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Pilot-scale  investigation  of VOCs
removal during  e-waste  dismantling
process.
EP-PC-ozonation  integrated  reactor
show high  and  stable  removal  ability
to VOCs.
Health  risks  of  target  VOCs  decrease
significantly  after  the treatment.
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a  b  s  t r  a  c  t

Volatile  organic  compounds  (VOCs)  emitted  during  the  electronic  waste  dismantling  process  (EWDP)
were  treated  at a pilot  scale,  using  integrated  electrostatic  precipitation  (EP)-advanced  oxidation  tech-
nologies  (AOTs,  subsequent  photocatalysis  (PC)  and  ozonation).  Although  no  obvious  alteration  was
seen  in  VOC  concentration  and  composition,  EP  technology  removed  47.2%  of  total  suspended  parti-
cles,  greatly  reducing  the  negative  effect  of  particles  on  subsequent  AOTs.  After  the  AOT  treatment,
average  removal  efficiencies  of 95.7%,  95.4%,  87.4%,  and  97.5%  were achieved  for  aromatic  hydrocar-
bons,  aliphatic  hydrocarbons,  halogenated  hydrocarbons,  as  well  as  nitrogen-  and  oxygen-containing
compounds,  respectively,  over  60-day  treatment  period.  Furthermore,  high  elimination  capacities  were
also seen  using  hybrid  technique  of  PC  with  ozonation;  this  was  due  to the  PC  unit’s  high  loading  rates
and  excellent  pre-treatment  abilities,  and the  ozonation  unit’s  high  elimination  capacity.  In addition,  the
ntegrated EP-PC-ozonation technique
isk assessment

non-cancer  and  cancer  risks,  as  well  as the  occupational  exposure  cancer  risk,  for  workers  exposed  to
emitted  VOCs  in workshop  were  reduced  dramatically  after  the  integrated  technique  treatment.  Results
demonstrated  that  the  integrated  technique  led to highly  efficient  and  stable  VOC  removal  from  EWDP
emissions  at a  pilot  scale.  This  study  points  to an efficient  approach  for  atmospheric  purification  and
improving  human  health  in e-waste  recycling  regions.
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Electronic waste (e-waste) includes electrical and electronic
roducts that are no longer used and have been discarded. Approx-

mately 20–50 million tons of e-waste are generated each year
orldwide, with an annual increase estimated at 4% [1,2]. Given
igh profit potential, millions of tons of e-waste are dismantled and
ecycled every year [3]; many volatile organic compounds (VOCs)
re discharged into atmosphere as a result of these disposal pro-
esses [4,5]. It has been well documented that VOC inhalation and
ong-term exposure, both in work and residential environments,
ead to chronic health effects such as non-cancer and cancer risks
6,7]. To address these concerns, new techniques are needed to effi-
iently reduce the concentration and risk of atmospheric VOCs near
-waste facilities.

Recently, advanced oxidation technologies (AOTs), including
enton oxidation, photocatalytic oxidation, electrochemical oxida-
ion, etc. have emerged as promising VOC abatement technologies
8–10]. Among these AOTs, photocatalysis (PC) has attracted con-
iderable attention for degrading organics, given its generation of
owerful and non-selective oxidant active species [11,12]. Further-
ore, numbers of VOCs with small and large molecular weights can

e successfully photocatalytically degraded under various condi-
ions, indicating PC technology’s excellent and non-selective ability
o remove VOCs [13–15]. However, this single treatment technol-
gy has a significant drawback, in that photocatalyst deactivation
ay occur, resulting in a gradual decrease of PC activity [16–18].
To overcome this problem, researchers have successfully

liminated VOCs by combining biological approaches with PC tech-
ology (post or pretreatment) to maximize synergistic effects
19–21]. Nevertheless, a relatively long acclimation period is
eeded to use microorganisms in biological system [21,22]. As such,
o achieve higher VOCs removal efficiencies and reduce health risks,
lternative technologies with faster start-up times and high VOC
emoval capabilities should be further developed.

Ozonation is another promising AOT for effectively removing
rganic contaminants, because ozone is such a powerful oxidiz-
ng agent (E� = 2.07 V) [23]; VOCs can be completely removed after
zonation in gas and water [24,25]. Thus, integrating PC with
zonation processes may  increase VOC removal potential. First,
oth technologies have simple and quick responses. Second, both
an produce strong oxidant species (such as h+ and active oxy-
en species for PC, and ozone molecules and •OH for ozonation)
o unselectively and efficiently decompose VOCs, and mineralize
hem into CO2 and H2O. Third, PC unit can significantly and sta-
ly degrade VOCs, due to its excellent regeneration ability after
he utilization of vacuum ultraviolet lamps [26]. Meanwhile, ozone
enerated from PC unit can be directly used as an effective oxidation
pecies in ozonation unit. Notably, the existence of adsorbent can
urther enrich the ozone and organics to extend the reaction time
etween them, which will promote the efficiency of ozonation to
emove VOCs and minimize ozone pollution [27].

However, no publication to date has addressed VOC removal
rom e-waste dismantling processes using integrated PC and ozona-
ion technologies. Such research would require exploring ways to
liminate waste gas particulate matter to avoid covering photocat-
lyst surface, as this particulate matter would decrease PC activity
20]. That is, particles must be removed from waste gas before VOC

limination using the integrated PC and ozonation technologies.
ecently, electrostatic precipitation has been proved as an effective
echnology for the reduction of airborne dust [28].

∗ Corresponding author. Fax: +86 20 85290706.
E-mail address: antc99@gig.ac.cn (T. An).
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As such, an integrated electrostatic precipitation-PC-ozonation
(EP-PC-ozonation) pilot scale reactor was developed to elimi-
nate VOCs emitted from the e-waste dismantling process inside
a workshop at a pilot scale. To evaluate reactor performance, VOC
removal efficiency (RE) and elimination capacity (EC) were com-
pared between the single unit and the integrated reactor. Further,
health risks to workers exposed to VOCs at the e-waste disman-
tling workshop (EWDW) was also evaluated before and after the
integrated EP-PC-ozonation reactor treatment during the 60-day
operation period.

2. Experimental

2.1. Experimental setup

The pilot-scale experiment was conducted in an EWDW from
April to June 2013. In this EWDW,  various printed circuit board
assemblies (PCBAs) were continuously dismantled in rotary incin-
erators (detail description was supplied in Supporting information
and Fig. S1), where VOC pollution is the heaviest compared to
other dismantling techniques [4]. Pilot-scale experiments were
performed in a mid-scale custom-made integrated reactor (rated
power: 1.5 kW,  size: 3300 mm × 1200 mm × 1200 mm,  Guangzhou
Longest Environmental Science & Technology Co., Ltd.) (Fig.
S2), averagely divided into three adjacent units: EP, PC, and
ozonation. The EP unit included three electrostatic dust collec-
tors (720 mm × 360 mm × 850 mm),  arranged side by side. Each
collector was consisted of 4 × 11 electrostatic fields and the dis-
charge voltage for each electrostatic field was in the range of
6000–14,000 kV with the discharge current of ca. 0.8 A. The size
of each electrostatic field was 50 mm in diameter and 265 mm
in length. The PC unit consisted of three pieces of foam nickel
coated with TiO2 (detailed coating procedure is provided in Sup-
porting information and our previous works [20,21,29]) and eight
30 W low-pressure vacuum ultraviolet lamps (with a maximum at
254 nm and a minimum (<5%) emission at 185 nm,  ZY30S19 W,
Guangdong Cnlight Co., Ltd., which could produce ozone [30]),
fixed on each side of foam nickel in parallel. The distance between
the foam nickel and lamp was ca.  50 mm with a light intensity of
2.5 mW cm−2. An ozone generator (350 mm  × 320 mm  × 600 mm,
ozone generation capacity: 15 g h−1) and a honeycomb acti-
vated carbon bed (1100 mm × 250 mm × 800 mm,  surface area:
800 m2 g−1, volume density: 0.40–0.48 g mL−1, Guangzhou Hanyan
Activated Carbon Manufacturing Co., Ltd.) were laid in the ozona-
tion unit one behind the other, with a distance of ca.  300 mm.  The
waste gas emitted from rotary incinerators was collected using an
exhaust fan mounted at the ozonation unit’s outlet, and routed
through a hood linked to the EP unit inlet. The flow rate was
1000 m3 h−1.

2.2. Sample collection and analysis

Samples were collected at continuously five time points, day 1,
15, 30, 45, and 60, to accurately evaluate the pollutant levels and
stability of the integrated technique to remove waste gas emit-
ted from dismantling different PCBAs. Total suspended particles
(TSP) were collected before and after treatment using an intelligent
high volume air sampler (TH-1000CH, Wuhan Tianhong Instru-
ment Factory Co., Ltd., China) at the EP unit’s inlet and outlet; there
was a total air volume of approximate 140 m3 over 8 h. TSP were

blocked by glass fiber filters. After sampling, the loaded filters were
wrapped in pre-baked aluminum foil and stored at −20 ◦C. TSP mass
was determined by weighing equilibrated filters before and after
sampling.

mailto:antc99@gig.ac.cn
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VOC samples were collected at EP unit’s inlet and outlet, as
ell as PC and ozonation unit outlets, using 2.7-L stainless steel

anisters (ENTECH Instruments Inc., SiloniteTM). Canisters were
re-cleaned five times using high-purity nitrogen and were pre-
vacuated using a canister cleaner before sampling. Collected
amples were qualitatively and quantitatively analyzed using a
ntech 7100 preconcentrator (Entech Instruments Inc., CA, USA)
nd gas chromatography–mass spectrometer (7890A GC-5975C
S,  Agilent technologies, USA), along with combined techniques

sing the U.S. Environmental Protection Agency [31] TO-15 method
20]. A HP-5MS capillary column (60 m × 0.32 mm × 0.25 �m,  Agi-
ent Technology, USA) was used with helium as carrier gas at a rate
f 1.2 mL  min−1. The injector and detector temperatures were 200
nd 230 ◦C, respectively. GC oven temperature was  initially pro-
rammed at a temperature of 40 ◦C for 5 min, then increased to
50 ◦C at a rate of 5 ◦C min−1, and then increased to 250 ◦C at a rate
f 15 ◦C min−1 and holding for 2 min. The MS  detector was  run in full
can mode with m/z = 45–260; the injection volume was  150 mL.
OC concentrations were quantified using external standard cali-
ration, determined using a standard sample (TO-15, Linde Spectra
nvironment gases, USA). Each target species was identified by its
etention time and mass spectra using the NIST05 database.

.3. Quality assurance and quality control

Triplicate VOC samples were collected at each sampling time
oint; all samples were analyzed within 24 h after collection. Exper-

mental instruments were calibrated prior to measurements; blank
ample (ultra-nitrogen) analyses indicated that no target analytes
ere present in the system. Quality assurance and quality control
easures included method detection limits, field blanks, retention

ime, accuracy, precision duplications, and reference sample analy-
es; all were performed using USEPA Compendium Method TO-15
31].

.4. Calculations of RE, loading rate (LR), EC, and VOC risk
ssessment

Reactor performance was evaluated in terms of RE (%), LR
g m−3 h−1) and EC (g m−3 h−1). Cancer and non-cancer VOC expo-
ure risks were assessed using USEPA standard methods, and
ocused on the risks caused by worker inhalation of VOCs in the
WDW before and after treatment. Detail calculations were pro-
ided in Supporting information.

. Results and discussion

.1. Alteration of VOCs pollution profiles treated by EP technology

During this study, a total of 43 VOCs are detected during PCBA
ismantling using rotary incinerators. These VOCs are categorized

nto four groups, listed in Table S1: aromatic hydrocarbons (AHs),
liphatic hydrocarbons (AlHs), halogenated hydrocarbons (HHs),
nd nitrogen- and oxygen-containing compounds (NAOCCs). First,
he EP unit’s removal of these four groups of VOCs is explored
Fig. 1). Before EP treatment, at all five sampling times, AHs
ave the highest concentrations (ranging from 1.7 × 103 ± 57 to
.5 × 104 ± 8.4 × 102 �g m−3), followed by NAOCCs (ranging from
.3 ± 0.13 × 103 to 3.4 ± 0.13 × 103 �g m−3) and HHs (ranging from
.2 ± 0.32 × 102 to 2.3 ± 0.86 × 103 �g m−3), with AlHs at the lowest
oncentrations (ranging from 55 ± 4.8 to 8.4 ± 0.20 × 102 �g m−3).

The significantly different VOC concentrations are due to the

ature of e-waste. As well known, PCBAs are manufactured mainly
ith epoxy or phenol resin containing a fire retardant, such

s tetrabromobisphenol-A (TBBPA) [32]. At a high combustion
emperature (>400 ◦C in the rotary incinerator), the single bond
aterials 302 (2016) 395–403 397

between carbon atom and benzene ring in TBBPA may be broken
or substituted by other radicals during the heating, releasing a large
amount of AHs [33]. Although AlHs are also released [34], they are
more apt to be oxidized (and possibly transformed into NAOCCs),
leading to higher concentrations of AHs and NAOCCs than AlHs.
When these VOCs flow through the EP unit, there are no obvious
decreases in concentrations and components. This suggests that EP
technology has poor VOC removal efficiency. However, EP can effi-
ciently remove waste gas particles [35], protecting the subsequent
PC unit’s photocatalyst from exposure to these particles, leading to
high and stable VOC elimination capability.

As Fig. S3 shows, the inlet TSP concentration is very high
(ranging from 3.8 × 103 to 1.3 × 104 �g m−3), far higher than the
second grade value of China’s current ambient air quality standards
(300 �g m−3, GB3095-2012). However, a great decrease in TSP con-
centration is seen after EP treatment; the average RE reaches 47.2%
during the 60-day period. Meanwhile, pollutants such as heavy
metals [36] and semi-volatile organic compounds [29] adsorbed
onto the TSP may  also be efficiently and simultaneously removed.
In addition, VOC compositions are also compared before and after
EP unit treatment (Figs. S3–S6). While slight changes in single
VOC percentages are observed, VOC group components remain the
same. For example, with AHs (Fig. S4), styrene accounts for 51.8%
and 45.6% on days 1 and 60, while benzene accounts for 52.8%, 31.5%
and 36.2% on days 15, 30 and 45 before EP unit treatment. And neg-
ligible changes are observed after EP unit treatment that styrene
accounts for 50.8% and 42.6% on days 1 and 60, while benzene
accounts for 62.4%,32.9% and 36.1% on days 15, 30 and 45. Similar
results are seen with the other three VOC groups (Figs. S5–S7).

3.2. VOC decomposition using advanced oxidation technologies

As noted previously and illustrated in Fig. S8, the EP unit on
its own  cannot efficiently remove VOCs emitted from e-waste dis-
mantling process. However, rapid decreases in VOC peaks on the
total ion chromatograms are seen after PC and ozonation treatment,
indicating efficient VOC removal using these advanced oxidation
technologies. Figs. 2, S9–S11 provide detailed results for VOC REs
using PC and ozonation unit. Fig. 2 shows that PC-ozonation combi-
nation techniques display very high REs across the four VOC groups,
with average REs of 95.7%, 95.4%, 87.4%, and 97.5% for AHs, AlHs,
HHs, and NAOCCs (without benzaldehyde, to be discussed later),
respectively.

Further observation reveals that the PC unit has a different func-
tion and contribution to the total REs. Only 33.0% of HHs on average
is removed by the PC unit (Fig. 2c); this increases to 45.2% for AHs
(Fig. 2a) and 57.6% for NAOCCs (Fig. 2d). The PC unit exhibits the
highest RE toward AlHs (with the average RE of 74.0%) (Fig. 2b),
which is possibly due to their lowest concentration among the four
VOC groups (Fig. 1).

Before the organics are photocatalytically degraded, they must
be first adsorbed onto photocatalyst surface sites; the efficient
adsorption of substances onto photocatalyst is an important step
in determining degradation at very low concentrations [15,37]. For
typical compounds in each VOC group, PC unit shows the high-
est RE toward �-pinene in AlHs (average RE: 99.7%), followed by
styrene in AHs (average RE: 80.7%), and methyl methacrylate in
NAOCCs (average RE: 66.8%) (Figs. S9 and S10). However, even if PC
unit has a limited ability to remove other organics, such as toluene
(average RE: 31.2%), chlorobenzene (average RE: 37.5%) and acry-
lonitrile (average RE: 40.1%), then ozonation unit may  make up for
these disadvantages in PC treatment. The average total REs of these

three VOCs increase to ≥92.1% when PC and ozonation technolo-
gies are combined (Figs. S9 and S10). Since PCBAs are manufactured
mainly with epoxy or phenol resin containing bromine flame retar-
dant, the removal of the emitted bromine VOCs is also investigated.
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Fig. 2. Removal efficiencies of VOCs using integrated PC-

s shown in Fig. S11, the bromomethane is detected on day 15 to
0, while 21.1% and 69.6% of which in average are removed by the
C and ozonation units, respectively, leading to the total average
E of ca. 90.7% by the integrated PC-ozonation techniques. This
esults reveals that during the studied e-waste dismantling pro-
ess, limited bromine VOCs are generated and also can be efficiently
emoved by the integrated AOTs technique.

The PC technology shows the lowest RE with benzene (average

E: 18.5%), which may  be because benzene is a produced inter-
ediate from other large molecular weight AHs [38,39]. However,

fter subsequent ozonation treatment, an average 93.8% of benzene
s removed (Fig. S9). An increase of benzaldehyde concentration is
Time  (d ays)

tion techniques. (a) AHs; (b) AlHs; (c) HHs; (d) NAOCCs.

also observed at the PC unit’s outlet (Fig. S12), which may  be due
to extra benzaldehyde being generated as an intermediate from
large molecular weight AHs during PC treatment [14,40]. A similar
result was  reported by Kim et al. concerning PC treatment of toluene
in the laboratory [41]. However, after subsequent ozonation treat-
ment, benzaldehyde concentration rapidly decreases, with lower
outlet concentrations than inlet concentrations after PC-ozonation
combination treatment. This result again highlights high removal

efficiency of the integrated PC-ozonation AOTs for all investigated
VOCs (Fig. S12). The possible mechanism for the high and sta-
ble removal ability of the integrated AOTs may be as follows:
photocatalysis originated from the oxygen reactive species has
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and 11.16). Selected VOCs show high HRs well above the level of
ig. 3. Comparing elimination capacities of PC, ozonation and PC-ozonation against
ifferent VOC loading rates. (a) With benzaldehyde; (b) without benzaldehyde.

een already confirmed for the effectively degradation of gaseous
rganic pollutants [10,42]. Meanwhile, due to the utilization of
zone-producing lamps, another strong oxidant specie—ozone can
lso be generated during photocatalytic process, and the syner-
etic effect of photocatalysis and ozonation can lead to the higher
fficient removal of a certain amount of VOCs [43]. Notably, the
igh photoactivity of the photocatalyst can be preserved, due to

ts excellent regeneration ability after the utilization of vacuum
ltraviolet lamps [26]. The residual VOCs are then brought into the
zonation unit and easily be adsorbed by the activated carbon bed,
hich can also efficiently trap the residual ozone from PC unit as
ell as newly generated ozone from ozone generator ahead. Subse-

uently, the ozonation catalytic degradation of low concentration
esidual VOCs happens in situ on the activated carbon bed, lead-
ng to the almost complete removal of VOCs and the prevention of
mission of formed ozone to the atmospheric environment.

Besides RE, the comparative performance of advanced oxidation
nits are evaluated using elimination capacity (EC, the amount of
OCs degraded per unit of the reactor volume and time for different

oading rates (LR)) [44]. Fig. 3a shows the relationships between
Rs and ECs during PC-ozonation combination treatment toward all
OCs. The slopes of the dashed and solid lines represent theoretical
00% REs and total average VOCs REs, respectively. The EC increases

inearly with LR increase (R2 ≥ 0.9262), indicating that the inlet LR
ncrease does not appear to inhibit VOCs removal in either the single
r integrated unit; the maximum EC (ECmax) mainly depends on
nlet LR.

For PC and ozonation unit, ECsmax are 9.4 and 24.5 g m−3 h−1

t the maximum LRs of 36.8 and 27.4 g m−3 h−1, respectively.
he ECmax of the integrated PC-ozonation reactor is not high
16.9 g m−3 h−1), mainly due to larger reactor volume (twice as

arge as the volume of PC or ozonation unit). The ECmax is greatest

ith the ozonation alone, followed by the PC-ozonation treatment
nd the PC treatment alone. Although this result cannot be defined
aterials 302 (2016) 395–403 399

as the actual ECmax because higher LRs were not tested in this study,
it can be concluded that ozonation contributes more than PC in the
integrated AOTs under the studied conditions.

Furthermore, the fitted curve slopes show that the average VOC
REs of 28.8%, 90.4% and 93.3% are achieved by the PC unit, ozonation
unit, and PC-ozonation combined unit, respectively, with the PC-
ozonation combination exceeding ozonation alone, which exceeds
PC alone. The average VOC RE using the PC unit is far smaller than
with the ozonation unit, possibly due to much higher LRs of the PC
technology and the production of the highly concentrated interme-
diate, benzaldehyde.

Given this result, the relationships between LRs and ECs of the
PC-ozonation combination technique toward other VOCs, except
benzaldehyde, are examined (Fig. 3b). Compared with the results
in Fig. 3a, the maximum LR decreases slightly (from 36.8 to
34.5 g m−3 h−1) for the PC unit and decreases greatly for the ozona-
tion unit (from 27.4 to 10.8 g m−3 h−1), leading to an opposite ECmax

(increasing from 9.4 to 23.6 g m−3 h−1 for the PC unit and decreas-
ing from 24.5 to 9.3 g m−3 h−1 for ozonation unit), with the PC unit
being greater than the PC-ozonation unit, which is greater than the
ozonation unit alone. Moreover, the average VOC REs increase to
62.7% and 95.8% for the PC and PC-ozonation units, respectively,
while slightly decreasing (90.3%) for the ozonation unit. The PC-
ozonation unit remains greater than the ozonation unit, which is
greater than with the PC unit alone. These results show that in a
hybrid PC-ozonation system, with high LR excellent PC unit pre-
treatment, and high EC in the ozonation unit, the PC-ozonation
combination technique effectively eliminates the VOCs in this pilot-
scale study.

3.3. Non-cancer and cancer risks assessment of VOCs before and
after treatment

Because of the ubiquitous presence of VOCs in the EWDW  atmo-
sphere, the potential chronic health effects (non-cancer and cancer
risks) caused by VOC exposure through inhalation are assessed
using USEPA risk assessment methods [4]. In this study, for all
detected and quantified VOCs, 19 VOCs (in following description,
m,p-xylene and o-xylene call xylene, and 1,3,5-, 1,2,4-, 1,2,3-
trimethylbenzene call trimethylbenzene (the HR of each individual
trimethylbenzene or xylene is calculated and then added), so total
of 16 VOCs are calculated) were selected to assess non-cancer risks
and 6 VOCs are selected to assess cancer risks, respectively. Selec-
tions were based on available reference concentrations and unit
risk values, as shown in Table S2.

The non-cancer risk of detected VOCs in the EWDW is assessed
first before treatment. As Fig. 4 shows, the HRs of n-propylbenzene
on day 1; toluene and ethylbenzene on day 15; methyl isobutyl
ketone on days 30 and 45; i-propylbenzene and chlorobenzene on
days 1, 15, 30, and 45; and 1,2-dichloroethane on day 60 are all
less than 0.1, below the level of concern [7]. However, the HRs are
higher than 0.1 for other VOCs, indicating concentrations above the
level of potential concern [45]. For example, HRs are in the range of
0.1–1 (exceeding the level of potential concern) for chloromethane
on day 45 (0.88); chlorobenzene on day 60 (0.13); styrene on day 15
(0.29) and 45 (0.72); ethylbenzene on day 30 (0.26) and 45 (0.19);
chloroform on day 30 (0.36) and 45 (0.37); toluene on day 1 (0.34),
30 (0.22), 45 (0.18) and 60 (0.68).

HRs exceed 1 (the level of concern) for ethylbenzene on day 1
(1.94); chloromethane on day 30 (1.10); methyl methacrylate on
days 15 (26.35), 30 (2.91), 45 (2.66), and 60 (1.03); and xylene and
styrene on days 1 (29.89 and 13.01), 30 (3.84 and 1.19) and 60 (36.93
concern, such as bromomethane (from 96.04 to 383.07), acryloni-
trile (from 26.35 to 171.40), benzene (from 30.70 to 168.37), and
treimethylbenzene (from 2.62 to 86.80) [45].
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Fig. 5 also shows the individual LCRs for six quantified VOCs.
ased on reference [46], compounds with an attributable cancer
isk of >10−4 are labeled as “definite risk;” compounds with a
isk between 10−5 and 10−4 are labeled as “probable risk;” and
ompounds with a risk between 10−5 and 10−6 are labeled as
possible risk.” In this study, the cancer risk from VOCs in the
elected EWDW is very high; acrylonitrile (>3.58 × 10−3), benzene

−3 −4
>5.53 × 10 ), ethylbenzene (>1.11 × 10 ), 1,2-dichloroethane
2.95 × 10−3), chloroform (>8.21 × 10−4) and p-dichlorobenzene
2.02 × 10−4) are all regarded as posing definite risk, consistent
ith our previous research [4].
Fig. 5. Lifetime cancer risk from VOCs before and after treatment at day 1 (a), 15
(b),  30 (c), 45 (d) and 60 (e); (i) AHs; (ii) HHs; (iii) NAOCCs.

These results show that non-cancer and cancer risks attributable
to VOC exposure are not negligible and must be taken seriously
when considering treatment approaches. As such, it is also neces-
sary to consider the non-cancer and cancer risk from these VOCs

after treatment using the integrated techniques. Figs. 4 and 5 show
that after EP unit treatment, there are no obvious decreases in non-
cancer and cancer risks across sampling periods, suggesting that



dous Materials 302 (2016) 395–403 401

t
t
P
c
1
o
1
o
(
d
t
B
e
V
(
d

c
a
i
t
(
m
6
3
4
a
3
e
T
r

3
a

a
b
d
2
t
E
0
a
6
h
E

i
E
o
e
a
b
a
T
a
A

4

a
P
r

1E-3

0.01

0.1

1

( i )                (ii)         (iii)  (Vi)

 Inlet  After EP  After EP-PC 
 After EP-PC-Ozonation

sksir
erusopxelanoitapucc

O

(a)

(b)

(c)

(d)

(e)

1E-3

0.01

0.1

1

1E-3

0.01

0.1

1

1E-3

0.01

0.1

1

Ben
ze

ne

Tolu
en

e

Ethy
lbe

nz
en

e

Xyle
ne

Styr
en

e

i-P
rop

ylb
en

ze
ne

 

Trim
eth

ylb
en

ze
ne

Chlo
rom

eth
an

e

Brom
om

eth
an

e

Chlo
rof

orm

1,2
-D

ich
lor

oe
tha

ne

Chlo
rob

en
ze

ne

1-H
ex

en
e

n-H
ep

tan
e

Acry
lon

itri
le

Meth
yl 

meth
ac

ryl
ate

 

Meth
yl 

iso
bu

tyl
 ke

ton
e

1E-3

0.01

0.1

1

J. Chen et al. / Journal of Hazar

he EP technology offers poor VOCs risk reduction ability. In con-
rast, the hybrid AOTs show excellent risk reduction ability. After
C treatment, there is a great reduction in both non-cancer and
ancer risks for all investigated VOCs, especial for styrene (from
6.84, 0.20, 1.05, 0.72, and 8.90 to 0.23, 0.07, 0.23, 0.15, and 2.08
n days 1, 15, 30, 45, and 60) and acrylonitrile (from 182.86, 57.13,
34.15, 99.97, and 72.11 to 130.69, 12.27, 91.09, 69.74, and 24.44
n days 1, 15, 30, 45, and 60) for non-cancer risk, and benzene
from 3.58 × 10−2 and 7.94 × 10−3 to 2.22 × 10−2 and 4.53 × 10−3 on
ays 1 and 15) and acrylonitrile (from 7.73 × 10−3 and 9.81 × 10−3

o 1.63 × 10−3 and 3.23 × 10−3 on days 15 and 60) for cancer risk.
ecause the VOC concentrations before PC treatment are so high,
ven with the significant risk reductions, the HRs and LCRs for most
OCs after PC treatment are still higher than 0.1 except for styrene

0.07 at day 15), and 10−4 except for ethylbenzene (7.87 × 10−5 at
ay 15), respectively.

After subsequent ozonation treatment, the non-cancer and can-
er risks from these VOCs are further reduced, mostly to below 0.1
nd 10−4, respectively, indicating high VOC risk reduction capabil-
ty using the integrated AOTs. Even after integrated PC-ozonation
reatment, the HRs and LCRs for some VOCs still exceed 1 (benzene
11.92, 1.67, 2.41, 2.17, and 5.98 on days 1, 15, 30, 45, and 60), bro-

omethane (12.91, 65.79, 37.82, and 3.29 on days 15, 30, 45, and
0) and acrylonitrile (33.79, 2.74, 10.81, 9.20, and 2.86 on days 1, 15,
0, 45, and 60)), and above 10−4 (benzene (2.2 × 10−3, 3.0 × 10−4,
.3 × 10−4, 3.9 × 10−4, and 1.1 × 10−3 on days 1, 15, 30, 45, and 60)
nd acrylonitrile (4.6 × 10−3, 3.7 × 10−4, 1.5 × 10−3, 1.3 × 10−3, and
.9 × 10−4 on days 1, 15, 30, 45, and 60)), suggesting that VOC lev-
ls may  pose both non-cancer and cancer risks to EWDW workers.
herefore, to ensure EWDW worker security, the airtightness of
otary incinerators should be further developed.

.4. Occupational exposure cancer risk assessment of VOCs before
nd after treatment

Occupational exposure cancer risk is also evaluated using ACGIH
nd Ei values of 17 VOCs from TWA  (Table S3). As Fig. 6 shows,
efore EP treatment, the Ei values of benzene (categorized into A1-
efinite human carcinogens) are calculated as 4.74, 1.27, 1.10, and
.04 on days 1, 30, 45, and 60. All of these exceed 1, suggesting
hat benzene poses a cancer threat to EWDW employees [47]. The
i values of other major pollutants such as bromomethane (0.45,
.74, 0.45, and 0.19 on days 15, 30, 45, and 60), acrylonitrile (0.11
nd 0.12 on days 1 and 30) and styrene (0.23 and 0.20 on days 1 and
0) falling into groups A3 or A4 (cannot be regarded as carcinogens),
ave risk levels above 0.1, pointing to possible harmful effects for
WDW employees.

Like the non-cancer and cancer risk assessment results, there
s no obvious decrease in occupational exposure cancer risk after
P treatment; risk levels decrease significantly after hybrid PC-
zonation treatment. Among the selected VOCs, the PC unit shows
xcellent risk reduction ability against styrene; Ei values for styrene
re all lower than 0.1 after PC treatment. However, the Ei values for
enzene still exceed 1 after PC treatment, decreasing dramatically
fter subsequent ozonation treatment (<0.1 on days 15, 30, and 45).
his suggests there is no obvious cancer threat posed by benzene
fter PC-ozonation treatment, and a strong ability for integrated
OTs to reduce risks caused by VOCs.

. Conclusion
In summary, a pilot-scale investigation was  conducted in
 real e-waste dismantling workshop, using an integrated EP-
C-ozonation technique to assess VOC removal and health risk
eduction. The results indicated that the EP unit could efficiently
Fig. 6. Occupational exposure risk from VOCs before and after treatment at day 1
(a), 15 (b), 30 (c), 45 (d) and 60 (e); (i) AHs; (ii) HHs; (iii) AlHs; (iv) NAOCCs.

remove TSP from emitted waste gas without altering VOC concen-
tration and composition. Of the four VOC types, AHs were the most
dominant group, followed by NAOCCs and HHs, with AlHs hav-
ing the least concentrations. Styrene and benzene were the major
components of the dominant AHs. When VOCs flowed through the

subsequent integrated PC-ozonation AOTs, average REs of 95.7%,
95.4%, 87.4%, and 97.5% were obtained for AHs, AlHs, HHs, and
NAOCCs during 60-day treatment period. This demonstrates that
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he integrated technique achieved stable and effective VOC removal
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