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pulmonary function, blood pressure, blood cell
parameters, and biochemical indices in coking
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Background and objective: Coke oven emissions (COEs) are formed in the process of coking production,

mainly composed of polycyclic aromatic hydrocarbons (PAHs) and benzene; however, the health

impacts of COE exposure in coking workers are not fully clear so far. We aimed to explore the

associations of occupational COE exposure with pulmonary function, blood pressure, blood cell

parameters, and blood biochemical indices, and to bolster health surveillance and disease prevention

and control in coking workers. Methods: We investigated 566 coking workers at a large state-owned

enterprise coking plant in Taiyuan, Shanxi, China, measured the concentrations of plasma 16 PAHs

and urinary phenol, assessed the health outcomes including pulmonary function, blood pressure, the

levels of peripheral hematologic parameters and biochemical indices, and examined the associations

of PAH and phenol concentrations with the health outcomes using multiple linear regressions, least

absolute shrinkage and selection operator regression (LASSO), and Bayesian kernel machine

regression (BKMR). Results: After adjustment for confounders, plasma
P

15PAH concentration was

significantly associated with increases in hemoglobin (HGB) and triglyceride (TG) levels in coking

workers, and urinary phenol concentration was significantly associated with increases in the diastolic

blood pressure (DBP) level, and decreases in platelet (PLT) count. When phenol concentration and

PAH concentration were simultaneously included in the multiple linear regression model, both of

them were associated with the level of HGB. LASSO and BKMR indicated that the PAHs with four rings

and above contributed to the HGB level. Conclusion: PAH exposure could damage hematological

parameters and blood lipids, and benzene exposure could increase blood pressure and decrease

PLT count.
Environmental signicance

China is the largest coke producer and exporter worldwide. A large amount of coke oven emissions (COEs) were emitted from the coke production process,
including polycyclic aromatic hydrocarbons (PAHs), benzene, sulfur dioxide, carbon dioxide, and so on. Despite the concentrations of COEs and other pollutants
in coking plants being strictly controlled within the allowable range of Chinese national standards, the potential health hazard of long-term exposure at low
doses should still be considered. The ndings indicated the potential health impacts of occupational COE exposure on pulmonary function, hematologic
parameters, and blood lipids in coking workers, which suggested we better understand and attach more importance to potential multiple health impacts of
occupational COE exposure among coking workers in routine healthmonitoring. In addition, the ndings may hint to researchers to further tighten the national
standards related to coking workplaces, to protect the health of the occupational population as much as possible.
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1 Introduction

China is the largest coke producer and exporter all over the
world. A large amount of coke oven emissions (COEs) are
emitted from the coke production process, such as polycyclic
aromatic hydrocarbons (PAHs), benzene, sulfur dioxide,
carbon dioxide, and so on.1 The COEs in the workplace can
easily enter the human body via inhalation and skin absorp-
tion, causing cancer and other serious health risks. COEs were
identied as a conrmed human carcinogen by the Interna-
tional Agency for Research on Cancer (IARC) over four decades
ago.2,3 Despite the concentrations of COEs and other pollut-
ants in coking plants being strictly controlled within the
allowable range of Chinese national standards, the potential
health hazard of long-term exposure at low doses should still
be considered.

PAHs are a class of more than 200 compounds containing
two or more benzene rings and are mainly from the pyrolysis
and incomplete combustion of carboniferous organic matter
in coking production.4 It is reported that PAHs contributed to
the morbidity of asthma,5 obstructive lung diseases,6 lung
cancer,7 bladder cancer,8 breast cancer,9 reproductive func-
tion damage,10,11 etc. Occupational PAH exposure can increase
the mortality risk of ischemic heart disease and cardiovas-
cular disease.12,13 More recently, PAH exposure has been re-
ported to be associated with changes in liver and kidney
function.14,15 Benzene (C6H6) widely exists in gasoline, engine
exhausts, wood, and tobacco smoke, and is produced in the
industrial processes of coal charging, hot coke pushing, and
tar distillation in coking plants.1,16 Urinary phenol concen-
tration is used to reect the benzene exposure level in the
workplace.17 Higher levels of benzene exposure were closely
associated with high morbidity of blood system diseases such
as myelodysplastic syndrome in petroleum workers,18 acute
leukemia in rubber workers,19 leukemia in chemical dye
workers,20 and aplastic anemia in shoemakers.21 Lower levels
of benzene exposure in the workplace were associated with
various hematological parameters (the numbers of white
blood cells, red blood cells, and lymphocytes) in workers from
gasoline stations,22 shoe factories,23 and petroleum
reneries.24–26

However, the multiple health impacts of occupational PAH
and benzene exposure in coking workers are not fully clear so
far. Considering the critical primary parts of the respiratory
and vascular system for the air pollutants entering the body,
and the early sensitive warning function of hematologic and
biochemical indices for the disease or health status in human
beings, we aimed to examine the associations of PAH and
benzene exposure with pulmonary function, blood pressure,
hematologic parameters, and biochemical indices in coking
workers in this study. The ndings are expected to reveal the
potential health impact of occupational COE exposure on
coking workers, promote health surveillance and disease
prevention, and provide a clue or basis for hypothesis devel-
opment, specic design, and the protocol in a prospective
cohort study.
92 | Environ. Sci.: Processes Impacts, 2025, 27, 91–103
2 Subjects and methods
2.1 Subjects

We investigated 566 coking workers at a large state-owned
enterprise coking plant in Taiyuan, Shanxi, P.R. China, from
April to June 2019. All eligible staff were >20 years of age,
employed in the coking plant for more than 1 year, and
provided written informed consent before the investigation.
The exclusion criteria are (1) who had previously or currently
been occupationally exposed to formaldehyde, organic solvents,
or heavy metals, (2) who had a personal or family history of
tumor or blood system diseases, (3) who lived in a room that
had not been renovated and redecorated in the last 2 years, and
(4) the residential community is 2.5 km away from the coking
plant and not downwind of it. The protocol was conducted by
the Declaration of Helsinki and was approved by the Ethics and
Human Subjects Committees of Shanxi Medical University
(2019LL111).

2.2 Questionnaire investigation

All subjects were interviewed face-to-face using a specialized
questionnaire to collect their age (years), gender, education,
tobacco smoking and alcohol drinking habits, work type,
employment duration (duration of employment at the coking
plant and year), personal vocational history, personal illness
and medication history, family history of diseases, and usage of
occupational protection measures. Tobacco smoking was
divided into current tobacco smoking and non-smoking.
Current tobacco smoking was dened as smoking cigarettes
or other smoked tobacco products at least once in the last 30
days. Otherwise, it is considered non-smoking. Alcohol
drinking was dened as drinking more than 40 g of alcohol per
day for men and 20 g for women based on alcohol consumption
according to the World Health Organization (WHO).27 Other-
wise, it is considered non-drinking.

2.3 Exposure assessment

2.3.1 Airborne COEs, benzene, benzene homologs, and
monitoring. A total of 51 air samples were routinely collected
using active carbon tubes or glass ber lters for 15 min at the
height of the breathing zone from 7 workshops in the coke
plant, including 1# coking, 2# coking, cold drum electric
capture, crude benzene, ammonium sulfate, a water pump, and
a desulfurization workshop, according to the method recom-
mended by the air sampling specications for hazardous
substance monitoring in the workplace (GBZ159-2004). The
COE concentrations were determined using the gravimetric
method (as benzene soluble matter) according to the health
standard for COEs in air of the workplace (GB17054-1997) and
presented as the time-weighted average (TWA, mg m−3) and
short-term exposure limit (STEL, mg m−3). Airborne benzene
and benzene homolog concentrations were determined using
a gas chromatograph equipped with a ame ionization detector
(FID) according to the determination of air-aromatic hydrocar-
bons in workplace air (GBZ/T160.42-2007). They were expressed
as the TWA (mg m−3) and STEL (mg m−3).
This journal is © The Royal Society of Chemistry 2025
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2.3.2 Blood sample collection and plasma PAH determi-
nation. Fasting elbow venous blood samples were drawn in the
morning from each participant into two vacuum tubes. One
tube sample was non-anticoagulated and centrifuged to obtain
serum for the biochemical indicator determination. The other
tube sample was anticoagulated, the routine hematological
parameters were detected, and then centrifuged to obtain
plasma for PAH determination.

16 plasma PAHs were separated using n-hexane extraction,
concentrated to near dryness using a nitrogen blower, and
determined using a gas chromatography-mass spectrometry
analysis (GC-MS) based on the methods of Pleil J. D. et al.,28

including naphthalene (Nap), acenaphthene (Ace), acenaph-
thylene (Acy), uorene (Flu), phenanthrene (Phe), uoranthene
(Flt), anthracene (Ant), pyrene (Pyr), benzo[a]anthracene (BaA),
chrysene (Chr), benzo[k]uoranthene (BkF), benzo[b]uo-
ranthene (BbF), benzo[a]pyrene (BaP), dibenzo[a,h]anthracene
(DhA), indeno[1,2,3-cd]pyrene (ICP), and benzo[g,h,i]perylene
(BgP). Each PAH homolog was identied and quantied based
on the retention time and peak area. PAHs multi compound
standard – 16 compound mix (Reagecon, Ireland) and internal
standards were used for the quality control. Concentrations
below the LOD were substituted with the LOD divided by the
square root of 2.29

2.3.3 Urine sampling and phenol determination.
Midstream urine samples aer the night shi were collected in
the fasting morning, the specic gravity was determined, and
frozen in small packages at −80 °C until use. The urine sample
was digested with perchloric acid, and extracted with anhydrous
diethyl ether, and the phenol concentration was determined
using a gas chromatograph equipped with a ame ionization
detector (FID) according to the Chinese national standard
methods (WS/T49-1996, WS/T50-1996, China). The measure-
ment conditions were shown (ESI, Table S1†). The phenol
standard (Sigma-Aldrich, USA) was dissolved in anhydrous
diethyl ether (0–180 mg mL−1) as a series of working solutions.

Phenol was identied and quantied based on the retention
time and the peak area, respectively. The phenol concentration
was calibrated with urine-specic gravity and presented as mg
mL−1. The lowest limit of detection (LOD) of phenol in the urine
sample was 0.045 mg mL−1. Concentrations below the LOD were
substituted with the LOD value divided by the square root of 2.29

Sampling blank, experimental blank, and matrix quality control
samples were determined daily to control the measurement.
During the whole test period, we detected phenol standard
solution (15.0 mg mL−1) twice per day and judged the measure-
ment reliability based on the average quality control chart.
2.4 Pulmonary function and blood pressure assessment

The forced vital capacity (FVC) and forced expiratory volume of
each participant was measured in 1 second (FEV1) using
a spirometer (HI-801, CHEST, Japan) according to the guide-
lines recommended by the joint statements on lung function
testing issued by the American Thoracic Society and the Euro-
pean Respiratory Society (ATS-ERS),30 and the systolic blood
pressure (SBP) and diastolic blood pressure (DBP) were
This journal is © The Royal Society of Chemistry 2025
determined in a sitting position using a standard sphygmo-
manometer (HEM-7133, OMRON, Japan) aer a 5 min rest
period based on the guidelines recommended by the World
Health Organization/International Society of Hypertension
(WHO/ISH).31 The body mass index (BMI) value (kg m−2) was
obtained by dividing the body weight (kg) by the square of
height (m2).

2.5 Blood cell parameters, and glucose, and lipid detection

As previously mentioned, the routine hematological parameters
of the anticoagulated blood samples were detected using a fully
automated ve-class blood cell analyzer (Sysmex XT1800i, SYS-
MEX, Japan), including white blood cell (WBC) counts, red
blood cell (RBC) counts, and hemoglobin (HGB) and platelet
(PLT) levels. Serum from the non-anticoagulated blood was
used to determine the concentrations of glucose (GLU), total
cholesterol (TC), triglyceride (TG), high-density lipoprotein
(HDL), and low-density lipoprotein (LDL) using an automatic
blood biochemistry analyzer (Cobas 8000, Roche, Switzerland).

2.6 Statistical analysis

We presented continuous variables as the mean ± standard
deviation (SD) or median (interquartile range, IQR), and
expressed categorical variables as numbers and percentages (%).
Plasma PAH concentration and urinary phenol concentration
were normalized by using logarithm transformation due to their
skew distributions and numerical ranges. We used multiple
linear regression to analyze the association of COE exposure
(indicated by PAH and phenol concentrations) with health
outcomes (pulmonary function, blood pressure, and blood
glucose and lipids).32 The entry and removal criteria were 0.10
and 0.15 for variable selection, respectively. Covariates for
adjustment were identied based on their signicant relation-
ships with the exposure concentrations and outcome scores
using analysis of variance (ANOVA) or the t-test for continuous
variables, and the chi-square (c2) test for categorical variables.
Based on the tertile cut-off values, we classied age into 3 cate-
gorical variables including <43 years (n = 206), 43–49 years (n =

195), and $49 years (n = 165), and classied employment
duration into <24 years (n= 225), 24–30 years (n= 158), and$30
years (n = 183). Based on BMI values, we stratied subjects as
normal (BMI < kg m−2, n = 211), overweight (BMI $ 24 kg m−2

and <28 kg m−2, n= 259), and obesity (BMI$ 28 kg m−2, n= 96)
according to the guidelines recommended by Working Group of
Obesity, China (WGOC), International Life Science Association.
SPSS 22.0 soware (SPSS Inc., Chicago, IL) was used for data
processing and statistical analysis. SAS 9.4 (SAS Institute Inc.,
Cary, NC) was adopted for restricted cubic spline (RCS) regres-
sion, while R studio soware (version 4.0.2; R Development Core
Team) was used for least absolute shrinkage and selection
operator (LASSO) regression and Bayesian kernel machine
regression (BKMR), with a glmnet package for LASSO analysis,
and packages of bkmr, readxl, corrplot, and gglpot2 for BKMR
analysis. We set the statistical signicance at a two-sided P <0.05
and reported the regression coefficients (b) and 95% condence
intervals (CIs) from the multiple regression analyses.
Environ. Sci.: Processes Impacts, 2025, 27, 91–103 | 93

https://doi.org/10.1039/d4em00306c


Table 2 The concentrations of plasma PAHs (ng mL−1) and urinary
phenol (mg mL−1)a

Items Median P25 P75

P
15PAHs 8.85 4.8 18.83

Naphthalene (Nap) 20.24 2.25 59.52
Acenaphthylene (Acy) 0.24 0.11 0.45
Acenaphthene (Ace) 1.79 0.78 2.69
Phenanthrene (Phe) 0.64 0.04 2.04
Fluorene (Flu) 1.41 0.05 5.74
Fluoranthene (Flt) 0.11 0.05 0.36
Anthracene (Ant) 0.14 0.03 0.54
Pyrene (Pyr) 0.09 0.04 0.36
Benzo[a]anthracene (BaA) 0.63 0.26 1.58
Chrysene (Chr) 0.62 0.19 1.59
Benzo[k]uoranthene (BkF) 0.45 0.13 0.95
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3 Results
3.1 Questionnaire information and workplace monitoring

The subjects were predominantly males (n = 529, 93%), with an
average age of (44.5 ± 7.9) years and employment duration of
(25.2 ± 8.9) years. The majority of them had college degrees or
above (n = 228, 40.28%), were tobacco smokers (n = 323,
57.07%), and were non-alcohol consumers (n = 345, 60.95%).
The TWA and STEL concentrations of COEs, benzene, methyl-
benzene, and xylene from 7 workshops in the coke plant were
listed (Table 1). The average and individual TWA and STEL
concentrations of each pollutant did not exceed the occupa-
tional exposure limit (OEL) stipulated by the Chinese national
standard (GBZ 2.1-2007).
Benzo[b]uoranthene (BbF) 0.85 0.6 1.24
Benzo[a]pyrene (BaP) 0.04 0.01 0.06
Dibenzo[a,h]anthracene (DhA) 0.06 0.02 0.07
Indeno[1,2,3-cd]pyrene (InP) 0.035 0.01 0.042
Benzo[g,h,i]perylene (BgP) 0.056 0.027 0.056
Phenol 6.00 0.03 31.00

a P
15PAHs refers to the addition of 15 PAHs, excluding Nap.
3.2 Plasma PAH and urinary phenol concentrations

3.2.1 Plasma PAH concentrations. The median (P25, P75)
concentrations of 16 PAHs are shown in Table 2. Among them,
Nap was excluded in the subsequent analysis, due to its large
numerical variation, a wide range of sources, high background
value and volatility, rapid biological metabolism, etc. We used
the sum of the remaining 15 PAHs (

P
15PAHs) to represent total

PAH exposure for subsequent analysis, which was signicantly
or marginally correlated with each PAH homolog (Table S2†).
Plasma

P
15PAH concentration was moderately higher in males

than females (P < 0.10) (Fig. 1a), slightly increased with the
educational level, and statistically decreased with age, employ-
ment duration, and BMI. No signicant difference was found in
P

15PAH concentrations with tobacco smoking or alcohol
drinking habits (P > 0.05).

3.2.2 Urinary phenol concentrations. The median (P25, P75)
of urinary phenol concentration was 6.00 (0.03, 31.00) mg mL−1

(Table 2), which was signicantly decreased with age and
employment duration (P < 0.05) (Fig. 1b), and was marginally
lower in drinkers than non-drinkers (P < 0.10). No signicant
difference was found in phenol concentrations with gender,
educational level, BMI, and tobacco smoking habits (P > 0.10).
Table 1 Concentrations of airborne benzene, benzene homologs, and C

Workshop n

COEs

TWA STEL
Excu
limi

1# coking 8 0.0007 � 0.0002 <0.005 0.03
2# coking 13 0.0009 � 0.0002 <0.005 0.03
Cold drum electric capture 10 0.0008 � 0.0001 <0.005 0.03
Crude benzene 11 — <0.005 0.03
Ammonium sulfate 7 — <0.005 0.03
Water pump 1 0.0001 <0.005 0.03
Desulfurization 1 — <0.005 0.03
Average 0.0008 � 0.0003 <0.005 0.03
Occupational exposure limit (OEL) — 0.01 — 3
Exceed the OEL (yes/no) No No

a The OEL refers to the permissible concentration–time weighted averag
STEL), and maximum excursion limits set by Chinese occupational exp
hazardous agents (GBZ 2.1-2007).

94 | Environ. Sci.: Processes Impacts, 2025, 27, 91–103
3.3 Health outcomes

The multiple health outcomes (pulmonary function, blood
pressure, blood parameters, and blood glucose and lipids) were
signicantly varied with gender, age, duration of employment,
BMI, and tobacco smoking, and alcohol drinking habits. For
instance, the levels of SBP were signicantly higher in those
who were males, older, with a longer duration of employment,
and people who are overweight, smokers, and drinkers (P < 0.05)
(Fig. 1c).
3.4 Associations of coke oven emissions with health
outcomes

3.4.1 Plasma PAHs and health outcomes. Spearman
correlation analysis found that

P
15PAH concentration was
OEs in the coking plant (mg m−3)a

Benzene Methylbenzene Xylene

rsion
ts TWA STEL TWA STEL TWA STEL

0.15 � 0.05 <0.6 0.25 � 0.05 <1.2 0.30 � 0.10 <3.3
0.28 � 0.21 <0.6 0.28 � 0.04 <1.2 0.60 � 0.25 <3.3
0.10 � 0.02 <0.6 0.20 � 0.06 <1.2 0.45 � 0.12 <3.3
0.10 � 0.03 <0.6 0.21 � 0.05 <1.2 0.58 � 0.10 <3.3
0.11 � 0.02 <0.6 0.30 � 0.05 <1.2 0.69 � 0.14 <3.3
0.01 <0.6 0.02 <1.2 0.05 <3.3
0.01 <0.6 0.02 <1.2 0.05 <3.3
0.17 � 0.16 <0.6 0.24 � 0.09 <1.2 0.48 � 0.28 <3.3
6 10.0 50 100.0 50 100
No No No No No No

e (PC-TWA), permissible concentration-short-term exposure limit (PC-
osure limits for hazardous agents in the workplace part 1 chemical

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Changes of log10
P

15PAHs concentrations, Ln_phenol concentrations, SBP, and HGB levels with the sociodemographic characteristics in
the subjects. Panel a: changes of log10

P
15PAHs concentrations with the sociodemographic characteristics in coking workers. Panel b: changes

of Ln_phenol concentrations with the sociodemographic characteristics in coking workers; Panel c: changes of SBP levels with the socio-
demographic characteristics in coking workers. Panel d: changes of HGB concentrations with the sociodemographic characteristics in coking
workers. *: P < 0.05, compared to the first subgroup. #: P < 0.10, compared to the first subgroup. D: P < 0.05, compared to the second subgroup.
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positively correlated with the HGB level (Table S3, see the ESI†).
We categorized subjects into two subgroups of low

P
15PAHs

(<8.85 ng mL−1) and high
P

15PAHs ($8.85 ng mL−1) according
to the median of plasma

P
15PAH concentration. The two

subgroups were balanced in tobacco smoking and alcohol
drinking habits (Table S4, see the ESI†), but were signicantly
different in gender, educational level, age, employment dura-
tion, and BMI. Aer adjusting for covariates including gender,
educational level, employment duration, and BMI, covariance
analysis indicated that the HGB levels and TG concentrations
were signicantly higher in the high

P
15PAH subgroup

compared to the low
P

15PAH subgroup (P < 0.05) (Table 3). No
signicant difference was found in levels of FVC, FEV1, FEV1/
FVC, SBP, DBP, WBC, RBC, PLT, GLU, TC, HDL, and LDL (P >
This journal is © The Royal Society of Chemistry 2025
0.10). We used multiple linear regression to analyze the asso-
ciation of

P
15PAH concentration in categorical or continuous

variables with the outcome aer adjusting for covariates.
Compared to the low

P
15PAHs (<8.85 ng mL−1), high

P
15PAH

concentration ($8.85 ng mL−1) was signicantly associated
with a 2.71-point (95% CI: 0.56, 4.86) increase in the HGB level
and a 0.26-point (95% CI: 0.01, 0.50) increase in TG concen-
tration (P < 0.05) (Table 4, Model 1). And the higher log10

P
15-

PAH concentration was signicantly associated with increases
in HGB [3.14 (95% CI: 0.54, 5.74) g L−1] and TG levels [0.40 (95%
CI: 0.11, 0.70) mmol L−1] (P < 0.05) (Table 4, Model 2). Then,
restricted cubic spline (RCS) regression found the approximate
linear relationships in TG, FVC, and PLT concentrations with
PAH exposure, and the non-linear relationship of HGB levels
Environ. Sci.: Processes Impacts, 2025, 27, 91–103 | 95
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Table 3 Covariance analysis results of the health outcomes between the low PAHs group and high PAHs group (mean ± SD)a

Health items Low PAHs group (n = 283) High PAHs group (n = 283)

FVC 80.91 � 9.74 81.77 � 10.01
FEV1 89.13 � 10.49 90.38 � 10.76
FEV1/FVC (%) 111.87 � 19.73 112.39 � 20.62
SBP (mmHg) 126.23 � 15.47 124.03 � 13.49
DBP (mmHg) 87.28 � 10.37 87.07 � 8.77
WBC (× 109 L−1) 6.19 � 1.68 6.38 � 1.69
RBC (× 1012 L−1) 4.77 � 0.37 4.82 � 0.35
HGB (g L−1) 143.27 � 12.08 146.34 � 13.64*
PLT (× 109 L−1) 224.37 � 52.76 221.48 � 52.25
GLU (mmol L−1) 5.66 � 1.64 5.49 � 1.34
TC (mmol L−1) 4.42 � 0.69 4.37 � 1.09
TG (mmol L−1) 1.61 � 1.16 1.77 � 1.76*
HDL (mmol L−1) 1.09 � 0.29 1.07 � 0.26
LDL (mmol L−1) 2.61 � 0.59 2.56 � 0.76

a Adjusted for gender, employment duration at the coking plant, BMI, and educational level. *: P < 0.05.

Table 4 Adjusted b coefficients and 95% CIs in the multiple linear regressions of the health outcomes with coke oven emissionsa

Model Independent variable FVC HGB PLT TG

Model 1 Low
P

15PAHs — 0.26 (0.01, 0.50)*
High

P
15PAHs 2.71 (0.56, 4.86)*

Model 2 log10
P

15PAHs 3.14 (0.54, 5.74)* 0.40 (0.11, 0.70)*
Model 3 Low phenol subgroup — −13.08 (−24.83, −1.32)*

High phenol subgroup 1.94 (−0.37, 4.25)#
Model 4 Ln_phenol 0.39 (0.05, 0.73)* −2.40 (−4.12, −0.68)*
Model 5 Ln_phenol 0.45 (0.01, 0.88)*

log10
P

15PAHs 3.25 (−0.47, 6.98)#

a Models 1 and 2: adjusted for gender, employment duration at coking plant, BMI, and educational level. Model 1 is based on the
P

15PAHs
concentrations in the categorical variable, and Model 2 is based on the log10

P
15PAHs concentrations in the continuous variable. Models 3 and

4: adjusted for employment duration at the coking plant. Model 3 is based on the urinary phenol concentrations median sub-grouping, and
Model 4 is based on the Ln_phenol concentrations. Model 5: adjusted for employment duration at the coking plant and BMI. *: P < 0.05, #: P < 0.10.

Table 5 Covariance analysis results of the health outcomes between
the low phenol group and the high phenol group (mean ± SD)a

Health outcomes
Low phenol subgroup
(n1 = 283)

High phenol subgroup
(n2 = 283)

FVC 79.71 � 9.28 81.65 � 10.84#
FEV1 89.73 � 10.41 90.37 � 11.65
FEV1/FVC (%) 114.19 � 19.23 112.58 � 20.42
SBP (mmHg) 123.07 � 12.97 124.98 � 15.35
DBP (mmHg) 85.75 � 9.10 87.63 � 9.98*
WBC (× 109 L−1) 6.20 � 1.66 6.23 � 1.64
RBC (× 1012 L−1) 4.79 � 0.40 4.83 � 0.33
HGB (g L−1) 144.54 � 14.46 146.48 � 11.25
PLT (× 109 L−1) 228.74 � 52.36 215.66 � 50.17*
GLU (mmol L−1) 5.61 � 1.71 5.44 � 1.05
TC (mmol L−1) 4.35 � 0.80 4.37 � 0.80
TG (mmol L−1) 1.72 � 1.81 1.83 � 1.31
HDL (mmol L−1) 1.09 � 0.29 1.03 � 0.25
LDL (mmol L−1) 2.54 � 0.66 2.52 � 0.65

a Adjusted for employment duration at coke plant; *: P < 0.05, #: P < 0.10.
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with
P

15PAH concentrations (Pnon-linear < 0.05) aer adjusting
for covariates (Fig. S1, see the ESI†).

3.4.2 Associations of urinary phenol with health outcomes.
Likewise, Pearson correlation analysis found that urinary
phenol concentration was positively correlated with the levels of
FVC and HGB, and was negatively associated with the PLT level
and HDL concentration (P < 0.01) (Table S2, see the ESI†).
Subjects were categorized into the low phenol subgroup (<6 mg
mL−1) and high subgroup ($6 mg mL−1) according to the
median of urinary phenol concentration. As compared to the
low phenol subgroup, the high phenol subgroup was signi-
cantly younger and had a signicantly shorter employment
duration at the coking plant (P < 0.05) (Table S4†). The two
subgroups were balanced in gender, BMI, educational level, and
tobacco smoking, and alcohol drinking habits (P > 0.10). Aer
adjusting for employment duration, covariance analysis showed
that the FVC level was marginally increased in the high phenol
subgroup compared to the low subgroup (P < 0.10), the DBP
level was signicantly enhanced (P < 0.05), and PLT count was
signicantly reduced (P < 0.05) (Table 5). No signicant differ-
ence was found in any other outcome between the two
subgroups (P > 0.10). Multiple linear regression demonstrated
that compared to the low phenol subgroup, phenol concentra-
tion was signicantly associated with a 13.08-point (95% CI:
96 | Environ. Sci.: Processes Impacts, 2025, 27, 91–103
−24.83, −1.32) decrease in PLT count (P < 0.05), and was
marginally associated with a 1.94-point (95% CI: −0.37, 4.25)
increase in FVC (P < 0.10) (Table 4, Model 3). And a higher
Ln_phenol concentration was signicantly associated with
This journal is © The Royal Society of Chemistry 2025
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a 0.39-point (95% CI: 0.05, 0.73) increase in the FVC level and
a 2.40-point (95% CI: −4.12, −0.68) decrease in PLT count, aer
adjusting for the employment duration at the coking plant
(Table 4, Model 4). No signicant association was found for
urinary phenol concentration with other health outcomes.

3.4.3 Sensitivity analysis. To further explore the relation-
ships between COEs and health outcomes, we simultaneously
included phenol concentration and PAH concentration in the
multiple linear regression model and found a signicant posi-
tive association of Ln_phenol concentration with the HGB level
[0.45 (95% CI: 0.01, 0.88) g L−1] aer adjusting for the
employment duration and BMI (P < 0.05) (Table 4, Model 5), and
a marginally positive association of log10

P
15PAHs with the

HGB level [3.25 (95% CI: −0.47, 6.98) g L−1] (P < 0.10). LASSO
regression analysis was performed to screen out the major PAH
homologs affecting the HGB level and indicated the main
contributor of high ring PAHs (HR-PAHs, with 4 benzene rings
and above) to the HGB level. More precisely, LASSO results
showed the positive contributions of Inp (b = 1.81, P = 0.01)
and Bbf (b = 1.49, P = 0.06) concentrations to the higher HGB
level, and a negative association of Chr concentration with the
HGB level (b = −1.02, P = 0.04) (Table 6). Furthermore, we used
the Bayesian Kernel Machine Regression (BKMR) model to
analyze the association of HR-PAHs with the HGB level. There
was a positive overall effect of HR-PAHs on the HGB level when
all six HR-PAHs were kept at or above their 50th percentile, as
compared to when all HR-PAHs were at their median values
(50th percentiles) (Fig. 2a). The concentration changes in BbF,
BkF, and IcP from the 25th to 75th percentile were signicantly
associated with a signicant increase in the HGB level (Fig. 2b),
yet changes in BaP, DhA, and BgP concentrations were signi-
cantly negatively associated with a decrease in the HGB level. To
explore the potential nonlinearity of the exposure-response
function, the univariate relationship between each HR-PAH
homolog and HGB level was estimated when all the other
homologs were xed at the 50th percentile. The results indi-
cated that homologs of BbF, BkF, and IcP had signicantly
increased HGB levels, yet BaP, DhA, and BgP had decreased it
(Fig. 2c), which was consistent with the ndings in Fig. 2b.
Subsequently, we observed the signicant potential interactions
between BkF and BbF, and between IcP and BbF, due to their
intersectant correlation curves.
4 Discussion

In this cross-sectional study, we analyzed the associations of
occupational COE exposure with multiple health outcomes
including pulmonary function, blood pressure, hematologic
Table 6 The estimated coefficients for LASSO regression between 15
PAHs and HGB level

Variables Coefficients P

Bbf 1.49 0.06
Inp 1.81 0.01
Chr −1.02 0.04

This journal is © The Royal Society of Chemistry 2025
parameters, and blood glucose and lipids in coking workers.
Although the average concentrations of COEs, benzene, meth-
ylbenzene, and xylene did not exceed the OEL stipulated by the
Chinese national standard (GBZ 2.1-2007), plasma

P
15PAH

concentration was found to be positively associated with the
HGB level and TG concentration. Urinary phenol concentration
was signicantly associated with an increase in the FVC level
and a decrease in the PLT level. The ndings indicated the
potential health impacts of occupational COE exposure on
pulmonary function, hematologic parameters, and blood lipids
in coking workers. It is suggested that we better understand and
give more importance to the potential multiple health impacts
of occupational exposure to COEs among coking workers in
routine health monitoring. In addition, the ndings may hint to
researchers to further tighten the national standards related to
coking workplaces, to protect the health of the occupational
population as much as possible.

COEs are a major occupational hazard factor for coking
workers, and contain a large number of carcinogenic PAHs,
benzene, and benzene homologs.33 In this study, the airborne
COE, benzene, methylbenzene, and xylene concentrations in
the workplace were far below the OEL set by the Chinese
national standards of occupational exposure limits for
hazardous agents in the workplace (GBZ 2.1-2007), yet the
results indicated that the current standards may still not be
effective in preventing workers from suffering from potential
health threats.

PAHs are a large group of chemicals with 2 to 7 fused
aromatic rings and account for the largest proportion of COEs.
Since plasma PAHs are not affected by differences in metabo-
lism and excretion among individuals, it can be used as a bio-
logical monitoring indicator to reect occupational PAH
exposure. Measurement of PAHs in plasma or serum was useful
for assessing accurate, quantitative personal exposure levels
and potential toxic effects on the body.28,34–36 Due to the good
correlation with each PAH homolog, we used the plasma
P

15PAH concentration to reect total PAH exposure. In our
study, we observed that the plasma

P
15PAH concentration was

associated with gender, educational level, age, employment
duration, and BMI, and we corrected these covariates in
subsequent analyses to minimize confounding effects. The
percentage of males and females (93% and 7%) and differences
in the type and intensity of work may contribute to the differ-
ence. 40.28% of the subjects were highly educated (a college
degree or above), which has a higher concentration of plasma
P

15PAHs and was inconsistent with previous research that
showed higher PAH concentrations in less-educated subjects.37

Generally, an individual employee's job or working task is
dominantly dependent on the educational level, even in the
same workplace. This phenomenon forces us to prioritize the
impact of educational attainment on exposure and health status
in the upcoming follow-up study, from viewpoints of the expo-
sure source in the working environment (job category, working
duration, and occupational health protections), previous
changes of activity in the workplace, personal habits of living,
diet, behavior, and even emerging pollutant co-exposure, etc.
Employment duration, a time-dependent confounder38 was
Environ. Sci.: Processes Impacts, 2025, 27, 91–103 | 97
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Fig. 2 Bayesian Kernel Machine Regression (BKMR) analysis of HR-PAHs and HGB level. Panel a: overall effect (95% credible interval) of the HR-
PAHsmixture on HGB level by BKMRmodel when all the exposures are at particular percentiles (as shown on the x-axis) were compared to when
all the exposures are at the 50th percentile. Panel B: individual exposure contribution (95% credible interval) to the overall effect of the HR-PAHs
onHGB by BKMRmodel as indicated by the change in HGB level when exposure is at the 25th compared to the 75th percentile, while all the other
chemicals within the same class are fixed at either 25th, 50th, or 75th percentile (as indicated by fixed. quantile). Panel c: univariate exposure-
response function (shaded area indicates 95% credible interval) between selected exposure and HGB, while the other exposures within the same
class are fixed at the 50th percentile (i.e., median value). Panel d: bivariate exposure-response function for HGB. When the level of another HR-
PAHs is fixed at 10%, 50%, and 90% (the other 9 pollutants are fixed at the median), the dose–response curve between one HR-PAHs homolog
and HGB level.
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found to have a negative association with the plasma
P

15PAH
concentration, because the workers with longer employment
duration likely having a more favorable health prole or more
experience can be transferred to positions with less exposure.

Some PAHs are well-known as carcinogens, mutagens, and
teratogens and therefore pose a serious threat to human health
and well-being. For workers exposed to PAH mixtures and other
occupational chemicals, a series of health problems (an
increased risk of skin, lung, bladder, and gastrointestinal
cancers) have been reported.39–41 PAH exposure was revealed to
alter the hematological parameters (such as WBC, RBC, HGB,
and PLT), which play critical roles in the process of occurrence,
development, diagnosis, and treatment of diseases and disor-
ders;23 however, the hematotoxicity of PAHs remains
controversial.42–44 Among blood cells, RBCs and WBCs are
universally measured, since RBCs are mainly responsible for the
98 | Environ. Sci.: Processes Impacts, 2025, 27, 91–103
transportation of oxygen in the body, while WBCs are part of the
body's defense system, and can protect the body against both
infectious diseases and foreign invaders. With PAH exposure
increasing, a decreased dose–response of counts for WBCs,
eosinophils, monocytes, and lymphocytes was discovered in the
occupational population in a two-year follow-up study.43 Urinary
PAH metabolite was demonstrated to be associated with WBCs,
HGB, lymphocyte counts, the neutrophil–lymphocyte ratio
(NLR), and the platelet–lymphocyte ratio (PLR) among coke
oven workers, which were more robust in females than males.45

The nding suggested that in addition to PAHs, gender also has
a signicant effect on blood cell count. Studies indicated
a positive association of PAH exposure with increased PLR
among the general population.46 Urinary PAH metabolite (9-
OHPhe) was associated with an increment in WBC and
neutrophil counts among male coke oven workers,45 which was
This journal is © The Royal Society of Chemistry 2025
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consistent with studies among other male workers.44,47

However, in this study, no association was found in PAH
exposure withWBC, RBC, and PLT counts, whichmay be related
to gender differences, PAH exposure, and other potential
factors. In this study, we found that the HGB level was higher in
males, smokers, and drinkers, which was consistent with
previous research.48,49 Also, the HGB level presented a non-
linear relationship with

P
15PAH concentration. LASSO and

BKMR analysis demonstrated that BbF and IcP homologs
contributed positively to the HGB level, while Chr contributed
negatively. HGB is considered to be an oxygen sensor, providing
information to organisms to adjust metabolism or biosynthesis
to meet oxygen needs. HGB was signicantly increased in both
male and female rats when they were subchronically subjected
to oral benzo[a]pyrene (BaP) exposure.50 Studies have reported
an association of PAH metabolite with a reduced HGB level
among female coking workers45 and brick kiln workers.51 The
divergence is possibly due to the difference in PAH exposure,
population characteristics, co-exposure to other contaminants,
and other potential confounding factors.

This study also indicated a signicant positive association of
PAH exposure with serum TG concentration in coking workers,
which was consistent with the increased TG concentration in
the high PAH exposure adults52 and garage workers.32 High TG
is a risk factor for cardiovascular disease (CVD), and investiga-
tions have discovered a positive relationship between PAH
exposure at work and CVD risk in humans.53 Serum TG medi-
ated the association between PAHs and nonalcoholic fatty liver
disease.54 Following intratracheally instilled BaP (5 mg mL−1),
hepatic TG concentration was markedly increased in C57BL/6
mice in a time-dependent pattern.55 No association was found
between PAH exposure and other health outcomes in coking
workers.

Benzene, another important component of COEs, has been
classied as one of the human carcinogens by the International
Agency for Research on Cancer (IARC) since 1982.2 Recent
studies have found that low-concentration benzene exposure
was associated with some non-cancerous diseases.22 To further
reveal the potential health effects of benzene exposure in coking
workers, we used the urinary phenol concentration as the
benzene biological exposure monitoring indicator, since phenol
accounts for 70–85% of benzene metabolites in urine when the
airborne benzene concentration is in the range of 0.1–10 ppm.56

In this study, we observed that the employment duration and
age were signicantly associated with urinary phenol concen-
tration, and was adjusted as a covariate in the following anal-
ysis. FVC is the most important indicator of respiratory
resistance among FVC, FEV1, and FEV1/FVC. In this study, we
found that benzene exposure was signicantly associated with
an increase in FVC level, but was not associated with FEV1 or
FEV1/FVC levels. This nding in our study is inconsistent with
previous results that indicated the signicantly decreased FVC
in workers who were occupationally exposed to benzene,
toluene, ethylbenzene & xylene (BTEX),57 and the signicant
association of a cumulative benzene soluble fraction (BSF) or
benzene exposure with the decreases in the FVC, FEV1, and
FEV1/FVC in coking workers or in petrol pump workers.58 The
This journal is © The Royal Society of Chemistry 2025
divergence is possibly due to the distinct difference in benzene
exposure characteristics and levels, co-exposure to other
contaminants, the demographic characteristics of the pop-
ulation, and other potential confounding factors. The increased
FVC of coking workers may be related to their lifestyle
(including physical activity). Still, compensatory pulmonary
function factors cannot be excluded, and need further investi-
gation in the upcoming cohort study. Blood pressure refers to
arterial blood pressure including SBP and DBP, and can be
affected by multiple factors. The higher SBP was observed in
males with lower education levels, age, longer employment
duration, who were obese and overweight, smoking, or
drinking. In this study, we found a signicant positive associ-
ation of benzene exposure with an increase in DBP in coking
workers, which is consistent with the nding of Ataro Z. et al. in
garage workers.59 Higher urine phenol concentration was
signicantly associated with a higher incidence of hypertension
in subjects.60 Benzene exposure was associated with a higher
prevalence of hypertension (prevalence ratio (PR) = 1.05, 95%
condence interval (CI)= 1.02, 1.08).61 A possible mechanism of
benzene-induced hypertension could be a disturbance of the
nitric oxide process.

Recently accelerating studies have indicated that PLT plays
a critical role in immune and inammatory processes, for
instance, PLT participates in the regulation of leukocyte
recruitment by releasing numerous inammatory mediators.62

In this study, we found a negative association between urinary
phenol concentration and the PLT level in coking workers,
which was concordant with a signicant decrease in PLT counts
in Egyptian taxi drivers.63 Long-term exposure to low concen-
trations of PAHs was also associated with alterations in PLT
indices in a longitudinal study in China.64 PLT counts were
signicantly lower in workers exposed to benzene (below 1 ppm
in air).65 PLT parameters of large-platelet cell ratios (P-LCR),
platelet distribution width (PDW), mean platelet volume
(MPV), and platelet-associated immunoglobulin levels were
signicantly elevated in benzene-exposed workers.66 Benzene
exposure induced an immunosuppressive effect on the adaptive
immune system and activation of the innate immune system to
cause inammation in humans.67 Exposure to a mixture of
formaldehyde, benzene, toluene, and xylene signicantly
decreased RBC and PLT counts in peripheral blood in mice.68

The reduced PLT in this study indicated the potential immu-
nosuppression and inammation in coking workers.

In addition, we observed that multiple health outcomes
(such as systolic blood pressure, hemoglobin, etc.) varied
signicantly with tobacco smoking habits as shown in Fig. 1,
but the two subgroups were balanced in terms of tobacco
smoking habits in the later analysis. The possible reasons are
various, such as the different basis of sample selection, male-
female ratio, etc. Nonetheless, the impact of smoking on the
health of the occupational population is still not negligible. It is
reported that the combined effect of smoking and occupational
hazards was evident from the signicant differences in
morbidity between smokers and non-smokers across many
occupations, and the interaction between these two types of
hazards increases the risk of various diseases, particularly
Environ. Sci.: Processes Impacts, 2025, 27, 91–103 | 99

https://doi.org/10.1039/d4em00306c


Environmental Science: Processes & Impacts Paper

Pu
bl

is
he

d 
on

 2
5 

nu
ve

m
br

e 
20

24
. D

ow
nl

oa
de

d 
by

 F
ai

l O
pe

n 
on

 0
7/

05
/2

02
5 

8:
31

:3
6.

 
View Article Online
chronic obstructive pulmonary diseases, lung cancer, and
cardiovascular diseases, as well as disabilities.69–71 We will
further explore the potential impact of smoking on the rela-
tionship between COE exposure and health outcomes in our
future studies.

This study has notable strengths and limitations. First of all,
we conducted a cross-sectional pilot study to investigate the
potential association of COE exposure with multiple health
outcomes in coking workers. Secondly, we comprehensively
evaluated PAH and benzene exposure levels in terms of both
external and internal exposure, used plasma

P
15PAH concen-

tration to reect total PAH exposure due to their relative
stability and good correlation with each PAH homolog, and
adopted urinary phenol concentration to represent benzene
exposure. Thirdly, the internal controls of the same coking
plant were selected for comparison to enhance comparability
between different groups. Fourthly, we used covariance anal-
ysis, the multiple linear regression model, and RCS to analyze
the association of COE exposure withmultiple health outcomes,
and further used BKMR to analyze the combined effects, dose
responses, and interactions of PAH homologs on health
outcomes. In addition, LASSO and BKMR were used for sensi-
tivity analysis to enhance the credibility of the results. Lastly,
a moderate to large sample size (n = 566) was used to ensure
statistical validity as much as possible.

We recognized that our study has some limitations. We
didn't measure other internal exposure biomarkers of benzene
exposure, such as trans,trans-muconic acid (tt-MA), or S-phenyl
mercapturic acid (S-PMA), considering that the phenol
concentrations can represent 70–85% of benzene metabolites
in urine when the airborne benzene concentrations ranged
from 0.1–10 ppm,56 which will further be determined in the
subsequent study. Secondly, we neglected to measure blood
lymphocyte levels or other immune response parameters, such
as immunoglobulin E and interleukin 4, which could serve as
early indicators of pathological conditions and are important
for a more comprehensive assessment of immune responses
related to lung function injury. Besides, there were also some
metal compounds in COEs that could induce hematological
disturbances. Then, physical activity was not included in the
questionnaire items in this study and should be included in
the subsequent investigation since it is becoming a concern for
human health in the study eld of modern public health. The
ndings suggest we better understand and attach more
importance to the potential multiple health impacts of occu-
pational COEs among coking workers, even though the expo-
sure was far below the OEL. The ndings also suggest we
further tighten the national standards in the workplace and
proceed with a well-designed prospective cohort study in the
future.

5 Conclusion

In conclusion, our population study clearly showed that PAH
exposure could damage hematological parameters and blood
lipids, and benzene exposure could increase blood pressure and
decrease PLT count.
100 | Environ. Sci.: Processes Impacts, 2025, 27, 91–103
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