1) H–C (0.6–1.9 ppm): 
aliphatic protons in alkyl chains, which included protons from methyl 
(R–CH3), methylene (R–CH2), and methyne (R–CH) groups; (2) H–C–C¼
(1.9–3.2 ppm): aliphatic protons attached to carbon atoms adjacent to 
carbonyl (H–C–C––O) or imino (H–C–C––N) groups or aromatic rings. 
(3) H–C–O (3.4–4.4 ppm): protons on carbon atoms singly bound to 
oxygen atoms in alcohols, polyols, ethers, and esters, indicating that 
carbohydrates and ethers were present in the HULIS; and (4) Ar–H 
(6.5–8.5 ppm): aromatic protons. Among these functional groups, the 
wide range of chemical shifts of the signals attributed to aromatic pro
tons suggested the occurrence of highly substituted aromatic rings, e.g., 
phenols, alkylbenzenes, benzoic acids, or esters. 

To further evaluate the 1H NMR data, the abundances of the four 
categories of structural units were estimated by the integration of each 
spectral region. As shown in Table 2, the isolated HULIS and original 
WSOC exhibited similar patterns in terms of their structural character
istics. They were characterized by a relatively high H–C (32–45%) and 
H–C––C content (30–34%), moderate H–C–O content (13–28%), and a 
relatively low Ar–H content (10–12%). These four functional groups 
have also been detected in the 1H NMR spectra of atmospheric HULIS in 
other studies, and the distributions of the H functional groups were 

comparable with the data for WSOC and HULIS in atmospheric samples 
(Chalbot et al., 2016; Decesari et al., 2007; Graham et al., 2002; Kumar 
et al., 2017; Lopes et al., 2015; Song et al., 2012). 

As shown in Fig. 2, there were some differences between the isolated 
HULIS fractions and original WSOC. Relatively high amounts of 
oxygenated aliphatic protons were observed in the WSOC, but they were 
absent or present in low amounts in the three HULIS fractions. This 
observation was reasonable because high polarity oxygenated aliphatic 
components are not retained by SPE cartridges (Baduel et al., 2009; Fan 
et al., 2012; Lin et al., 2010). For example, there were sharp signals at 
δ3.67 ppm in the WSOC spectrum, suggesting that a large amount of 
levoglucosan was present (Chalbot et al., 2016; Decesari et al., 2000). 
This sharp peak was not present in the corresponding region of the 
HULIS spectra. Some distinct peaks were observed in the 6.5–8.5 ppm 
region in the HULIS spectra, but they were slightly weaker in the WSOC 
spectrum, suggesting that the HULIS isolated by the three SPE methods 
contained more aromatic structures from the WSOC. As shown in 
Table 2, these differences were also indicated by the relative contents of 
the different functional groups, and, compared with the WSOC, the three 
HULIS fractions all contained a relatively higher Ar–H content and lower 
H–C–O content. 

Furthermore, some differences were observed among the three 
HULIS fractions isolated by the different methods. The HULISHLB-N had a 
functional distribution similar to that of the HULISPPL (Table 2), and 
both were characterized by higher levels of aliphatic C–H groups and 
lower levels of unsaturated aliphatic protons than those of the HULISHLB- 

M. Moreover, the sum of the aliphatic and aromatic C–H in the HULISHLB- 

N and HULISPPL fractions (56%–57%) was higher than that in the 
HULISHLB-M fraction (52%), which indicated that relative higher content 
of the weak polar organic species (aliphatic and aromatic C–H) in HULIS 
fractions isolated by the HLB-N and PPL methods than those isolated by 
the HLB-M method. These organic compounds cannot be fully eluted by 
pure methanol because of their strong bonds with HLB resin. Compared 
with the HULISPPL, the HULISHLB-N had unique properties. For example, 
a distinct chemical shift of the aromatic band at δ7.8 ppm, which was 
observed only in the HULISHLB-N spectra, corresponded to the presence 
of aromatic amine or amino groups. These observations were consistent 
with those of a previous study (Fan et al., 2013). These differences may 
suggest the formation of aromatic rings carrying more electron-donor 
groups, such as the amino group possibly formed during the solvent 
treatment (2% ammonia/methanol) (Decesari et al., 2000; Suzuki et al., 
2001), which may also suggest that the PPL method was more advan
tageous than the HLB-N method for extracting HULIS from ambient 
aerosols. 

3.3.3. Fourier transform ion cyclotron resonance mass spectrometry 
The molecular characteristics of the HULIS isolated by the three 

methods were investigated with FT-ICR MS. As shown in Fig. 3, thou
sands of peaks were observed in the spectra in the mass range between 
150 and 600 m/z. High intensity ions were located between 200 and 
400 m/z and were comparable with those reported for WSOC (i.e., 
HULIS) in atmospheric aerosols (Lin et al., 2012; Song et al., 2018). 
Based on the molecular formulae identified in the FT-ICR mass spectra, 
four main groups of compounds were identified: C, H, and O only (CHO), 
N-containing compounds (CHON), S-containing compounds (CHOS), 

Table 2 
The proton species and corresponding content percentages of WSOC and HULIS for WS1 sample.  

Samples 1H NMR (%) Optical properties 

H–C (0.6–1.9) H–C–C¼ (1.9–3.2) H–C–O (3.4–4.4) Ar–H (6.5–8.5) SUVA254 

L/(mgC⋅m) 
MAE365 m2/gC AAE 

WSOC 32 30 28 10 1.9 1.1 4.3 
HULISHLB-M 41 34 14 11 2.3 1.4 4.3 
HULISHLB-N 45 30 13 12 2.4 1.5 4.4 
HULISPPL 44 31 13 12 2.5 1.5 4.4  

Fig. 2. 400 MHz solution-state 1H NMR spectra of WSOC and HULIS extracted 
from WS1 sample. Four spectral regions are identified at the top of the spectra: 
H–C, H–C––C, H–C–O, and Ar–H. The peaks were assigned to specific com
pounds as follows: levoglucosan (L), glucose (G), sucrose (S), methanesulfonate 
(MSA), phthalic acid (PA), terephthalic acid (TA). 
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and N- and S-containing compounds (CHONS). As shown in Fig. 3, the 
three HULIS fractions had similar distributions of the four groups among 
their total molecules. The CHO group was typically present in the 
highest abundance (41–47%) among all the molecules, followed by the 
CHON group (31–38%), while the CHOS and CHONS groups were pre
sent at relatively low contents of 11–20% and 4.8–8.2%, respectively. 
This distribution of molecular formulae was consistent with those of 
other ambient aerosol and biomass burning samples (Song et al., 2018; 
Willoughby et al., 2014). 

There were some differences in the distributions of these groups 
among the three HULIS fractions. As shown in Fig. 3, the HULISHLB-N and 
HULISPPL had very similar compositions, which were characterized by a 
higher content of S-containing compounds (CHOS and CHONS) and a 

lower content of CHO and CHON compounds than that of the HULISHLB- 

M. Thus, the HULIS fractions isolated with the HLB-N and PPL methods 
had similar molecular compositions and contained a relatively high 
content of S-containing compounds. In addition, a substantial amount of 
S-containing compound was retained by the HLB resin when methanol 
was used as the eluent. 

Table 3 presents the number of formulae in each compound category 
and the relative-abundance weighted values of the molecular weight 
(MW), elemental ratios, double bond equivalents (DBEs), modified 
aromaticity index (AImod), and carbon oxidation state (OSC) for the three 
HULIS samples. The HULISPPL and HULISHLB-N samples had similar 
molecular properties, such as the H/Cw, O/Cw, and N/Cw ratios and 
DBE/Cw, AImod,w, and OSC,w values, indicating that they may have had 
similar molecular characteristics. As shown in Table 3, some differences 
were identified between the two HULIS fractions (HULISPPL and 
HULISHLB-N) and HULISHLB-M. The HULISPPL and HULISHLB-N had lower 
weighted AImod,w and DBE/Cw values than did the HULISHLB-M, and, 
therefore, the HULISPPL and HULISHLB-N fractions may have contained a 
relatively small amount of aromatic components (Koch and Dittmar, 
2006). In addition, the HULISPPL and HULISHLB-N had a higher S/Cw ratio 
and lower OSC,w values than those of the HULISHLB-M. These results 
indicated that the irreversible OC fractions retained by the HLB-M 
method consisted mainly of relatively hydrophobic components, with 
low levels of aromatic species and high levels of organic species with a 
high degree of oxidation. The relatively low content of aromatic species 
was inconsistent with the results obtained from the 1H NMR spectra, 
which may have been due to the limitations of FT-ICR MS in the 
detection of elemental compositions. Only polar compounds could be 
detected by the ESI source, whereas the proton functional groups 
identified by the 1H NMR spectra enabled the total molecular structure 
to be identified. 

For a further comparison of the molecular characteristics of the 
HULIS fractions isolated by the different methods and to explore the 
impact of sorption selectivity on the molecular composition of the HULIS 
isolates, we analyzed the molecular properties of each compound group 
in the HULIS fractions based on the AImod values (Koch and Dittmar, 
2006). The molecules were divided into aliphatic (AI ¼ 0), olefinic (0<
AI <0.5), aromatic (0.5� AI <0.67), and condensate aromatic (AI 
�0.67) classes. As shown in Fig. 3, the CHO group was predominant in 
all the three HULIS fractions, and the CHO groups in the different HULIS 
fractions were present with very similar H/Cw, O/Cw, and OM/OCw 
ratios and DBEw, DBE/Cw, and AImod,w values (Table 3). Furthermore, 
the relative contents of aliphatic, olefinic, aromatic, and condensed ar
omatic species in the three CHO groups were very similar (Table S3). 
These results indicated that the CHO species in the HULIS isolated by the 
different methods had similar chemical and elemental compositions. 
However, some differences were identified, with the OSC,w values of the 
HULISPPL and HULISHLB-N being slightly lower than that of the 
HULISHLB-M, which may have indicated that more of the less polar 
compounds were recovered by the HLB-N and PPL methods. 

As shown in Fig. 4, the CHON formulas in the three HULIS fractions 
were localized in similar regions, with an O/C ratio in the range of 
0.1–1.0 and H/C ratio in the range of 0.3–1.8. The fractions also had 
similar molecular properties, such as the H/Cw, N/Cw, and DBE/Cw ra
tios and AImod,w values. However, some differences were identified 
among the three HULIS fractions. For example, the HULISHLB-M and 
HULISPPL were extremely similar, with higher O/Cw ratios and OSC,w 
values than those of the HULISHLB-N, indicating that the CHON com
pounds among the HULISHLB-N compounds were less oxidized than those 
of the HULISHLB-M and HULISPPL. These differences were consistent with 
the relatively high abundances of CHON compounds with high O/N 
ratios, as shown in Fig. S3, in which more high O/N ratio subgroups 
were identified in the CHON compounds of the HULISHLB-M and 
HULISPPL. Moreover, the HULISHLB-N contained more olefinic groups and 
fewer aliphatic and condensed aromatic groups than did the HULISHLB-M 
and HULISPPL fractions (Table S3). These differences suggested that the 

Fig. 3. The reconstructed Fourier-transform ion cyclotron resonance (FT-ICR) 
mass spectra for HULISHLB-M, HULISHLB-N, and HULISPPL fractions extracted 
from WS1 sample. The pie charts of the percentages of CHO, CHON, CHOS, and 
CHONS formula groups are also presented. 
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molecular composition of the HULISHLB-N may have been transformed 
during treatment by the HLB-N method. 

The CHOS compounds were identified in every HULIS fraction but 
were more prevalent in the HULISHLB-N and HULISPPL fractions than in 
the HULISHLB-M. Most (94%) of these compounds had O/S ratios of at 
least 4, indicating that they were mostly sulfate (-OSO3H) or sulfonate 
groups (-SO3). Furthermore, some differences in the elemental compo
sitions and molecular structures were observed among the three HULIS 
fractions. As shown in Table 3, the CHOS compounds in the HULISHLB-N 
were very similar to those in the HULISPPL, and they both had lower O/ 
Cw ratios and DBEw, DBE/Cw, and AImod values than those of the 
HULISHLB-M. Moreover, relatively low amounts of aromatic compounds 
were observed for the CHOS groups in the HULISHLB-N and HULISPPL 
(Table S3). Therefore, the irreversible CHOS fractions obtained by the 
HLB-M method consisted mainly of low aromaticity compounds with 
low O contents. 

There were also more CHONS compounds in the HULISHLB-N and 
HULISPPL fractions than in the HULISHLB-M, and their molecular struc
tures also clearly differed. As shown in Table 3, the HULISPPL and 
HULISHLB-N fractions had higher O/Sw ratios and lower DBE/Cw and 
AImod,w values than those of the HULISHLB-M. These differences may have 
been due to the introduction of some irreversible OC in the HLB resin 
when methanol was used as the eluant. Moreover, the HULISHLB-N and 
HULISPPL contained more aliphatic and aromatic groups and fewer 
olefinic groups than did the HULISHLB-M (Table S3). In addition, some 
differences were observed between the HULISHLB-N and HULISPPL, with 
HULISHLB-N having a lower MW as well as containing fewer olefinic 
groups, which may have been due to the alkaline hydrolysis of some of 
the molecules of the HULIS. 

4. Conclusion 

In this study, the HLB-M, HLB-N, and PPL methods were compared 
using SRFA and ambient aerosols, and the following conclusions were 
obtained:  

(1) The HLB-N and PPL methods were found to have a high yields, 
good reproducibility, and low LOD for SRFA and HULIS, indi
cating that these two methods were reliable for the quantification 
of low levels of ambient HULIS. The relatively lower isolation 
yield of the HLB-M method may have indicated that some light- 
absorbing compounds remained in the HLB resin during the 
HLB-M treatment.  

(2) The three SPE methods were all suitable for the isolation of high 
UV absorbance aromatic compounds; however, there were 

differences in the chemical structures and molecular composi
tions of the HULIS isolated by the three methods. The HULISHLB-N 
and HULISPPL were both characterized by more aliphatic C–H 
groups and fewer unsaturated aliphatic protons than those of the 
HULISHLB-M, indicating that relative higher content of the weak 
polar organic species in HULIS fractions isolated by the HLB-N 
and PPL methods than those isolated by the HLB-M method. 
The HULISHLB-N and HULISPPL fractions had similar molecular 
compositions, which were characterized by a higher content of S- 
containing compounds (CHOS and CHONS) and lower content of 
CHO and CHON compounds than those of the HULISHLB-M. 
Furthermore, the HULISPPL and HULISHLB-N had a lower AImod,w 
and higher S/C ratio than those of the HULISHLB-M. Therefore, it 
can be concluded that the HULISPPL and HULISHLB-N fractions 
contained relatively low amounts of aromatic components but 
substantial amounts of S-containing compounds. It was also 
found that the molecular composition of the HULISHLB-N may 
have undergone a chemical transformation during treatment with 
the HLB-N method. Therefore, caution should be exercised when 
using the HLB-N method for the characterization of HULIS in 
atmospheric aerosols. 

The PPL method had many advantages, such as a high recovery yield, 
good reproducibility, and low LOD, and the properties of the HULIS 
extracted by this process were not changed during the treatment and 
were more representative of the global matrix. Therefore, we can 
conclude that the PPL method serves equally good as compared to other 
two methods, and one can utilize PPL method also for HULIS isolation 
and characterization. 

However, in the present study, only one type of aerosol sample was 
tested for the chemical and molecular composition of the HULIS isolated 
by the different methods. Therefore, further efforts will be required to 
comparatively study the HULIS isolation methods, possibly using more 
types of aerosol samples collected from different environments or 
sources and from aerosol samples collected in different seasons. 
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Cw 
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Cw 
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Cw 
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Cw 

O/ 
Nw 
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Sw 
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Cw 
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w 

OSC,w 

HULISHLB- 

M 

CHO- 1263 305 1.3 0.43 – – – – 1.7 5.9 0.39 0.27 � 0.44 
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Fig. 4. Van Krevelen diagrams of elemental H/C and O/C ratios for molecular formulas assigned to the (a–d) HULISHLB-M, (e–h) HULISHLB-N, and (i–l) HULISPPL. Each 
diagram is plotted based on elemental content of each molecular formula (CHO, CHON, CHOS, and CHONS). Formulae with red, green, blue, and yellow are 
aliphatic, olefinic, aromatic, and condensed aromatic correspond to their aromaticity based on AImod, respectively. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the Web version of this article.) 
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