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Abstract Many organic contaminated sites require
on-site remediation; excavation remediation processes
can release many volatile organic compounds (VOCs)
which are key atmospheric pollutants. It is therefore
important to rapidly identify VOCs during excava-
tion and map their risk areas for human health protec-
tion. In this study, we developed a rapid analysis and
assessment method, aiming to and reveal the real-time
distribution of VOC:s, evaluate their human health risks
by quantitative models, and design appropriate con-
trol measures. Through on-site diagonal distribution
sampling and analysis, VOCs concentration showed
a decreasing trend within 5 m from the excavation
point and then increased after 5 m with the increase
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in distance from the excavation point (p <0.05). The
concentrations of VOCs near the dominant wind direc-
tion were higher than the concentrations of surround-
ing pollutants. In contrast with conventional solid-
phase adsorption (SPA) and thermal desorption gas
chromatography—mass  spectrometry (TD-GC/MS)
methods for determining the composition and con-
centration of VOCs, the rapid measurement of VOCs
by photo-ionization detector (PID) fitted well with the
chemical analysis and modeling assessment of cancer/
non-cancer risk. The targeting area was assessed as
mild-risk (PID<10 ppm), moderate-risk (PID from
10 to 40 ppm), and heavy-risk (PID>40 ppm) areas.
Similarly, the human health risks also decreased gradu-
ally with the distance from the excavation point, with
the main risk area located in the dominant wind direc-
tion. The results of rapid PID assessment were com-
parable to conventional risk evaluation, demonstrating
its feasibility in rapidly identifying VOCs releases and
assessing the human health risks. This study also sug-
gested appropriate control measures that are important
guidance for personal protection during the remediation
excavation process.

Keywords Remediation excavation - Volatile

organic compounds (VOCs) - Health risk - photo-
ionization detector (PID)
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Introduction

With the rapid development of chemical engineer-
ing, more organic contaminants were found at indus-
trial sites, causing serious environmental problems
and concerns (Kermani et al., 2021). During in situ
remediation of organic contaminated sites, volatile
organic compounds (VOCs) emitted from excavation
can cause risks to human health, and considerable
studies have been conducted to describe the risks of
VOCs to human health (Kermani et al., 2021; Kumar
et al., 2021; Wu et al., 2021). Once excavated or dis-
turbed, the concentrated VOCs might volatilize in
a short period, causing increased atmospheric con-
tamination and environmental/health risks (Ma et al.,
2016). VOC:s are rapidly dispersing and highly toxic,
requiring practical techniques for the fast identifica-
tion and evaluation of the regional risks at/around the
construction areas (Masih et al., 2021; Zhang et al.,
2020). Therefore, there is a necessity to establish a
rapid identification method of human health risks
from VOCs at contaminated sites to protect workers
exposed to contaminated air or during remediation
excavation of organic contaminated sites.

Many analytical methods and models have been
investigated to address risk assessment of contami-
nated sites (Ma et al., 2016; Zhang et al., 2020). Wang
et al. applied an activated carbon—silica gel sampler
to extract VOCs for the optimization of indoor work
environment assessment (Wang et al., 2021). The
CARO-PLUS model was developed to computation-
ally evaluate the human health risk at the organic con-
taminated sites, and the lifetime cancer risk (LCR)
was introduced to assess the mean exposure of target
human groups based on the carcinogenic potency of
specific toxic compounds (de Oliveira Galvao et al.,
2018). The human health risk data were important
for assessing the possible and alternative protection
methods during the site excavation process (Sazakli
&Leotsinidis 2020). Although these models were
accurate for VOCs toxicity assessment, they all rely
on complex sampling and expensive chemical analy-
sis such as solid-phase adsorption (SPA), headspace
gas chromatography with flame ionization detection
(GC-FID), and thermal desorption gas chromatog-
raphy-mass spectrometry (TD-GC/MS) (Bulatovic
et al.,, 2022; Liu et al., 2022; Zheng et al., 2020).
Therefore, the time-consuming data interpretation
and model forecasting for human health risks brought
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the challenge of meeting the practical requirements
for rapid risk assessment. It is important to investigate
fast analytics and assessment for the human health
risks at the excavation sites.

In this study, we developed a fast and real-time
analytical/assessment method to evaluate the human
health risks at an excavation site in Beijing, China.
We aimed to: 1) collect atmospheric samples and
compare results from SPA TD-GC/MS and photo-
ionization detector (PID), 2) quantify the contamina-
tion level and human health risks by visualizing vari-
ous risk level at/around the remediation excavation
site, and 3) suggest appropriate control measures for
personal protection during the remediation process.

Materials and methods
Sampling site

The study was conducted at a chemical plant in Bei-
jing, China (north latitude 39°53'11"’ and east lon-
gitude 116°29'27°), which was abandoned in 2005.
The permissions for the sampling activities were
authorized by Beijing Environment Agency who was
applying the remediation excavation process, and the
field studies did not involve endangered or protected
species. The main products of the chemical plant
included polyvinyl chloride resin, sodium hydrox-
ide, hydrochloric acid, chloride, calcium carbide, and
phthalic anhydride. The air sampling was conducted
in July 2013, during the site remediation excavation
process, and the sampling facilities were portable
meteorological instruments Kestrel 4500 and portable
anemometers PH-1A. During the sampling process,
the measured wind speed was 1.1 m/s with the north-
east wind direction. The air pressure was 102 kPa
measured by DYM3 aneroid barometer.

According to the preliminary monitoring results
at the contaminated site, the main VOCs pollut-
ants included benzene/toluene/ethylbenzene/xylene
(BTEX), organochlorine solvents, organochlorine
pesticides, persistent organic pollutants (POPs), poly-
cyclic aromatic hydrocarbons (PAHs), and dioxins,
all of which are typical atmospheric pollutants at the
organic contaminated sites (Davidson et al., 2021).
This research addressed the monitoring and risk
assessment of 1, 2-dichloroethane, chloroform, car-
bon tetrachloride, and 1, 1, 2-trichloroethane, which
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were the dominant pollutants at the site due to the
actual production profiles.

Sample collection

Air sample collection followed an amendment lin-
ear distribution method as illustrated in Fig. 1 (Liao
et al., 2003). According to the site topography and
other field conditions, the 45° in the sector sampling
method was adjusted to 30°, while the sampling
points on each sampling line were arranged to be
dense first and then sparse. Along the dominant wind
direction, a sampling line is set up, and two sampling
lines are set up on both sides of the main line at 30°
direction, respectively. In the main sampling line, the
distance from the pollution source is 1, 3, 5, 10, 15,
20, and 25 m. The distance of each sampling line on
both sides of the main sampling line is 1, 3, 5, 10,
15, and 20 m. Among them, the background samples
were collected in the upwind direction of the soil
excavation point, marked as No.l and No.2, respec-
tively. The sampling points on the sampling line from
near to far are No.3, No.4, No.5, No.6, No.7, and
No.8, the sampling points on the sampling line in the
dominant wind direction are marked as No.9, No.10,
No.11, No.12, No.13, No.14, and No.15, the sam-
pling points on the sampling line above are marked
as No.16, No.17, No.18, No.19, No.20, and No.21.
The closest sampling point to the excavation point is
marked as No.22, as suggested by previous research
(Collins et al., 2014).
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Fig. 1 Location of excavation and sampling points. The sam-
pling points (No. 3 to No. 21) were located at 1, 3, 5, 10, 15,
20 and 25 m from the excavation point (No. 22). The back-
ground samples were located in the upwind direction (No. 1
and No. 2). Arrow refers to the dominant wind direction

The sampling was conducted on a sunny day, and
no rainfall occurred for 3 days before the experiment.
During the sampling process, only one excavator
(PC240LC-8M0, KOMATSU, Japan) was operated in
a small area, which was viewed as a point excavation.
The atmospheric sample collection was conducted
by Czmero tube Sampler filled by CarbopackC/Car-
bopackB/CarbosieveS at 0.10 L/min flow rate. The
sampling process lasted for 20 min as suggested (Xu
et al., 2021a) and the sampler height was set as 1.5 m
from the ground, which was human respiratory simi-
lar position for better evaluating the impacts of VOCs
on human health (Nie et al., 2018). The atmospheric
samples were stored in aluminum plastic composite
film sampling bags, sealed, refrigerated, and trans-
ported to laboratory. The PID data were obtained
within the same period of time by moving the PID
equipment from point to point at the height of 1.5 m.
Since PID detects the total amount of VOCs, it can
effectively reflect the integral dispersion trend of
VOCs. Three individual replicates were carried out
for each sampling point. Background points were
collected when the contaminated site was not dis-
turbed by excavators following the same procedures
described above, as a comparison of background val-
ues of pollutant concentrations in air.

Analytical methods

The composition and concentration of 9 VOCs were
measured using a solid-phase adsorption (SPA) and
thermal desorption gas chromatography—mass spec-
trometry (TD-GC/MS) method (Atlan et al., 2006).
The analysis was conducted by Shimadzu GC-MS
2021 plus with DB-VRX chromatographic column
(60 mx0.32 mmx 1.8 pm). Nitrogen was the carrier
gas and the flow rate was 60 ml/min. After desorption
for 10 min at 280 °C, the sample was injected with
high-purity helium (99.999%) and the flow rate was
1.0 ml/min. The initial temperature was kept at 30 °C
for 2 min, followed by heating to 200 °C at the rate
of 8 °C/min. With 70 eV electron ionization energy,
the mass range was from 35 to 300 amu. Each peak
was scanned at least 20 times and each scanning did
not exceed 1 s. The method detection limit (MDL)
was 0.001 ppm, and the method linear detection range
(MLDR) was 0.001 ppm to 100 ppm. To ensure the
accuracy of results, quality assurance (QA) and qual-
ity control (QC) procedures were implemented for
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all samples. Besides background air samples (No.l
and No.2 collected in the upwind direction of the
soil excavation point), blank samples (Czmero tube
without connection to sampler) were also prepared as
blank control.

Bromochloromethane was used as the surrogate
standard to calculate the recoveries of VOCs in differ-
ent samples, which ranged from 91.4% to 118.5%.

Photo-ionization detector (PID, PGM-7340, RAE
Systems, USA) was utilized for fast detection of the
atmospheric concentration of total VOCs (TVOCs).
The analytical PID measurement included saturated/
unsaturated hydrocarbons, aromatic hydrocarbons,
aldehydes, ketones, ethers, and halogenated hydro-
carbons (Davardoost & Kahforoushan 2018). It is an
effective tool for rapid monitoring of TVOCs to eval-
uate the real-time air pollution distribution in/around
remediation area, thereby for fast assessment of VOCs
risks. Before the field sampling and measurement,
the PID was calibrated by nitrogen/oxygen (80/20,
v/v) gas as negative control and 100 ppm isobutylene
gas as standard. The calibration process followed the
flow rate of 0.3 L/min with a probe calibration cap,
in accordance with manufacturer’s instructions. The
MDL was 0.001 ppm and the MLDR was 0.001 ppm
to 10,000 ppm.

The contour graphs of PID data, cancer risk, and
non-cancer risk at the site were plotted by OriginPro
8.0, from the original data and risk calculation from
the models.

Human health risk assessment

During the remediation excavation at organic con-
taminated site, the main VOCs exposure pathway
is inhalation which damages people’s health ulti-
mately (Zhao et al., 2020). There are many factors
that affect respiratory exposure, such as environ-
mental VOC concentration, exposure time, human
age and gender, respiratory level influenced by exer-
cise status, etc. Therefore, the respiratory exposure
should be reasonably calculated. The quantification
of the VOCs inhalation follows Eq. (1) as (Davison
et al., 2008):
CXIRXET X EF X ED

ADD =
BW x AT M
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where ADD (absorbed dose) refers to VOC’s daily
respiratory exposure dose (mg/kg/d). C represents
VOCs concentration in ambient air (mg/rn3), and IR
is the respiratory rate (m*/d), valued 20 m*/d in this
research as suggested by US Environmental Protec-
tion Agency (U.S. EPA). ET refers to the exposure
time for each event (h/time) with the value of 5 h/d
here, whereas EF is the exposure frequency (d/a).
ED, BW, and AT represent the duration of exposure
(a), body mass (kg), and the average exposure time
(d), respectively.

Non-cancer risks in a single contaminant expo-
sure pathway are quantified by the ratio of the aver-
age unit weight of entire average daily inhalation
(CDI) to the chronic reference dose (RfD) (Jansen
et al., 2009a, 2009b), expressed as the hazard quo-
tient (HQ) in Eq. (2). The joint non-carcinogenic
risk is used to express the total risk values in the
presence of multiple contaminants with multiple
possible exposure routes which is expressed by haz-
ard index (HI) in Eq. (3).

CDI

HQ = —

Q RfD @
o2 CDI

HI = y
JZ:, 21, RiD, 3)

Here, CDI;; is the average daily unit exposure
dose of ith type contaminant on the jth type expo-
sure pathway, and RfD, ; is chronic reference dose of
ith type contaminant on the jth type exposure path-
way, as listed in Supporting Information Table S1
(USEPA, 2004). n, and n, refer to the number of
non-cancer risk pollutants and exposure pathways,
respectively.

For contaminant exposure pathway, the cancer
risks (R) of an individual contaminant and the joint
cancer health risks (R;) of multi-contaminants fol-
low the expression of Eq. (4) and (5). When VOCs
concentration is higher than>0.01 ppm, as the VOCs
contamination level in this study, the impulse model
is suitable to predict the modified joint cancer health
risks (R,’), as listed in Eq. (6) (Seco et al., 2007):

R = CDI x SF @)
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R, =) ) CDI; x SF, (5)
j=1 i=1
ny ny
R1, = Z ‘ [1 —exp (—CDIij X SFU)] (6)

j=1 i=1

Here, SFI-J- is the cancer slope factor (Table S1) of
ith type contaminant on the jth type exposure path-
way (USEPA, 2004). n; and n, represent the num-
ber of cancer risk pollutants and exposure pathways,
respectively. In this study, inhalation exposure path-
way model is the key tool to determine joint health
risks of VOCs during site remediation process.

Results and Discussion
Pollutant distribution

VOCs analysis results of SPA followed by TD-GC/
MS indicated that the major atmospheric contami-
nants included 1,1-dichloroethylene (ranging from
0.051 ppm to 0.558 ppm, 3.81 to 41.64 times higher
than background, respectively), chloroform (0.32 ppm
to 4.51 ppm, 3.87 to 54.57 times higher than back-
ground, points No. 1 and No. 2), carbon tetrachloride
(0.43 ppm to 6.34 ppm, 31.50 to 464.47 times higher
than background), trichloroethylene (0.019 ppm to
0.169 ppm, 3.49 to 31.01 times higher than back-
ground), 1, 1-dichloroethane (0.15 ppm to 2.55 ppm,
3.35 to 56.92 times higher than background), and
1, 1, 2-trichloroethane (0.15 ppm to 1.24 ppm, 3.11
to 25.70 times higher than background), as listed in
Table 4. There were some other contaminants such
as 1, 2-dichloroethane, benzene, and tetrachlorethyl-
ene, the contamination level of which was 0.58-3.19,
1.35-3.46, and 1.98-12.89 times of background
(Points No. 1 and No. 2). It is noteworthy that VOCs
concentrations showed a rapid decrease and then an
increase within 5 m from the excavation point, which
might be attributing to the excavation which was
intermittent rather than continuous, and VOCs were
produced as discontinuous gas clouds. After 5 m from
the excavation point, the VOCs concentration gradu-
ally decreased with the increase in distance (p <0.05).

Generally, VOC contamination decreased with the
distance to the excavation point, similar to previous

research (Zhang et al., 2020). In particular, the spa-
tial distribution of VOCs at contaminated sites was
closely related to the layout and geological structure
of the site, with surface soil more likely to contain
large amounts of VOCs (Ye et al., 2023; Zheng et al.,
2023). Given the atmospheric VOCs generation pro-
cess, the intermittent gas plume was released by the
discontinuous excavation activities and affected by
the complex site topography. It has also been shown
that soil disturbance due to the excavation process
may also result in peak VOCs in the dominant wind
direction (Wang et al., 2023). The atmospheric VOCs
plume therefore was modeled with the puff model,
and the integral of separate contamination plumes
was done with Gaussian dispersion distribution (Kar-
amchandani et al., 2020; Ou-Yang et al., 2020).

Assessment of human health risks

The field excavation activities consequently resulted
in the atmospheric VOCs, showing the exceeding
contamination and high health risk on the workers
on-site (Cui et al., 2020). Based on Eq. (1) to (6) in
Materials and Methods section, the distribution of
human health risks at the site is calculated and illus-
trated in Table 1, Table 2, and Fig. 2. Both non-cancer
and cancer risks gradually decreased with the increas-
ing distance from the excavation point (p <0.05).
Using toxicity values of the US EPA Integrated Risk
Information System (IRIS), significant human health
risks were found at the contaminated sites during the
remediation excavation process (Som et al., 2008).
In the dominant wind direction, the cancer and non-
cancer risks were above 0.10 and 40 at the points with
4-9 m distance to the excavation point, evaluated
as the heavy-risk level. For the distance of 9-26 m
away from the excavation point, the cancer risk was
between 0.02 and 0.10, and the non-carcinogenic risk
ranged from 10 to 40, indicating the moderate-risk
region. Beyond 26 m away from the excavation point,
the non-cancer and cancer risk was less than 10 and
0.02, respectively, classified as the region with mild
risk.

The 1, 2-dichloroethane was identified as the key
contaminants causing human health risks at this
site, contributing to the majority of non-cancer risks
(91.8-96.1%), followed by benzene (0.9-3.7%) and
carbon tetrachloride (0.4-2.5%). The non-carcino-
genic effects of benzene exposure include drowsiness,

@ Springer
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Fig. 2 Cancer A and non-cancer B risk distribution at the
excavation site. A 0.10 and 0.02 represents the threshold for
areas of heavy and moderate cancer risk, respectively. B 40

dizziness, headache, and confusion at higher expo-
sure levels (Jia et al., 2021). As for cancer risks, the
contribution of 1, 2-dichloroethane was 74.4-90.8%
and it is considered as the main factor with high car-
cinogenic risk among the dominant VOCs (Liu et al.,
2020). Carbon tetrachloride (4.1-10.9%) and chlo-
roform (1.3-11.7%) ranked as the second and third
main carcinogenic toxic substances. de Los et al.
measured the genotoxicity of shed oral mucosal cells
and found that airborne particulate matters and VOCs
represented by 1, 2-dichloroethane exert genotoxic
effects on human (de Los et al., 2020). For chloro-
form exposure, non-carcinogenic effects are reported,
including shortness of breath and inflammation of the
nose and throat, convulsions, coma, and even death
at high concentrations. A previous study also shows
that those who survive acute exposure may develop
liver insufficiency and kidney damage a few days later
(Sekar et al., 2022). The total cancer risks ranged
from 1.39x 1072 to 7.65x 1072, significantly higher
than the cancer risk standard (107°-107*) suggested
by US EPA (USEPA, 2005), showing the high human
health risks at the excavation site.
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Rapid risk identification and assessment during
remediation excavation

For health risk control and protection, the application
of rapid risk identification and evaluation is important
at different points on the field (Huang et al., 2021).
The total VOCs distribution was real time measured
by PID illustrated in Fig. 3. Comparing the cancer and
non-cancer risk distribution (Fig. 2), the total VOCs
distribution from PID analysis fitted well with the
risk pattern. The critical PID data were 10 ppm and
40 ppm for different risk assessment, respectively. In
the dominant wind direction, samples with PID data
of 40 ppm were located at the points with 9 m dis-
tance to the excavation site, exactly the same as the
heavy-risk-level distribution identified by the special-
ized measurement. At the points with 9 m to 26 m dis-
tance to the excavation site, PID data ranged from 10
to 40 ppm, responsive to the areas with moderate risk.
For those sites with low TD-GC/MS results and mild
risks, PID data were lower than 10 ppm. In other wind
directions, similar relationships between PID data
and cancer/non-cancer risks were observed. Kumar
et al. used PID to detect TVOCs and BTEX concen-
trations in different seasons (summer and winter), and
lifetime carcinogenic risk (LCR) of benzene exceeded
the USEPA recommendation (1x 107), and the non-
carcinogenic risk hazard entropy (HQ) was in the
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Fig. 3 Photo-ionization
detector (PID) measurement 20 18 16 14
for TVOC:s distribution at r . .
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the excavation site. The
line of 40 ppm and 10 ppm
represents the threshold for
heavy- and moderate-risk
areas, respectively

M)ominant wind direction

acceptable range (Kumar et al., 2014). Sesefia et al.
used PID to monitor indoor air quality in a university
laboratory and found that airborne TVOC concentra-
tions were sometimes higher than the recommended
values, although no significant non-carcinogenic risk
was found (Sesefia et al., 2022). Our study further
compared PID data and SPA followed by TD-GC/MS,
evidencing the feasibility of PID for rapidly monitor-
ing on-site VOCs concentrations with assessment of
human health risks.

Comparing the gold standard VOCs analysis
via SPA followed by TD-GC/MS, PID analytical
results had the high degree of consistency (p <0.05,
R*=0.9994, Fig. 4). Similar to previous research
(Xu et al.,, 2021b), though PID cannot give spe-
cific information on individual VOC, it achieves
rapid measurement of total VOCs. The measure-
ment and data acquisition of PID are almost real
time and reliable, and it is therefore widely used
for indoor and outdoor air quality evaluation (Por-
tela et al., 2021; Raysoni et al., 2017). More impor-
tantly, Fig. 5 further illustrates the positive relation-
ship between PID data and cancer/non-cancer risks
(p<0.05, R*=0.9992 and 0.9959, respectively).
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Fig. 4 Correlation analysis of PID and SPA/TD-GC/MS
analytical data. PID refers to photo-ionization detector; SPA/
TD-GC/MS represents solid-phase adsorption and thermal des-
orption gas chromatography—mass spectrometry
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There were only limited previous investigations on
the direct link between PID measured VOCs and
human health (Jia et al., 2000), and this study ini-
tiated the feasibility that PID analytical method is
an appropriate real-time detection tool to predict
the level and distribution of cancer and non-cancer
risks.

During the practical excavation activities, VOCs
followed the dispersion of non-continuous air pol-
Iution plumes (Oliveri Conti et al., 2017), and their

40.0 - - 0.10
35.0 1 Ha
y=0.9046x +1.5922  HH - 0.08
30.0 1 R*=0.9959
I’I x
g 2507 L 0.06 &
z s
= <
% 20.0 - 5
Q 15.0 - F 0.04 E
10.0 4 y =0.002x +0.0015
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Fig. 5 Positive relationship between photo-ionization detector
(PID) data and cancer/non-cancer risks. Squares are PID meas-
urement data and risk model prediction; dashed and solid line
represents regressions of non-cancer and cancer risks, respec-
tively

Table 3 Criteria and control measures of different risk areas

synergistic health risks were hard to predict. The
gold-standard calculation and assessment of the can-
cer and non-cancer risks were based on SPA and
TD-GC/MS analysis of the major pollutants, which
was a labor- and time-consuming technique (Lu et al.,
2021). Many environmental factors, like the site
topography, temperature, wind direction, and weather
conditions, were variable, causing the uncertainties in
human health risk evaluation (Xu et al., 2021a). From
the results of this study, the PID technique was feasi-
ble to apply for rapid measurement and evaluation for
the real-time health risks of total VOCs.

Criteria and control measures of different risk areas

Further actions for site risk management and control
could be also suggested on the basis of PID data and
risk areas, as listed in Table 3. Mild-risk area was
identified with PID data less than 10 ppm, cancer risk
less than 0.02, and non-cancer risk less than 10. The
suggested simple protections included safety shoes,
helmets, protective glasses, safety vests, construction
gloves, and facemasks with adsorbent cartridges (Ari
et al., 2022). The unprotected allowed access time
was recommended as less than 8 h. For moderate-risk
area, PID data ranged from 10 to 40 ppm, whereas
the cancer and non-cancer risks were from 0.02 to
0.1 and 10 to 40, respectively. Besides the actions in
the mild-risk area, further protections, like positive
pressure respirators, disposable protective clothing,
and earplugs, were recommended (Xuan et al., 2021).
The unprotected allowed access time was suggested
for no more than 60 min in this area. Heavy-risk sites
exhibited PID data exceeding 40 ppm, cancer risk
above (.10, and non-cancer risk above 40. In this

Risk areas Critical concentration by PID Personal protective equipment Unprotected
allowed access
time

Mild-risk <10 ppm Safety shoes, helmets, protective glasses, safety vests, construction Less than 8 h

gloves, and masks

Moderate-risk 10 ppm to 40 ppm

Overall positive pressure respirators, disposable protective cloth-

Less than 60 min

ing, safety shoes, helmets, safety vest, earplugs (if required),
protective glasses, and construction gloves

Heavy-risk >40 ppm

Immediately stop operation, evacuation of staff, to take measures

Less than 15 min

to reduce pollutant concentration until pollutant concentrations
restore to an acceptable level
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region, there were high health risks and the unpro-
tected allowed access time was restricted for less than
15 min. Moreover, the peaks of VOCs occurring in
the dominant wind direction (Fig. 4) also required
extra attention to minimize their risk to human
health. In this case, the excavator operation should be
stopped immediately for rapid response to mitigate
VOC release until VOC levels dropped to the accept-
able level. The appropriate mitigation activities were
suggested as forced ventilation or spraying inhibitors
(Bhat et al., 2021; Caron et al., 2020), and continu-
ous PID measurement was suggested to monitor the
variable total VOCs until they were less than 40 ppm.
This work used PID data to determine areas of dif-
ferent risks with a single point emission, and future
work should focus on multiple emission sources with
the aid of both PID on-site measurement and VOCs
emission models (Table 4).

Conclusion

This study addressed the control measures of human
health risks caused by volatile organic compounds
released by remediation excavation at an organic chem-
ical contaminated site. A fast analytical method was
developed using a photo-ionization detector to rap-
idly assess volatile organic compound contamination
range and human health risks. Compared with time-
consuming analytical methods of solid-phase adsorp-
tion and thermal desorption gas chromatography—mass
spectrometry and model predictions, data from online
photo-ionization detector successfully visualized the
real-time contamination of total volatile organic com-
pounds and fitted well with the human health risk
distribution obtained by gas chromatography—mass
spectrometry and model simulation. Photo-ionization
detector simplified the identification of total volatile
organic compound contamination, enabled rapid assess-
ment of human health risks, and provided the feasibil-
ity of site management and rapid protection response
at remediation excavation sites. In future research,
photo-ionization detector can be applied to rapidly
identify volatile organic compounds and semi-volatile
organic compounds at the excavation site during in situ
remediation processes at organic contaminated sites,
such as coke fields and gas stations. In addition, some
attempts can also focus on post-remediation assessment
of contaminated sites using photo-ionization detector

@ Springer

to evaluate the long-term risks. Considering other key
atmospheric contaminants at excavation remediation
sites, particulate matters that possess risks to human
health should also be addressed for their potential
synergistic effects with volatile organic compounds in
rapid assessment of human health risks.
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