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Abstract: 21 

Humic-like substances (HULIS) account for a considerable fraction of water-soluble organic 22 

matter (WSOM) in ambient fine particulates (PM2.5) over the world. However, systemic studies 23 

regarding the chemical characteristics, sources and redox activity of HULIS are still limited. In this 24 

study, the mass concentration, optical properties, and reactive oxygen species (ROS)-generation 25 

potential of HULIS were investigated in PM2.5 samples collected in Hong Kong during 2011-2012, 26 

and they all showed higher levels on days under regional pollution than on days under long range 27 

transport (LRT) pollution and local emissions. Positive matrix factorization (PMF) analysis was 28 

conducted regarding the mass concentration and dithiothreitol (DTT) activity of HULIS. Four primary 29 

sources (i.e. marine vessels, industrial exhaust, biomass burning, and vehicle emissions), and two 30 

secondary sources (i.e. secondary organic aerosol formation and secondary sulfate) were identified. 31 

Most sources showed higher contributions to both the mass concentration and DTT activity of HULIS 32 

on regional days than on LRT and local days, except that marine vessels had a higher contribution on 33 

local days than the other two synoptic conditions. Secondary processes were the major contributor to 34 

HULIS (54.9%) throughout the year, followed by biomass burning (27.4%) and industrial exhaust 35 

(14.7%). As for the DTT activity of HULIS, biomass burning (62.9%) and secondary processes (25.4%) 36 

were found to be the top two contributors. Intrinsic ROS-generation potential of HULIS was also 37 

investigated by normalizing the DTT activity by HULIS mass in each source. HULIS from biomass 38 

burning were the most DTT-active, followed by marine vessels; while HULIS formed through 39 

secondary processes were the least DTT-active. For the optical properties of HULIS, multiple linear 40 

regression model was adopted to evaluate the contributions of various sources to the light absorbing 41 

ability of HULIS. Biomass burning was found to be the only source significantly associated with the 42 

light absorbing property of HULIS.  43 

 44 
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Short Summary: HULIS in Hong Kong atmosphere showed higher light absorption ability and DTT activity 47 

on days under regional pollution. Biomass burning is the only source significantly contributing to the light 48 

absorbing property of HULIS and it is also the most DTT-active; while HULIS from secondary processes were 49 

the least DTT-active. 50 
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1. Introduction 51 

Atmospheric humic-like substances (HULIS) are a group of compounds composed of 52 

characteristic polycyclic rings with hydrocarbon side chains, carboxyl groups, carbonyl groups, and 53 

hydroxyl groups (Graber and Rudich, 2006). Based on their isolation methods, HULIS are normally 54 

considered as the hydrophobic fraction of water-soluble organic matter (WSOM) in ambient fine 55 

particles with aerodynamic diameter less than 2.5 μm (PM2.5), and they comprise 30-70% of WSOM 56 

in atmospheric aerosols (Graber and Rudich, 2006; Kuang et al., 2015; Ma et al., 2018).  57 

HULIS have a great impact on both atmospheric environment and human health. They could act 58 

as cloud condensation nuclei, and promote the hygroscopic growth of aerosols (Fors et al., 2010; Ghio 59 

and Madden, 2018; Hoffer et al., 2006). More importantly, HULIS are considered as the major 60 

component of water-soluble brown carbon (WS-BrC) and are responsible for more than 70% of the 61 

light absorption of WS-BrC in atmospheric aerosols, which contribute greatly to both regional and 62 

global radiative forcing (Bahadur et al., 2012; Chung et al., 2012). Besides their direct effects on global 63 

warming, the light absorption ability of HULIS also facilitates water evaporation and cloud dispersion 64 

(Stocker et al., 2014), which in turn affects the complex chemical processes inside PM2.5. As for their 65 

health impacts, the redox sites on HULIS could assist electron transfer and result in excessive 66 

production and transformation of reactive oxygen species (ROS) upon respiratory deposition, which 67 

perturbs the redox equilibrium in the affected cells (Dou et al., 2015; Ma et al., 2018). The subsequent 68 

oxidative stress stimulated within the cells could then activate downstream pathways and lead to 69 

various respiratory and cardiovascular diseases (Feng et al., 2016). Considering the significant roles 70 

of HULIS in air quality, global warming and public health, some field monitoring and source 71 

apportionment studies have been conducted to explore their sources. Biomass burning and secondary 72 

formation from the atmospheric oxidation of volatile organic compounds (VOCs) were reported as the 73 

two major sources of HULIS (Ma et al., 2018; Tan et al., 2016). However, HULIS emitted from 74 
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different sources have different oxidative potential and extents of exposure risks. Besides HULIS mass 75 

concentration, source apportionment of a more health relevant metric, such as the ROS-generation 76 

potential of HULIS, can provide us more useful information in terms of how to mitigate the health 77 

risks of HULIS to the public. Ma et al. (2018) included both the mass concentration and dithiothreitol 78 

(DTT) activity of HULIS into positive matrix factorization (PMF) model, and reported that although 79 

secondary formation was one of the leading contributors to HULIS mass in Beijing atmosphere, the 80 

intrinsic DTT activity of secondarily formed HULIS was much lower than those emitted from 81 

combustion-related primary sources. This means, from the public health perspective, a more stringent 82 

control of HULIS from combustion activities is needed. Therefore, it is important for the policy makers 83 

to take into account both the mass concentration and source-specific oxidative potential of HULIS 84 

when formulating regional air pollution control policy. 85 

Several studies have been carried out in the Pearl River Delta (PRD) region, which is a highly 86 

urbanized area with large amounts of pollutants emitted from both biogenic and anthropogenic sources. 87 

Kuang et al. (2015) reported the annual concentrations of ambient HULIS in both Guangzhou (4.83 88 

μg/m3) and Nansha (4.71 μg/m3) in PRD region. Liu et al. (2018) examined the optical properties of 89 

HULIS in Guangzhou, and a higher light absorption ability of HULIS was observed in winter than 90 

summer. Using radiocarbon technique, they also found that non-fossil sources, such as biomass 91 

burning and biogenic secondary organic aerosol (SOA) formation, made major contributions to HULIS 92 

in Guangzhou (75.2±10%). This is consistent with the source apportionment results (secondary 93 

formation: 69±17%; biomass burning: 18±15%) obtained by Kuang et al. (2015).   94 

Hong Kong is a typical coastal megacity located in PRD region with a complex atmospheric 95 

environment affected by pollutants transmitted from the northern PRD region, local pollution 96 

emissions, and pollutants brought in by marine air masses. Lin et al. (2010a) reported that the annual 97 

mean concentration of HULIS at Tsuen Wan of Hong Kong was 4.9±3.9 μg/m3, but limited 98 

information on source contributions to HULIS in the area was obtained based on the correlation 99 
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analysis between HULIS and some PM2.5 species. Therefore, a more comprehensive study on the 100 

sources, oxidative potential and optical properties of HULIS in Hong Kong is needed to achieve a 101 

better understanding of the environmental and health implications of HULIS in the region.  102 

In this study, we quantified the mass concentrations, light absorption ability, and DTT activity of 103 

HULIS in PM2.5 samples collected in Hong Kong over a one-year sampling period. Characteristic 104 

source markers and individual HULIS species were measured using gas chromatography mass 105 

spectrometry (GC-MS) with prior chemical derivatization. PMF model was applied to apportion the 106 

major sources of HULIS and quantitatively evaluate the source contributions to both the mass 107 

concentrations and DTT activity of HULIS. Furthermore, multiple linear regression (MLR) model was 108 

adopted to investigate the contributions of different sources to the light absorption property of HULIS. 109 

Results from this study not only assessed the environmental and health impacts of HULIS, but also 110 

provided a more health-oriented approach to assist the future establishment of PM2.5 mitigation control 111 

policies in Hong Kong. 112 

 113 

2. Materials and Methods 114 

2.1. PM2.5 sampling 115 

PM2.5 samples were collected onto prebaked quartz fiber filters (20 × 25 cm, Whatman, UK) 116 

by a high-volume air sampler (Tisch Environmental Inc., USA) at a flow rate of 1.13 m3 min-1. 117 

Sampling started at 09:00 local time in the morning and continued for 24 hours. Sampling site was 118 

located on the rooftop of Oen Hall Building (west wing) at Hong Kong Baptist University (114°15E, 119 

22°13N, ~40 m above the ground). A total of 46 PM2.5 samples were collected from September 6, 2011 120 

to August 16, 2012, and the sampling dates were listed in Table S1 in the supplementary material.    121 

Air mass back-trajectory analysis was performed using the National Oceanic and Atmospheric 122 
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Administration (NOAA) HYSPLIT model with meteorological data from Global Data Assimilation 123 

System (GDAS). For each sampling day, seven 24-h trajectories were calculated at 500 m level with 124 

a time interval of 4 hours. As suggested in our previous studies (Hu et al., 2008; Hu and Yu, 2013; Ma 125 

et al., 2016), the 1-year sampling period in Hong Kong were classified into three groups based on the 126 

back-trajectory paths of each sample and the spatial distributions of SO2 and PM2.5 over fourteen air 127 

quality stations in Hong Kong on each sampling day (http://envf.ust.hk/dataview/gts/current/). Typical 128 

air mass backward trajectories of the three groups were shown in Figure S1 in the supplementary 129 

material, which includes: a. regional days, when continental air masses transported from polluted 130 

northern PRD region into Hong Kong (mainly occurred between October and February next year); b. 131 

long range transport (LRT) days, when the long-distance transported air masses influenced by both 132 

east coastal China and southeast ocean dominated; and c. local days, when less polluted marine air 133 

masses from South China Sea dominated (mostly occurred from April to August), and local emissions, 134 

such as vehicle emissions, became the major air pollution sources (Ma et al., 2016). 135 

2.2. Sample analysis 136 

A comprehensive analysis of various chemical species in PM2.5 samples were conducted, 137 

including organic carbon (OC), water-soluble organic carbon (WSOC), elemental carbon (EC), 138 

levoglucosan, SOA markers, individual organic species in HULIS extract, hopanes and nonhopanes, 139 

several ionic species, and trace metals. Detailed methods and concentrations for major PM2.5 140 

components were presented in supplementary material. 141 

 For the quantification of WSOC and HULIS, 5 cm2 of filters were cut into pieces and  extracted 142 

under ultrasonic in 5 mL of distilled deionized (DDI) water for 40 min. The extract was filtered through 143 

polytetrafluoroethylene (PTFE) filters (0.45-μm pore size; Grace, USA), and concentrations of WSOC 144 

were determined by a total organic carbon (TOC) analyzer (Shimadzu TOC-VCPH, Japan). The mass 145 

concentration of water-insoluble organic carbon (WISOC) was calculated by subtracting the mass 146 

http://envf.ust.hk/dataview/gts/current/
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concentration of WSOC from OC. For the isolation and quantification of HULIS and individual 147 

species in HULIS fraction, we adopted previous methods reported in Kuang et al. (2015), Lin and Yu 148 

(2011), and Ma et al. (2018). To remove sugars, low molecular weight organic acids, and inorganic 149 

ions, water extracts of PM2.5 were first acidified to pH≈2 using 2.4 M HCl and then loaded on 150 

hydrophilic-lipophilic-balanced (HLB) cartridges (Oasis, 3 mL/30 μm, 60 mg; Waters, USA). A total 151 

of 1.5 mL methanol containing 2% ammonia (w/w) were used to elute HULIS out. Chemical 152 

derivatization of the effluent was carried out at 70 °C for 2 h using 100 μL of N,O-153 

bis(trimethylsilyl)trifluoroacetamide (BSTFA, with 1% trimethylchlorosilane; Sigma Aldrich, USA) 154 

and 50 μL of pyridine (>99.5%, International Laboratory, USA). The derivatized products were 155 

injected into an Agilent 7890-5975C GC-MS for quantification. For HULIS mass quantification, 5.0 156 

mL of pure methanol was used instead of basic methanol for the elution of HULIS. This is because 157 

ammonia in basic methanol may interfere the following quantification of DTT consumption in DTT 158 

assay (Dou et al., 2015; Ma et al., 2018). The final effluent was blown dry by a gentle stream of 159 

ultrapure nitrogen at 40 °C and re-dissolved in 1 mL of DDI water. The HULIS mass concentration 160 

was quantified by evaporative light scattering detector (Alltech ELSD 3300, Grace, USA).  161 

2.3. Optical properties of HULIS 162 

The light absorbance (A) of HULIS within ultraviolet-visible (UV-Vis) region (190 to 800 nm) 163 

was measured by a UV-Vis spectrophotometer (8453, Hewlett Pakard, USA). Particularly, the ratio of 164 

absorbance at 254 nm and 365 nm (A254/A365) was calculated given their strong correlation with the 165 

aromaticity and molecular structures of HULIS (Fan et al., 2012; Peuravuori and Pihlaja, 1997). 166 

The mass absorption efficiency (MAE, unit: m2 g-1) of HULIS was obtained as following 167 

(Hecobian et al., 2010; Liu et al., 2018; Wu et al., 2018): 168 

 169 

where Aλ is the light absorbance at wavelength λ. A700 is the light absorbance at 700 nm, a null point 170 
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value adopted to eliminate the possible errors caused by baseline fluctuation. Vsolution (mL) is the 171 

volume of extraction solvent used, Vair (m3) is the volume of air sampled, C is the atmospheric 172 

concentration of HULIS (μg m-3), and L is the optical path length (0.01 m).  173 

Absorption Ångström exponent (AAE) is then calculated to describe the dependency of HULIS 174 

optical thickness on wavelength, and it is deducted using MAE values at λ1 and λ2 (Wu et al., 2018): 175 

 176 

2.4. DTT assay 177 

DTT assay was a widely adopted method for the evaluation of oxidative potential of organic 178 

components in fine particulates (Charrier and Anastasio, 2012; Cho et al., 2005). Detailed 179 

experimental procedure for the quantification of DTT consumption by HULIS was provided in Ma et 180 

al. (2018). Briefly, an aqueous potassium phosphate buffer solution containing 1 mM diethylene 181 

triamine pentaacetic acid (DTPA, >99%; Sigma Aldrich, USA) was prepared, and 1.0 mM 5,5’-182 

dithiobis-2-nitrobenzoic acid (DTNB, ≥98%; Sigma Aldrich, USA) was prepared using this buffer. 183 

An aliquot of 920 μL of buffer was then mixed with 120 μL of HULIS sample and 50 μL of 0.5 mM 184 

DTT (>99%; Sigma Aldrich, USA), followed by incubation at 37 °C for 90 min. After that, 100 μL of 185 

DTNB was added and the absorbance of final solution was measured at wavelength of 412 nm. The 186 

HULIS-catalyzed DTT consumptions of all 46 samples were less than 90%, falling within in the linear 187 

range of time-dependent consumption of DTT. Therefore, the DTT activity measured in this study was 188 

linearly proportional to HULIS mass concentration. 189 

To obtain the extrinsic (DTTV) and intrinsic DTT activity (DTTm) of HULIS, the DTT 190 

consumption rates of HULIS in all 46 samples were normalized by sampling air volume and HULIS 191 

mass concentration, respectively: 192 
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 193 

where RDTT (%) is the percentage of DTT consumed, nDTT (nmol) is the DTT amount added into the 194 

reaction tube, t (min) is the reaction time, and air volume (m-3) is the sampling volume corresponding 195 

to the area of filter used. Since DTTV is the extrinsic DTT activity of HULIS per air volume sampled, 196 

it is directly related to human exposure dose. DTTm is the redox activity of HULIS per HULIS mass, 197 

therefore, it is directly related to the intrinsic ROS-generation ability of HULIS. 198 

2.5. PMF analysis 199 

We applied US EPA PMF 5.0 to quantify the source contributions to both mass concentrations 200 

and DTT activity of HULIS. PMF model is a commonly used mathematical approach for the 201 

apportionment of PM2.5 sources based on the characteristic chemical compositions or fingerprints in 202 

each source. In PMF calculation, the input data matrix X is resolved into a source profile matrix F and 203 

a source contribution matrix G: 204 

 205 

where ε stands for a residual matrix. 206 

During model calculation, the sum of scaled residual Q was minimized: 207 

 208 

where eij is the residual of each sample, and σij is the uncertainty in the jth species for the sample i. 209 

A total of 17 species were input into PMF, including WSOM, HULIS, DTTV, levoglucosan, 210 

MonoT (sum of SOA markers of monoterpenes), β-caryophyllinic acid, sulfate, oxalate, ammonium, 211 
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EC, SUMhopane (hopanes and nonhopanes), Fe, Zn, V, Ni, and 4-nitrocatechol. The uncertainties of 212 

WSOM, HULIS mass concentration, the extrinsic DTT activity of HULIS, levoglucosan, MonoT, 213 

major ions (NH4
+, SO4

2-, C2O4
2-), trace metals (i.e. manganese (Mn), iron (Fe), zinc (Zn), vanadium 214 

(V) and nickel (Ni)), SUMhopane, and 4-nitrophenol were set at 0.4 of average annual values, whereas 215 

the uncertainty of EC was 0.2 of average annual value (Hu et al., 2008; Ma et al., 2018, 2016). The 216 

optimized final PMF solution was determined with 6 factors with no extra modeling uncertainty. The 217 

Qrobust value is 104.7, which almost equals to Qtrue (104.2), suggesting negligible residues for the final 218 

solution. A hundred bootstrap runs were performed to examine the stability and the uncertainty of the 219 

base run solution. In this study, all bootstrap runs were specifically mapped to the base run solution, 220 

indicating a stable PMF solution. 221 

 222 

3. Results and Discussion 223 

3.1. HULIS mass concentration and individual HULIS species 224 

The annual average mass concentration of HULIS at this urban sampling site in Hong Kong was 225 

2.38±1.62 μg m-3 (median: 1.93 μg m-3; range: 0.47 – 7.61 μg m-3). The carbon content in HULIS 226 

(HULIS_C) was calculated by dividing HULIS mass with a factor of 1.9 (Kuang et al., 2015; Lin et 227 

al., 2010b), and its annual mean concentration was 1.25±0.85 μgC m-3. This HULIS_C level falls 228 

within the range of HULIS_C concentrations measured at many other urban environments in the world, 229 

such as Vienna, Austria (0.1 – 1.8 μgC m-3,  Limbeck et al., 2005) and several French cities (0.3 – 2.33 230 

μgC m-3, Baduel et al., 2010), yet is significantly lower than those reported in northern cities of China, 231 

such as Beijing (5.66 µg m-3, equal to 2.98 μgC m-3,  Ma et al., 2018) and Lanzhou (4.70 µg m-3, equal 232 

to 2.47 μgC m-3, Tan et al., 2016). Compared with other cities located in PRD region, such as 233 

Guangzhou (GZ, 4.83 μg m-3, equal to 2.54 μgC m-3) and Nansha (NS, 4.71 μg m-3, equal to 2.48 μgC 234 

m-3) (Kuang et al., 2015), HULIS mass concentration found in this study was obviously lower. This 235 
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may be due to the comprehensive impacts of different source emissions at these three sites. For 236 

example, biomass burning, such as crop residue burning, was more intense and widely adopted in 237 

northern PRD region than in Hong Kong. Moreover, higher levels of PM2.5 mass and nitrate at GZ and 238 

NS were reported by Kuang et al. (2015) than in this study, indicating a more polluted atmosphere and 239 

enhanced secondary formation at these two sites. Lin et al. (2010a) reported that the annual mean 240 

concentration of HULIS at Tsuen Wan in Hong Kong was 4.9 μg m-3 during 2007-2008. Similarly, a 241 

more polluted sampling period with higher levels of pollutants, such as PM2.5, O3, and NO2, were 242 

observed in Lin’s study, which explains the lower levels of HULIS measured in our study. To 243 

investigate the contribution of HULIS_C to OC in PM2.5 aerosols, we examined the temporal variations 244 

of different OC fractions (Figure 1). It is found that HULIS_C accounted for 53.4±14.2% of WSOC 245 

in Hong Kong throughout the entire sampling period. This ratio was comparable to those observed in 246 

Guangzhou (48%) and Nansha (57%), indicating a constant and significant contribution of HULIS_C 247 

to WSOC in the PRD region (Kuang et al., 2015).  248 

A clear trend was observed for HULIS mass concentration under the three meteorological 249 

conditions, with the highest concentrations on regional days (median: 3.31 μg m-3; range: 1.61 – 7.61 250 

μg m-3), and lowest on local days (median: 1.17 μg m-3; range: 0.47 – 3.09 μg m-3). Similar trends were 251 

found for other pollutants on PM2.5 in the same batch of samples, such as polycyclic aromatic 252 

hydrocarbons and their derivatives in WISOC fraction (Ma et al., 2016).  253 

Spearman rank correlation tests between HULIS and gaseous pollutants (NO2, SO2, O3), as well 254 

as particle acidity (Hp
+) and particle-phase liquid water content (LWCp) were conducted (Section S1 255 

and Table S2 in supplementary material). NO2 (r=0.461, p<0.01), SO2 (r=0.432, p<0.01), Hp
+ (r=0.419, 256 

p<0.01), and O3 (r=0.308, p<0.05) were found to be positively correlated with HULIS during the whole 257 

year. NO2 and O3 are the typical atmospheric oxidants, and their correlations with HULIS suggested 258 

the role of atmospheric oxidation in the formation of HULIS. Moreover, Hp
+ was also an important 259 

factor in acid-catalyzed SOA formation, involving processes such as hydration, aldo condensation, 260 
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and oligomerization. The positive correlation between Hp
+ and HULIS indicated that a fraction of 261 

HULIS measured in the region could be formed from secondary particle-phase reactions. 262 

HULIS are a mixture of numerous species with similar structures and characteristics. In this study, 263 

we identified and quantified 24 water-soluble species eluted in HULIS fraction, including 6 aliphatic 264 

acids, 11 aromatic acids, 4-nitrocatechol, 5 SOA markers of monoterpenes (3-methyl-1,2,3-265 

butanetricarboxylic acid, 3-acetylglutaric acid, 3-hydroxyglutaric acid, 3-isopropylglutaric acid, 3-266 

hydroxy-4,4-dimethylglutaric acid) and β-caryophyllinic acid. Detailed concentrations of the 267 

measured individual HULIS species were provided in Table S3 in the supplementary material. Similar 268 

to the temporal trend of HULIS mass concentration, clear temporal variations were observed for all 269 

these species, with the highest levels found on regional days and the lowest on local days (Figure S2 270 

in supplementary material).  271 

Among the 24 compounds, terephthalic acid, 1,2,3-benzenetricarboxylic acid and 1,2,4-272 

benzenetricarboxylic acid, and phthalic acid were the most abundant species. Although the annual 273 

average concentration of terephthalic acid in Hong Kong (10.6±8.65 ng m-3) was 10 times lower than 274 

that found in Beijing HULIS (average: 123.7±103.5 ng m-3, Ma et al., 2018), it is comparable to the 275 

results of another study conducted in Hong Kong (19.9 ng m−3 in winter, Ho et al., 2011). Terephthalic 276 

acid was considered as an indicator for plastic bag incineration which normally appeared in domestic 277 

waste (Kawamura and Pavuluri, 2010; Ma et al., 2018). Since waste incineration was not yet adopted 278 

in Hong Kong, but was one of the most common waste disposal methods in Beijing, the stark difference 279 

of the concentration of terephthalic acid in these two cities was reasonable. We also found the 280 

concentration of 4-nitrocatechol in HULIS fraction (average: 0.59±0.42 ng m-3; median: 0.42 ng m-3) 281 

was slightly lower than that reported in Tsuen Wan (2.31±1.23 ng m-3, Chow et al., 2016), an urban 282 

site in a mixed residential, commercial and industrial neighborhood in Hong Kong.  283 
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3.2. Optical properties of HULIS 284 

HULIS were found to be a significant contributor to regional and global radiative forcing due to 285 

their high light absorptivity (Liu et al., 2018). The optical properties of HULIS was determined by 286 

their chemical composition, which was influenced by the emission characteristics of pollution sources. 287 

Thus, here we also investigated the light absorption ability of HULIS in Hong Kong and the associated 288 

sources.  289 

The optical properties of HULIS in Hong Kong PM2.5 samples were listed in Table S4 in 290 

supplementary material. Previous studies have adopted MAE365 to assess the overall light absorption 291 

ability of brown carbon or HULIS (Liu et al., 2018; Wu et al., 2018). Here we found MAE365 with 292 

higher values on regional days (average: 2.05±0.63 m2 g-1, median: 1.90 m2 g-1) and LRT days (average: 293 

1.98±0.79 m2 g-1, median: 1.63 m2 g-1) than on local days (average: 1.64±0.82 m2 g-1, median: 1.77 m2 294 

g-1), suggesting a higher light absorption ability of HULIS collected on regional and LRT days than 295 

on local days. This could be attributed to the variety of chemical compositions and emission sources 296 

of HULIS under these three synoptic conditions. When compared with the MAE365 value of HULIS 297 

measured in Guangzhou during winter (1.33±0.21 m2 g-1 C, equal to 2.53±0.19 m2 g-1 using OM/OC 298 

ratio of 1.9, Kuang et al., 2015; Lin et al., 2010), the annual mean light absorption ability of HULIS 299 

measured at this urban site of Hong Kong was obviously lower (1.84±0.77 m2 g-1).  300 

The optical parameter AAE is a good indicator of organic composition formed from insufficient 301 

combustion at low temperatures (Laskin et al., 2015). For example, when light absorption was 302 

predominated by black carbon aerosols, the AAE value was approaching 1. However, when the 303 

absorption was caused by large amounts of organic constituents, the AAE value rapidly increased and 304 

became much larger than 1. Since the light absorption of HULIS mostly occurs in the range of 300 nm 305 

to 400 nm (Wu et al., 2018),  AAE(300-400) was calculated and used in this study (Table S4 in 306 

supplementary material). The averaged AAE(300-400) values of HULIS collected on local (6.58±0.48), 307 

LRT (6.56±1.29) and regional (6.27±1.28) days were quite similar and much higher than 1. The results 308 
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indicated the presence of massive amounts of UV-light absorbing organic compounds emitted from 309 

incomplete combustion in HULIS, such as biomass burning (Wu et al., 2018). Moreover, the high 310 

AAE(300-400) value confirmed the significant role of HULIS in brown carbon light absorption in Hong 311 

Kong (Fan et al., 2016). 312 

We then calculated the A254/A365 ratio of HULIS, which is suggested to be strongly correlated 313 

with the aromaticity and structure of HULIS (Baduel et al., 2010; Wu et al., 2018). Similar to MAE365, 314 

A254/A365 ratios showed higher values on regional (average: 6.42±0.83 μg m-3, median: 6.14 μg m-3) 315 

and LRT days (average: 6.74±1.86, median: 6.33 μg/m3) than on local days (average: 5.85±4.20 μg m-316 

3, median: 4.97 μg m-3). This indicates a higher aromaticity of HULIS in samples collected on local 317 

days. Such structure characteristics could be related to the local vehicle and marine vessel emissions, 318 

which emit large amounts of aromatic hydrocarbons (Ma et al., 2016). 319 

3.3. DTT activity of HULIS 320 

Besides their environmental impact, HULIS also have a great impact on human health given their 321 

ability to induce ROS generation and the subsequent oxidative stress in affected cells (Dou et al., 2015). 322 

Thus, the DTT activity of HULIS was measured to evaluate their oxidative potential. As mentioned 323 

early, DTTV is the extrinsic DTT activity of HULIS, which is directly related to human exposure dose. 324 

Significantly higher levels of DTTV were observed on regional days (15.1±13.7 pmol min-1 m-3) than 325 

on LRT (10.8±10.3 pmol min-1 m-3) and local days (3.96±4.51 pmol min-1 m-3), indicating higher 326 

human exposure risk of HULIS-induced oxidative stress on regional days (Figure S1 in supplementary 327 

material). DDTm represents the intrinsic ROS-generation potential of HULIS. Different from DTTV, 328 

only slightly higher levels of DDTm were observed on regional (3.82 pmol min-1 μg HULIS-1) and 329 

LRT days (3.79 pmol min-1 μg HULIS-1) than on local days (3.31 pmol min-1 μg HULIS-1), indicating 330 

a rather close intrinsic ROS-generation potential of HULIS throughout the year. When compared with 331 

other megacities in China, such as Guangzhou (6.4 pmol min-1 μg HULIS-1, Dou et al., 2015) and 332 
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Beijing (9.91 pmol min-1 μg HULIS-1, Ma et al., 2018), the average intrinsic DDT activity of HULIS 333 

in Hong Kong (3.58±3.65 pmol min-1 μg HULIS-1) was much lower. HULIS collected in Beijing could 334 

produce 3 times higher amounts of ROS per unit HULIS mass than that collected in Hong Kong. Such 335 

a stark difference of intrinsic ROS-generation potential of HULIS in these two cities could be attributed 336 

to the different HULIS composition and sources under these two atmospheric environments (Ma et al., 337 

2018). 338 

3.4. Source apportionment of both the mass concentrations and DTTV activity of 339 

HULIS 340 

The final PMF solution with six factors was shown in Figure 2. Factor A had a high percentage 341 

of levoglucosan, a specific indicator for biomass burning (Fraser and Lakshmanan, 2000). Thus, this 342 

factor was related to biomass burning activities. Factor B was enriched with MonoT and β-caryophyllic 343 

acid, which are good SOA tracers (Hu et al., 2008). So it was assigned as SOA formation. With high 344 

percentages of sulfate, oxalate and ammonia, Factor C was used to track secondary sulfate formation. 345 

Factor D was predominated by Mn, Fe, Zn, which were mostly emitted from industrial sources (Duan 346 

and Tan, 2013). Thus, Factor D was associated with industrial exhaust (Cheng et al., 2015). Factor E 347 

was predominated by V and Ni, which were specific tracers for residue oil combustion on marine 348 

vessels (Viana et al., 2009). Therefore, this factor was considered as marine vessels. Factor F was 349 

dominated by both SUMhopane and EC, which were considered as tracers for traffic exhaust (Gao et 350 

al., 2011; Hu et al., 2010). Thus, this factor was assigned to monitor vehicle emissions. 351 

3.5 Source-specific contributions to HULIS 352 

Source-specific contributions to HULIS mass concentration and the extrinsic DTTV of HULIS 353 

were calculated based on the final PMF solution (Figure 3). As shown in Figure S3 in the 354 

supplementary material, a strong correlation was observed between measured and predicted HULIS 355 

mass concentration (R2=0.92), confirming the reliability of PMF solution. Overall speaking, the annual 356 
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total contribution of four primary sources, i.e. biomass burning, marine vessels, industrial exhaust, and 357 

vehicle emissions, to HULIS (45.1%) was comparable to that from secondary formation (54.9%).  358 

Among the four primary sources, biomass burning was the most significant (27.4%, 0.65 μg m-359 

3), a finding that is consistent with previous results obtained from both field studies and source 360 

apportionment work (Lin et al., 2010a; Ma et al., 2018). Based on PMF results, we applied MLR model 361 

to apportion the contributions of different sources to HULIS light absorption ability (Table S5 in 362 

supplementary material). Biomass burning was found to be the only statistically significant factor and 363 

was positively correlated to the MAE365 of HULIS with a regression coefficient of 0.538 (p<0.01). 364 

This result is consistent with findings from another study, which showed that brown carbons emitted 365 

from biomass burning had a stronger light absorption ability than that from other sources, such as 366 

secondary formation (Hecobian et al., 2010). To further explore the characteristics of biomass burning 367 

activities in this area, we examined the ratio of lignin tracers from various types of biomass fuels. 368 

Lignin was the most abundant polymeric aromatic organic compound in plants, and the presence of 369 

different types of phenolic acids in HULIS fraction were derived from the oxidation of different phenol 370 

units of lignin. For example, syringyl acid is from syringyl-phenol unit, vanillic acid is from vanillyl-371 

phenol unit, and 4-hydroxybenzoic acid is from cinnamyl-phenol unit (He et al., 2018). Consequently, 372 

the relative abundance of these three phenol units in lignin or the relative abundance of the three 373 

corresponding phenolic acids in atmospheric particles could reflect the types of plants burnt in biomass 374 

burning activities, and thus provide more specific source information. Normally the ratio of cinnamyl-375 

phenol to vanillyl-phenol (C/V) was used to estimate the contributions of nonwoody vegetation to 376 

biomass burning activities, and the ratio of syringyl-phenol to vanillyl-phenol (S/V) was used to 377 

distinguish hardwood burning from softwood combustion (He et al., 2018). As shown in Figure S4 in 378 

supplementary material, the S/V ratios in this study ranged from 0.5 to 2.5, and C/V ratios are mostly 379 

in the range of 2 to 4 (>81%). Since the S/V ratio of softwood was less than 1, and the reported C/V 380 

ratio was nearly zero for hardwood and less than 0.25 for softwood (He et al., 2018), non-woody plant 381 
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burning, such as crop residue combustion, was identified as the predominant biomass burning type 382 

that contributed to PM2.5-bound HULIS in Hong Kong. Considering the common presence of rice 383 

paddies and crop fields in Southern and Eastern China and the wide biomass burning activities in the 384 

region, we hypothesize that air mass coming from the PRD region on regional days and along the east 385 

coast of China on LRT days have brought considerable amounts of biomass burning related HULIS 386 

(HULIS_BB) into Hong Kong. To verify this hypothesis, we calculated the average contributions of 387 

biomass burning to HULIS under different meteorological conditions. As expected, biomass burning 388 

showed much higher contributions to HULIS on regional (31.2%, 1.11 μg m-3) and LRT days (39.1%, 389 

1.04 μg m-3) than local days (10.3%, 0.15 μg m-3), suggesting a regional characteristic of this 390 

anthropogenic source. 391 

Industrial exhaust was found to be another primary source of PM2.5-bound HULIS in Hong Kong, 392 

with an annual contribution of 0.35 μg m-3 (14.7%). Public electricity generation could be a possible 393 

source. As reported on the website of Environmental Protection Department of Hong Kong (HK EPD), 394 

public electricity generation was responsible for over 10% of fine particle emissions in Hong Kong in 395 

2011 (Environmental Protection Department of Hong Kong, 2018). Other industrial sources such as 396 

steel industries, non-road mobile machineries operating in construction sites, and printing industries, 397 

could account for 15% of particle emissions. In this study, we found industrial exhaust was responsible 398 

for 12.7% (0.45 μg m-3) of HULIS on regional days, and 20.0% (0.29 μg m-3) on local days. The higher 399 

amount of HULIS from industrial exhaust on regional days suggests that both local and regional (from 400 

northern PRD region) industrial emissions could serve as potential emission sources for HULIS in 401 

Hong Kong. 402 

Marine vessels and vehicle emissions are two fuel combustion-related sources. Particularly, 403 

marine vessels are a specific source for harbor cities. The Victoria Harbor in Hong Kong is one of the 404 

busiest ports in the world. In this study, marine vessels contributed 3.0% of HULIS throughout the 405 

year (0.07 μg m-3). Unlike other combustion-related sources, the contribution of marine vessels to 406 
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HULIS was much higher on local days (8.5%, 0.12 μg m-3) than LRT (1.1%, 0.03μg m-3) and regional 407 

days (0.9%, 0.03 μg m-3). On local days, marine air masses could bring in pollutants emitted from 408 

residual oil combustion, an important oil fuel burned on marine vessels. However, among the four 409 

primary factors, vehicle emissions were found to have a very small contribution to HULIS that PMF 410 

model could not quantitatively apportion. 411 

Two secondary sources, i.e. SOA formation and secondary sulfate, contributed 1.32 μg m-3 412 

(54.9%) of HULIS in total. Secondary sulfate was found to be the predominant secondary source in 413 

HULIS formation (28.0%, 0.67 μg m-3). On one hand, sulfate could promote the uptake of organic 414 

compounds into aqueous phase through the salting-in effect. For example, the Henry’s law constant of 415 

glyoxal was enhanced by 50 times with the presence of sulfate in PM2.5, due to the stronger hydrogen 416 

bonding between sulfate ions and OH groups in hydrated glyoxal (Ip et al., 2009; Laskin et al., 2015). 417 

The following aqueous-phase reactions could then further promote the uptake of organic compounds 418 

into aerosol. On the other hand, sulfate could participate in aerosol phase reactions, which may lead to 419 

the formation of organosulfates, an important component of HULIS (Marais et al., 2015). SOA 420 

formation was identified as a major source of HULIS in Beijing (30.1%, Ma et al., 2018). Here we 421 

also observed a significant contribution from SOA formation to HULIS throughout the year (26.9%, 422 

0.65 μg m-3). In fact, HULIS could be produced from multiple secondary processes, including acid-423 

catalyzed heterogeneous reactions and aqueous-phase reactions (Graber and Rudich, 2006; Ma et al., 424 

2018; Updyke et al., 2012). To explore the secondary processes involved in HULIS formation in Hong 425 

Kong, spearman rank correlation tests were conducted between HULIS resolved in SOA factor 426 

(HULIS_SOA) and multiple parameters, i.e. NO2, SO2, O3, LWCp, and Hp
+. Among these factors, 427 

gaseous oxidants NO2 (r=0.42, p<0.01) and O3 (r=0.50, p<0.01) were found to be the most significant 428 

ones, indicating the significant role of photochemical reactions and ozonolysis in HULIS_SOA 429 

formation. 430 
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3.6 Source-specific contributions to DTTV activity of HULIS 431 

To evaluate the contributions of different sources to the oxidative potential of HULIS, we 432 

further assessed the quantitative source-specific contributions to DTTV of HULIS. Strong correlation 433 

between the measured and predicted DDTV of HULIS was obtained (R2=0.89), suggesting a reliable 434 

PMF result (Figure S3 in supplementary material). 435 

Biomass burning was found to be the predominant contributor to DTTV of HULIS, with a 62.9% 436 

contribution throughout the year (5.92 pmol min-1 m-3). In order to assess the ROS generation ability 437 

of HULIS emitted from various sources, we also calculated the intrinsic DTTm of HULIS in different 438 

sources. HULIS_BB was found to have the highest intrinsic DTT activity (9.00 pmol min-1 μg 439 

HULIS_BB
-1). This result was consistent with our finding in Beijing PM2.5 samples (9.10 pmol min−1 440 

μg HULIS_BB
-1, Ma et al., 2018). Furthermore, we found HULIS_BB was positively correlated with 441 

NO2 (r=0.37, p<0.05). Actually, many nitrogen-containing organic compounds could be produced 442 

through the oxidation of aromatic hydrocarbons emitted from biomass burning in the presence of NO2 443 

(Iinuma et al., 2010). These nitrogen-containing species were considered as great electron transfer 444 

promotors in atmospheric aerosols (Dou et al., 2015). Thus, the large extrinsic DTT activity of 445 

HULIS_BB could be attributed to both the high contribution of biomass burning to HULIS mass 446 

concentration and the high ROS generation ability of HULIS_BB. 447 

Marine vessels were found to be another primary source with high intrinsic DTTm of HULIS 448 

(7.75 pmol min-1 μg HULIS_MV
-1). The high DTTm of HULIS_MV could be attributed to the highly 449 

oxygenated organic compounds produced during the incomplete combustion of residual oil. 450 

Consequently, although marine vessels emissions were only responsible for 3.0% of HULIS mass 451 

concentration, it contributed 6.0% of the extrinsic DTTV of HULIS. Particularly, its contribution to 452 

DTTV was much more pronounced on local days (22.0%) than on LRT (1.9%) and regional days 453 

(1.6%). Industrial exhaust was a minor contributor to DTTV of HULIS throughout the year (5.7%, 0.54 454 

pmol min-1m-3). This could be attributed to both the small amount of HULIS resolved in industry factor 455 
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(HULIS_IE, 14.7%, 0.35 μg m-3) and the low intrinsic DTT activity of HULIS_IE (1.51 pmol min-1 μg 456 

HULIS_IE
-1). 457 

For the two secondary sources, despite their high contributions to HULIS mass concentration, 458 

their contributions to DTTV of HULIS were less significant: 12.6% for SOA factor (1.19 pmol min-1 459 

m-3) and 12.8% for secondary sulfate factor (1.21 pmol min-1 m-3). In our previous study, we found 460 

that although secondary processes were important contributors to both the mass concentration and 461 

DTTV of HULIS in Beijing, the intrinsic ROS generation ability of secondarily formed HULIS was 462 

relatively low (Ma et al., 2018). In this study, we also observed low ROS-generation potential for 463 

HULIS resolved in SOA formation (1.84 pmol min-1 g HULIS_SOA
-1) and secondary sulfate (1.79 464 

pmol min-1 μg HULIS_SS
-1) sources. The intrinsic DTT activity of HULIS_SOA was close to that of 465 

isoprene SOA (2.10±0.22 pmol min-1 μg-1) reported by Kramer et al. (2016) yet smaller than that of 466 

naphthalene SOA (~100 pmol min-1 μg-1, Tuet et al., 2017). This indicated that HULIS from SOA 467 

formation were more of biogenic origin other than anthropogenic origin in Hong Kong. 468 

 469 

4. Conclusion 470 

Here we measured the mass concentration, chemical composition, optical properties, and DTT 471 

consumption ability of HULIS in PM2.5 samples collected in Hong Kong during a 1-year period. 472 

Higher levels of HULIS and individual species in HULIS extracts were observed on days under 473 

regional pollution than on days under LRT pollution and local emissions. HULIS also showed the 474 

highest light absorption ability and DTT activity on regional days. Source apportionment of both mass 475 

concentration and DTT activity of HULIS was performed. Secondary processes (54.9%) including 476 

SOA and secondary sulfate formation were identified as the major contributor to HULIS in Hong Kong, 477 

followed by biomass burning. Concerning the ROS activity of HULIS, biomass burning was found as 478 

the most significant source of the extrinsic DTTV of HULIS (62.9%), and HULIS_BB also showed the 479 
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highest ROS-generation ability (9.00 pmol min-1 μg HULIS_BB
-1). Although secondary formation had 480 

a high contribution to HULIS mass, the ROS-generation potential of HULIS_SOA is relatively low, 481 

about 5 times lower than that of HULIS_BB. Such a comprehensive source apportionment study 482 

regarding both the chemical properties and DTT activity of HULIS provides the direction of further 483 

inquiries of source-specific toxicity characteristics of HULIS and scientific basis for the future 484 

establishment of PM2.5 control policy in Hong Kong. 485 
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 643 

Figure 1 Temporal variation of OC fractions, i.e. HULIS_C (HULIS_carbon), WSOC_h 644 

(hydrophilic water-soluble organic carbon), WISOC (water-insoluble organic carbon) 645 

 646 

 647 
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Figure 2 Distribution of HULIS mass, DTTV, WSOM, and chemical species in the six factors 648 

resolved by PMF 649 

 650 

Figure 3 Source contributions to A) HULIS mass concentration and B) the extrinsic DTT 651 

activity of HULIS in Hong Kong 652 

 653 

 654 

Figure 4 Intrinsic DTT activity of HULIS from different sources 655 


