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Abstract

Heavy metal (HM) pollution from natural processes and different anthropogenic activities pose significant human and envi-
ronmental health risks because of their stability, non-degradable properties, and high toxicity. HM released into the air in
the form of dust can enter the human body via ingestion, inhalation, and dermal contact. Keeping in mind the significance
of estimating the risk from HM in different environments, the carcinogenic and non-carcinogenic health risks to workers
caused by HM in kiln dust (KD) samples collected from coal-fired clay brick factories in the Western Black Sea Region of
Tiirkiye were assessed for the first time in this study. The concentrations of major and minor oxides and HMs in the collected
KD samples were analyzed using energy-dispersive X-ray fluorescence spectrometry. The average concentrations of Fe, Mn,
Cr, Ni, V, Zn, Cu, As, Co and Pb analyzed in thirty-three KD samples were determined as 65444, 768, 251, 249, 248, 122,
60, 52, 42 and 16 mg/kg dw, respectively. The average levels of Ni, As, Cr, Co and Cu exceed the maximum contaminant
levels recommended in the Turkish Regulation on Control of Soil Pollution. Carcinogenic and non-carcinogenic human
health risk assessments for workers via three exposure pathways were carried out, estimating the hazard index (HI) and total
carcinogenic risk (TCR) index, respectively. The HI values (< 1) revealed no possible non-carcinogenic health risk due to
exposure to all HMs in the studied KD samples. The average TCR value revealed that the potential cancer risks for Ni, As,
Cr, and Pb were slightly above the safe limit and required monitoring and further investigation for these HMs.
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Introduction

Today, the word “heavy metal (HM)” has been utilized to
define metallic such as vanadium (V), manganese (Mn),
chromium (Cr), iron (Fe), lead (Pb), nickel (Ni), cobalt (Co),
zinc (Zn), copper (Cu), etc. and metalloids such as arsenic
(As), germanium (Ge), etc. chemical elements with high
atomic weight or high density (approximately 5 times greater
than the density of water) that are toxic to humans and the
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environment (Briffa et al. 2020). HMs, which are natural
constituents of the Earth’s crust, mainly exist in rocks as
oxides and sulfides, (Mileti¢ et al. 2023; Torres et al. 2023).
The increase in the utilization of HMs in various commer-
cial and industrial activities including construction, elec-
tronics, and transportation, due to world population growth
and economic developments has led to a rapid increase in
metallic substances in both terrestrial and aquatic environ-
ments (Briffa et al. 2020; Mileti¢ et al. 2023). Therefore,
high amounts of HM may occur in the environment owing to
anthropogenic activities (foundries, mining, smelting, metal
leaching, metal piping, petrochemical plants, oil refiner-
ies, traffic, coal-burning power stations, chemical industry,
pesticides, insecticides, fertilizers, etc.) and natural (litho-
genic) processes (geological weathering, soil erosion, acid
drainage, volcanic activity, etc.) (Torres et al. 2023; Mileti¢
et al. 2023; Yoon et al. 2023). HMs are very stable and do
not biodegrade and disappear, so they can persevere in the
environment for long periods even after pollution sources
have been eliminated (Briffa et al. 2020; Mileti¢ et al. 2023;

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s12403-024-00662-4&domain=pdf

304

S.Turhan et al.

Torres et al. 2023). Therefore, HM pollution is becoming a
significant issue and a source of anxiety caused by the harm-
ful effects it creates worldwide (Briffa et al. 2020; Miletié¢
et al. 2023). Besides their harmful effects on the environ-
ment, HMs can accumulate in human organs and cause seri-
ous harm to people’s health for long exposure to their effects
(Huang et al. 2019; Mileti¢ et al. 2023). HMs accumulation
in organs brings about diverse chronic and acute diseases
affecting the whole system, such as respiratory diseases,
immune system damage, nervous system impairment, car-
diovascular issues, slowed growth and development, endo-
crine disruptions, skeletal problems, etc. (Dolezalova et al.
2019; Tan et al. 2016; Mileti¢ et al. 2023). The International
Agency for Research on Cancer has categorized certain HMs
(such as Cu, Co, Zn, Fe, V, and Mn) as non-carcinogenic
HMs, while others (such as Hg, Cr, As, Cd, and Pb) are clas-
sified as both carcinogenic and non-carcinogenic HMs (Tan
et al. 2016). People are directly exposed to HMs in three
ways: inhalation, ingestion, and skin (dermal) contact. They
may contact with contaminated environmental samples (soil,
sediment, dust, rocks, etc.) during recreation, work, or resi-
dence. Another way is consuming food grown in indirectly
contaminated soil (Mileti¢ et al. 2023).

HMs are released into the air in the form of dust from
many anthropogenic and lithogenic origins mentioned
above and pollute the air, soil, and water. Air pollution is
considered one of the profoundly critical worldwide health
problems due to its influence on human health and ecosys-
tems (Suryawanshi et al. 2016; Vaezi et al. 2023). Thus,
airborne dust is a significant health and environmental prob-
lem that can lead to adverse impacts on living organisms
and the environment. So, HMs found in airborne dust create
an important hazard to people’s health via ingestion, inha-
lation, and dermal contact (Vaezi et al. 2023). Therefore,
determining HM concentrations in outdoor and indoor dust
samples is critical for protecting human health and prevent-
ing environmental pollution (Xu et al. 2021). Recent studies
on HMs existed in dust samples have mainly concentrated
on parks, roads, cities, and homes (Suryawanshi et al. 2016;
Han et al. 2017; Tang et al. 2017; Jiang et al. 2018; Nimyel
and Namadi 2020; Adimalla et al. 2020; Jadoon et al. 2021;
Sarmadi et al. 2021; Al-Harbi et al. 2021; Alghamdi et al.
2022; Ceballos et al. 2022; Vaezi et al. 2023; Gul et al. 2023;
Andrade et al. 2023). So far, limited studies have been car-
ried out on the analysis of HMs in dust samples related to
some industrial activities and the evaluation of workers’
health risks associated with HMs (Masto et al. 2017; Ishtiaq
et al. 2018; Tong et al. 2019; Sabouhi et al. 2020; Xu et al.
2021; Wang et al. 2023; Sultana et al. 2023). Masto et al.
(2017) analyzed the concentrations of HMs (As, Cd, Co, Cr,
Cu Ni, Pb, V, and Zn) in dust and soil samples collected from
the Jharia coal mining area in India using an inductively
coupled plasma-optical emission spectrometry (ICP-OES)
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and assessed the exposure risk due to the ingestion, inhala-
tion, and dermal absorption of HMs in the samples. Ishtiaq
et al. (2018) investigated the concentrations of HMs (Pb, Cr,
Cd, Ni, Cu, Co, and Zn) in coal dust samples collected near
various coal mines in Cherat, Pakistan using flame atomic
absorption spectrophotometer to evaluate the health risk
caused by intake of HMs through inhalation, ingestion, and
dermal absorption. Tong et al. (2019) analyzed dust samples
from twenty-one types of works in various workplaces in the
Shanxi Province of China and assessed the health damages
caused by dust inhalation by probabilistic risk assessment
method. Sabouhi et al. (2020) determined the levels of HMs
(Cd, Cr, Cu, Fe, Mn, Pb, and Zn) in floor dust samples col-
lected from mechanical and battery repairing workshops in
Yazd city of Iran by an atomic absorption spectrophotometer
to assess the anthropogenic contribution to the presence of
HMs, the possible sources and the related risks that could
arise from occupational exposure. Xu et al. (2021) measured
the concentration of HMs (Cu, Cd, Cr, Pb, Mn, Co, and
Zn) in dust samples related to industrial activities in desert
steppes by an inductively coupled plasma-mass spectrometer
(ICP-MS) to assess HM pollution and carcinogenic health
risk. Wang et al. (2023) analyzed the concentrations of HMs
(Zn, Pb, Sn, Mn, Cr, Ni, V, As, Cd, and Cu) in workshop
dust samples from an industrial area that was home to more
than forty printed circuit board manufacturing companies
in eastern China using an ICP-MS to assess ecological and
health risks. Sultana et al. (2023) determined the levels of
HMs (Cd, Zn, Cu, Mn, Pb, Cr, Ni, and Co in dust samples
from coal and chromite mines located in the province of
Punjab and Balochistan of Pakistan using a graphite furnace
atomic absorption spectrophotometer. However, according
to our knowledge, no study has been performed to deter-
mine the HM concentrations contained in clay brick (CB)
industry dust or kiln dust (KD) samples from CB factories
and to evaluate the health risks brought about by these HMs
for workers.

CBs are greatly utilized in construction materials globally
for their frequent availability, low price, and ease of handling
(Riaz et al. 2019). The characterization of CB, whose raw
material is clay, is markedly affected by the clay properties,
techniques, and coal combustion temperature. Components
such as alumina, silica, lime, and iron oxides exist in varying
amounts in the clay affecting the quality of the CBs (Riaz
et al. 2019). Approximately 340 billion tonnes of clay are
mined annually worldwide for brick production (Riaz et al.
2019). KD, a mix of coal ash, brickbats, and burnt clay, is a
waste product produced during the CB fabricating process
in kilns along coal combustion (Sood et al. 2021). Since
the CB industry dust particles contain HMs and silica, they
can significantly reduce the air quality in the environment,
and these dusts can also cause environmental problems by
spreading into the environment around each brick factory,
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Fig. 1 Map of locations of CB factories

depending on meteorological conditions (Thygerson et al.
2016). Inhalation of dust in the CB industry is a major chem-
ical anxiety among workers because it can irritate the eyes
and skin, chronic obstructive pulmonary disease, asthma,
bronchitis, silicosis, and other lung complications (Thyger-
son et al. 2016). Therefore, the assessment of health risk is

a crucial approach to both evaluation of the important haz-
ards posed by toxic contaminants while in contact with the
human body and a better understanding of how to approach
workplace hazard reduction and control. Considering these,
this research is the first detailed research to assess the human
health risks caused by dust exposure of workers working in
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CB factories. The aims of this study are (i) to analyze the
concentrations of major-minor oxides (silicon (Si0O,), cal-
cium oxide (CaO), alumina (Al,0O5), Iron(III) oxide (Fe,05),
sulfur trioxide (SO;), magnesium oxide (MgO), potassium
oxide (K,0), sodium oxide (Na,O), titanium dioxide (TiO,),
and phosphorus pentoxide (P,05)) and HMs (Fe, Mn, Cr, Ni,
V, Zn, Cu, As, Co and Pb) in KD samples, (ii) to compare
the concentrations of HMs in KD samples with the Earth’s
crust average (ECA) given in the study performed by Yaro-
shevsky (2006), the maximum contaminant level (MCL) rec-
ommended in the Turkish Soil Pollution Control Regulation
(OG, 2005) and the Turkish industrial soil average (TISA)
obtained from the study done by Goren et al. (2022) and (iii)
to assess the carcinogenic and non-carcinogenic health risks
conceding these HMs via three routs (inhalation, ingestion,
and dermal contacts) by estimating health indexes such as
hazard index, cancer risk and total cancer risk.

Materials and Methods
Collection, Preparation and Analysis of Sample

Thirty-three KD samples were collected from thirty-one
coal-fired CB factories shown on the map in Fig. 1. CB fac-
tories are located in the Boyabat district of Sinop province
and Tosya district of Kastamonu province in the Western
Black Sea Region of Tiirkiye. Samples coded KD1-KD26
were obtained from CB factories in Boyabat and samples
coded KD27-KD33 from CB factories in Tosya. The produc-
tion capacity of these CB factories is equivalent to one-third
of the total CB used in the construction industry in Tiirkiye.
Each dust sample was collected by carefully sweeping an
area from the production areas of the CB factory with plastic
tools (brush and dustpan), and then put into impermeable
polyethylene packages for storage. Then, each sample was
coded and transported to the Kastamonu University Phys-
ics Department Analysis Preparation Laboratory and kept
in an atmospheric environment until analysis. Each sample
was filtered to remove substances other than dust. The sam-
ples were dried in a furnace at 110 °C for 5 h. After being
homogenized, approximately five grams of each sample was
taken for analysis. CB kiln dust samples were coded as KD.
Samples from KD1 to KD25 were collected from Boyabat
CB factories, and the others were collected from Tosya CB
factories.

Analysis of major-minor oxides and HMs in the KD
samples was done by an energy-dispersive X-ray fluores-
cence (EDXR) spectrometer (Spectro Xepos, Ametek) with
a thick binary Pd/Co alloy anode X-ray tube (50 kV, 60 W),
the properties of which were detailed in previous studies
(Altikulag et al. 2022). The system’s spectral resolution is
less than 155 eV. The spectrometer has software to analyze
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samples simultaneously and utilizes "non-standard" cali-
bration techniques based on the basic parameters method.
Reference material of NIST SRM 2709 was used for quality
assurance of the spectrometry (Turhan et al. 2020). Each KD
sample was put in an automatic sampler of the spectrometry,
and the analysis was fulfilled by counting for about 1 h. The
XRF spectrum of each sample was assessed with the help of
software. The overall uncertainty (%) of Na,O, MgO, Al,O;,
Si0,, P,0s, SO;, K,0, CaO, TiO,, Fe,0;, V, Cr, Mn, Fe, Co,
Ni, Cu, Zn, As, and Pb was found to be 3.0, 0.4, 0.1, 0.1, 0.5,
0.1,0.2,0.1,0.2,0.1, 1.9, 0.6, 0.3, 0.1, 11.5, 0.6, 1.4, 0.7,
0.8, and 5.8, respectively.

Human Health Risk Assessment (HHRA)

USEPA (United States Environmental Protection Agency)
recognizes the HHRA as a tool for evaluating the degree and
probability of adverse health consequences in individuals
exposed to toxic materials in polluted environments (USEPA
2014a, 2014b; Sultana et al. 2023). HHRA consists of two
stages. The first stage is the identification and formulation
of risks that may cause a threat to people’s health (Mileti¢
et al. 2023). Within the scope of this stage, it is required
to describe the amount of HMs that cause health results,
the frequency of exposure to the contaminated environment
media or substance (soil, dust, sediment, etc.), the expo-
sure duration, and the exposure route (or pathway). Three
exposure pathways are inhalation, ingestion, and skin con-
tact (Mileti¢ et al. 2023). Ingestion refers to the accidental
ingestion of a small amount of contaminated substance.
The second stage is risk characterization. HHRA is typi-
cally dependent on the estimation of carcinogenic and non-
carcinogenic risks for various age groups (generally children
and adults).

Average Daily Dose

As mentioned before, it is first necessary to compute the daily
dose of HMs from the substance for three exposure routes to
evaluate the carcinogenic and non-carcinogenic risk (Mileti¢
et al. 2023). The USEPA model (1989) was used to calculate
the average daily dose (ADD) also referred to as chronic daily
intake (CDI) and average daily intake (ADI) in the literature,
related to the potential exposure pathways which were inha-
lation (Inh), incidental ingestion (Ing) and dermal (Derm)
absorption or contact. ADD (in terms of mg/kg/d) was calcu-
lated for adult CB factory workers using the formulas given
below (USEPA 1989; Tan et al. 2016; Sultana et al. 2023;
Miletié et al. 2023; Saha et al. 2024):

C x InhR X EF X ED ;
PEF x BM x AT M

ADDy,, =
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C x IngR X EF x ED x 107°
BM x AT

ADD,,, = @

C x SA x AF x ABS X EF x ED x 107°
ADDpern = BM x AT )

where C is the HM concentration in the dust samples (mg/
kg); InhR and IngR are the inhalation and ingestion rate of
dust given as 20 m*/d and 100 mg/d, respectively (USEPA
2011; Mileti€ et al. 2023); EF is exposure frequency taken
as 105 d/y (it was assumed that workers worked 117 days
in a year and did not work for an average of 12 days a year
on religious and national holidays); ED is exposure dura-
tion to dust (24 y) (Mileti¢ et al. 2023); BM is the aver-
age body mass of adults (77 kg for Turkish adults) (Turhan
et al. 2023) and AT is the exposure time (EF x ED). For
non-carcinogenic and carcinogenic AT =EF (105 d/y) XED
(24 y) and AT =EF (365 d/y) XED (74.8 y; the average life
expectancy for Turkish adults), respectively (Mileti¢ et al.
2023; TUIK 2024); PEF is the factor of particle emission
(1.36 % 10° m*/kg) (Miletié et al. 2023); SA is the available
surface area of skin for contact (5700 cm?) (Mileti¢ et al.
2023); AF is the factor of adherence represented the number
of HMs adhered to the skin (0.07 mg/cmZ/d) (Mileti€ et al.
2023) and ABS is the factor of dermal absorption (0.01 and
0.001 for carcinogenic and non-carcinogenic, respectively)
(Miletic et al. 2023).

Risk of Non-carcinogenic and Carcinogenic

The non-carcinogenic risk (NCR) estimation refers to deter-
mining the effect of HMs in KD on non-carcinogenic conse-
quences in people. Hazard quotient (HQ) and hazard index
(HI) are utilized to estimate NCR (Mileti¢ et al. 2023). HQ,
is the ratio of the ADDs of the HMs given in Egs. (1)—(3) to
their respective reference doses (R¢D) for all exposure routes
as follows (Tan et al. 2016; Sultana et al. 2023; Bushra et al.
2022; Mileti¢ et al. 2023; Saha et al. 2024):

HO,, . = ADD; 1, @
iilnh = P 1y
R/D; 1
ADD,; Ing
HQi,lng = - (5)
R Di,Ing
ADD; Derm
HQi erm — — 6
P RfDi,Derm ( )
HQ; = HQ, 1y, + HO; 1y + HO; perm @)

where R{Dy,,, RiDy,, and R¢Dp,,,, are the inhalation and
ingestion and dermal reference doses taken as 0.000301,
0.0001, 0.007, 0.00005, 0.0225, 0.70, 0.000014, 0.30,
0.012 and 0.0035 mg/kg/d, 0.0003, 0.003, 0.009, 0.14, 0.02,
0.70, 0.02, 0.30, 0.04 and 0.000035 mg/kg/d and 0.000123,
0.000013, 0.00007, 0.0056, 0.009, 0.42, 0.0008, 0.06, 0.012
and 0.00108 mg/kg/d for As, Cr, V, Mn, Co, Fe, Ni, Zn,
Cu and Pb, respectively (USEPA 2004; Bushra et al. 2022;
Mileti¢ et al. 2023; Saha et al. 2024). Thereafter, HQ, values
estimated for each HM in the KD sample are summed to
obtain the HI as follows:

HI = ) HQ, @)
i=1

where n is the number of HMs. If the HQ > 1 or HI > 1, there
is a certain suspicion that HMs may have a detrimental effect
on people’s health; If HI < 1, the effect of HMs is unimpor-
tant (Miletic et al. 2023).

Carcinogenic health risk measures the carcinogenic
effect of HMs in dust on people. Carcinogenic risk (CR)
and total carcinogenic risk (TCR) index are used for this
aim (Mileti¢ et al. 2023). CR; is estimated by multiplying
the ADDs given in Egs. (1)—(3) and the cancer slope factor
(CSF) for an HM for three exposure pathways as follows
(Mileti€ et al. 2023):

CR; jpn = ADD;y, X CSF; 9)
CR; g = ADD; p,, X CSFjy, (10)
CR; perm = ADD; pery X CSF, pery (11)
CR; = CRijyp + CRjjpe + CR; perm (12)

where CSF,;,, CSFy,,, and CSFp,,,, are the inhalation and
ingestion and dermal cancer slope factors taken as 0.042,
42, 15.1 and 0.84 per mg/kg/d, 0.0085, 0.5, 1.5 and 1.7 per
mg/kg/d and 0.0283, 20, 3.66 and 22.5 per mg/kg/d for Pb,
Cr, As and Ni, respectively (Bushra et al. 2022; Mileti¢ et al.
2023). CRi values estimated for each HM in the KD sample
are summed to obtain the TCR characterizing the sum of
the CR for each HM across three exposure routes as follows
(Mileti€ et al. 2023):

TCR =

CR, (13)
i=1

If TCR < 107, there is no risk of developing carcino-
genic diseases If 1 X 1078 < TCR < 107*, carcinogenic risks
are tolerable or acceptable. If TCR exceeds 1074, there is
an unacceptable carcinogenic risk (Tan et al. 2016; Mileti¢
et al. 2023).
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Table 1 The concentration

Concentration of heavy metal (mg/kg)

Mn Fe Co Ni Cu Zn As Pb

.. .. Sample code

and some descriptive statistics

data (in mg/kg) of HMs in KD A% Cr

samples
KD1 260 303
KD2 766 235
KD3 178 237
KD4 235 306
KD5 209 276
KD6 260 205
KD7 206 264
KD8 158 188
KD9 267 291
KD10 204 193
KD11 228 251
KD12 235 219
KD13 194 242
KD14 198 242
KD15 237 284
KD16 321 262
KD17 228 273
KD18 227 159
KDI19 204 241
KD20 229 257
KD21 309 156
KD22 155 200
KD23 165 197
KD24 174 171
KD25 197 327
KD26 338 220
KD27 238 404
KD28 564 255
KD29 174 222
KD30 221 378
KD31 225 300
KD32 208 375
KD33 163 163
Average 248 251
Median 225 242
SD 119 62
SE 21 11
Kurtosis 33 0.6
Skewness 12.2 0.3
Min 155 156
Max 766 404

712 65340 48 244 58 183 18 18
1086 156400 83 971 121 100 339 20
549 46300 32 143 33 70 5 12
723 60530 39 221 52 111 12 19
729 56990 38 183 46 122 13 18
802 58470 43 250 59 205 111 16
642 55410 39 171 48 115 11 16
580 40180 27 123 31 81 12 12
661 69950 43 280 68 119 62 18
720 47050 36 187 48 87 42 15
674 60030 39 205 52 112 36 17
736 61320 38 218 61 119 68 21
487 47450 30 153 35 74 13 11
786 53050 44 199 48 119 36 20
725 62540 41 226 51 108 30 17
651 74450 40 294 76 243 91 20
593 57880 36 202 51 101 13 16
466 56250 31 148 40 109 46 12
695 61100 40 202 50 104 25 19
676 59700 36 230 49 99 49 16
684 87940 38 216 89 261 130 27
666 38320 26 129 34 81 16 13
475 46780 28 115 36 95 20 12
639 60550 36 206 53 129 58 13
720 59370 50 238 45 98 2 18
398 67610 45 319 98 94 62 19
1330 76920 66 311 89 139 11 16
1191 141000 72 757 117 138 251 17
963 52930 32 171 45 119 33 11

1377 78180 54 253 82 120 12 17
1150 79650 50 270 94 178 31 18
1281 75250 52 242 82 120 14 18

773 44750 35 154 46 90 54 9
768 65444 42 249 60 122 52 16
712 60030 39 216 51 112 31 17
252 24514 13 169 24 45 70 4

44 4267 2 29 4 8 12 1
1.1 2.5 1.6 34 1.1 1.8 3.0 0.3
0.6 7.5 32 12.3 0.5 32 9.6 1.1
398 38320 26 115 31 70 2 9
1377 156400 83 971 121 261 339 27

Positive Matrix Factorization (PMF) Model

In the study, the PMF receptor model was developed by
using EPA PMF software (version 5.0) (USEPA 2014a,
2014b) to identify sources of HMs in KD samples, as previ-
ously described by Jiang et al. (2023). The optimal solution
was obtained by examining 3 to 6 factors using 20 base runs
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conducted in random seed mode (Zhang et al. 2018; Cheng
et al. 2020; Jiang et al. 2023).

Spatial Distribution Analysis

Spatial distribution analysis of HM concentrations of
dust samples was performed using QGIS Desktop 3.36.0
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were plotted on a digital map. Subsequently, inverse dis-
tance weighting (IDW) interpolation was used to estimate
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Statistical Analysis

The statistical analysis was done to assess data distribution,
investigate variance homogeneity, and determine potential
differences among groups concerning the concentrations of
HMs. The data were subjected to the Shapiro—Wilk test to
discern normality and the Bartlett test to observe variance
homogeneity. The Shapiro—Wilk and Bartlett tests showed
that most of the data did not conform to the normal distribu-
tion or exhibit homogeneity of variances. Therefore, the data
was transformed using logarithmic conversion. However, the
logarithmic transformed data still did not conform to the
normal distribution or exhibit homogeneity of variances.

Thus, the Kruskal-Wallis test (p=0.05) was used to
investigate the potential differences among HM concentra-
tions, and pairwise Wilcoxon rank-sum tests were applied
to display significant differences.

In addition, Pearson correlation coefficients were calcu-
lated to put forward any correlation between the HMs in
terms of their concentration in the dust samples. All statisti-
cal analyses were conducted by R studio version 2023.06 (R
Core Team 2023).

Results and Discussion

Concentration of Major-Minor Oxides and Heavy
Metal

According to the average concentration (in % dry weigh, dw)
of the major (> 1%) and minor (> 0.1%) oxides in the KD
samples were ranked as SiO, (41.7) > Al,05 (15.9)> CaO
(10.7) > Fe,05 (9.3) >MgO (6.5)>S0O; (4.8) > Na,O
(1.8) > K,0O (1.8) > TiO, (0.9) > P,05 (0.2). The concen-
trations (% dw) of SiO,, Al,05, CaO, Fe,0;, MgO, SO,,
Na,O, K,O, TiO, and P,05 varied from 18.8 (KD6) to
51.1 (KD23), 7.5 (KD6) to 24.5 (KD18), 6.5 (KD23) to
15.2 (KD10), 5.5 (KD22) to 22.4 (KD2), 2.1 (KD2) to
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12.3 (KD28), 0.2 (KD29) to 15.9 (KD2), 0.2 (KD27) to
3.8 (KD28), 1.3 (KD30) to 2.8 (KD21), 0.5 (KD6) to 1.6
(KD29) and 0.1 (KD25) to 0.3 (KD27), respectively. The
average concentration of CaO, Fe,0;, MgO, SO; and K,O
are higher than the ECAs of 9.4%, 1.1%, 5.4%, 0.05% and
1.1%, respectively (Yaroshevsky 2006). The average con-
centrations of Al,O5, TiO, and P,0;5 are near to the ECAs
of 15.9%, 0.97% and 0.19% %, while the average concentra-
tions of SiO, and Na,O are lower than the ECAs of 53.5%
and 2.7%, respectively (Yaroshevsky 2006).

The concentration and some descriptive statistical data of
HMs analyzed in KD samples are presented in Table 1. The
frequency distribution of the concentration of HMs is shown
in Fig. 2. According to the statistical analysis, only Mn and
Pb exhibit a normal distribution, while other HMs failed
to present a normal distribution, as seen in Fig. 2. From
Table 1, the average concentration hierarchy of HMs in KD
samples is Fe>Mn > Cr>Ni>V >Zn> Cu> As> Co> Pb.
The box plot for the concentration distribution of HMs for
logarithmically transformed data is given in Fig. 3. Figure 3
shows the highest log concentration of HMs was observed
for Fe, whereas the lowest was for Pb. Furthermore, dif-
ferences between all HM concentrations were detected. To
assess the statistical significance of these differences, the
Kruskal-Wallis test was applied, revealing statistically sig-
nificant differences between the log concentrations of HMs
(p<0.05). The Kruskal-Wallis test results revealed statisti-
cally significant differences in the concentrations of HMs
among the dust samples. Additionally, the Wilcoxon rank-
sum test confirmed that nearly all pairs of HM concentra-
tions significantly differed.

The Fe concentrations in the KD samples varied from
38320 (KD22) to 156400 (KD2) mg/kg with an average
value of 65444 mg/kg. All Fe concentrations, except for
four KD samples, are higher than the ECA (46500 mg/kg),
while Fe concentrations are above the TISA (355579 mg/
kg). The Mn concentrations varied from 398 (KD26) to 1377
(KD30) mg/kg, with an average value of 768 mg/kg. All
Mn concentrations, except for six KD samples, are lower
than the ECA (1000 mg/kg) and TISA (992 mg/kg). The
Cr concentrations varied from 156 (KD21) to 404 (KD27)
mg/kg with an average value of 251 mg/kg. All Cr con-
centrations are higher than the ECA (83 mg/kg) and maxi-
mum contaminant level (MCL) (100 mg/kg) (OG, 2005),
while all Cr concentrations, except for three KD samples,
are lower than the TISA (333 mg/kg). The Ni concentra-
tions varied from 115 (KD23) to 971 (KF2) mg/kg, with
an average value of 249 mg/kg. All Ni concentrations are
higher than MCL (30 mg/kg) and ECA (58 mg/kg), while
all Ni concentrations, except for two KD samples, are lower
than TISA (125 mg/kg). The V concentrations varied from
155 (KD22) to 766 (KD2) mg/kg, with an average value of
248 mg/kg. All V concentrations are higher than the ECA
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Fig.4 The distribution (in mg/kg) of HMs in CB factories from Boyabat, Turkey. HM distributions are presented for a V, b Cr, ¢ Mn, d Fe, e Co,
fNi, g Cu, hZn,iAs, and j Pb
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Fig.5 The distribution (in mg/kg) of HMs in CB factories from Tosya, Turkey. HM distributions are presented for a V, b Cr, ¢ Mn, d Fe, e Co, f
Ni, g Cu, hZn, i As, and j Pb
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Table 2 Impact of heavy metals in KD under different exposure routes on human health risks

Carcinogenic risk

Non-carcinogenic risk

HQ,

Heavy metal

CR,

ADD (mg/kg/d)

Dermal

Inhalation

Ingestion

Dermal

Inhalation

Ingestion

Dermal

Inhalation

Ingestion

0—2

0—4

0—5

1.86x 1077 240x107°

1.51x107°

— o o = e —

1.83x

0—6
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0—5
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0—8
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0—2

2.93x

0—3
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0—3

7.79 %

0—4

3.69%107° 271x107°

5.08x107°
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6.10x1073

3.14x107*

0—3

1.39% 1078 2.74% 1070

9.39%10°°

3.06x107°

0—2

— e e e e e

3.57x
7.12%
1.21x

1.28x107°

473%1078

0—4

3.98%x107°

1.47%x1077

0—4

3.39%10™*

1.25%107°

0—2

2.72%
1.95x
5.30x
1.00x
1.49x
2.09x

2.17x1077

8.01x107°

0—5

3.12x1077

1.15x1078

0—5

6.34x1077

2.34x107%

0—4

1.20x107°

443%107°

0—5
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3.22x%
9.97 x

Mn

8.50%
5.45x%

Fe

Co

7.81x

Cu

1.59 %
3.01x

7Zn

Cr

1.19%107°

440x107°

2.99% 1077

Ni

921x107'%  7.50x1077

6.26x107°

As

1.20x107'"  220x107°

1.66x 1078

7.20%107°

8.18x 1078

5.56x 1072

2.86x10710  777%107®

1.95x107°

Pb

2.04x1077 5.39%107°

7.35%107°
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2.58% 107!
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1.29x107*
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(90 mg/kg). The Zn concentrations varied from 70 (KD3)
to 261 (KD21) mg/kg, with an average value of 122 mg/kg.
All Zn concentrations, except four KD samples, are higher
than the ECA (83 mg/kg), while except for five KD samples,
all Zn concentrations are lower than the MCL (150 mg/kg),
and except for one KD sample, TISA (248 mg/kg). The Cu
concentrations varied from 31 (KDS8) to 121 (KD2) mg/kg
with an average value of 60 mg/kg. Approximately one-third
of the Cu concentrations are lower than the ECA (47 mg/kg
and MCL (50 mg/kg), while all Cu concentrations are lower
than TISA (588 mg/kg). The As concentrations varied from
2 (KD25) to 339 (KD2) mg/kg with an average value of
52 mg/kg. Approximately two-thirds of the As concentra-
tions are higher than the MCL (20 mg/kg). All As concen-
trations are lower than TISA (500 mg/kg) while higher than
the ECA (1.7 mg/kg). The Co concentrations varied from
26 (KD22) to 83 (KD2) mg/kg with an average value of
42 mg/kg. All Co concentrations are higher than the ECA
(18 mg/kg), MCL (20 mg/kg), and TISA (21 mg/kg). The Pb
concentrations varied from 9 (KD33) to 27 (KD21) mg/kg,
with an average value of 16 mg/kg. All Pb concentrations
are lower than the MCL (50 mg/kg) and TISA (125 mg/kg),
while approximately one-third of the Pb concentrations are
lower than the ECA (16 mg/kg).

The spatial distribution analysis of HMs for the dust sam-
ples collected from CB factories was conducted to present
the variation in HM concentrations throughout collection
points and concentration patterns across the study area.
The distributions of HMs in CB factories from Boyabat and
Tosya district are given in Figs. 4 and 5, respectively.

Exposure Assessment

Table 2 presents non-carcinogenic and carcinogenic health
risk results assessed for adult workers. The average values
of the ADDy,,, ADDy,;, and ADDy,,,, calculated for all
HMs in the KD samples were found as 8.7 x 10~ mg/kg/d,
1.3x 107% mg/kg/d, and 3.5 x 10~ mg/kg/d, respectively.
The average ADDy,, and ADDy,;, values of the HMs are
ranked as Fe>Mn>V >Zn>Cu>Co>Cr>Ni> As>Pb,
while the average ADDy,.,,, values are ranked Fe >Mn>V
> Cr>Ni> As>Zn>Cu>Co>Pb. The highest and lowest
ADD:; values were 8.5 1072 mg/kg d for ingestion of Fe and
2.7x107'° mg/kg/d for inhalation of Pb, respectively. With
respect to average ADD;, the three exposure routes were
listed as ingestion > dermal contact > inhalation.

The average values of the HQ,,, HQy,,, and HQpy,,
estimated for all HMs in the KD samples were 2.6 X 1072,
3.3x 107 and 1.2x 1072, respectively. The average HQyp»
HQy,,, and HQp,,,, values of the HMs are ranked Fe > P
b>V>As>Cr>Mn>Co>Cu>Ni>Zn; Mn>Ni>Cr>
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A

Fig. 6 The spatial distribution for non-carcinogenic risks: A Boyabat, B Tosya

Fe>V>As>Cu>Co>Pb>Zn, and Cr>V > As>Ni>
Fe>Mn >Pb > Cu> Co>Zn. The highest and lowest HQ,
values were 1.3 107! for ingestion of Fe and 8.6 x 1078 for
inhalation of Zn, respectively. With respect to average HQ;,
the three exposure routes were in the following order: inges-
tion > dermal contact > inhalation. All HQ values are lower
than the risk limit of 1. The average values of the HIy,, HI;,
and HI},,, estimated for all HMs in the KD samples were
2.6x107!,3.3x 1073, and 1.2x 107!, respectively. With
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respect to average HI,, the three exposure routes were in the
following order: ingestion > dermal contact > inhalation. The
estimated HI value for all HMs and three exposure routes is
0.38, which is below the risk limit of 1.

The average values of the CRy,,, CRy,;,, and CRpy, esti-
mated for Pb, Cr, As and Ni were 1.9% 107>, 5.1x 1078 and
1.4x 1073, respectively. The average CRy,, and CRpg,y, val-
ues of these HMs are ranked Ni> Cr> As > Pb, while the
average CRy,, values are ranked Cr> As>Ni>Pb. The
highest and lowest CR; values were 5.8 x 107> for inges-
tion of Ni and 1.2 x 10~!! for inhalation of Pb, respectively.
The total average values of the CR,; j,,,, CR; ., and CR; pepy
were 7.5% 107, 2.0x 107 and 5.4 x 1075, respectively. With
respect to average CR,;, the three exposure routes were in the
following order: dermal contact > ingestion > inhalation. All
CR values are in the safe range. The TCR value estimated
for these four HMs and three exposure routes is 1.3 x 107,
which is above the carcinogenic risk limit of 1.0x 107,
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A

Fig. 7 The spatial distribution for carcinogenic risks: A Boyabat, B Tosya

The spatial distribution analysis was also conducted for
non-carcinogenic and carcinogenic risks across the study
area. The non-carcinogenic and carcinogenic risk distribu-
tions for Boyabat and Tosya are shown in Figs. 6 and 7. The
spatial distribution maps indicate that workers, particularly
those working in KD2 (Boyabat) and KD28 (Tosya), are at
risk of health issues.

To explore potential sources of HMs in dust samples,
Pearson correlation analysis (Fig. 8) was used to present
pairwise correlations among HMs in dust samples, and
the PMF model was used to reveal any potential common
sources for the presence of HMs in the samples (Jiang et al.
2023). According to the analysis, three factors were found
to be the sources of HMs.

The results showed that Factor 1 contributed 40.50%,
Factor 2 44.30%, and Factor 3 15.20% in the results of the
PMF model (Fig. 8a). Figure 8b presents the contribution of
each HM to the factors identified in the PMF model. Accord-
ing to the results, Pb and V exhibit the highest contributions

Inhalation CR

3.10x 107 ‘
1.30x 107

to Factor 1. According to previous studies, the source of V
may be natural sources and soil sampling (Hernandez and
Rodriguez 2012). Bird (2011) proposed that the sources of
Pb in the environment can be linked to industrial anthropo-
genic activity and coal combustion. Thus, Factor 1 predomi-
nantly represents contributions from natural sources, soil,
and coal combustion. During the dust sampling process, it
was observed that each CB factory had a different base soil,
often containing residues of ash and coal. Thus, it is possible
to propose that Factor 1 could represent the factory base soil.

Analysis of Factor 2 reveals that As, Ni and V are the
primary contributors. Chung et al. (2014) proposed that As
found in the environment is predominantly based on natural
sources, namely the Earth’s crust. The source of Ni (Kierc-
zak et al. 2021) and V (Hernandez and Rodriguez 2012) is
also suggested to be natural sources. Therefore, it is rea-
sonable to associate Factor 2 with the clay used in brick
production.
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Fig.8 Source assignments for HMs. a Factor contributions (%) to the PMF model, b HM contributions (%) to each factor, ¢ The Pearson corre-
lation coefficients for HM pairs and their relation of each HM to the factors of the PMF model

The results showed that Mn, Zn, and Cu contributed to
Factor 3. Previous studies have shown that Mn can origi-
nate from the combustion of fossil fuels (Howe et al. 2004).
Haque et al. (1982) proposed that the sources of Zn in the
environment can be linked to coal combustion, oil combus-
tion, wood combustion, and industrial applications. The
source of Cu is also suggested to be oil combustion and
wood smoke (Al-Masri et al. 2006). Thus, it is possible to
propose that Factor 3 predominantly represents contributions
from coal combustion used in brick production. Figure 8c
presents both the percentages of HMs contributing to each
factor and the correlation test results. According to Fig. 8c,
it can be proposed that Mn contributes highly to Factor 3,
whereas As contributes highly to Factor 2. In addition, the
upper part of Fig. 8c shows that there are very strong cor-
relations between V and Fe; V and Ni; Fe and Ni; and V and
As. Furthermore, the correlations between V and Co; V and
Cu; Fe and Co; Fe and Cu; Fe and As; Co and Ni; Co and
Cu; Ni and Cu; and Ni and As are also high.

Conclusion

In this first and detailed study, the concentrations of major-
minor oxides and ten heavy metals (V, Cr, Mn, Fe, Co, Ni,
Cu, Zn, As, and Pb) in kiln dust samples from clay brick
factories in the Western Black Sea Region of Tiirkiye were
analyzed and carcinogenic and non-carcinogenic human
health risks from three exposure routes of heavy metals
from kiln dust samples were assessed for adult workers.
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Concentrations of heavy metals varied depending on param-
eters such as the structure of the clay used as raw mate-
rial, brick firing temperature, and the type and structure of
coal. Analysis results revealed that (i) 50% of the kiln dust
samples were composed of silicone and (ii) all of the Cr,
Ni, and Co concentrations and two-thirds of the Cu and As
concentrations were greater than the maximum contaminant
levels recommended in the Turkish Soil Pollution Control
Regulation.

Assessment of human health risk is a critical approach
to estimating the remarkable risks due to the toxic heavy
metal contaminants when in contact with the human body.
The findings may help improve worker safety measures. In
this study, human health risk assessment was performed
using the deterministic model recommended by USEPA.
Risk assessment results revealed that HQ and HI values
were all within safe levels, reflecting that heavy metals
do not cause a non-carcinogenic risk to workers’ health.
However, the TCR value estimated for Cr, Ni, As, and
Pb showed that workers can be faced carcinogenic health
risks.

In conclusion, this study denotes that (i) the forma-
tion of dust contaminated with heavy metals is a severe
problem in working areas in brick factories and should be
constantly monitored, and (ii) it is vital to comply with
safety standards in brick factories to ensure safety and
keep inhalable kiln dust at safe levels for workers. There-
fore, contemporary and effective technologies should be
used to minimize health risks associated with occupational
exposure, and the usage of personal protective equipment
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should be made mandatory among workers to restrict
heavy metal exposure.
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