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A B S T R A C T   

The potential adverse effects of malodorous volatile organic compounds (VOCs) from municipal waste man-
agement on ecosystems and human health have caused general public concern. Therefore, an integrated tech-
nique of spray tower (ST) with biotrickling filter (BTF) was designed for attenuation of VOCs from the municipal 
leachate treating process in this study. A total of 60 kinds of VOCs with total concentrations ranging from 3.54 to 
26.42 ppm were accurately identified using proton transfer reaction time-of-flight mass spectrometry (PTR-TOF- 
MS) and gas chromatography-mass spectrometer (GC-MS). Among them, the levels of aromatic hydrocarbons 
(AHs) especially benzene (1.31–7.90 ppm) and toluene (0.93–5.71 ppm) were highest, occupying 77.66% of total 
volatile organic compounds (TVOCs). Average removal efficiencies of AHs, nitrogen-and-oxygen-containing 
compounds (NAOCCs), aliphatic hydrocarbons (AIHs), halogenated hydrocarbons (HHs), and volatile sulfur 
organic compounds (VOSCs) by ST-BTF were 60.75%, 79.55%, 75.01%, 81.71%, and 54.32%, respectively. 
Moreover, the odorous flavor, the ozone formation potential (OFP), and the health risks of the studied VOCs were 
dramatically diminished after the ST-BTF purification. More abundant and stabler bacterial communities in the 
BTF were developed to resist the impact of VOC shock loading as compared with fungi. The conspicuously 
increased abundance of Bacteroidetes, Verrucomicrobia and Epsilonbacteraeotal played significant roles in the 
degradation of HHs. Moreover, the dominant Pseudomonadaceae and Pseudomonas belonging to Proteobacteria 
significantly metabolized xenobiotics, as predicted by PICRUSt. These results indicated that the ST-BTF is an 
efficient technique for attenuation of ecological and human health risk under moderate and shock loading of 
VOCs.   

1. Introduction 

Currently, landfilling is the most widely used method for municipal 
solid waste (MSW) management with low cost, good hygiene and large 
quantity, besides the methods of high temperature composting and 
incineration (Long et al., 2008). However, due to the decomposition of 
biodegradable organic matters in MSW by microorganisms (Zhang et al., 
2020), landfilling will release huge amount of malodorous volatile 
organic compounds (VOCs) to environment and pose great threat to 
human health and community satisfaction (Fang et al., 2012; Liu et al., 

2016a). For example, the priority malodorous VOCs (methanthiol, 
dimethyl disulfide, and dimethyl sulfide) and typical VOCs (benzene, 
toluene, chlorofluorocarbons, and m,p,o-xylene) which can cause the 
photochemical oxidant formation or are toxic to human beings, were 
previously detected from landfill (Cheng et al., 2020; Mustafa et al., 
2017). 

It is worth noting that most malodorous VOCs are toxic. For example, 
toluene exposure can irritate mucous membrane and skin, and lead to 
central nervous dysfunction, vascular dilation, erythema, as well as 
liver, kidney and heart injury (Kim et al., 2019). Benzene and 
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ethylbenzene are classified as class 1 and 2B carcinogens by the Inter-
national Agency for Research on Cancer (IARC), respectively, due to 
their carcinogenic, acute toxic and pathogenic to humans (Pyatt and 
Hays, 2010). Besides, VOCs are important precursors of photochemical 
reactions, which can react with NOx in sunlight and form tropospheric 
O3 (Hui et al., 2021). They were also major contributors of secondary 
organic aerosols (Ghude et al., 2008; Kumar et al., 2018), leading to 
PM2.5 pollution synergy with SO4

2− , NO3
− , NH4

+ and heavy metal minerals 
(Mikuška et al., 2015; Xia et al., 2016). Therefore, extensive attention 
has been paid to VOC abatement especially in landfill and leachate 
treatment process due to high emission flux and volume of VOCs. 

Conventional VOCs control technologies, such as adsorption and 
incineration can be used to reduce the emitted VOCs, but they would 
produce both toxic end-product and undesirable byproducts, like satu-
rated adsorbent, NOx and acid gas (Kim et al., 2019). Whereas, biolog-
ical technology is becoming a potential alternative method (Lin et al., 
2019) with high removal efficiency (RE), low cost and low environ-
mental stress (Barbusinski et al., 2017) as compared with traditional 
physicochemical methods. It has been reported that a large proportion of 
VOCs including benzene (Akmirza et al., 2017), toluene (Dorado et al., 
2012), ethylbenzene (Park et al., 2014), and xylene (Wang et al., 2015) 
can be effectively abated biologically. Biofilter, biotrickling filter (BTF), 
and bioscrubber were the most widely used techniques according to 
working principle and characteristics of equipment individually (Bar-
businski et al., 2017). BTF can be used to degrade VOCs (methanol, 
ethanol, acetone and toluene) from pharmaceutical industries (Balasu-
bramanian et al., 2012). Furthermore, a pilot-scale BTF with commercial 
mixed microorganisms (B350 and B110) immobilized on mixed packing 
material was employed to purify emitted complex VOCs from municipal 
solid waste transfer station (Li et al., 2013). Nevertheless, odorous 
exhaust gas removal by a single BTF still has drawbacks. For instance, a 
lot of particulate matter and unexpected shock loading would reduce 
VOC removal efficiency by BTF (Lin et al., 2019; Wan et al., 2011). 
Therefore, to maintain high and long-time treatment efficiency, 
pre-treatment is often required during VOCs treatment processes. 
Considering that particles and hydrophilic volatile compounds such as 
NH3, ethyl alcohol and H2S can be effectively removed from waste gas 
by spray tower (ST), it has been successfully applied to pre-treatment of 
VOCs from processes of paint spray, e-waste dismantlement and textile 
dyeing before BTF (Liang et al., 2020; Liu et al., 2019). Nevertheless, lots 
of hydrophilic gases (NH3 and H2S) would be emitted during leachate 
treatment process (Jiang et al., 2020; Moreno et al., 2014). 

Hence, the combination of ST with BTF was carefully designed to 
control malodorous gas emitted from leachate treatment plant and 
reduce the associated health risks. Specifically, VOC pollution profile 
and RE of single and combined reactors were evaluated. In addition, the 
response of bacterial community composition and diversity in ST-BTF to 
the emitted VOC was analyzed. Furthermore, health risks and the at-
mospheric photochemical activity with ozone formation potential (OFP) 
levels of VOCs discharged before and after treatment were evaluated. 
These data provided useful guidance to reduce VOC pollution, health 
risks and environmental hazards in landfills. 

2. Materials and methods 

2.1. Experimental setup and sample collection 

The experimental site was selected at a leachate treatment plant in a 
large-scale landfill in South China, where large volume of leachate is 
produced. A membrane bioreactor (MBR) combined with reverse 
osmosis/nanofiltration (RO/NF) process was used to purify the 5-day 
biochemical oxygen demand (BOD5), chemical oxygen demand (COD) 
and suspended solids from leachate treatment plant. The emitted VOCs 
during leachate treatment process were treated using a ST-BTF (length 
(L) × width (W) × height (H) = 9.5 m × 2.6 m × 2.1 m) designed by 
Guangdong Xiuming Environmental Protection Co., Ltd. (Fig. S1). 

Briefly, the emitted VOCs were firstly flowed through ST (L × W × H: 
2.5 m × 2.6 m × 2.1 m), then to BTF with effect working volume of 27.3 
m3 (L × W × H: 7.0 m × 2.6 m × 1.5 m) at a flow rate of 21000 m3 h− 1 by 
a negative pressure centrifugal fan mounted after coupling reactor 
before discharged to air. To neutralize NH3 emitted from leachate 
treatment plant, 20% citric acid was added to spray solution in the ST to 
adjust its pH to 7.0–9.0. The microbial consortium (Paracoccus, Thio-
bacillus, Flavobacterium and fungal spores) was first enriched in nutrient 
broth at 30 ◦C with pH of 7.0–7.5 before inoculated to BTF. The entire 
experiment was lasted for 110 days indicating no blockage or mal-
function, with empty bed remain time (EBRT) approximately 6.35 s. 

Vacuum stainless Summa canisters (2.7 L, ENTECH Instruments Inc., 
Silonite™, CA, USA) were used to collect VOCs after pre-rinsed repeat-
edly six times with high purity nitrogen (99.99%) and then vacuumized. 
Specifically, they were collected on day 45 (1st) and 110 (2nd) after 
operation at the inlet, outlet of ST (ST outlet) and BTF (BTF outlet). An 
environment control sample was collected in a space which is far away 
(approximately 20 m) from ST-BTF without obvious obstacles and VOC 
emission source nearby. Simultaneously, the circulating fluid and 
packing material were collected from sample connection of BTF, 
refrigerated at 4 ◦C. 

2.2. Analysis of VOCs using pre-concentrator gas chromatography-mass 
spectrometer (GC/MS) 

The collected VOCs were qualitatively and quantitatively analyzed 
using GC/MS (7890A GC-5975C MS, Agilent technologies, USA) with 
Entech 7200 pre-concentrator (Entech Instruments Inc., CA, USA) based 
on the U.S. Environmental Protection Agency (USEPA) TO-15 method 
(USEPA, 1999). Briefly, a DB-5MS capillary column (60 m × 0.32 mm ×
0.25 μm, Agilent Technology, USA) was used to separate samples with 
ultrahigh purity helium as carrier gas at a rate of 1.0 mL min− 1. Detailed 
analysis methods of GC/MS are provided in the supporting information 
(SI). The target VOCs were identified according to retention time and 
mass peak of standard PAMS (Photochemical Assessment Monitoring 
Stations) and TO-15 (Linde Spectra Environment Gases, USA) after 
comparing with NIST 05 database (National Institute of Standards and 
Technology). 

2.3. Analysis of VOCs using proton transfer reaction time-of-flight mass 
spectrometry (PTR-TOF-MS) 

To provide integrated information of VOC pollution profile, samples 
were further analyzed with a high-sensitivity PTR-TOF-MS (1000 Inns-
bruck, Austria). The samples were separated in a 1.5 m long heated 
(80 ◦C) polyether ether ketone tube with a flow rate of 30 mL min− 1. 
Instrument parameters and data measurement principles are referred to 
reference (Han et al., 2019). Detailed produce is provided in SI. 

2.4. Analysis of odorous flavor using electronic nose 

The electronic nose Pen 3.5 (Win Muster Airsense (WMA) Analytics 
Inc; Schwerin, Germany), mainly composed of 10 metal oxide sensors 
(Table S1), was used to sensitively recognize odors emitted by various 
volatile compounds. Gas sample was injected into sensor array via 
Teflon tubes attached to a plastic needle, causing the ratio of conduc-
tivity G/G0 (G and G0 are the conductance of the sensor exposed to 
sample gas and zero gas, respectively) to change for each sensor. 

2.5. Evaluation of removal performance, OFP and health risk 

To evaluate performance of ST-BTF, odorous flavor minimization 
and end-of-pipe VOC treatment efficiency and risks (cancer, non-cancer 
risks and OFP) were evaluated using the following methods. Perfor-
mance of ST-BTF was validly evaluated in terms of RE (%). Non-cancer 
risk ratio (HR) and lifetime cancer risks (LCR) for both public and 
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occupational health risks correlated with VOC long-term exposure were 
evaluated based on the reference concentration of each VOC and the unit 
risk data obtained from USEPA Integrated Risk Information System 
(http://www.epa.gov/iris/), respectively (Table S2). OFP was calcu-
lated by the maximum incremental reactivity (MIR) to appraise contri-
bution of VOC contaminant to O3 (Table S2) (Avery, 2006; Kim et al., 
2020). Detailed calculation methods can be found in SI. 

2.6. DNA extraction and 16S rRNA high-throughput sequencing 

Leachate (2 mL), circulating liquid (200 mL), packing material (0.5 
g) were collected to extract genomic DNA using Rapid Soil DNA Isola-
tion Kit (Sangon Biotech, Shanghai, China) according to the manufac-
turer’s instruction after pretreated with methods described in SI. After 
determining concentration and purity of the isolated genomic DNA 
using a Nano-Drop 2000, it was amplified using degenerate primers 
(515 F: 5′-GTGCCAGCMGCCGCGGTAA-3′ and 806 R: 5′-GGAC-
TACHVGGGTWTCTAAT-3′) targeted V4 region of 16S rRNA gene and 
ITS3 F: 5′-GCATCGATGAAGAACGCAGC-3′ and ITS4 R: 5′- 
TCCTCCGCTTATTGATATGC-3′ targeting the internal transcribed spacer 
(ITS) region of the fungi, respectively, and the detailed PCR procedures 
are summarized in SI. Then, the purified amplicons were pooled in 
equimolar and paired-end sequenced (2 × 300) on Illumina PE 300 
platform by Majorbio Bio-Pharm Technology Co., Ltd., Shanghai, China. 
The effective sequences were clustered into operational taxon (OTUs) at 
a distance of 0.03 (97% similarity). Then, Mothur program was used for 
the taxonomic classification of each bacterial OTU based on the SILVA 
128 database. A classification category was assigned to all OTUs at 0.5 
confidence threshold using RDP classifier (Liang et al., 2020; Zhai et al., 
2017). 

2.7. Statistical analysis 

Statistical analysis was performed using IBM SPSS Statistics 19.0, 
and P < 0.05 was considered significant. Microbial diversity was esti-
mated by Simpson and Shannon index, while the microbial richness was 
calculated by Chao1 and ACE index. Heatmaps showing the microbial 
community abundance at the phylum and genus taxonomical levels 
were constructed by R 3.53 with “pheatmap”. Principal component 
analysis (PCA) was conducted based on the Bray-Curtis distance. 
Spearman correlations analysis was employed for exploring response 
between prominent microbiota collaborating with synergistic microor-
ganisms and preponderant VOCs emitted from leachate treatment. 
Simultaneously, the metagenome content and KEGG pathway were 
predicted using PICRUSt. Finally, Statistical Analysis of Metagenomic 
Profiles (STAMP) was used to evaluate differences between samples at 
different processing time. 

3. Results and discussion 

3.1. Pollution profiles of VOCs emitted from leachate treatment 

The emission of malodorous VOCs from municipal leachate treat-
ment process was identified and quantified using both GC-MS and PTR- 
TOF-MS. As Fig. 1a shows, the concentrations of emitted total VOCs 
(TVOCs) were significantly higher than those in the ambient atmosphere 
(20.95 ± 4.85 ppb), which ranged from 3.54 to 26.42 ppm at 1st and 2nd 
sampling intervals (Table S3). Previous studies have also demonstrated 
that obviously higher abundance of VOCs was detected in leachate 
treatment zone than those from sealing zone and ambient atmosphere 
(Han et al., 2020). 

Specifically, a total of 18, 16, 13, 9, and 4 kinds of aromatic hydro-
carbons (AHs), aliphatic hydrocarbons (AIHs), halogenated hydrocar-
bons (HHs), nitrogen-and-oxygen-containing compounds (NAOCCs) and 
volatile sulfur organic compounds (VOSCs) were identified and quan-
tified, respectively (Table S4). Among them, the levels of AHs were the 
highest composition (accounting for more than 59% of the TVOCs), 
followed by NAOCCs (14%) with HHs, AIHs and VOSCs as the lowest 
(Fig. 1b), suggesting that AHs and NAOCCs were the prominent con-
taminants during municipal leachate treatment. This may be attributed 
to high component of sulfur- and nitrogen-containing food wastes in 
landfill considering their bio-decomposition may lead to the production 
of AHs and NAOCCs and released to leachate (Lim et al., 2018; Mustafa 
et al., 2017). Therefore, they will be eventually released during leachate 
treating process by the RO/NF membranes (Altalyan et al., 2016). 

For AHs, the share of the dominant benzene (accounting for 50.94% 
and 50.31% of AHs) and toluene (36.17% and 36.40%) emitted on days 
45 and 110 were very similar (Figs. S2a and S2c); whereas the share of 
the dominant NAOCCs, methylamine (47.22% and 62.29%) and ketene 
(10.57%, 19.99%) emitted on days 45 and 110 varied significantly 
(Figs. S3a and S3c). This suggested benzene, toluene and methylamine 
were long-term characteristic pollutants, which should be paid more 
attention in the leachate treatment. High proportion of benzene, toluene 
and methylamine released from leachate were analogously detected 
previously (Fang et al., 2012; Liu et al., 2016a). In addition, there were 
significant differences in the composition of AIHs and HHs between the 
two sampling events (Figs. S4a–d and S5a-d). At the 1st sampling events, 
AIHs were dominated by n-pentane (accounting for 43.33% of AIHs) and 
n-hexane (48.29%) (Fig. S4a), while HHs was dominated by 1,1,2-tri-
chloroethane (accounting for 79.48% of HHs) and 1,3-dichloro-1-propy-
lene(Z) (13.65%) (Fig. S5a). However, AIHs and HHs both showed a 
significantly uniform distribution of the main components at the 2nd 
sampling time (Figs. S4c and S5c). This may be due to different 
composition of leachate in the two sampling events. It has been reported 
that discrepant VOCs will be released from leachate at different treat-
ment times (Wu et al., 2018). As for the emitted VOSCs (Figs. S6a and 
S6c), the compositions and contents in the two sample events were very 
similar with disulfide carbon (average 36.65%) and dimethyl trisulfide 
(average 35.84%) as the dominant ones, suggesting that both these two 
compounds were the prominent VOSCs during leachate treatment. 

Fig. 1. Concentrations (a) and percentage (b) of VOCs before and after treatment by ST-BTF integrated technique. RE (c) of VOCs by ST-BTF at the 1st and 2nd 
sampling events. 
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Among them, much higher levels of benzene (6.0 times), methyl-
amine (22.8 times), toluene (6.1 times), ketene (32.7 times) and ethyl-
benzene (16.1 times) were detected at the 2nd sampling than that at 1st 
sampling events (Figs. S7a and S7b), suggesting that they are the main 
reasons for higher VOC emissions especially on day 110. Overall, 
leachate treatment process will result in the severe pollution of odorous 
VOCs, which has aroused widely concern and should be reduced without 
delay. 

3.2. Performance of the ST-BTF for removal of odorous gas and flavor 
emitted from leachate treatment process 

The TVOC at the 1st sampling event significantly decreased from 
3539.27 to 635.02 ppb by ST-BTF, with the RE of 82.21% (Figs. 1a and 
S8a). Specifically, after ST-BTF treatment, the concentrations of AHs, 
NAOCCs, AIHs, HHs, and VOSCs decreased to 386.53, 175.03, 50.40, 
14.78, and 22.42 ppb on day 45 with the REs of 84.96%, 67.26%, 
79.60%, 87.61%, and 87.41%, respectively (Figs. 1a and c). These re-
sults suggested that, the ST-BTF had a prominent removal capability to 
five groups of VOCs practically to AHs, HHs, and VOSCs released during 
leachate treatment processes. These results can be further revealed by 
the percentage distribution of them after ST-BTF treatment. The per-
centage decreases of AHs (from 70.43% to 59.20%), HHs (from 3.27% to 
2.28%), and VOSCs (from 4.88% to 3.45%) were observed after ST-BTF 
treatment (Fig. 1b). However, the AHs still were the prominent con-
taminants after ST-BTF treatment, due to the extremely high emitted 
amount from the leachate. 

Comparatively, when TVOCs (26424.39 ppb) was seriously over-
loaded on day 110, obvious lower RE (57.96%) of the ST-BTF was 
observed (Figs. 1a and S8a). The REs of AHs and VOSCs were only 
36.54% and 21.22% at the 2nd sampling event, although the AIHs, HHs 
and NAOCCs could still be efficiently degraded, with the REs of 70.42%, 
75.81% and 91.71%, respectively (Fig. 1c and S8c-d). As a result, the 
percentage of AHs increased from 59.20% to 88.92% after ST-BTF 
treatment (Fig. 1b). This is due to extremely high level of AHs 
(15698.41 ppb) emitted during leachate treatment process, leading to 
higher impact of AH loading on ST-BTF as reported previously (Tu et al., 
2017). 

In general, the proportion of VOC species in each type mostly 
remained unchanged especially after ST-BTF treatment at the 1st sam-
pling event. For example, benzene and toluene were still the prominent 
AHs (Figs. S2b and S2d), whereas the predominant VOSCs were disulfide 
carbon, dimethyl sulfide, dimethyl disulfide, dimethyl trisulfide in the 
off-gas of BTF (Figs. S6b and S6d). For dominant NAOCCs at the 1st 
sampling event (Figs. S3a–b), the methylamine was significantly 
decreased from 62.29% to 0.92% after treatment at the 2nd sampling 
(Figs. S3c–d). It elucidated that each VOC species can be concurrently 
degraded by ST-BTF. In addition, further observations demonstrated 
that RE of each VOC type varied significantly in the ST and BTF. For 
example, the REs of AHs (2nd), AIHs (1st), NAOCCs (1st), and VOSCs 
(2nd) were − 63.38%, − 47.47%, − 47.02%, and − 9.42%, respectively 
(Figs. S8b–f). It may be owing to fluctuating inlet concentrations and 
various pollutant solubility properties (Chen et al., 2017; Liu et al., 
2017). Besides, it could be attributed to easy emission of AHs and AIHs 
from ST, due to their low water solubility (Chen et al., 2017). Previous 
study has indicated that an increase of VOCs (AHs and etc.) concentra-
tion also occurred after ST treatment because of different solubility 
properties and inlet concentrations of VOCs (Liu et al., 2017). 
Comparatively, higher RE (72.48% in average) was realized for TVOCs 
by the BTF, even though the VOC shock loading occurred (Fig. S8a). It 
follows that ST-BTF can be equipped as a deodorant facility, cooperating 
with deodorant in situ. 

Furthermore, the malodorous VOC variation during ST-BTF treat-
ment process was also evaluated using electronic nose. The aromatic- 
aliphatic (W5C), methane-aliphatic (W3S), aromatic-ammonia (W3C), 
and aromatic-organic sulfide (W2W) response were mainly contributed 

to the odor flavor of the inlet VOCs (Fig. 2). According to previous study, 
the response of these sensors possibly were due to the emission of high 
levels of AHs, VOSCs and ammonia (Liang et al., 2020). As Fig. 2 shows, 
PC1 and PC2 accounted for 96.9% and 3.0% of variation respectively, 
and VOCs in the same processing phase were clustered together. How-
ever, inlet VOCs of ST-BTF were distinguished from the outlet and 
control sample along PC1. This suggested that malodorous VOCs in the 
outlet were effectively removed by ST-BTF and therefore lead to enor-
mous different odor flavor, regarding the odor flavor response was 
closely correlated with the VOC concentration (Zhang et al., 2020). 

AHs (styrene, toluene, and xylene, etc.), NAOCCs (acetone, meth-
anol, n-butanone, ammonia and methylamine, etc.) and VOSCs 
(dimethyl sulfide and dimethyl disulfide, etc.) were presented as the 
main odorous substances emitted from MSWs in previous study (Fang 
et al., 2012). Hence, to figure out the reason why different odorous 
flavor sensor response to contaminants treated before and after ST-BTF, 
the deodorization capability of eight kinds of odorous contaminants 
with characteristics and priority control was also evaluated. As shown in 
Figs. S7a–d, the concentrations of benzene, toluene, methylamine, sty-
rene, carbon disulfide, dimethyl sulfide, dimethyl disulfide, and 
dimethyl trisulfide were decreased to only 17.75%, 8.29%, 30.53%, 
5.51%, 12.16%, 19.26%, 10.52% and 12.03%, respectively. This sug-
gested that these malodorous substances released during the treatment 
of leachate can also be removed, therefore resulted in the decrease of 
odorous flavor. Overall, high deodorization ability of ST-BTF revealed 
by using electronic nose is consistent with high REs obtained by using 
GC-MS, indicating that ST-BTF has a potential to effectively remove 
malodorous VOCs from leachate treatment plant. 

3.3. The attenuation of OFP of VOCs emitted from leachate treatment 
processes 

The contribution of ST-BTF combined technology to reduce the O3 
generation was also evaluated. As Fig. 3 shows, before treatment, the 
OFP of AHs was obtained in the range of 2.82 × 104 − 1.66 × 105 μg m− 3 

with the proportion of >69.71%, which was significantly higher than 
NAOCCs (3.13 × 103 − 6.40 × 104 μg m− 3, >9.52%), AIHs (4.12 × 102 

− 5.66 × 103 μg m− 3, >1.43%) and HHs (1.13 × 103− 2.57 × 103 μg 
m− 3, >1.08%). By further evaluation of the contribution to OFP of ten 
dominant VOCs, we found that toluene had the highest contribution 
(1.53 × 104 − 9.40 × 104 μg m− 3), followed by benzene (3.29 × 103 

− 1.98 × 104 μg m− 3) and other benzene series including diethyl benzene 

Fig. 2. Discrimination of VOCs in the integrated technique before and after 
treatment by principal component analysis (PCA) based on mean changes of 
VOC mixture composition. PC1 and PC2 accounted for 96.9% and 3.0% of 
variability, respectively. 
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and xylenes (m-, o- and p-xylene) (Figs. S9a–b). In addition, higher OFP 
contribution of methylamine (2.69 × 103 − 6.14 × 104 μg m− 3) was 
found than xylenes and 1,2,3-Trimethylbenzene (Figs. S9a–b). Consis-
tent with previous study (Liu et al., 2016b), we can conclude that AHs 
were still the main contributors of OFP that needed to be paid more 
attention. Far more importantly, however, the reduction of OFP 
contribution with ST-BTF should be instantly observed. 

After ST-BTF treatment, the OFP contributions of these VOCs 
reduced greatly, with AHs, NAOCCs, AIHs, HHs, and VOSCs being only 
12.17%, 31.02%, 20.23%, 13.20% and 12.16% of the inlet, respectively 
(Fig. 3). Particularly, the OFP contributions of most VOCs except toluene 
(>2000 μg m− 3) were diminished to less than 1000 μg m− 3 after ST-BTF 
treatment, suggesting that it can effectively reduce the OFP contribution 
of VOC emitted from municipal leachate (Fig. S9). Overall, the strategy 
of purification of emitted VOC, especially AHs, from leachate treatment 
plant to efficiently prevent O3 formation was practicable using the in-
tegrated technique. Nevertheless, the attenuation potential of OFP by 
this ST-BTF was declined significantly during the unexpected shock 
loading with toluene >6 × 104 μg m− 3 at the 2nd sampling event 

(Fig. S9). Consequentially, exploring the microbial communities is very 
essential to figure out the means of enhancement of BTF. 

3.4. The attenuation of cancer and non-cancer risks of VOCs emitted from 
leachate treatment processes 

Besides the negative effect on the atmospheric environment (O3 
formation), the capabilities of the ST-BTF to reduce the cancer and non- 
cancer risks for human exposure to VOC from leachate based on their 
measured concentrations and category thresholds were evaluated, 
considering that cancer and non-cancer risks of the typical VOC species 
from MSWs were reported (Ramirez et al., 2012; Wu et al., 2018). 
Substances with a non-cancer risk higher than 1, between 1 and 0.1 and 
below 0.1 are defined as “definite health risks”, “probable health risks” 
and “possible health risks”, respectively (Chen et al., 2017; USEPA, 
2001). Among the 10 typical VOCs released from landfill leachate, four 
(benzene, p-xylene, 1,3-dichloro-1-propylene and naphthalene) posed 
definite health risks (>1), and four (toluene, ethylbenzene, o-xylene and 
m-xylene) caused probable health risks (between 1 and 0.1) at the 1st 

Fig. 3. Concentration (a) and percentage (b) of OFP before and after the treatment by the ST-BTF integrated technique at 1st and 2nd sampling events.  

Fig. 4. Non-cancer risks for VOCs before and after treatment at the 1st (a) and 2nd (b) sampling events. Life time cancer risks for VOCs before and after treatment at 
1st (c) and 2nd (d) sampling events. 

W. Liao et al.                                                                                                                                                                                                                                    



Journal of Cleaner Production 315 (2021) 128141

6

sampling events before ST-BTF treatment (Fig. 4a); while only the 
non-cancer risk of methyl alcohol (<0.10) can be ignored at the 2nd 
sampling event when the VOC shock loading occurred (Fig. 4b). Benzene 
had the highest HQs, reaching a staggering 152.18 and 918.10 on days 
45 and 110, respectively, followed by naphthalene (26.88, 211.15), 
p-xylene (2.79, 20.09) and 1,3-dichloro-1-propylene(Z) (4.04, 41.01) 
(Fig. 4b). After ST-BTF treatment, the HQs of toluene (from 26.88 to 
0.10), 1,3-dichloro-1-propene(Z) (from 0.76 to 0.52), p-xylene (from 
2.79 to 0.21), ethylbenzene (from 0.18 to 0.02), o-xylene (from 0.76 to 
0.06), and m-xylene (from 0.47 to 0.04) were reduced at the 1st sam-
pling events. However, it has to mentioned that the HRs of benzene 
(27.01) and naphthalene (1.92) were still above 1, indicating that the 
definite health risk still existed after this ST-BTF treatment (Fig. 4a). 
Whereas, the capability of this ST-BTF to attenuate the HQs was sig-
nificant diminished during the unexpected VOC shock loading at the 2nd 
sampling event (Fig. 4b). Specifically, HQs of eight kinds of VOCs were 
still higher than 1, although the corresponding ratio has been evidently 
reduced, suggesting that they were well above the level of concern. 

The LCRs of five kinds of typical VOCs released from landfill leachate 
were also assessed and substances with a cancer risk higher than 10− 4, 
between 10− 4 and 10− 5 and lower than 10− 5 are defined as “definite 
risk”, “probable risk” and “possible risk”, respectively according to 
previous studies (Li et al., 2013; Mustafa et al., 2017). Before treatment, 
LCRs of these VOCs released are all higher than 10− 4, indicating that 
they have definite cancer risks (Figs. 4c and d). Among them, hydrazide 
has the highest cancer risks (>1944.2 × 10− 4), while benzene (>100.4 
× 10− 4), 1,2-dichloroethane (>1.27 × 10− 4) and 1,3-dichloro-1-propy-
lene(Z) (>3.2 × 10− 4) and 1,1,2-trichloroethane (>90.4 × 10− 4) were 
followed (Figs. 4c and d). This suggested that long-term inhalation of 
VOCs discharged from leachate of household garbage landfill especially 
AHs would harm human health. After ST-BTF treatment, the LCRs of 
three kinds of VOCs including benzene (>17.8 × 10− 4), 1,1,2-trichloro-
ethane (>10.3 × 10− 4), and hydrazide (>1633.1 × 10− 4) as well as five 
kinds of VOCs at the 1st and 2nd sampling events still exceeded 10− 4, 
although their cancer risks decreased to some degree (Figs. 4c and d). 
Similarly, some studies indicated that AHs and HH were the dominated 
VOCs from MSWs with high LCRs (Liu et al., 2016a; Wu et al., 2018). 

In summary, cancer and non-cancer risks caused by VOC exposure in 
municipal leachate cannot be ignored and ST-BTF has a dramatic 
capability to weaken the cancer and non-cancer risks of VOCs during the 
stable process. Therefore, we concluded that the ST-BTF can be applied 
to the end-of-pipe treatment of VOCs in municipal leachate management 
to weaken the respiratory health risks. However, the attenuation ca-
pacity of these risks by the ST-BTF would be declined as accidental shock 
loading of VOCs. Therefore, the end-of-pipe ST-BTF treatment should be 
combined with other strategies like source emission reductions and 
more specific dominated bacterial addition given the high LCRs detected 
especially at the 2nd sampling event after ST-BTF treatment (Liao et al., 
2015). Therefore, further exploring the microbial communities are very 
essential, which are helpful to figure out reason of different capacity of 
risk attenuation between the two sampling events and identifying the 
specific dominant bacteria for VOC abatement (Han et al., 2020). 

3.5. The response of microbial community to malodorous VOCs emitted 
from leachate treatment processes 

Microbial communities would adapt to the variation of environments 
(pH, phosphorus, potassium, trace elements, and temperature) as well as 
pollutants (the kind of pollutant, pollutant loading and concentration) 
by changing their community structure (Barbusinski et al., 2017). To 
explain the interaction between VOCs released from leachate and the 
treatment efficiencies of microorganisms in the ST-BTF, as well as 
illustrate the mechanism of VOC removal, 16S rRNA sequencing was 
performed before and after the ST-BTF treatment. For prokaryotes, the 
OTUs increased after ST-BTF treatment (Table S5). Besides, the bacteria 
diversity and richness increased as the treatment proceeded from day 

45–110, as evidenced by the increased Shannon (from 2.82 to 3.67 on 
the packing material on genus level), decreased Simpson index (from 0.1 
to 0.06) as well as the increased ACE (from 207.04 to 292.73) and Chao 
1 index (from 184.40 to 287.64) (Table S6). While for eukaryotic 
community, similar bacterial OTUs were observed (Table S5). In addi-
tion, the fungal diversity and richness were also stabilized with 
increased treatment time (Table S6). These indicated that more abun-
dant and much stabler bacterial community in the ST-BTF was devel-
oped to resist the impact of VOC shock loading, while the fungal 
community tolerated by the toxic VOCs and results in stable biological 
diversity as the ST-BTF operation time continued. It considers the higher 
diversity index, the more stable microbial community and tighter rela-
tionship between the populations (Xie et al., 2009). 

The competition or cooperation of community may drive them to-
ward specific microbial community structures upon the exposure to 
different kinds and levels of toxic pollutants (Cavaliere et al., 2017; 
Wright et al., 2019). In this study, by analyzing the microbial commu-
nity at the phylum levels, we found that Proteobacteria are the most 
dominant phyla in all the samples collected from recirculating fluid and 
packing material of BTF, occupying 96.65% and 88.47%, 77.77% and 
79.02% of the bacteria community at the 1st and 2nd samples events, 
respectively (Fig. 5a), indicating that they might play a significant role 
in eliminating odors such as AHs and NAOCCs emitted from leachate. 
Previous studies reported that Proteobacteria was the dominant phyla in 
biofilter to NAOCCs and AHs (Liang et al., 2020; Lu et al., 2018). In 
addition, Bacteroidetes levels increased from 13.23% to 16.82% as 
increased from the day 45–110, suggesting that some of the VOCs can be 
degraded by Bacteroidetes. It has previously been observed that Bac-
teroidetes was the dominant phyla in BTF to degrade NH3 (Van der 
Heyden et al., 2019). Besides, Fungi as the primary community also 
increased to 86.91% (recirculating fluid) and 94.02% (packing material) 
on day 110 during the shock loading period, revealing their ability to 
resist VOCs contain high concentration of AHs (Fig. 5b). 

At the genus level, the abundantce of main Thiobacillus, Arenimonas 
and Methyloversatilis increased, while Aliidiomarina, Sporosarcina 
declined with prolonging treatment time (Fig. S10). Besides, the 
increased levels of dominant Ciliophora, Rozellomycota, and Fungi as well 
as decreased Ascomycota abundance was also detected (Fig. S11). Pre-
vious studies have demonstrated that the microbial community struc-
ture differ obviously during the biodegradation of various VOCs 
(Maestre et al., 2010; Tu et al., 2016). Therefore, the correlation be-
tween microbial community at phylum level with typical odorous con-
taminants removed was further studied. As Fig. 6 shows, a total of 13 
bacteria (Bacteroidetes, Verrucomicrobia, and Epsilonbacteraeotal, etc.) 
were positively related to the enhanced degradation of HHs, suggesting 
that they played a significant role in the degradation of HHs in the 

Fig. 5. Abundance of microbial community at the phylum levels in samples 
collected from the circulating fluid (F) and packing material (T) at different 
sampling events. 
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ST-BTF. As reported, Bacteroidetes was the dominated microbial com-
munities in vinyl chloride (a typical HH) contaminated groundwater 
(Liu et al., 2018). In addition, five kinds of bacteria including Chloro-
flexi, Bacteria, Spirochaetes, Nitrospirae, and Gemmatimonadetes were 
positively correlated with degradation of AHs (benzene, toluene), 
dimethyl sulfide, but negatively related to dimethyl tisulfide (Fig. 6). 
Three kinds of bacteria including Deferribacteres, Actinobacteria, and 
Tenericutes were positively correlated with degradation of NAOCCs 
(hydrazine, diimide), negatively related to dimethyl disulfide (Fig. 6). In 

addition, Proteobacteria, as the preponderant phylum at the BTF, were 
positively related to the metabolism, suggesting that it principally 
participated in the metabolism of most xenobiotics (carbon, pyruvate, 
sulfur, butanoate, methane, nitrogen, fatty acid) in this BTF (Fig. S12). 

At the genus level, the Proteobacteria contained some genera with 
contaminant degradation ability. For instance, Thiovirga had significant 
correlation with AIHs and disulfide carbon, revealing that it was 
involved in the degradation of AIHs and disulfide carbon (Fig. S13). 
Previous research also confirmed that Thiovirga could engage in sulfur 

Fig. 6. Spearman correlations between microbial community enriched in ST-BTF at phylum level with odorous VOCs. The plot used asterisks as indicators for 
statistical significance (*). No symbol was used when the p > 0.05 (not significant). Two and one asterisk were used when 0.001 < P** 0.01 (strong correlation), 0.01 
< P* 0.05 (relative strong correlation), respectively. The color transition from dark blue to dark red represents relative abundances of the community from low 
to high. 

Fig. 7. Spearman correlations between microbial community at the genus level enriched in ST-BTF with PICRUSt-generated function of xenobiotics metabolism. The 
plot used asterisks as indicators for statistical significance (*). No symbol was used when the p > 0.05 (not significant). One asterisk was used when 0.01 < P* 0.05 
(relative strong correlation). The color transition from dark green to dark red represents relative abundances of the community from low to high. 
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bioconversion in landfill (Xia et al., 2014). The degradation of HHs was 
significantly related to Thiobacillus and Methyloversatilis, while the 
reduction of VOSCs depended on Paracoccus and Pusillimonas (Fig. S13). 
As reported previously, sulfur-oxidizing (Sox) enzymes and thiosulfate 
dehydrogenase (tsdA) produced by Paracoccus pantotrophus GB17 and 
Pusillimonas ginsengisoli SBSA can involve in sulfur metabolism (Mandal 
et al., 2020; Ramadhani et al., 2017). Additionally, the Pseudomonada-
ceae and Pseudomonas played the significant roles in the xenobiotics 
metabolism (Fig. 7), which are in line with previous studies that Pseu-
domonadaceae and Pseudomonas can degrade formaldehyde, phenol, 
benzene, toluene, ethylbenzene, and o-xylene (Mukherjee and Bordoloi, 
2012; Pazarlioglu and Telefoncu, 2005). 

Overall, the degradation of malodorous VOCs associated with BTF 
performance was related to the enhancement of bacterial abundance 
rather than fungal abundance. Proteobacteria was the preponderant 
phylum participated in the metabolism of most xenobiotics emitted from 
leachate treatment process, whereas Bacteroidetes and Chloroflexi were 
the possible biodegraders of HHs and AHs. However, the degradation 
function of these strains should be further explored to solve the problem 
of low RE in the exhaust gas shock loading. 

4. Conclusions 

A pilot-scale ST-BTF integrated technique was designed as an end-of- 
pipe equipment to degrade malodorous VOCs emitted from a leachate 
treatment process, and attenuate of the corresponding health risks and 
OFP were also attempted. The results showed that AHs were the pre-
dominant contaminants, followed by NAOCCs, VOSCs, AIHs, and HHs, 
while an intense odor flavor was due to the emission of AHs and 
NAOCCs, VOSCs from leachate treatment processes. The ST-BTF can 
effectively degrade malodorous VOCs under normal conditions; while 
unexpected decreased REs were encountered especially for AHs 
(36.54%) due to the shock loading of VOCs. Luckily, not only the human 
risk of cancer and non-cancer risks of the emitted VOCs, especially 
toluene and benzene were significantly reduced by the ST-BTF inte-
grated technique, but also the OFPs of typical methylamine, toluene and 
benzene were effectively attenuated. Proteobacteria associated with the 
most xenobiotics metabolism had the highest relative abundance in the 
BTF reactor, followed by Bacteroidetes with HHs degrading ability. 
Besides, the increased abundance of Thiobacillus, Arenimonas and 
Methyloversatilis with increased shock loading of HHs, indicating that 
they are the main HHs degraders. Spearman correlations showed that 
high consistency between microbial diversity and effective VOC removal 
performance of ST-BTF. This research provides a basis guidance to the 
health risk assessment and biodegradation of malodorous VOCs, 
expounding the interaction and adaptation mechanisms of microbial 
community to the malodorous VOCs especially when VOCs were shock 
loading. 

CRediT authorship contribution statement 

Wen Liao: Data curation, Formal analysis, Writing – original draft, 
Conducted majority experiments, data analysis and paper drafting. 
Zhishu Liang: Methodology, Data curation. Yun Yu: Validation. 
Guiying Li: Supervision, Writing – review & editing. Yuhui Li: Inves-
tigation, and sampling. Taicheng An: Conceptualization, Supervision. 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgements 

This work was supported by National Natural Science Foundation of 

China (41877363, U1901210, and 41807405), Science and Technology 
Program of Guangzhou, China (201704020185), and Local Innovative 
and Research Teams Project of Guangdong Pearl River Talents Program 
(2017BT01Z032). 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.jclepro.2021.128141. 

References 

Akmirza, I., Pascual, C., Carvajal, A., Perez, R., Munoz, R., Lebrero, R., 2017. Anoxic 
biodegradation of BTEX in a biotrickling filter. Sci. Total Environ. 587, 457–465. 

Altalyan, H.N., Jones, B., Bradd, J., Nghiem, L.D., Alyazichi, Y.M., 2016. Removal of 
volatile organic compounds (VOCs) from groundwater by reverse osmosis and 
nanofiltration. J. Water Process Eng. 9, 9–21. 

Avery, R.J., 2006. Reactivity-based VOC control for solvent products: more efficient 
ozone reduction strategies. Environ. Sci. Technol. 40, 4845–4850. 

Balasubramanian, P., Philip, L., Bhallamudi, S.M., 2012. Biotrickling filtration of VOC 
emissions from pharmaceutical industries. Chem. Eng. J. 209, 102–112. 

Barbusinski, K., Kalemba, K., Kasperczyk, D., Urbaniec, K., Kozik, V., 2017. Biological 
methods for odor treatment - a review. J. Clean. Prod. 152, 223–241. 

Cavaliere, M., Feng, S., Soyer, O.S., Jimenez, J.I., 2017. Cooperation in microbial 
communities and their biotechnological applications. Environ. Microbiol. 19, 
2949–2963. 

Chen, J., Liu, R., Gao, Y., Li, G., An, T., 2017. Preferential purification of oxygenated 
volatile organic compounds than monoaromatics emitted from paint spray booth and 
risk attenuation by the integrated decontamination technique. J. Clean. Prod. 148, 
268–275. 

Cheng, Z., Zhu, S., Chen, X., Wang, L., Lou, Z., Feng, L., 2020. Variations and 
environmental impacts of odor emissions along the waste stream. J. Hazard Mater. 
384, 120912.  

Dorado, A.D., Baeza, J.A., Lafuente, J., Gabriel, D., Gamisans, X., 2012. Biomass 
accumulation in a biofilter treating toluene at high loads - Part 1: experimental 
performance from inoculation to clogging. Chem. Eng. J. 209, 661–669. 

Fang, J.J., Yang, N., Cen, D.Y., Shao, L.M., He, P.J., 2012. Odor compounds from 
different sources of landfill: characterization and source identification. Waste 
Manag. 32, 1401–1410. 

Ghude, S.D., Jain, S.L., Arya, B.C., Beig, G., Ahammed, Y.N., Kumar, A., Tyagi, B., 2008. 
Ozone in ambient air at a tropical megacity, Delhi: characteristics, trends and 
cumulative ozone exposure indices. J. Atmos. Chem. 60, 237–252. 

Han, C., Liu, R., Luo, H., Li, G., Ma, S., Chen, J., An, T., 2019. Pollution profiles of volatile 
organic compounds from different urban functional areas in Guangzhou China based 
on GC/MS and PTR-TOF-MS: atmospheric environmental implications. Atmos. 
Environ. 214, 116843.  

Han, Y., Wang, Y., Chai, F., Ma, J., Li, L., 2020. Biofilters for the co-treatment of volatile 
organic compounds and odors in a domestic waste landfill site. J. Clean. Prod. 277, 
124012.  

Hui, L., Ma, T., Gao, Z., Gao, J., Wang, Z., Xue, L., Liu, H., Liu, J., 2021. Characteristics 
and sources of volatile organic compounds during high ozone episodes: a case study 
at a site in the eastern Guanzhong Plain, China. Chemosphere 265, 129072.  

Jiang, J., Wang, F., Wang, J., Li, J., 2020. Ammonia and hydrogen sulphide odour 
emissions from different areas of a landfill in Hangzhou, China. Waste Manag. Res. 
39, 360–367. 

Kim, K.H., Szulejko, J.E., Raza, N., Kumar, V., Vikrant, K., Tsang, D.C.W., Bolan, N.S., 
Ok, Y.S., Khan, A., 2019. Identifying the best materials for the removal of airborne 
toluene based on performance metrics - a critical review. J. Clean. Prod. 241, 
118408.  

Kim, M.J., Seo, Y.K., Kim, J.H., Baek, S.O., 2020. Impact of industrial activities on 
atmospheric volatile organic compounds in Sihwa-Banwol, the largest industrial area 
in South Korea. Environ. Sci. Pollut. Res. 27, 28912–28930. 

Kumar, A., Singh, D., Kumar, K., Singh, B.B., Jain, V.K., 2018. Distribution of VOCs in 
urban and rural atmospheres of subtropical India: temporal variation, source 
attribution, ratios, OFP and risk assessment. Sci. Total Environ. 613, 492–501. 

Li, G., Zhang, Z., Sun, H., Chen, J., An, T., Li, B., 2013. Pollution profiles, health risk of 
VOCs and biohazards emitted from municipal solid waste transfer station and 
elimination by an integrated biological-photocatalytic flow system: a pilot-scale 
investigation. J. Hazard Mater. 250, 147–154. 

Liang, Z., Wang, J., Zhang, Y., Han, C., Ma, S., Chen, J., Li, G., An, T., 2020. Removal of 
volatile organic compounds (VOCs) emitted from a textile dyeing wastewater 
treatment plant and the attenuation of respiratory health risks using a pilot-scale 
biofilter. J. Clean. Prod. 253, 120019.  

Liao, D., Li, J., Sun, D., Xu, M., An, T., Sun, G., 2015. Treatment of volatile organic 
compounds from a typical waste printed circuit board dismantling workshop by a 
pilot-scale biotrickling filter. Biotechnol. Bioproc. Eng. 20, 766–774. 

Lim, J.H., Cha, J.S., Kong, B.J., Baek, S.H., 2018. Characterization of odorous gases at 
landfill site and in surrounding areas. J. Environ. Manag. 206, 291–303. 

Lin, C.W., Tsai, S.L., Lai, C.Y., Liu, S.H., Wu, C.-H., 2019. Biodegradation kinetics and 
microbial dynamics of toluene removal in a two-stage cell-biochar-filled biotrickling 
filter. J. Clean. Prod. 238, 117940.  

W. Liao et al.                                                                                                                                                                                                                                    

https://doi.org/10.1016/j.jclepro.2021.128141
https://doi.org/10.1016/j.jclepro.2021.128141
http://refhub.elsevier.com/S0959-6526(21)02359-3/sref1
http://refhub.elsevier.com/S0959-6526(21)02359-3/sref1
http://refhub.elsevier.com/S0959-6526(21)02359-3/sref2
http://refhub.elsevier.com/S0959-6526(21)02359-3/sref2
http://refhub.elsevier.com/S0959-6526(21)02359-3/sref2
http://refhub.elsevier.com/S0959-6526(21)02359-3/sref3
http://refhub.elsevier.com/S0959-6526(21)02359-3/sref3
http://refhub.elsevier.com/S0959-6526(21)02359-3/sref4
http://refhub.elsevier.com/S0959-6526(21)02359-3/sref4
http://refhub.elsevier.com/S0959-6526(21)02359-3/sref5
http://refhub.elsevier.com/S0959-6526(21)02359-3/sref5
http://refhub.elsevier.com/S0959-6526(21)02359-3/sref6
http://refhub.elsevier.com/S0959-6526(21)02359-3/sref6
http://refhub.elsevier.com/S0959-6526(21)02359-3/sref6
http://refhub.elsevier.com/S0959-6526(21)02359-3/sref7
http://refhub.elsevier.com/S0959-6526(21)02359-3/sref7
http://refhub.elsevier.com/S0959-6526(21)02359-3/sref7
http://refhub.elsevier.com/S0959-6526(21)02359-3/sref7
http://refhub.elsevier.com/S0959-6526(21)02359-3/sref8
http://refhub.elsevier.com/S0959-6526(21)02359-3/sref8
http://refhub.elsevier.com/S0959-6526(21)02359-3/sref8
http://refhub.elsevier.com/S0959-6526(21)02359-3/sref9
http://refhub.elsevier.com/S0959-6526(21)02359-3/sref9
http://refhub.elsevier.com/S0959-6526(21)02359-3/sref9
http://refhub.elsevier.com/S0959-6526(21)02359-3/sref10
http://refhub.elsevier.com/S0959-6526(21)02359-3/sref10
http://refhub.elsevier.com/S0959-6526(21)02359-3/sref10
http://refhub.elsevier.com/S0959-6526(21)02359-3/sref11
http://refhub.elsevier.com/S0959-6526(21)02359-3/sref11
http://refhub.elsevier.com/S0959-6526(21)02359-3/sref11
http://refhub.elsevier.com/S0959-6526(21)02359-3/sref12
http://refhub.elsevier.com/S0959-6526(21)02359-3/sref12
http://refhub.elsevier.com/S0959-6526(21)02359-3/sref12
http://refhub.elsevier.com/S0959-6526(21)02359-3/sref12
http://refhub.elsevier.com/S0959-6526(21)02359-3/sref13
http://refhub.elsevier.com/S0959-6526(21)02359-3/sref13
http://refhub.elsevier.com/S0959-6526(21)02359-3/sref13
http://refhub.elsevier.com/S0959-6526(21)02359-3/sref14
http://refhub.elsevier.com/S0959-6526(21)02359-3/sref14
http://refhub.elsevier.com/S0959-6526(21)02359-3/sref14
http://refhub.elsevier.com/S0959-6526(21)02359-3/sref15
http://refhub.elsevier.com/S0959-6526(21)02359-3/sref15
http://refhub.elsevier.com/S0959-6526(21)02359-3/sref15
http://refhub.elsevier.com/S0959-6526(21)02359-3/sref16
http://refhub.elsevier.com/S0959-6526(21)02359-3/sref16
http://refhub.elsevier.com/S0959-6526(21)02359-3/sref16
http://refhub.elsevier.com/S0959-6526(21)02359-3/sref16
http://refhub.elsevier.com/S0959-6526(21)02359-3/sref17
http://refhub.elsevier.com/S0959-6526(21)02359-3/sref17
http://refhub.elsevier.com/S0959-6526(21)02359-3/sref17
http://refhub.elsevier.com/S0959-6526(21)02359-3/sref18
http://refhub.elsevier.com/S0959-6526(21)02359-3/sref18
http://refhub.elsevier.com/S0959-6526(21)02359-3/sref18
http://refhub.elsevier.com/S0959-6526(21)02359-3/sref19
http://refhub.elsevier.com/S0959-6526(21)02359-3/sref19
http://refhub.elsevier.com/S0959-6526(21)02359-3/sref19
http://refhub.elsevier.com/S0959-6526(21)02359-3/sref19
http://refhub.elsevier.com/S0959-6526(21)02359-3/sref20
http://refhub.elsevier.com/S0959-6526(21)02359-3/sref20
http://refhub.elsevier.com/S0959-6526(21)02359-3/sref20
http://refhub.elsevier.com/S0959-6526(21)02359-3/sref20
http://refhub.elsevier.com/S0959-6526(21)02359-3/sref21
http://refhub.elsevier.com/S0959-6526(21)02359-3/sref21
http://refhub.elsevier.com/S0959-6526(21)02359-3/sref21
http://refhub.elsevier.com/S0959-6526(21)02359-3/sref22
http://refhub.elsevier.com/S0959-6526(21)02359-3/sref22
http://refhub.elsevier.com/S0959-6526(21)02359-3/sref23
http://refhub.elsevier.com/S0959-6526(21)02359-3/sref23
http://refhub.elsevier.com/S0959-6526(21)02359-3/sref23


Journal of Cleaner Production 315 (2021) 128141

9

Liu, R., Chen, J., Li, G., An, T., 2017. Using an integrated decontamination technique to 
remove VOCs and attenuate health risks from an e-waste dismantling workshop. 
Chem. Eng. J. 318, 57–63. 

Liu, R., Chen, J., Li, G., Wang, X., An, T., 2019. Cutting down on the ozone and SOA 
formation as well as health risks of VOCs emitted from e-waste dismantlement by 
integration technique. J. Environ. Manag. 249, 107755.  

Liu, X., Wu, Y., Wilson, F.P., Yu, K., Lintner, C., Cupples, A.M., Mattes, T.E., 2018. 
Integrated methodological approach reveals microbial diversity and functions in 
aerobic groundwater microcosms adapted to vinyl chloride. FEMS Microbiol. Ecol. 
94, fiy124. 

Liu, Y., Liu, Y., Li, H., Fu, X., Guo, H., Meng, R., Lu, W., Zhao, M., Wang, H., 2016a. 
Health risk impacts analysis of fugitive aromatic compounds emissions from the 
working face of a municipal solid waste landfill in China. Environ. Int. 97, 15–27. 

Liu, Y., Lu, W., Guo, H., Ming, Z., Wang, C., Xu, S., Liu, Y., Wang, H., 2016b. Aromatic 
compound emissions from municipal solid waste landfill: emission factors and their 
impact on air pollution. Atmos. Environ. 139, 205–213. 

Long, Y., Guo, Q.W., Fang, C.R., Zhu, Y.M., Shen, D.S., 2008. In situ nitrogen removal in 
phase-separate bioreactor landfill. Bioresour. Technol. 99, 5352–5361. 

Lu, L., Wang, G., Yeung, M., Xi, J., Hu, H.Y., 2018. Response of microbial community 
structure and metabolic profile to shifts of inlet VOCs in a gas-phase biofilter. AMB 
Express 8, 160. 

Maestre, J.P., Rovira, R., Alvarez-Hornos, F.J., Fortuny, M., Lafuente, J., Gamisans, X., 
Gabriel, D., 2010. Bacterial community analysis of a gas-phase biotrickling filter for 
biogas mimics desulfurization through the rRNA approach. Chemosphere 80, 
872–880. 

Mandal, S., Rameez, M.J., Chatterjee, S., Sarkar, J., Pyne, P., Bhattacharya, S., Shaw, R., 
Ghosh, W., 2020. Molecular mechanism of sulfur chemolithotrophy in the 
betaproteobacterium Pusillimonas ginsengisoli SBSA. Microbiology 166, 386–397. 
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