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Abstract
Benzene is one of the most common occupational hazards in the working environment which was in the list of group 1 car-
cinogens. This study applied four occupational health risk assessment models: EPA model; MOM model of Singapore; the 
International Council on Mining and Metals (ICMM) model, and the Technical guide WS/T 777–2021 of China. The models 
assessed both non-carcinogenic and carcinogenic effects of benzene for 1629 employees in 50 factories in Jiangsu Province 
(China) who were exposed to benzene in the working environment and analysis the risk between industries by principal com-
ponent analysis (PCA) method. The highest occupational health hazard of benzene among the five industries is petroleum 
processing industry, then followed by chemical products manufacturing industry, special equipment manufacturing industry, 
wood processing and products industry, and at last the pharmaceutical manufacturing industry. The population of abnormal 
routine blood parameters in the subjects was mostly in the “wood products industry” group, and the concentration of benzene 
in “wood products industry” group is the lowest in 5 groups. The industries with low exposure concentration have higher blood 
abnormality rates; this may be caused by the fact that blood damage is more secretive under low occupational health risk.
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Introduction

Benzene is an aromatic hydrocarbon with the simplest struc-
ture. As a common organic solvent, benzene is widely used 
in industry. In the working environment, workers could be 

exposed to benzene in industries involving paint or pet-
rochemicals (Burns et al. 2017). Due to the volatility of 
benzene, workers exposed to benzene mainly absorb ben-
zene through the respiratory system. In addition, percuta-
neous absorption is also an important way for the body to 
absorb benzene when the worker expose to benzene vapor 
(Hostynek et al., 2012).The toxic mechanism of benzene 
is not fully understood. But it is generally believed that 
the toxicity of benzene is caused by its metabolites in vivo 
(Smith et al. 2011). According to the classification of the 
International Agency for Research on Cancer (IARC), ben-
zene has been identified as a human carcinogen (Baan et al. 
2009). There is already solid evidence suggest that even low-
level occupational benzene exposure has hematotoxicity for 
employees (Ward et al. 1996). A study of 25,000 oil industry 
workers have suggested that low levels of long-term benzene 
exposure are associated with lymphohematopoietic cancers, 
including myeloid leukemia (AML), multiple myeloma 
(MM), and chronic lymphocytic leukemia (CLL) (Stenehjem 
et al., 2015). Although studies have shown that benzene is 
not associated with childhood acute lymphoblastic leukemia 
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(ALL), exposure to benzene is associated with a higher risk 
of childhood AML when compared with child without ben-
zene exposure (Janitz et al. 2017; Raaschou-Nielsen et al. 
2018). But it is worth mentioning that if mothers exposed to 
benzene during pregnancy, this could increases the risk of 
childhood ALL (Zhou et al. 2014). Moreover, there are also 
reports that other cancers besides leukemia such as colorec-
tal cancer, breast cancer, and skin cancer are associated with 
occupational benzene exposure of workers (Costantini et al. 
2009; Stenehjem et al. 2017; Talibov et al. 2018). In addi-
tion to various researches reported the carcinogenicity of 
benzene, benzene has also been found to be related to other 
human diseases. It is reported that occupational benzene 
exposure could contribute to increased incidence of chro-
mosome-defective sperm in male worker which indicated 
that benzene may have reproductive toxicity (Marchetti 
et al. 2012). Moreover, the most recent animal studies have 
found that exposure to benzene can cause insulin resistance 
in mice, which suggested that benzene may be one of the 
predisposing factors for diabetes and cardiovascular disease 
(Abplanalp et al. 2019).

Occupational exposure limits (OELs) play an important 
role in the risk assessment process (Maier et al. 2015). The 
OELs in China stipulates that the 8-h time-weighted average 
allowable concentration of benzene is 6 mg/m3. The OELs 
in the USA was 8-h time-weighted average (TWA) allow-
able concentration of benzene is 3.25 mg/m3.Although many 
organizations or institutions have defined OEL for benzene, 
there are still reports that workers in some countries and 
regions have exposed benzene more than the correspond-
ing OEL (Akerstrom et al. 2016; Chung et al. 2010). How-
ever, research has suggested that even low levels of benzene 
exposure can have an impact on workers’ health (Stenehjem 
et al., 2015). Therefore, it is necessary to conduct health 
risk assessment on workers exposed to benzene. Health risk 
assessment is a qualitative or quantitative assessment of 
occupational harmful factors in the workplace, estimating 
the health damage that these occupational harmful factors 
may cause to workers, and assessing the possibility of health 
damage (Cai et al. 2018). The implementation of health risk 
assessment can provide a scientific basis for predicting the 
long-term effects of occupational harmful factors and for-
mulating prevention and control strategies.

In this study, health risk assessment for workers was con-
ducted by using the US National Environmental Protection 
Agency (EPA) inhalation risk assessment model, Singapore 
Ministry of Manpower (MOM) model, the International 
Council on Mining and Metals (ICMM) model, and the 
Technical guide for environmental health risk assessment 
of chemical exposure (WS/T 777–2021). The US National 
EPA inhalation risk assessment model and the Technical 
guide for environmental health risk assessment of chemical 
exposure (WS/T 777–2021) are quantitative risk assessment 

method that can be applied to assess the health risks of vari-
ous industries with chemical poisons. The main process of 
EPA inhalation risk assessment model is the estimation of 
exposure concentration, carcinogenic and non-carcinogenic 
risk assessment (USEPA 2009). The ICMM and The Sin-
gapore semi-quantitative risk assessment model (MOM) is 
based on the hazard grade data, dose–response relationship 
and exposure grade. After comprehensive analysis, it con-
ducts a semi-quantitative risk assessment grade of occupa-
tional exposure to the workers according to the risk matrix 
assessment formula (risk assessment = HR × ER).

Many studies have conducted risk assessments on the 
benzene exposure of the general population in the living 
environment in different country or regions (De Donno 
et al. 2018; Hu et al. 2018; Masih et al. 2018). However, the 
health risk assessment of benzene exposure for the occu-
pational population is mainly concentrated in petroleum-
related workplaces such as gas stations (Chaiklieng et al. 
2019; Edokpolo et al. 2014). There are not many studies 
on occupational populations in other industries. This study 
intended to collect the benzene concentration monitoring 
data of benzene sentinel monitoring enterprises in Jiangsu 
Province and the occupational health examination data of 
benzene workers, evaluate the exposure level and health con-
dition of benzene exposed occupational populations of dif-
ferent industries in Jiangsu Province. By using the 4 models 
above to conduct carcinogenic and non-carcinogenic risk 
assessments on benzene workers, the effects of occupational 
hazards are predicted, thereby protecting the health of work-
ers exposed to benzene.

Materials and methods

Subjects and material

The subjects of this study were the sentinel monitoring of 
benzene-related enterprises in Jiangsu Province China, and 
all the employees who are exposed to benzene in these enter-
prises. Finally, this study included 50 factories that used 
benzene in the production process. There were 1629 work-
ers included in this article exposed to the benzene working 
environment in these factories.

The monitoring data of benzene concentration in the 
working environment of these enterprises, the benzene expo-
sure history of workers, and occupational health examination 
data were collected from the database of Jiangsu Provincial 
Center for Disease Control and Prevention.

All the subjects participated in the occupational health 
examination conducted by the Jiangsu Provincial Center for 
Disease Control and Prevention. The examination results 
including white blood cells (WBC), neutrophils (Neut), and 
platelets (PLT). According to China Diagnostic Standards 
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for Occupational Benzene Poisoning (GBZ68-2013), if one 
of the conditions of WBC < 4 × 109/L or WBC > 10 × 109/L, 
NEUT < 2 × 109/L or NEUT > 7 × 109/L, PLT < 100 × 109/L 
or PLT > 300 × 109/L, Hb < 120 × 109/L or Hb > 160 × 109/L 
for men and Hb < 110 g/L or Hb > 150 g/L for women, 
RBC < 4.0 × 1012/L or Hb > 5.0 × 1012/L for men and 
Hb < 3.5 × 1012/L or Hb > 5.0 × 1012/L for women is met, it 
is regarded as routine blood parameters is abnormal.

Methods

Occupational health investigation and detection

The concentration of benzene in the working environment 
was measured according to the Chinese standard (GBZ/T 
160. 42—2007 Determination of aromatic hydrocarbons in 
the air of Workplaces Aromatic Hydrocarbons) by solvent 
analysis-gas chromatography, and the results are converted 
into eight-hour time weighting average allowable concen-
tration. The OELs in China stipulates that the eight-hour 
time-weighted average allowable concentration of benzene 
is 6 mg/m3. According to the OELs, determine whether 
the concentration of benzene in the workplace exceeds the 
standard.

Occupational health risk assessment

Four health risk assessment for workers was conducted 
by using the US National EPA inhalation risk assessment 
model, Singapore MOM model, the ICMM, and the Tech-
nical guide for environmental health risk assessment of 
chemical exposure (WS/T 777–2021). They were used to 
evaluate carcinogenic and non-carcinogenic risks of ben-
zene workers. Four methods and processes were described 
in this paper.

1.	 EPA

In this study, the US National EPA inhalation risk assess-
ment model was used to perform carcinogenic and non-car-
cinogenic risk assessments for benzene workers. The model 
can be used as a risk assessment for occupational diseases 
such as tumors, acute and chronic chemical poisoning 
(USEPA 2009). The main process was estimating the ben-
zene exposure concentration and assessing the carcinogenic 
and non-carcinogenic risks.

The exposure concentration is calculated based on the 
time-weighted average concentration (CTWA) measured in 
the air and the time characteristics of the exposure. The esti-
mated formula is EC = (CA × ET × EF × ED)/AT, where EC 
is the exposure concentration, and the unit is μg/m3; CA is 
the concentration of harmful substances in the air, and the 
unit is μg/m3; ET is the duration of daily exposure, and the 

unit is h/day; EF is the frequency of exposure, and the unit 
is days/year; ED is the exposure experience, and the unit is 
year; AT is the average time of the contact cycle, and the unit 
is h. The average contact cycle time between carcinogenic 
risk assessment and non-carcinogenic risk assessment is dif-
ferent. In the carcinogenic risk assessment model, AT = life 
expectancy (years) × 365 days/year × 24 h/day, and in the 
non-carcinogenic risk assessment model, AT = exposed ser-
vice life (ED) × 365 days/year × 24 h/day. According to the 
Jiangsu Statistical Yearbook 2018, the average life expec-
tancy of the population in Jiangsu Province is 77.5 years.

The carcinogenic risk was determined by calculating the car-
cinogenic risk interval. The formula is Risk = IUR × EC, where 
Risk is the carcinogenic risk value, IUR is the inhalation risk 
unit, and EC is the exposure concentration. The IUR of benzene 
can be found in EPA’s Integrate Risk Information System (IRIS) 
database, which is (2.2–7.8) × 10−6 (µg/m3)−1 (Lamplugh et al. 
2019). The carcinogenic risk interval is compared with the life-
time carcinogenic risk value of individuals. If the upper limit of 
the carcinogenic risk interval of benzene-exposed workers is less 
than 1 × 10−6, the subject is considered to have no cancer risk; if 
the lower limit of the interval is greater than 1 × 10−4, the subject 
is considered to be at high risk; and if the upper and lower limits 
of the interval are between 1 × (10−6–10−4), it is considered that 
the subject was at low risk (Lamplugh et al. 2019).

The non-carcinogenic risk is determined by calculating 
the value of the hazard quotient. The calculation formula is 
HQ = EC/Rfc, where HQ is the hazard quotient, EC is the 
exposure concentration, and Rfc is the reference value for 
inhalation toxicity. It is also queried from the US IRIS data-
base. The Rfc of benzene is 3 × 102 mg/m3. The non-carci-
nogenic risk of benzene is mainly represented by a decrease 
in the WBC count. The hazard quotient is limited to 1. If the 
value of the hazard quotient is greater than or equal to 1, it is 
considered to be a high risk, and if the value is less than 1, it 
is considered to be in a safe range and consider as low risk.

2.	 MOM

The Singapore Ministry of Manpower (MOM) semi-
quantitative risk assessment model is based on the hazard 
grade data, dose–response relationship, and exposure grade. 
After comprehensive analysis, it conducts a semi-quantita-
tive risk assessment grade of occupational exposure to the 
workers according to the risk matrix assessment formula 
(risk assessment = HR × ER), where HR represents hazard 
level and ER represents exposure level.

Calculation of weekly exposure levels (E)

where E is the weekly exposure mass concentration (mg/m3); 
F is the exposure frequency (times/week); D is the average 

E = (F × D ×M)∕W.
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duration of each exposure (h); M is the exposure mass con-
centration (mg/m3); W is the average working hours per 
week (40 h).

Determination of hazard level (HR)  The hazard classification 
of chemicals can be divided by toxicity of the chemicals. 
The hazard classification is usually divided into 5 levels: no 
risk (grade 1); low risk (grade 2); moderate risk (grade 3); 
high risk (grade 4); extreme risk (grade 5).

Determining of exposure level (ER)  The determination of 
exposure level should be first evaluated according to the 
formula E = F × D × M/W. E is the weekly TWA exposure 
level (PPM or mg/m3); F is the weekly exposure frequency; 
D is the average exposure time (h); M is the air detecting 
concentration (PPM or mg/m3); W is the average working 
time per week (40 h). The exposure level was determined by 
comparing the weekly time-weighted average exposure level 
(E) with the long-term occupational exposure limit (PEL).

Grading and evaluation  After obtaining the HR and ER of 
benzene, grade evaluation was carried out according to the 
formula. If the air monitoring concentration is lower than 
1.2 mg /m3, it shall be calculated as 1.2 mg/m3, and the 
working time of 5–6 h per day shall be calculated as 6 h. 
The 6-person rotating position will be calculated by 1.5 h.

3.	 ICMM

ICMM model was used to calculate the risk level of 
benzene; the formula was RR = C × PrE × PeE × U. C is the 
occupational health consequences, according to the degree 
of harm: unlikely to cause health effects assignment 1; 
reversible health effects that are not life-threatening assign-
ment 15; permanent adverse health effects that do not sig-
nificantly affect quality of life and longevity assignment 50, 
such as mild functional limitation or disability; permanent 
adverse health effects that may lead to a significant decrease 
in quality of life and/or life span assignment 100. PrE is 
exposure probability, which is assigned according to the 
possibility of exceeding the occupational exposure limit 
(OEL) as a result of testing: < 50% OEL is assignment 3; 
50 ~ 100% OEL is assignment 6; ≥ 100% OEL is assignment 
10. PeE is exposure time, and the value of exposure once a 
year is assignment 0.5; the number of exposures per year is 
assignment 1; exposure times per month is assignment 2; 
continuous exposure for 2 to 4 h per shift is assignment 6; 
continuous exposure for 8 h per shift is assignment 10. U is 
the uncertainty parameter: certainty is assignment 1; uncer-
tain is assignment 2; very uncertain is assignment 3. Risk 
grades are divided according to RR: RR < 20 is tolerable 
risk; 20 ~ 70 is potential risk; 70 ~ 200 is high risk; 200 ~ 400 

is very high risk; ≥ 400 is unacceptable risk (Mining and 
Metals, 2017).

4.	 The Technical guide for environmental health risk 
assessment of chemical exposure (WS/T 777–2021)

The exposure of inhalation of benzene  The exposure of 
inhalation of benzene of general adults is calculated by the 
following formula:

where ADD is the daily exposure (mg/m3); C is the concen-
tration of benzene in the air (mg/m3); EF is the exposure 
frequency (day/a); ED is the exposure period (a); ET is the 
exposure time (h/day); AT is the mean time (h), the number 
of hours corresponding to ED for non-carcinogenic effects; 
613,200 (hours of 70 years) for carcinogenic effects.

Quantitative of risk  Non-carcinogenic risk:
Non-carcinogenic risk by inhalation was calculated by 

the following formula:

where HQ is the non-carcinogenic risk; ADD is the daily 
exposure (mg/m3); Rfc is the reference concentration (mg/
m3).

Carcinogenic risk:
Carcinogenic risk by inhalation (CR) was calculated by 

the following formula:

where CR is the carcinogenic risk; ADD is the daily expo-
sure (mg/m3); IUR is the unit of inhalation risk (m3/μg); CF 
is the conversion factor, 1000 μg/mg.

Risk level  Non-carcinogenic risk:

HQ ≤ 1: indicates that exposure does not exceed the 
adverse reaction threshold and the non-carcinogenic 
risk is low.
HQ > 1: indicates that the exposure exceeds the thresh-
old and the non-carcinogenic risk is high, which should 
be concerned.

Carcinogenic risk:

CR = 1.0 × 10−6 means that 1 in 1 million people is likely 
to develop cancer.

ADD =
C × EF × ED × ET

BW × AT

HQ =
ADD

RfC

CR = ADD × IUR × CF
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CR < 1.0 × 10−6 indicates a lower risk of cancer. CR is 
1.0 × 10−6 ~ 1.0 × 10−4, which has a certain risk of cancer 
and should be paid attention. CR > 1.0 × 10−4 is associ-
ated with high risk of cancer and should be paid close 
attention (National Health Commission 2021).

Statistical analysis

All statistical analyses were performed using SPSS software 
(SPSS23.0, IBM, Chicago, USA). The categorical variables 
were expressed as percentages and analyzed by the bilateral 
chi-square test or Fisher’s exact probability method. Contin-
uous variables were expressed as mean ± standard deviation 
and analyzed by rank-sum test, t-test, or one-way ANOVA.

Then mark the original data standardization (Z-score 
method) by SPSS, getting new data, and then we did the 
principal component analysis by KMO test and Bartlett 
sphere test method to test the applicability of PCA analysis.

Results

General information

The basic information of the subjects is shown in Table 1. 
There are statistical differences in the age, gender, benzene 
exposure years, and benzene exposure concentration of the 
five groups we divided. The group “Pharmaceutical” had 
the largest average age, and the benzene exposure age in 
“Special equipment” group is the biggest. “Chemical” group 
has the highest benzene exposure concentration (Table 1). 
Then, we analyzed the routine blood parameters of benzene-
exposed workers in the five groups, and listed the abnor-
mal routine blood parameters with abnormal low value and 
high value respectively, the difference of the abnormal PLT 

counts and abnormal RBC counts in five industries was not 
statistically significant (Table 2).

WBC counts: the proportion of the workers with abnor-
mal white blood cell count among the study objects was sig-
nificantly higher in the wood products industry and chemical 
products manufacturing industry than the other three groups 
(p < 0.05). Neut counts: the proportion of the workers with 
abnormal neutrophilic granulocyte count among the study 
objects was significantly higher in the wood products indus-
try and special equipment industry groups than that of the 
other three groups (p < 0.05). Hb counts: the proportion of 
the workers with abnormal Hemoglobin count among the 
study objects was significantly higher in the Wood prod-
ucts industry than that of the other four groups (p < 0.05, 
Table 3).

Results of occupational health risk assessment 
for benzene workers

EPA model

The results of EPA risk assessment showed that 53 (3.25%) 
of the 1629 subjects enrolled in this study were at high car-
cinogenic risk, and the average carcinogenic risk range is 
1.087–3.856 × 10−6, subjects with high carcinogenic risk 
are mainly in pharmaceutical manufacturing, followed by 
chemical products manufacturing and special equipment 
manufacturing industry. The remaining 1576 (96.75%) sub-
jects were assessed as no carcinogenic risk, and the average 
cancer risk range is 0.029–0.102 × 10−6.

The non-carcinogenic risk of benzene can be assessed 
by calculating the HQ value. HQ ≥ 1 is considered as high 
risk, HQ < 1 is considered as low risk (Fig. 1). The result 
shows that 87.54% of the subjects had low risk of non-car-
cinogenic, and the average non-carcinogenic risk is 0.435, 
and 12.46% of the subjects had HQ > 1and the average 

Table 1   Basic information of workers exposed to benzene

a Chemical raw materials and chemical products manufacturing
b Wood processing and wood, bamboo, rattan, palm, and grass products industry
c Petroleum, coal, and other fuel processing industries
d Special equipment manufacturing industry
e Pharmaceutical manufacturing

Variable Chemicala Woodb Petroleumc Pharmaceuticald Special equipmente p

N 482 485 317 152 193
Age (years), mean ± SD 45.41 ± 9.47 44.26 ± 9.73 43.40 ± 8.98 46.29 ± 8.28 41.66 ± 9.74  < 0.001
Gender, n (%)  < 0.001
  Male 376 (78.0) 209 (43.1) 274 (77.9) 131 (86.2) 110 (57.0)
  Female 106 (22.0) 276 (56.9) 70 (22.1) 21 (13.8) 83 (43.0)
Benzene exposure year (years), mean ± SD 6.67 ± 7.52 5.39 ± 5.40 5.82 ± 4.28 3.95 ± 3.24 8.12 ± 7.91  < 0.001
Benzene exposure concentration (mg/m3) 1.62 ± 4.45 0.66 ± 0.74 1.12 ± 1.21 0.97 ± 0.71 0.84 ± 0.91  < 0.001
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non-carcinogenic risk is 5.746, more than 1. subjects with 
high non-carcinogenic risk are mainly in pharmaceutical 

manufacturing, followed by chemical products manufac-
turing and special equipment manufacturing industry, then 
wood processing industry and petroleum, coal and other 
fuel processing industries (Fig. 2). It can be seen that the 
distribution of carcinogenic and non-carcinogenic risk lev-
els in the industry can remain consistent.

Then the results of health risk assessment by five indus-
try groups were pairwise compared: the carcinogenic risk 
of chemical manufacturing and special equipment manu-
facturing groups in EPA model was significantly higher 
than that of the other three groups (p < 0.05). Non-carci-
nogenic health risks were significantly higher in the spe-
cial equipment manufacturing group than in the other four 
groups (p < 0.05, Supplementary Table 2).

Table 2   Abnormal routine blood parameters of benzene-exposed workers in different industries

WBC white blood cell, Neut neutrophilic granulocyte, Hb hemoglobin, PLT blood platelet count, RBC red blood cell

Industry category Chemical Wood Petroleum Pharmaceutical Special equipment χ2/F p

Abnormal WBC (%) 28 (5.8) 73 (15.1) 20 (6.3) 3 (2.0) 21 (10.9) 41.022  < 0.001
Low WBC counts (%) 17 (3.5) 66 (13.6) 12 (3.8) 1 (0.7) 13 (6.7) 58.046 0.000
High WBC counts (%) 11 (2.3) 7 (1.4) 8 (2.5) 2 (1.3) 8 (4.1) 5.382 0.250
WBC counts (mean ± SD) 6.17 ± 1.49 5.62 ± 1.61 6.19 ± 1.60 6.74 ± 1.45 6.27 ± 1.74 18.727 0.000
Neutb, n (%) 20 (4.1) 50 (10.9) 20 (6.3) 7 (4.6) 11 (6.2) 18.836 0.001
Low Neut counts, (%) 12 (2.5) 46 (9.5) 9 (2.8) 3 (2.0) 5 (2.6) 37.633 0.000
High Neut counts, (%) 8 (1.7) 4 (0.8) 11 (3.5) 4 (2.6) 6 (3.1) 8.603 0.072
Neut counts (mean ± SD) 3.70 ± 1.16 3.34 ± 1.26 3.81 ± 1.35 3.97 ± 1.22 3.80 ± 1.38 11.325 0.000
Hb, n (%) 48 (10.0) 100 (21.7) 43 (13.6) 8 (5.3) 27 (14.0) 38.889  < 0.001
Low Hb counts (%) 15 (3.1) 73 (15.1) 8 (2.5) 6 (3.9) 6 (3.1) 79.471 0.000
High Hb counts (%) 33 (6.8) 27 (5.6) 35 (11.0) 2 (1.3) 21 (10.9) 20.695 0.000
Hb counts (mean ± SD) 141.34 ± 15.45 131.56 ± 20.94 140.53 ± 15.16 139.66 ± 12.78 141.39 ± 17.12 24.741 0.000
PLT, n (%) 28 (5.8) 31 (6.4) 15 (4.7) 10 (6.6) 11 (5.7) 1.136 0.888
Low PLT counts (%) 4 (0.8) 9 (1.9) 5 (1.6) 0 (0.0) 4 (2.1) 4.868 0.301
High PLT counts (%) 29 (6.0) 24 (4.9) 10 (3.2) 10 (6.6) 7 (3.6) 4.944 0.293
PLT counts (mean ± SD) 219.97 ± 52.61 202.70 ± 60.44 195.97 ± 52.43 211.53 ± 56.35 203.12 ± 55.75 10.815 0.000
RBC, n (%) 27 (5.6) 40 (8.2) 25 (7.9) 9 (5.9) 15 (7.8) 3.348 0.501
Low RBC counts (%) 9 (1.9) 21 (4.3) 2 (0.6) 4 (2.6) 1 (0.5) 16.218 0.003
High RBC counts (%) 18 (3.7) 19 (3.9) 23 (7.3) 5 (3.3) 14 (7.3) 9.408 0.52
RBC counts (mean ± SD) 4.71 ± 0.49 4.49 ± 0.54 4.80 ± 0.45 4.69 ± 0.43 4.73 ± 0.50 22.897 0.000
Abnormal blood parameter (%) 102 (21.2) 187 (38.6) 85 (26.8) 27 (17.8) 60 (31.1) 46.650 0.000

Table 3   Abnormal routine blood parameters of benzene-exposed workers in different industries

Industry category Chemical (p) Wood (p) Petroleum (p) Pharmaceutical (p) Special equipment (p)

Blood Parameters WBC Neut Hb WBC Neut Hb WBC Neut Hb WBC Neut Hb WBC Neut Hb

Chemical - - - 0.000 0.000 0.000 0.771 0.171 0.116 0.056 0.808 0.075 0.022 0.267 0.132
Wood - - - - - - 0.000 0.028 0.004 0.000 0.021 0.000 0.153 0.073 0.022
Petroleum - - - - - - - - - 0.042 0.458 0.007 0.066 0.967 0.892
Pharmaceutical - - - - - - - - - - - - 0.001 0.522 0.008
Special equipment - - - - - - - - - - - - - - -

Fig. 1   EPA carcinogenic health risk assessment
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Methods of Technical guide for environmental health risk 
assessment of chemical exposure (WS/T 777–2021)

The results of risk assessment by method of WS/T 777–2021 
showed that 71 (4.36%) of the 1629 subjects enrolled in this 
study were at high carcinogenic risk, and the average car-
cinogenic risk range is 76.84–272.43 × 10−6, subjects with 
high carcinogenic risk are mainly in chemical products 
manufacturing, followed by special equipment manufactur-
ing industry;1558(95.64%) subjects were assessed as “exist-
ing carcinogenic risk,” and the average cancer risk range is 
6.273–22.240 × 10−6 (Fig. 3).

The non-carcinogenic risk of benzene can be assessed by 
calculating the HQ value. HQ ≥ 1 is considered as high risk, 
HQ < 1 is considered as low risk.

The result shows that 1621 (99.51%) workers had low 
risk of non-carcinogenic, and the average non-carcinogenic 
risk (HQ) is 0.116, and 8 (0.49%) workers had HQ > 1, the 
average non-carcinogenic risk is 4.046, more than 1. Sub-
jects with high non-carcinogenic risk are mainly in chemical 
manufacturing industries (Fig. 4).

Then, the results of health risk assessment (WS/T 
777–2021) by five industry groups were pairwise com-
pared: The carcinogenic risk of Chemical manufacturing 
was significantly higher than that of the other four groups 
(p < 0.05), followed by Special equipment manufactur-
ing which was significantly higher than that of the other 
three groups (p < 0.05); non-carcinogenic health risks were 
significantly higher in the chemical manufacturing group 

than in the wood products industry and petroleum process-
ing industry groups (p < 0.05), and the difference was not 
statistically significant compared with the other two groups 
(Supplementary Table 4).

MOM model

As the result of MOM health risk assessment, 1206 (74.03%) 
of the 1629 subjects enrolled in this study were at high risk 
(grade 4), and the average range of carcinogenic risk R is 
1.374; and 423 (25.97%) were at extreme risk (grade 5) and 
the average range of carcinogenic risk R is 3.524. Subjects 
with extreme risk (grade 5) are mainly in pharmaceutical 
manufacturing, followed by wood processing industry, 
chemical products manufacturing, and special equipment 
manufacturing industry (Fig. 5).

Then the results of health risk assessment (MOM) by five 
industry groups were pairwise compared: the carcinogenic 
risk of petroleum, pharmaceutical, and special equipment 
industries was significantly higher than that of the other two 
groups (p < 0.05, Supplementary Table 6).

ICMM model

The results of ICMM showed that there were significant dif-
ferences in occupational health risk levels among the five 
groups (p < 0.05, Table 4).

Fig. 2   EPA non-carcinogenic health risk assessment

Fig. 3   WS/T 777–2021 carcinogenic health risk assessment

Fig. 4   WS/T 777–2021 non-carcinogenic health risk assessment

Fig. 5   MOM health risk assessment
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Results of PCA of the four occupational health risk 
assessment models

Process of PCA

As the result of principal component analysis, the first 2 
principal components explained the 94.569% of the total 
variance, which means that these 2 principal components 
extracted can represent 94.569% of the information of the 
original 8 risk indicators, and it is certainty to evaluate the 
occupational health risks of benzene by the extracted prin-
cipal components. Therefore, two principal components are 
extracted, namely y1 and y2.

The KMO value is 0.845, indicating that there is a cer-
tain correlation between the indicators. The result of Bartlett 
sphere test is 82,882.156, and the Sig value is 0.00 (Supple-
mentary Table 7), indicating that the rejection of correlation 
coefficient is a unit matrix, that is, each index is correlated. 
Both test results indicate that the data is applicable to the 
factors (Xiaojun 2016).

Calculation of the principal component coefficient

According to the two principal component coefficients 
(Table 5), the linear combination of y1 and y2 is obtained:

According to the comprehensive score, the highest occu-
pational health hazard of benzene among the five industries 
is Petroleum, coal and other fuel processing industries, then 

y1 = 0.375X
1
+ 0.375X

2
+ 0.375X

3
+ 0.354X

4

+0.345X
5
+ 0.345X

6
+ 0.344X

7
+ 0.310X

8

y2 = −0.212X
1
− 0.212X

2
− 0.211X

3
− 0.331X

4

+0.455X
5
+ 0.455X

6
+ 0.455X

7
− 0.369X

8

followed by chemical products manufacturing industry, spe-
cial equipment manufacturing industry, wood processing 
and wood products industry, and at last the pharmaceutical 
manufacturing industry (Fig. 6).

Discussion

The EPA model and the GB777 assessment method both 
involve carcinogenic and non-carcinogenic risk assessment, 
so the consistency of the results of these two models was 
compared. According to the analysis of EPA model and 
WS/T 777–2021 assessment method, it can be seen that 
the distribution of carcinogenic and non-carcinogenic risk 
grades obtained by the two models can be basically consist-
ent within the industries. The risk assessment result R of 
ICMM model is divided into four levels, and the risk of Sin-
gapore MOM model is divided into five levels, which cannot 
be directly compared. In order to make the risk levels by 
different models comparable, risk ratio (RR) is introduced, 
which is the ratio of the risk level assessed by a model and 
the highest risk level of the model. RR refers to the rela-
tive risk level, and RR > 0.5 determines that the risk level is 
above medium risk. However, all RR values calculated by 
the ICMM model were considered as intolerable risk (grade 
4) in the subjects we studied. The risk assessment level of 
MOM and ICMM is not completely consistent. MOM can 
more objectively and accurately assess the occupational 
health risk level of benzene exposure in benzene-related 
industries. In addition, among the occupational health risk 
assessment results of benzene related enterprises obtained 
by the four models, all reflect that pharmaceutical manu-
facturing has the highest level of occupational health risk, 

Table 4   Results of ICMM health risk assessment of workers in different industries

Industry category Chemical Wood Petroleum Pharmaceutical Special equipment F p

potential risk (grade 1) 0 0 0 0 0
High risk (grade 2) 0 0 0 0 0
Very high risk (grade 3) 0 0 0 0 0
Intolerable risk (grade 4) 482 485 317 152 193
RR (mean ± SD) 551 ± 285 467 ± 85 562 ± 195 450 ± 0 471 ± 95 24.782 0.000

Table 5   Principal component 
score and comprehensive score

Industry category y1 y2 Comprehensive score Rank

Chemical 212.194832 237.839744 225.017288 2
Wood 169.977628 206.905123 188.4413755 4
Petroleum 209.046028 246.693954 227.869991 1
Pharmaceutical 168.279594 196.881089 182.5803415 5
Special equipment 174.053956 207.314956 190.684456 3
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followed by chemical raw materials and chemical products 
manufacturing and special equipment manufacturing indus-
try, wood processing industry, and petroleum industry. The 
reliability of the model was verified by evaluating the con-
sistency between the RR obtained by each model and the 
IR of the industry. The chemical products manufacturing, 
petroleum processing industries, wood processing, and prod-
ucts industry, special equipment manufacturing industry, and 
pharmaceutical manufacturing industry were selected as the 
typical industries for this study based on their inherent risks 
(IRs). The IRs of industries were directly obtained from a 
normative document formulated by a government depart-
ment in China (namely, the “Management catalogue of occu-
pational hazard risk classification for construction projects” 
issued by the State Administration of Work Safety of China). 
According to the document, the five industries were classi-
fied as “severe “which is consistent with the findings of the 
health risk assessment models in this paper.

In this study, the minimum concentration of benzene in 
50 factories is 0.2 mg/m3, and the maximum concentration is 
32.3 mg/m3 which located in chemical industries. there were 
35 monitoring sites where benzene concentration monitoring 
exceeds China’s OELs, and these 35 monitoring sites are all 
in “chemical raw materials and chemical products manufac-
turing” industry. The result suggested that the benzene con-
centration in the “chemical product manufacturing industry 
group was the highest, and the “wood products industry” 
group was the lowest in five industry groups, but the popu-
lation of abnormal routine blood parameters of the 1629 
subjects was mostly in the “wood products industry” group, 
the industry with low exposure concentration have higher 
blood abnormality rates. Some studies (Koh et al. 2015) 
suggested that if a worker showed an abnormal cell count, 
the worker may have been transferred to a less exposed or 
non-exposed department; we did not rule out that this is one 
of the cause of the high abnormal blood routine parameters 

Fig. 6   A Score plots of PCA for the risk value (R) of 5 groups. B The distribution and correlation between the risk value (R) in the vector space. 
C The eigenvalues against the component. D The proportion of variance of the 8 principal components
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in the low benzene exposure group. Study found that among 
the industrial sources of PAHs, the coking industries is the 
most serious PAH emission industry (Ravindra et al. 2008). 
So, the petroleum, coal, and other fuel processing industries 
is highly risky, which is known to state regulators; because 
of the highest benzene exposure, and prone to lead to acute 
blood damage, companies and countries pay more attention 
to the protection of workers in the petroleum, coal, and other 
fuel processing industries and can take more measures to 
reduce the exposure of benzene, such as more automation, 
more job rotations, and more daily monitoring. The R value 
of “wood products industry” group by the four assessment 
models showed that it is almost in “no risk,” “low risk,” and 
“medium risk” which may cause low attention of the risk 
of benzene exposure such as low frequency of job rotation. 
With the development of productivity and the increasing 
awareness of workers’ protection, the concentration of ben-
zene in the workplace is generally lower than the detection 
limit, and high concentration of acute benzene poisoning 
with obvious symptoms have been relatively rare. This may 
cause chronic blood damage, and research found that effects 
of low doses cannot be predicted by the effects observed at 
high doses (Vandenberg et al. 2012). However, the moni-
toring data of benzene concentration in the production 
environment cannot accurately reflect the actual situation 
and physical changes of individual exposure, especially 
the accumulation of a certain amount in the body (Carrieri 
et al. 2019), and these data have no practical significance 
for workers continuously exposed to low doses. So, we sug-
gested that blood damage under low concentration exposure 
of benzene is much less predictable and detectable than that 
under high concentration. After investigation of the subjects 
of the wood products industry group mostly from painting 
related job, it is considered that exposure to paint-related 
materials is equivalent to longer exposure to benzene, a risk 
factor for abnormal routine blood parameters. Therefore, for 
the low benzene exposure industries, companies, and the 
country need to pay more attention and give more policy 
improvements and strengthen the management of daily 
monitoring. The health hazards suffered by the occupational 
population due to exposure to low concentration benzene 
should not be ignored.

In our study, all the subjects considered to have different 
degrees of carcinogenic risk by four health risk assessment 
models. The reasons for this result may be various. First of 
all, the four models have different evaluation methods and 
calculation parameters respectively, we considered to group 
the individuals into five different industries and compare 
their risk level. Then, compared with previous studies, the 
exposure concentration of benzene in the working environ-
ment is higher than that in residential, offices, and outdoor 
(Hu et al. 2018; Huang et al. 2013). Our research selected the 
occupationally exposed population. The OELS of benzene 

concentration in China is higher than the OELS of other 
institutions or countries (Edokpolo et al. 2015). In Thailand, 
there is a risk assessment of benzene for gas station work-
ers showed that 70.67% of gasoline workers have a lifetime 
risk of cancer and the result shows that 51.33% of workers 
with HQ > 1 (Chaiklieng et al. 2019). There is a study in 
Italy conducted the inhalation risk analysis of benzene of 
general populations in three towns and the HQ was < 1 in 
all monitoring sites (De Donno et al. 2018). Therefore, the 
concentration of benzene in the working environment of 
enterprises is relatively high. These results suggested that 
Chinese workers may suffer huge occupational health risks. 
The health hazards suffered by the occupational population 
due to exposure to benzene should not be ignored. The Chi-
nese government should establish a lower OELS to protect 
the health of the occupational population.

Our research has the following advantages compared with 
previous research: our research used the first-hand data to 
conduct health risk assessment, and the results are more 
credible; we chose a new methodology introduced in 2021. 
We built a new evaluation index based on the four mod-
els to evaluate the size of the hazards between industries, 
instead of just analyzing the correlation of the four mod-
els. Our research includes occupational groups in different 
industries, and evaluates the health risks of employees in 
these industries, which is more socially meaningful than a 
study that only conducts risk assessment on employees of 
a certain company. Our research also has some drawbacks. 
We only focused on employees who were directly exposed 
to benzene, other people who are in office areas or nearby 
residential areas may also be exposed to a certain concentra-
tion of benzene. We will conduct research on these people 
in the future.

Conclusions

In summary, principal component analysis (PCA) adequately 
showed occupational health hazards of benzene exposure 
in the petroleum industries are higher than the other four 
industries we studied. According to the four health risk 
assessment models, the “chemical raw materials and chemi-
cal products manufacturing industry” is basically the most 
serious in “high risk” level, and the industry of “wood pro-
cessing and products” is generally the most serious in “low 
risk” level or “medium risk” level, but the proportion of 
the workers with abnormal routine blood parameters among 
the study objects was significantly higher in the wood prod-
ucts industry than that of the other four groups (p < 0.05). 
increased attention should be focused on the occupational 
population exposed to low concentration benzene by daily 
monitoring of benzene concentration, strengthening the 
management and relevant policy designation.
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