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ARTICLE INFO ABSTRACT

Handling Editor: M.T. Moreira Industrial emissions from the manufacturing of printed circuit boards (PCBs) are characterized by low concen-
tration and high gas flow rates, and are one of the important sources of toxic and odorous volatile organic
compounds (VOCs). They are deleterious to human health and considered as important precursors for the for-
mation of ozone. Herein, we conducted a case study in which an integrated decontamination technique con-
sisting of a spray tower (ST) and photocatalysis (PC) was applied to purify the waste gas emitted from a PCB
manufacturing facility. Total of 66 VOCs including halogenated hydrocarbons (HHs), aromatic hydrocarbons
(AHs), oxygen-containing hydrocarbons (OVOCs), and aliphatic hydrocarbons (AIHs) were quantified using GC-
MS during four sampling events. The results showed that AHs were the largest group (contributing >85.0% of the
total VOCs). The average removal efficiency (RE) of VOCs during the nine months’ continuous treatment was
72.39%. High RE was attributed to the following three aspects: the capture efficiencies of HHs with slight water
solubility (50.16% of RE) and AIHs with low saturation pressure (54.75% of RE) were improved by the process
consisting of ST upstream of PC, whereas AHs was preferentially degraded by PC (61.34% of RE). In addition, the
ozone formation potential and the health risk (cancer and non-cancer risks) greatly decreased after the ST-PC
treatment. This study suggests that ST-PC technique is a promising approach for removing continuously
emitted organic waste gas with low concentration and high gas flow rates, as well as reducing the ozone for-
mation and risk of health hazards.
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2011). Numerous studies have demonstrated that the inhalation and
long-term exposure of VOCs can cause nasal, throat and lung irritations,

1. Introduction

Electronic manufacturing is an important industrial pillar of Chinese
economy, and has contributed more than one fifth of the total gross
domestic product (GDP) growth in 2019. However, abundant toxic and
odorous organic compounds are discharged during the manufacturing
process. According to the National Bureau of Statistics, the gas emitted
from electronic industry is a dominant contributor to anthropogenic
volatile organic compounds (VOCs) that adds around 1.3% of the total
VOC emissions (http://www.stats.gov.cn/) and strongly impacts both
the human health and the air quality (Chen et al., 2019; Kumar et al.,
2018; Liang et al., 2020a; Shao et al., 2009; Tan et al., 2018; Wan et al.,

and even promote the occurrence of serious diseases such as cancer and
liver damage (Adamova et al., 2020; Colman Lerner et al., 2012; Huang
et al., 2014; Maciuca et al., 2012; Song et al., 2019; Soni et al., 2018;
Zheng et al., 2020). More importantly, the released atmospheric VOCs
have also been demonstrated as important precursors in the photo-
chemical formation of ozone (Carter, 2010; Chen et al., 2016; Li et al.,
2020; Ou et al., 2015; Zhang et al., 2020b). Among them, benzene,
toluene, styrene and other substances need to be paid more attentions as
substances with high ozone photochemical activity (Cheng et al., 2021;
Li et al., 2021). Given the significant environmental and health impacts

* Corresponding author. Guangdong-Hong Kong-Macao Joint Laboratory for Contaminants Exposure and Health, Guangdong Key Laboratory of Environmental
Catalysis and Health Risk Control, Institute of Environmental Health and Pollution control, Guangdong University of Technology, Guangzhou, 510006, China.

E-mail address: antc99@gdut.edu.cn (T. An).

https://doi.org/10.1016/j.jclepro.2022.132706

Received 14 February 2022; Received in revised form 19 May 2022; Accepted 12 June 2022

Available online 16 June 2022
0959-6526/© 2022 Elsevier Ltd. All rights reserved.


http://www.stats.gov.cn/
mailto:antc99@gdut.edu.cn
www.sciencedirect.com/science/journal/09596526
https://www.elsevier.com/locate/jclepro
https://doi.org/10.1016/j.jclepro.2022.132706
https://doi.org/10.1016/j.jclepro.2022.132706
https://doi.org/10.1016/j.jclepro.2022.132706
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jclepro.2022.132706&domain=pdf

X. Zhang et al.

of VOC emissions, the evolution of environmental protection policies to
minimize their environmental impact and health risks has recently
attracted increasing attention. Therefore, effective VOC remediation
technologies are highly desirable for efficiently control the VOC emis-
sions as well as reducing the potential formation of ozone, thus reducing
the health risks to residents exposed to these VOC emissions.

Electronic manufacturing involves many chemical processes and
uses different types of organic compounds, which generally result in the
emission of VOCs with low concentration and high gas flow rates (Babar
and Shareefdeen, 2013; Lv et al., 2021; Wang et al., 2013). Moreover,
various AHs, (such as xylene, toluene, ethyl benzene, and benzene),
OVOCs (such as ketone, acetone, alcohol, and acetate), and AIHs (such
as hexane, 2-methylpentane, 3-methylpentane, and n-pentane) are
frequently emitted during the production processes of printed circuit
boards (PCBs). The composition and concentration of these organic
pollutants varies with the type of the final product and the
manufacturing techniques employed in the process (Lv et al., 2021; Park
et al., 2011; Shen et al., 2018). The control of such VOC emissions is a
big challenge, not only due to low concentration and high gas flow rates,
but also due to the complexity, diversity, odorous and disorganized
characteristics of VOC emission sources (Liang et al., 2020a; Lv et al.,
2021). Therefore, the selection of the most appropriate technology to
treat the emitted VOCs is critically important. Many techniques are
currently used to remove VOCs, including absorption, adsorption, bio-
logical treatment, alkali washing spray, incineration and catalytic
oxidation (An et al., 2014; Azlah et al., 2017; Babar and Shareefdeen,
2013; Liang et al., 2020b; Ribeiro et al., 2019; Sansotera et al., 2019;
Zhuang et al., 2021). Among these technologies, adsorption and bio-
logical treatment are widely used for the remediation of emitted VOCs
with low concentrations and high gas flow rates (Detchanamurthy and
Gostomski, 2012; Yang et al., 2019; Zhang et al., 2017). However, it
should be noted that the adsorption is hindered by the unavailability of
novel and advanced adsorbents having excellent adsorption perfor-
mance, the complex recovery process of adsorbents and the inefficient
recyclability. Alternatively, biological methods have gained much
attention for the treatment of industrial emissions, particularly for the
treatment of odorous emissions (An et al., 2010; Wan et al., 2011).
However, biological treatment has always required much larger reactor
volumes to increase the contact between VOCs and microorganisms.
Furthermore, a previous study has reported that aromatic hydrocarbons
(AHs) and aliphatic hydrocarbons (AIHs) were the major groups in the
waste gas emitted from the electronic-related industry, which is hard to
dissolve in water due to their highly hydrophobic properties (Palau
et al., 2011). Therefore, the efficiency of mass transfer of these hydro-
phobic VOCs into the liquid phase needs to be further enhanced for
achieving high removal efficiencies of VOCs using biological treatment
(Vikrant et al., 2017). In this regard, alternative technologies should be
explored for the remediation of emitted VOCs that are dominated by
AHs.

Recently, the degradation of VOCs using photocatalysis (PC), as a
typical gas-solid heterogeneous reaction, has been validated as a
promising technology for treating low concentration VOCs coming from
the industrial emissions. The method requires relatively low investment,
mild reaction conditions without high-temperature heating treatment,
and results in efficient photocatalytic degradation of gaseous contami-
nants to harmless products (Jansson et al.,; Kamal et al., 2016; Mama-
ghani et al., 2018). More specifically, significant studies have
demonstrated that PC is a promising technology for degrading AHs in
laboratory, which is due to the high affinity of TiO, towards AHs. It is
well known that TiO, has abundant Lewis acid sites, which are derived
from the unsaturated Ti surface atoms, benefiting the adsorption of AHs
through delocalized n bonds, and leading to the formation of cation-
bonds between the AHs and TiO5 (Bui et al., 2011; He et al., 2019).
However, the pilot-scale photocatalytic purification of exhaust gas that
has abundant AHs is rarely reported in the literature, as aromatic
compounds are wildly used during the electronic manufacturing
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process. Therefore, the application of PC in the treatment of real waste
gas, discharged form electronic factory, is meaningful and credible, and
will result in an efficient approach for the treatment of waste gas with
abundance of AHs discharged from electronic industries.

Herein, the pollution profile of the VOCs emitted during the pro-
duction of printed circuit boards (PCBs) was investigated with the aim to
explore the application of PC for controlling the VOC emissions. Based
on the analysis of VOC emissions, a pilot-scale integrated technique of
spray tower and photocatalysis (ST-PC) (Scheme 1) with a high treat-
ment capacity (6.0 x 10* m® h™1) was designed and employed to effi-
ciently control the waste gas emitted from a PCB production facility. The
ST unit was applied to remove the particle matters as well as the cor-
rosive compounds from the exhaust gas, with the aim to prevent the
deactivation of photocatalyst during the long-term operation of PC
technology. The efficiency of integrated technique for removing VOCs
was further evaluated. More specifically, the degradation selectivity of
integrated technique towards AHs, AIHs, halogenated hydrocarbons
(HHs) and oxygen-containing hydrocarbons (OVOCs) was studied.
Furthermore, the potential health risks from various VOCs as well as the
ozone formation potential (OFP) were evaluated before and after the
270-day operation of the process.

2. Experimental
2.1. Equipment description

The integrated ST-PC reactor was fixed on the roof of a PCB
manufacturing building located in Guangzhou, China with the popula-
tion of 15 million (children: 13.87%, adults: 86.13%). The workshop
was mainly engaged in the production of high-density precision inter-
connected circuit boards as well as flexible and hard interconnected
circuit board structure composite boards. During the production pro-
cess, exhaust gas containing VOCs was produced. The produced waste
gas was collected and introduced into the integrated equipment with the
flow rate of 60000 m® h™! using an exhaust fan mounted at the end of
the system. The ST was made of stainless steel with the height and
diameter of 7000 and 3800 mm, respectively. To enhance the absorption
performance of ST for gaseous VOCs, polyhedral hollow sphere (diam-
eter: 76 mm; specific surface area: > 200 m? m™>; material: poly-
propylene) was introduced in the ST. The solution used in the spray
tower was the tap water with the pH of 6.75. The photocatalytic reactor
had the stainless-steel body (reactor dimensions: 10300 mm x 3000 mm
x 3500 mm), which housed 192 pieces of 1000 mm x 420 mm foam
nickel mesh and 192 pieces of 500 mm x 420 mm foam nickel mesh. A
total of 120 ultraviolet lamps with the power of 150 w/branch and a
wavelength range 185-254 nm were installed in the PC reactor.

2.2. Sampling methodology and analysis

VOC samples were collected from the inlet and outlet of ST, and the
outlet of the PC equipment using 2.7 L. SUMMA canisters (Entech In-
struments Inc., Silonite™, USA). Before collecting the sample, the
SUMMA canisters were pre-cleaned for at least five times using contin-
uous pre-evacuation and high-purity nitrogen washing. Sampling was
performed in the morning of June 1, 2020 (moderate rain, 30 °C), June
9, 2020 (moderate rain, 29 °C), September 17, 2020 (moderate rain,
30 °C), and March 23, 2021 (cloudy, 18 °C) during the continuous
operation of the equipment, and denoted as 1st, 2nd, 3rd and 4th,
respectively. After sampling, the composition and concentration of
VOCs were identified and qualified using gas chromatography-mass
spectrometry (7890A GC-5975C MS, Agilent Technology), which was
equipped with a pre-concentrator (ENTECH 7100A, ENTECH In-
struments Inc., CA, USA). To this end, the methods of TO-15 (the US
Environmental Protection Agency) and PAMs (Linde Spectra Environ-
ment Gases, USA) were employed. The detailed procedure for the
analysis is described in the Supporting Information (SI).
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Scheme 1. Schematic diagram of integrated spray tower -photocatalysis reactor. (1-3: sampling points; 4- spray tower; 5- dehumidification system; 6-photocatalysis;

7- exhaust fan).

2.3. Odorous VOC analysis using electronic nose

A portable electronic nose (e-nose) Pen3.5 (win muster airsense
(WMA) analytics Inc., Germany) was applied for on-line analysis of
odorous VOCs before and after the waste gas treatment. The system
consisted of a detector unit with 10 gas sensor arrays (Table S1), a
sampling device and a model recognition software (Baietto et al., 2010).
The odorous VOC analysis program consisted of the following steps.
First, before the operation, preheating was conducted for 10 min, fol-
lowed by cleaning for 200 s. The sampling was done for 60 s. Air was
used as the carrier gas and the flow rate was set at 200 ml min~'. The
data obtained were analyzed using PCA principal component analysis,
after which the VOCs in the whole process section were distinguished
(Benedetti et al., 2008; Zhang et al., 2020c).

2.4. Calculation of the ozone formation potential (OFP)

Ozone is the major by-product formed by the reaction of VOCs with
free radicals in atmosphere. Therefore, the contribution of VOCs to the
generation of ozone is estimated by calculating the OFP. The OFP of
VOCs was calculated based on maximum incremental maximum incre-
mental reactivity (MIR) of each VOC, as given by Eq. (1).

OFP; =C; x MIR; (@]

where OFP; is the ozone formation potential of ith VOC species, C; is the
concentration of the ith VOCs (ug m_3), and MIR; is the maximum in-
cremental reactivity of ith VOC species (Table S2).

2.5. Health risk assessment

The lifetime cancer risk (LCR;) and non-cancer risk (hazard ratio
(HR;)) were calculated to estimate the reduction of health risk after
treatment of the emitted VOCs. The values of LCR; and HR; are obtained
using Egs. (2) and (3), respectively.

LCR, =C, x UR, @
HR; =C;/RfC; 3)

where UR,; is the unit risk of the ith VOC, Ci is the daily concentration of
the ith VOC (pg m’s), and RfC; is the reference concentration (ug m~3) of
the ith VOC. The reference concentration of each VOC and the unit risk
data were both obtained from the USEPA Integrated Risk Information
System (Ramirez et al., 2012), and listed in Tables S3 and S4,
respectively.

3. Results and discussion
3.1. VOC emission profile

Analyzing the compositions and concentrations of VOC emissions is
helpful for accurately selecting the purification technology. Therefore,
samples were collected using pre-evacuated steel canisters at the inlet of
integrated equipment, and subsequently analyzed within 24 h using pre-
concentrated GC-MS. In total, 66 kinds of VOCs with the average total
volatile organic compound (TVOC) concentration of 23.35 mg m~2 were
detected and quantified during four sampling intervals, including 16
kinds of AHs, 12 kinds of HHs, 21 kinds of AIHs and 6 kinds of OVOCs, as
listed in Table S5. Fig. 1 displays the variation in VOCs’ concentrations
during the four sampling events. It can be observed that the TVOC
concentrations of each sampling event varied from 13.61 to 26.81 mg
m >, which can be ascribed to the different unit operations. Among the
emitted VOCs, AHs displayed the highest concentration (11.48-21.93
mg m >, with an average value of 17.69 mg m>), followed by AIHs
(0.031-2.61 mg m 3, with the average concentration of 0.91 mg m~3),
OVOCs (0.35-1.21 mg m >, with the average concentration of 0.85 mg
m’3), and HHs (0.11-2.17 mg m’3, with the average concentration of
0.57 mg m ™), as displayed in Table S5. On the basis of above analysis, it
can be found that AHs were the dominant group, which contributed
78.47%-97.77% to the total VOCs (Fig. S1), suggesting that AHs were
the dominant VOCs emitted during the PCB production. Among the
detected AHs, 1,2-dimethyl-4-ethylbenzene, 1,2,3,4-tetrame-
thylbenzene, 1,2,3,5-tetramethylbenzene, 5-ethylm-dimethylbenzene,
1,3-dimethyl-4-ethylbenzene, 1,3-dimethyl-2-ethylbenzene, 1,3,5-tri-
methylethylbenzene, 1-methyl-4-(2-propene) benzene, methyl (isopro-
pyl) benzene, p-diethylbenzene, and 2,4-dimethylstyrene were the top
10 AHs and the total concentration of these compounds exceeded 1 mg
m ™2, indicating high health risk posed by them to the residents. The high
concentration of AHs could be attributed to the widespread application
of phenol resin and other raw materials used in the PCB manufacturing
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Fig. 1. Concentrations of VOC species sampling at the inlet of inte-
grated equipment.
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process (Guo et al., 2012). Meanwhile, AIHs (accounting for 0.15%-—
8.92% of the total VOCs) exhibited a higher proportion than the OVOCs
(accounting for 1.58%-5.92% of the total VOCs) and HHs (accounting
for 0.02%-8.09% of the total VOCs). For HHs, chloride organic com-
pounds were the major components, which were probably generated by
the decomposition of flame retardants during the production process
(Zhou et al., 2017).

3.2. Performance of the pilot-scale ST-PC in treating VOC emissions

Furthermore, the removal of emitted VOCs was carried out using the
integrated ST-PC technique. As observed from Fig. S2, the removal ef-
ficiencies of TVOCs at the four sampling events were 77.06%, 72.80%,
71.51%, and 73.08%, respectively, demonstrating that the employed
integrated ST-PC technique exhibited outstanding capability and high
stability to purify VOCs emitted from the PCB factory during the 270-
day treatment period. The average concentrations of TVOCs decreased
from 16.32 to 4.35 mg m >, with the average removal efficiency of
73.45%. It should be noted that there was significant fluctuation of VOC
concentrations (13.61-26.81 mg m™~>) during the four sampling events
as displayed in Fig. S3, which might be due to the different unit oper-
ations of factory. The TVOC concentration of the 4th sampling event was
approximately two times of the 1st sampling event. However, the
removal efficiency of the 4th sampling event (73.08%) was similar to
that of the 1st sampling event (77.06%) even after the 270-day contin-
uous operation of the integrated process, demonstrating that the inte-
grated ST-PC technique displayed outstanding stability and resistance
for the purification of VOCs with significant fluctuations in the VOC
concentrations. Furthermore, the removal efficiencies of TVOCs using
ST, PC and the integrated ST-PC technology were also analyzed. It can be
observed that the average removal efficiency using ST unit was 19.12%
(Fig. S2). This is mainly due to higher removal efficiency of relatively
hydrophilic VOCs or VOCs with low saturation pressure VOCs, which is
due to the reason that ST uses HoO as a solvent (Liang et al., 2020b) and
is mainly used to remove particles (Liu et al., 2017). In contrast, the
average removal efficiency was 58.28% using the PC unit, which is much
higher than that of the ST unit, demonstrating that PC is an effective
technology for the degradation of gaseous VOCs emitted from the PCB
facility, even though there were significant fluctuations in the concen-
trations of VOCs.

To have a deep understanding of the synergistic effect between the
ST and PC techniques for the treatment of waste gas emitted from the
PCB facility, the authors further evaluated the removal efficiencies of
AHs, AlHs, HHs, and OVOCs after treatment using individual tech-
niques. As shown in Fig. 2, the average concentrations of AHs (decreased
from 17.69 to 14.96 mg m’g), HHs (decreased from 0.57 to 0.32 mg
m*3), AlHs (decreased from 0.91 to 0.43 mg m’g), and OVOCs
(decreased from 0.84 to 0.61 mg m™>) decreased after treatment using
ST, thus corresponding to the average removal efficiencies of 15.50%,
50.16%, 54.75% and 22.51% for AHs, HHs, AIHs, and OVOCs, respec-
tively, during the four sampling events. Clearly, ST unit is an effective
technology for the removal of HHs. This is probably due to higher hy-
drophilicity of HHs as compared to other VOC groups. Particularly, 1,2-
dibromoethane and trans 1,3-dichloro-1-propene are only slightly sol-
uble in water (Tolgyessy and Hrivnak, 2006). In contrast, AIHs, such as
n-dodecane, n-octane and n-nonane with lower saturated vapor pressure
as compared to water are easily transported from gaseous phase to liquid
phase during the ST treatment process, leading to the reduced concen-
tration of AIHs in the gaseous phase (Bravo et al., 2017; Liang et al.,
2020b; Liao et al., 2021).

The waste gas treated by ST was further introduced into the PC unit.
As displayed in Fig. 2b, the PC unit’s contribution to average removal
efficiency was 61.34%, 24.79%, 33.70% and 43.16% for AHs, HHs,
AlHs, and OVOCs, respectively, during the 270-day continuous treat-
ment. Obviously, PC unit displayed higher affinity and stability for the
removal of AHs as compared to other VOC groups during the four
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Fig. 2. The average concentration of AHs, HHs, AIHs, and OVOCs at different
sampling events before ST, after ST and after PC treatment (a); The average
removal efficiency of AHs, HHs, AIHs, and OVOCs at different sampling events
after ST, PC and ST-PC integrated treatment (b).

sampling events. In the case of degradation of individual AHs, high
removal efficiencies were obtained using the PC treatment for benzene
(95.34%), ethylbenzene (88.74%), p-xylene (96.35%), 1,2,3-trimethyl-
benzene (96.73%) and 1,2,4-trimethylbenzene (74.14%), as demon-
strated in Fig. S4. The great variation in removal efficiencies across these
VOC groups can be attributed to their different degrees of affinities to-
wards TiO,. It is well known that TiO5 has abundant Lewis acid sites,
which are derived from the unsaturated surface of Ti atoms that are
beneficial for the adsorption of AHs with delocalized n= bond and
therefore, lead to high photocatalytic degradation of AHs (Bui et al.,
2011; Chen et al., 2019; Godlewski et al., 2012; Zhang et al., 2020a). On
the basis of above analysis, it can be concluded that ST-PC is a promising
technology for the purification of waste gas emitted from the PCB fa-
cility with a very high flow rate of 6.0 x 10* m3h™!.

Beside the common VOCs, considerable unpleasant VOCs, such as
styrene (with the concentration of 0.08-0.34 mg m~° during the four
sampling events) and other AHs are also emitted during the PCB pro-
duction process. Therefore, the capability of integrated ST-PC process in
removing odorous VOCs was also assessed. PEN3 e-nose was applied to
monitor the odorous VOCs at different sampling points using PCA
(principal component analysis) (Arasaradnam et al., 2011; Delgado-R-
odriguez et al., 2012; Ravi et al., 2013). As shown in Fig. 3, the odorous
VOCs at the inlet of ST unit were distinguished from the environment,
suggesting that there was a significant variation between the VOCs in
the waste gas and the environment. Higher signals were observed from
the W2W, W5C and W3C sensors, which were used to discriminate AHs
at the inlet of PC site compared to environment-1, environment-2 and
the outlet of ST-PC equipment, thus suggesting that the AHs were the
dominant groups contributing the most to the odorous VOCs. This result
is also consistent with the pollution profiles of VOCs analyzed using
GC-MS. The intensity of these sensors in the exhaust gas after ST-PC
treatment obviously weakened. The odor response intensity at the
outlet of ST-PC equipment was similar to that of the environment,
suggesting that the integrated ST-PC technology is also very promising
for removing odorous VOCs emitted during the production process of
PCBs.
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VOCs before and after ST-PC treatment. PC1 and PC2 accounted for 73.9% and
18.7% of the variation, respectively.

3.3. Prevention of ozone formation by VOC abatement using the
integrated technique

Recently, ozone pollution has become very serious all over the world
(Fiore et al., 2002). VOCs are one of the most important precursors for
the formation of ozone in the tropospheric atmospheric chemistry (Luo
et al., 2020). Especially, AHs and alkanes serve as important precursors
for the formation of ozone due to their high MIR values (Carter, 2012).
The capability of integrated ST-PC process in preventing the formation
of ozone was also evaluated. The average OFP concentrations for the
four categories of VOCs before and after the ST-PC treatment are shown
in Fig. 4. The average OFP; values of the four sampling events before the
treatment using ST-PC process were calculated to be 132086, 1051,
4.31, and 2048 pug m~3 for AHs, AlHs, HHs, and OVOCs, respectively.
Obviously, the largest contributor for the OFPs was the AHs, followed by
OVOCs, AlHs and HHs. The corresponding values for AHs, AIHs, HHs,
and OVOCs were 97.70%, 0.78%, 0.0031%, and 1.52%, respectively.
Although AHs contributed 88.36% to the total VOC concentration, their
OFP contribution was approximately 97.70% of the total ozone forma-
tion, suggesting that AHs played an important role in the formation of
ozone due to their high MIR values. For instance, 1,2,4-trimethylben-
zene, 1,2,3,5-tetramethylbenzene, 1,3,5-trimethylbenzene, 1,2,3,4-tet-
ramethylbenzene, and 5-ethylm-dimethylbenzene were the top five
species among all detected AHs, and accounted for 67.44% to the for-
mation of ozone, as shown in Fig. S5. These results are also consistent
with our early work (An et al., 2014), demonstrating that the highest
contributor to the formation of ozone is the AHs during the electronic
waste dismantling process. Fortunately, the ST-PC process is effective for
the treatment of organic waste gas with low concentration and high flow
rates. The average OFP; values during the four sampling events reduced
from 135191 to 28014 pg m™>, corresponding to the prevention effi-
ciency of 79.28%. The average prevention efficiencies for AHs, AIHs,
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100000 I 1nlet
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Fig. 4. The average OFP concentration from four sampling events of AHs, HHs,
AIHs and OVOCs before and after ST-PC integrated treatment.
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HHs, and OVOCs were calculated to be 79.73%, 0.62%, 25.04% and
90.18%, respectively, as displayed in Fig. S6. This trend is highly
consistent with the concentration removal efficiency (Fig. 1). In addi-
tion, the prevention efficiencies for 1,2,4-trimethylbenzene (87.65%), 1,
3,5-trimethylbenzene (84.12%), 1,2,3,5-tetramethylbenzene (83.48%),
1,2,3,4-tetramethylbenzene (82.21%), and 5-ethylm-dimethylbenzene
(89.68%) were relatively high, accounting for 72.67% of the total pre-
vention efficiency (Fig. S7). On the basis of the above analysis, the in-
tegrated ST-PC technology was demonstrated as an effective strategy for
preventing the formation of ozone due to AHs-dominated exhaust gas
discharged from the PCB facility.

3.4. Health risk assessment of VOCs before and after the treatment

VOCs are not only detrimental to the environment, but also nega-
tively affect the health of workers exposed to VOCs (Bari and Kind-
zierski, 2018). Therefore, the cancer and non-cancer risks of workers
due to the inhalation of VOCs were simultaneously assessed using the
previously reported health risk assessment methods (Moulis and Krysa,
2013). The average non-cancer risks (Fig. 5) and cancer risks (Fig. 6)
before and after the comprehensive treatment were analyzed. Total of
19 kinds of VOCs (1,2,4-trichlorobenzene, p-xylene, o-xylene, 1,2-dibro-
moethane, chlorotoluene, dibromochloromethane, 1,1,2-trichloro-
ethane, 1,3-dichloroethane, 1,1,2-trichloroethane, methyl
methacrylate, trichloroethylene, dichloromethane, butadiene, vinyl
chloride, 1,2,3-, 1,2,4-, 1,3,5,-trimethylbenzene, cumene, and ethyl-
benzene) were selected to evaluate the non-cancer risks. Moreover, a
total of 10 VOCs, (1,2-dibromoethane, dibromochloromethane, 1,1,
2-trichloroethane, 1.3-dichloropropene, trichloroethylene, dichloro-
methane, butadiene, vinyl chloride, ethylbenzene, and benzene) were
selected to evaluate the cancer risks. The available reference concen-
trations and unit risk values are listed in Tables S3 and S4. In the case of
non-cancer risk assessment, the average HRs of all 19 VOCs were higher
than 0.1 during the four sampling events and the total HR was up to
369.05, suggesting potential non-cancer threats with these constituents
according to the assessment standard (McCarthy et al., 2009). In
particular, the average HRs of 16 kinds of VOCs (1,2,4-trichlorobenzene,
p-xylene, o-xylene, 1,2-dibromoethane, chlorotoluene, dibromochloro-
methane, 1,1,2-trichloroethane, 1,3-dichloroethane, 1,1,2-trichloro-
ethane, trichloroethylene, butadiene, 1,2,3-, 1,2,4-, and 1,3,5,
-trimethylbenzene) were higher than unity during the four sampling
events, suggesting that these constituents may pose significant
non-cancer threats to the workers (Li et al., 2013).

- ST-before - ST-after - PC-after
1,2,4-Trichlorobenzene
O-Xylene
Chlorotoluene
1,2-Dibromoethane
Dibromochloromethane
1,1,2-Trichloroethane
1,3-Dichloropropene
Methyl methacrylate
Trichloroethylene
Dichloromethane
Butadiene
Vinyl chloride
1,2,3-Trimethylbenzene
1,2,4-Trimethylbenzene
Cumene
p-Xylene
Ethylbenzene
Benzene
1,3,5-Trimethylbenzene
1E-4 0.001 0.01 0.1 1 10 100

Non-cancer hazard ratio

Fig. 5. Change of non-cancer risk rate before and after comprehensive treat-
ment. Compounds with hazard ratios more than 1, between 0.1 and 1, and less
than 0.1 were labeled as definite, probable or possible and negligible health
risks, respectively.
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- ST-before - ST-after - PC-after

1,2-Dibromoethane
Dibromochloromethane
1,1,2-Trichloroethane
1,3-Dichloropropene
Trichloroethylene
Dichloromethane
Butadiene
Vinyl chloride
Ethylbenzene

Benzene

IE-8  1E7 1E-6 1E5  1E4 0001  0.01
Lifetime cancer risk

Fig. 6. The change of cancer risk rate before and after comprehensive treat-
ment. Compounds with LCR more than 10~%, between 10~ and 10~°, between
107° and 107%, and less than 10~° were labeled as “definite, probable, possible
and negligible risk”, respectively.

Fig. 6 displays the individual lifetime cancer risks (LCRs) of nine
kinds of detected and quantified VOCs. The results show that the average
LCRs of these VOCs were within the range of 8 x 107% - 1.92 x 1072
during the four sampling events and the total LCR was around 2.4 x
1072, indicating that, if not treated properly, the VOCs produced during
the production process would lead to obvious harmful effects on human
health (Li et al., 2013). For the individual VOCs, the LCRs of 1,2-dibro-
moethane (1.94 x 10’2), dibromochloromethane (6.155 x 10™%), 1,1,
2-trichloroethane (1.43 x 107%), 1,3-dichloropropene (9.12 x 1079,
butadiene (2.33 x 10_4), ethylbenzene (1.47 x 10_3), trichloroethylene
(1.31 x 10~* and benzene (1.46 x 10~3) were all higher than 10’4,
demonstrating a definite cancer risk at current exposure levels. Overall,
the VOCs discharged from the PCB facility displayed high levels of
cancer and non-cancer risks, indicating that significant attention is
needed to address this challenge.

Therefore, the ability of the ST-PC process to reduce the health risks
was also examined. As displayed in Figs. 5 and 6, the HRs of all examined
VOCs slightly decreased after treatment with the ST unit. However, the
HRs of the most studied VOCs (1,2,4-trichlorobenzene, p-xylene, o-
xylene, 1,2-dibromoethane, chlorotoluene, dibromochloromethane,
1,1,2-trichloroethane, 1,3-dichloroethane, 1,1,2-trichloroethane,
trichloroethylene, butadiene, and 1,2,3-, 1,2,4-, 1,3,5-trimethylben-
zene) still exceeded the value of unity. These results confirmed that ST
had a poor ability for reducing the health risks posed by these HRs.
Fortunately, the HRs of all VOCs decreased significantly after treatment
using the PC unit, as displayed in Fig. 5. The highest non-cancer risk
reduction was found for AHs. Specifically, the non-cancer risks of ben-
zene (decreased from 3.20 to 0.0029), 1,2,3-trimethylbenzene
(decreased from 5.93 to 0.023), 1,3,5-trimethylbenzene (decreased
from 2.63 to 0.65) decreased, suggesting that there was no obvious non-
cancer risk posed by them. These results were consistent with high
removal efficiencies of benzene (95.34%), 1,2,3-trimethylbenzene
(96.73%) and 1,3,5-trimethylbenzene (75.29%) (Fig. S4).

In the case of reducing cancer risk using ST, the LCRs of some VOCs
including 1,2-dibromoethane, dibromochloromethane, 1,1,2-trichloro-
ethane, butadiene, ethylbenzene, and benzene still exceeded the value
of 10~* (Fig. 5). These results indicate that ST had a poor efficiency in
reducing the cancer risks from these VOCs. It should be mentioned that
LCRs of some VOCs after treatment using the PC unit, including 1,2-
dibromoethane (decreased on average from 9.7 X 1072 to 2.43 x
10’3), dibromochloromethane (decreased on average from 3.09 x 1074
to 1.54 x 104, 1,1,2-trichloroethane (decreased on average from 7.12
x 1073 to 3.56 x 10~ %), 1,3-dichloropropene (decreased on average
from 2.28 x 107* to 1.14 x 10~*) exceeded the value of 10~*. These
results indicate the limited effect of PC technology on reducing the

Journal of Cleaner Production 364 (2022) 132706

cancer risks. Furthermore, it was found that this result was consistent
with the poor photocatalytic degradation of HHs (Fig. 2), indicating the
poor capability of PC technique for reducing the cancer risk derived
from HHs. A previous work also reported that PC technique has a limited
effect in reducing the cancer risk of HHs (Liu et al., 2017). In contrast,
the definite LCRs of ethylbenzene and benzene after the PC unit treat-
ment decreased obviously from 1.36 x 10~° and 8.82 x 10™* to 1.08 x
10~* and 3.38 x 107>, respectively, leading to a very significant
decrease in the cancer risk after the PC treatment.

It can be concluded that the integrated ST-PC process significantly
reduces the negative effect on health induced by AHs. However, the risks
still remained to some extent for HHs, especially, the average HRs and
LCRs of dibromochloromethane, 1,2-didromoethane, and 1,1,2-tri-
chloroethane after ST-PC treatment were 32.17 and 1.54 x 10_4, 4.50
and 2.43 x 1073, and 5.57 and 3.56 x 1074, respectively, which were
still regarded as definite non-cancer and cancer risks. Therefore, stra-
tegies to improve the removal efficiency of HHs should be explored in
future studies.

4. Conclusions

In this study, it was found that AHs-dominated exhaust gas with high
OFP and high health risk was produced during the production of PCBs.
The AHs contributed the highest OFP and non-cancer health risks as
compared to other three VOC groups. Therefore, a pilot-scale integrated
ST-PC process was developed and employed to treat AHs-dominated
exhaust gas with low VOC concentration and high gas flow rates to
prevent the OFP and reduce the health risk. The results indicate that ST-
PC displayed outstanding removal efficiencies and durability for VOC
elimination. The average removal efficiencies of 76.84%, 74.95%,
88.45% and 65.67% for AHs, HHs, AIHs, and OVOCs were obtained
during the 270-day continuous treatment, respectively. In particular, the
PC unit displayed high capability for degrading AH, resulting in the
effective prevention of OFP and reducing the health risk. The successful
application of integrated ST-PC technology for eliminating exhaust gas
derived from the production of PCBs provides an efficient strategy to
improve the air quality and relieve toxicological impacts on human
health. Although the high removal efficiency was obtained, the average
HRs and LCRs of dibromochloromethane, 1,2-didromoethane, and
1,1,2-trichloroethane were still regarded as definite non-cancer and
cancer risks, which could strongly impact human health and air quality
after being discharged into air. Therefore, efforts should be devoted to
study the diffusion and transformation of these toxic compounds and
their effect on the health and air quality under different climates.
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