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ABSTRACT
Introduction. This study examines the impact of unintentionally generated nanoparticles on workers’ health in the metallurgical industry. Given the high toxicity 
and unique penetrating abilities of nano-sized objects, their reliable identification within background polydisperse aerosols is critical. The study substantiates an 
integrated approach based on scanning electron microscopy and energy-dispersive X-ray spectroscopy. Their combination enables the precise identification of 
the morphology and elemental composition of individual particles. The described approach is of crucial importance for assessing occupational risks and creating 
effective prevention systems at work.
Materials and Methods. Aerosols from crude lead production were sampled using nylon membrane filters with a 0.2 μm pore size. The morphology and elemental 
composition of the particles were established by scanning electron microscopy using a Hitachi SU8220 ultra-high-resolution microscope equipped with an Ultim 
Extreme EDXS detector.
Results. Measurements revealed high concentrations of aerosols (0.01–25 μm) dominated by nanoparticles generated by melt casting. The nanoparticle count 
reached 100.08 billion/m³, although their mass fraction was low (up to 47.47 μg/m³). Twenty-two chemical elements were identified in the composition of 
nanoparticles, the main ones being Pb, Na, Zn, As, Sn, and S. Most nanoparticles were multicomponent, usually consisting of three to five and up to eight elements; 
the aerosol was found to persist in the workplace air for a long time and spread throughout the workshop despite local exhaust ventilation.
Limitations. The study of workplace air aerosols was conducted locally in the area of core crude copper smelting operations.
Conclusions. Electron microscopy combined with X-ray fluorescence enabled detailed identification of nanoscale components within complex polydisperse aerosols. 
Owing to their high spatial resolution and opportunities of elemental microanalysis, these techniques helped to obtain reliable information on not only the morphology 
and dispersion of particles but also on their unique multicomponent composition, which allowed establishing patterns in the formation of multicomponent particles 
and determining their distribution by technological process phases.
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Шеломенцев И.Г.

Многометрическая идентификация и анализ наночастиц  
в составе полидисперсных аэрозолей воздуха рабочей зоны  
на основе сканирующей электронной микроскопии  
в сочетании с энергодисперсионной рентгеновской спектроскопией
ФБУН «Екатеринбургский медицинский научный центр профилактики и охраны здоровья рабочих промышленных предприятий» 
Федеральной службы по надзору в сфере защиты прав потребителей и благополучия человека, Екатеринбург, 620014, Россия

РЕЗЮМЕ
Введение. Исследование посвящено проблеме воздействия непреднамеренно образующихся наночастиц на здоровье работников металлургической 
отрасли. С учётом высокой токсичности и уникальной проникающей способности нанообъектов критически важны такие задачи, как их достовер-
ная селекция, идентификация в составе фоновых полидисперсных аэрозолей. В работе обоснован интегративный подход, сочетающий сканирующую 
электронную микроскопию и энергодисперсионную рентгеновскую спектроскопию. Такая комбинация позволяет точно идентифицировать морфо-
логию и элементный состав индивидуальных частиц. Разработанный комплексный подход имеет определяющее значение для оценки профессиональ-
ных рисков и создания эффективных систем профилактики на производстве.
Материалы и методы. Исследование аэрозолей производства чернового свинца проводили с использованием мембранных нейлонных фильтров (поры 
0,2 мкм). Морфологию и элементный состав частиц изучали методом сканирующей электронной микроскопии на микроскопе сверхвысокого раз-
решения Hitachi SU8220, оснащённом ЭДРС-детектором Ultim Extreme.

Читать 
онлайн

Read
online



379Gigiena i Sanitariya / HYGIENE & SANITATION, RUSSIAN JOURNAL • Volume 105 • Issue 4 • 2026

OCCUPATIONAL MEDICINEhttps://doi.org/10.47470/0016-9900-2026-105-4-378-386

Original article

Introduction
In modern occupational health and medicine, the issue 

of the impact of nanoparticles (NPs, < 100 nm) on workers 
in metallurgical and metalworking industries is becoming 
particularly pressing. Technological processes characterized 
by high temperatures and significant energy consumption 
(smelting, welding, cutting, and electrical discharge machining) 
are accompanied by the incidental generation of large volumes of 
nanoparticles. According to the results of air quality monitoring, 
concentrations of ultradisperse aerosols in industrial settings 
can reach peak values of 7.8 million particles per cm3 [1–11]. 
Experimental and epidemiological data indicate that inhalation 
exposure to fine particulate matter triggers the development of 
systemic respiratory, cardiovascular, immune, and neurological 
disorders [1, 12–19].

Despite the proven risks specific to nanoparticles, current 
regulations are largely based on mass-based indicators of total 
aerosol, which leads to an underestimation of the actual threat 
posed by the nanofraction. This regulatory and methodological 
gap represents a key barrier to ensuring safety of workers at 
metallurgical plants, where complex mixtures of metal and metal 
oxide NPs are regularly generated [2, 6, 20, 21]. Therefore, the 
development of a reliable methodology for the identification 
and quantification of nanoparticles in the workplace air is a 
priority. Scanning electron microscopy (SEM), combined 
with energy-dispersive X-ray spectroscopy (EDX), enables the 
analysis of individual nanoscale aerosol particles, including the 
determination of the multi-element composition of samples [22–
26]. The development of a comprehensive approach to identifying 
the nanofraction of aerosols based on these methods is crucial for 
risk assessment and the implementation of effective preventive 
measures in industrial settings.

The aim of this study is to identify nanoparticles within 
polydisperse aerosols of complex composition in the workplace 
air of a crude lead production facility using electron microscopy 
and X-ray fluorescence analysis.

Materials and Methods
Description of the production process. The study was conducted 

at a plant producing crude lead from secondary raw materials 
(scrap batteries and waste from copper smelting). The site houses 
two short drum furnaces equipped with extraction systems. 
The furnaces are loaded with prepared charge materials using a 
charging machine. Smelting is a reduction process at temperatures 
of 1,100–1,200 °C; crude lead and slag-dust product are 
periodically poured into moulds and transported further along 
the production line. A diagram of the site and sampling points is 
shown in Fig. 1.

Particle density analysis. Samples of settled dust were collected 
around the perimeter of the site near the sampling point at 
furnace 1 from horizontal surfaces free of overhanging elements. 
Collection was carried out using a natural-bristle brush into 
polypropylene zip-lock bags. A total of 10 dust samples were 
collected. Prior to analysis, the dust was filtered through a 100 µm 
mesh sieve and dried in an oven. The particle density of the settled 
dust was determined using the pycnometric method with a neutral 
liquid in accordance with GOST 5180–2015*******. It should be 
noted that this standard was developed for soils; however, within 
the scope of this study, it was used to obtain estimated values for 
the density of settled dust as an accessible integrated indicator. 
PMS-0.65 silicone oil (SiliconSnab LLC, Russia) was used as the 
neutral liquid.

Aerosol analysis. For the study of the aerosol by scanning 
electron microscopy, 47-mm nylon (NY) disc membrane filters 
with a nominal pore size of 0.2 µm by Sartorius (Sartorius AG, 
Germany) were used; these had previously been evaluated for 
their ability to capture the nanofraction of the aerosol [27]. A 
custom-designed filter holder with a cone (intake orifice of 1.5 
cm3) was used [28]. Samples were collected using an AirChek 
TOUCH Pump personal aspirator (SKC Inc., USA). During the 
smelting of lead-containing recycled materials, 16 aerosol samples 
were collected; sampling times ranged from 10 to 60 minutes 
depending on the stage of the process, at an air flow rate of 1.5 L/
min (Table 1).

Результаты. Изучение производства чернового свинца выявило высокую концентрацию аэрозолей (0,01–25 мкм) с преобладанием наночастиц, 
образующихся преимущественно при розливе расплавов. Счётная концентрация наночастиц достигала 100,08 млрд/м³, хотя их массовая доля 
была невелика (до 47,47 мкг/м³). В составе наночастиц идентифицированы 22 элемента, основные из которых Pb, Na, Zn, As, Sn, S. Установле-
но, что большинство наночастиц были многокомпонентными (чаще всего 3–5 элементов, реже до 8), а аэрозоль сохранялся в воздухе длительное 
время, распространяясь по всему цеху, несмотря на местную вентиляцию.
Ограничения исследования. Исследование аэрозоля воздуха рабочей зоны выполнено локально в области проведения основных работ при плавке черно-
вого свинца.
Заключение. Применение комплекса методов электронной микроскопии в сочетании с рентгенофлуоресцентным анализом позволило провести де-
тальную идентификацию наноразмерных компонентов в составе сложных полидисперсных аэрозолей. Благодаря высокому пространственному раз-
решению и возможности элементного микроанализа эти методы обеспечили получение достоверных сведений о морфологии и дисперсности частиц 
и, что очень важно, их уникальном многокомпонентном составе. Это позволило установить закономерности формирования многокомпонентных 
частиц и определить их распределение по фазам технологического процесса.

Ключевые слова: производство чернового свинца; полидисперсный аэрозоль; аэрозоль сложного состава; наночастицы; электронная микроскопия; 
методика идентификации наночастиц; элементный состав наночастиц
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Рис. 1. Схема участка короткобарабанных печей: 
треугольник – рабочее место плавильщика (в 
момент выпуска шлака и продукта); трапеция – 
изложницы; пятиугольник – точка пробоотбора 
аэрозоля.

Fig. 1. Schematic diagram of a short-drum furnace 
section: triangle – smelter’s workplace (at the moment 
of slag and product tapping); trapezoid – molds; 
pentagon – aerosol sampling point.

Т а б л и ц а  1  /  T a b l e  1
Stages of crude lead smelting with the designation of the collected aerosol samples and description of concomitant processes in the workshop
Этапы плавки чернового свинца с обозначением отобранных проб аэрозоля и описанием работ, проходящих в это время в цехе

Этап 
Stage

Обозначение 
пробы 

Sample designation

Временные 
промежутки, мин 
Time intervals, min

Комментарии и описание работ, проходящих параллельно 
Comments and description of concomitant processes

Загрузка печи 
Furnace loading (FL)

ЗП 
FL

0–15 Загрузка началась через 15 мин после завершения слива предыдущей партии 
Loading started 15 minutes after the previous batch was poured out

Плавка 
Melting (M)

П-1 
M-1

15–45 –

П-2 
M-2

45–75 –

M-3 
P-3

75–105 –

Дозагрузка печи 
Additional furnace 
loading (AFL)

ДЗП 
AFL 

105–120 –

Плавка 
Melting 

П-4 
M-4

120–180 Разделка лётки и ВШП на печи 2. Кантовка изложниц в зоне обслуживания 
Cutting the taphole and pouring of slag, matte, and middlings from furnace No. 2. 
Turning molds in the service area

П-5 
M-5

180–210 ВШП и ВС на печи 2. Транспортировка заполненных изложниц от печи 2  
в зону обслуживания и хранения через печь 1 
Pouring of slag, matte, and middlings (PSMM) and pouring of molten lead (PML)  
from furnace No. 2. Transportation of filled molds from furnace No. 2 to the service 
and storage area through furnace No. 1

П-6 
M-6

210–240 Частичный излив расплава на печи 1. Загрузка печи 2 
Partial pouring of melt from furnace No. 1. Loading of furnace No. 2

П-7 
M-7

240–270 Частичный излив расплава на печи 1 
Partial pouring of melt from furnace No. 1

П-8 
M-8

270–300 Частичный излив расплава на печи 1. Дозагрузка печи 2 
Partial pouring of melt from furnace No. 1. Loading of furnace No. 2

П-9 
M-9

300–330 Разделка лётки. Кантовка изложниц в зоне обслуживания. Извлечение 
остывшего ШП из изложниц 
Taphole cutting. Ingot mold tilting in the service area. Removing cooled slag, matte, 
and middlings from the molds

Выпуск 
шлакоштейнового 
промпродукта 
Pouring of slag, 
matte, and middlings 
(PSMM) from the 
furnace

ВШП-1 
PSMM-1

330–340 –

ВШП-2 
PSMM-2

340–350 –

ВШП-3 
PSMM-3

351–360 –

Выпуск свинца 
Pouring the molten 
lead from the furnace 
(PML)

ВС-1 
PML-1

360–370 –

ВС-2 
PML-2

370–380 Загрузка началась через 15 мин после завершения слива предыдущей партии 
Loading started 15 minutes after the previous batch was poured out

За весь период 
For the entire period

Сред. 
Mean

0–380 –
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1) the density of the particles in the resulting aerosol is 
uniform, regardless of the size and composition of these particles;

2) the proportions of unidentified elements in the composition 
of nanoparticles, including H, C, O and N, are negligible relative 
to the identified elements;

3) the elemental composition of all nanoparticles within a 
single analysis area is homogeneous; and

4) the contribution of nanoparticles smaller than 20 nm to 
the volume and, consequently, mass concentration of particles is 
negligible.

Thus, the total mass concentration of nanoparticles (Cm, μg/m3) 
was calculated using the formula:

Cm нч = Cv нч ∙ ρ  ,                                     (3)

where Cv is the total volumetric concentration of NPs, mm3/m3 
and ρ is the density of particles, g/cm3.

The mass concentration of identified chemical elements (Xm, 
μg/m3) was calculated using the formula::

Xm нч = (xi ∙ Cm нч) / 100%,                           (4)

where xi is the mean relative weight percentage of the element 
in the sample, %, and xi is the relative weight percentage of the 
element in the i-specter, %.

Results
Electron microscopy findings revealed that the samples 

of suspended particles collected at the smelter’s workplace in 
a lead-containing scrap processing plant were characterized 
by size heterogeneity: the particle diameter varied over a wide 
range of 0.01–25 µm. The particles were formed as a result of a 
condensation process and therefore were predominantly regular 
spherical or cubic in shape (Fig. 2).

Furthermore, heterogeneity in the morphology of the aerosol 
particles was observed (Fig. 3).

The examination of the overall size distribution of the aerosols 
showed that the total count of aerosol particles ranged from 0.13 
to 138.58 billion/m³, depending on the stage of the crude lead 
smelting (Table 2).

To calculate the mass concentrations of fine particles, the 
mean density of aerosol particles was determined by estimating the 
densities of the particulate matter. According to the study results, 
the density of dust particles in the furnace area was 4.76 ± 0.61 
g/cm3 (mean ± standard deviation), with a minimum/maximum 
range of 3.84/6.05 g/cm3. When interpreting the results, it was 
taken into account that settled dust may differ in morphology, 
degree of agglomeration and phase composition from aerosol 
particles suspended in the workplace air. Consequently, the 
density values obtained were regarded as approximate and were 
used for a rough estimate of particle mass concentrations.

The filters were affixed to workbenches using conductive 
carbon tape for analysis. The filter surfaces were cleaned in a ZONE 
II ozone cleaning system (Hitachi, Japan). The samples were then 
coated with a 10-nm-thick conductive carbon layer using a Leica 
ACE600 vacuum sputtering system (Leica, Austria). The filter 
surfaces were imaged using a Hitachi REGULUS SU8220 ultra-
high-resolution scanning electron microscope equipped with a 
five-section backscattered electron detector (Hitachi, Japan). The 
filter surfaces were examined at magnifications of ×600, ×1,500, 
×6,000 and ×50,000. The number of fields of view ranged from 
40 to 150 depending on the particle load on the filter. The lower 
threshold for the number of particles analyzed was 1,000 at each 
magnification.

The elemental composition of the nanoparticles was 
identified using an Ultim® Extreme windowless 100 mm2 
EDAX detector at an accelerating voltage of 20 kV. Prior to 
the analysis of each sample, the detector was optimized using 
a standard cobalt sample for X-ray fluorescence analysis. Both 
individual nanoparticles and clusters of up to several dozens 
of nanoparticles were analyzed, provided there were no larger 
particles in the field of view. The least number of spectra 
obtained for a single sample was 100.

Data analysis. Electron micrographs were analyzed using the 
open-source ImageJ software offering automated object detection, 
measurement of their projected area (A), the minimum diameter 
of the particle’s projected area (dm), and the aspect ratio (AR). 
For each particle, the equivalent projected diameter (dp) and the 
particle volume (V) were calculated.

The diameter dp represents the diameter of a circle having 
the same area as the dust particle, as projected onto a two-
dimensional image, and is calculated as follows:

dp = √(4 ∙ А) / π.                                     (1)

The volume of the particles was determined following the 
approach of Anderson et al. [29], according to which the height 
of a particle is equal to its smallest dimension (the minimum 
diameter of the particle’s projected area):

V = (π ∙ А ∙ dm) / (6 ∙ √АR).                          (2)

To calculate the number concentrations, the particles falling 
within the range were counted, and for volume concentrations, 
the sum of the volumes of these particles was determined. 
Measurement results obtained at different magnifications were 
combined by means of a proportional conversion from large 
particles to small ones.

When calculating the mass concentrations of nanoparticles, 
their elemental composition and the identification of unique 
nanoparticle compounds (NPCs) formed during the production 
of crude lead, the following assumptions were made:

ба в

Рис. 2. Электронные микрофотографии частиц аэрозоля на поверхности фильтра при увеличении: а – ×100; б – ×3000; в – ×30 000.

Fig. 2. Electron micrographs of collected aerosol particles at а – ×100; б – ×3,000; and в – ×30,000 magnification.
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Cn con.np = Cn np ∙ (ncon.np / nnp),                        (5)

where Cn np is the total number concentration of nanoparticles, 
units/m3; ncon.np is the number of identified nanoparticle 
compositions in the sample; nnp is the total number of identified 
nanoparticles in the sample.

Thus, it was established that during the smelting process, up to 
153 NP compounds (ranging from 8 to 45 types depending on the 
smelting stage) were generated in the workplace air, comprising 

Analysis of the particle size distribution of the aerosols revealed 
the predominance of fine particles. However, the proportion of 
fine particles in the peak volume concentration did not exceed 
2.1% (Fig. 3). The number, volume, and mass concentrations of 
fine particles ranged from 0.06 to 100.08 billion/m³, 0.006–9.958 
million μm³/m³, and 0.03–47.47 μg/m3, respectively.

When investigating the elemental composition of fine 
particles, both individual particles and their aggregates were 
analyzed (Fig. 4).

Based on the results of the elemental analysis, 22 elements 
from the periodic table were identified in the composition of 
nanoparticles (Table 3).

Elemental analysis of the nano-sized aerosol generated 
during crude lead smelting revealed significant heterogeneity 
and variability in the elemental composition of the nanoparticles 
depending on the smelting stage and the operations carried out 
simultaneously (see Table 1). The most common elements in the 
nanoparticles were Pb, Na, Zn, As, Sn, and S. Their frequency 
of occurrence varied depending on the smelting stage; however, 
they were detected in the nanoparticles of all the samples tested. 
Furthermore, 90–100% of the NPs contained Pb, whilst the 
occurrence of other priority elements varied significantly (from 
7–34 to 49–100%).

Taking into account the results of the preliminary analysis 
of the elemental composition of the NPs and the morphological 
heterogeneity of the aerosol particles, it was decided to identify 
NP compositional units (Fig. 3). The identification of the 
nanoparticle composition was based on data obtained during the 
elemental composition identification stage using the EDX method. 
For each aerosol sample, a list of nanoparticle compositions was 
determined. The number of nanoparticles belonging to each 
identified nanoparticle composition was then calculated. The 
number concentration of the nanoparticle composition (Cn con.np, 
units/m3) was determined using the formula: 

Рис. 3. Электронная микрофотография частиц аэрозоля, образующихся при 
плавке чернового свинца (чем светлее объект, тем больше атомная масса 
химических элементов, из которых он состоит).

Fig. 3. Electron micrographs of aerosol particles generated during crude lead 
smelting (the lighter the object, the greater the atomic mass of the chemical elements 
of which it is composed).

Т а б л и ц а  2  /  T a b l e  2
Count, volume, and mass concentrations of nanoparticles (NPs) and total aerosol at different stages of crude lead smelting
Счётные, объёмные и массовые концентрации НЧ и общего аэрозоля на разных этапах плавки чернового свинца

Этап плавки 
Smelting stage

Счётная концентрация частиц, млрд/м3 
Particle count concentration, b/m3

Объёмная концентрация частиц, млн мкм3/м3 
Volume concentration, μm3/m3

Массовая концентрация частиц, мкг/м3 
Mass concentration, μg/m3

НЧ 
NP

Общая 
Total

НЧ 
NP

Общая 
Total

НЧ 
NP

Общая 
Total

ЗП / FL 27.30 37.12 2.987 146.8 14.24 700
П-1 / M-1 1.78 2.50 0.200 124.5 0.96 593
П-2 / M-2 0.13 0.21 0.013 157.7 0.06 752
П-3 / M-3 0.08 0.13 0.008 123.2 0.04 587
ДЗП / AFL 0.06 0.14 0.006 501.7 0.03 2392
П-4 / M-4 15.09 19.92 1.437 186.6 6.85 890
П-5 / M-5 57.11 87.58 4.797 839.1 22.87 4000
П-6 / M-6 16.22 21.44 1.490 199.5 7.11 951
П-7 / M-7 1.50 2.01 0.132 113.2 0.63 540
П-8 / M-8 0.67 0.94 0.059 65.0 0.28 310
П-9 / M-9 0.31 0.62 0.034 995.3 0.16 4745
ВШП-1 / PSMM-1 1.60 3.09 0.186 1542.8 0.89 7355
ВШП-2 / PSMM-2 5.73 11.14 0.798 689.1 3.80 3285
ВШП-3 / PSMM-3 12.65 18.87 1.619 472.4 7.72 2252
ВС-1 / PML-1 39.03 58.70 3.898 432.2 18.58 2060
ВС-2 / PML-2 100.08 138.58 9.958 533.9 47.47 2545
ВШП / PSMM 6.7 11.04 0.87 901.5 4.14 4297
ВС / PML 69.6 98.6 6.93 483.0 33.03 2303
Среднее / Mean 13.8 19.8 1.310 358.3 6.24 1708
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Рис. 4. Электронные микрофотографии НЧ и спектры ЭДРС: а и в – операция ЗП; б и г – операция ВС.

Fig. 4. Low frequency electron micrographs and EDX spectra: а and в – FL operation; б and г – PML operation.

ба

гв

Т а б л и ц а  3  /  T a b l e  3
Mass concentrations of the main elements in the composition of NPs at various stages of smelting, μg/m3

Массовые концентрации основных элементов в составе НЧ на различных этапах плавки, мкг/м3

Этап плавки 
Smelting stage

Pb Zn Na As Sn S Sb Прочие / Other

ЗП / ZP 11.46 0.450 1.041 0.328 0.084 0.566 – 0.309
П-1 / M-1 0.712 0.034 0.104 0.014 0.027 0.044 0.001 0.019
П-2 / M-2 0.043 0.005 0.007 0.001 0.003 0.002 0.0001 0.001
П-3 / M-3 0.027 0.003 0.005 0.001 0.002 0.001 0.0001 0.0003
ДЗП / AFL 0.017 0.003 0.003 0.001 0.001 0.001 0.0001 0.0002
П-4 / M-4 4.140 0.943 0.880 0.235 0.424 0.165 0.025 0.041
П-5 / M-5 9.399 7.684 4.126 0.106 1.115 0.255 – 0.182
П-6 / M-6 3.499 2.400 0.856 0.158 0.107 0.036 – 0.049
П-7 / M-7 0.288 0.201 0.074 0.028 0.014 0.008 0.0002 0.014
П-8 / M-8 0.158 0.054 0.030 0.022 0.011 0.003 0.0005 0.001
П-9 / M-9 0.065 0.020 0.024 0.033 0.003 0.001 0.011 0.003
ВШП-1 / PSMM-1 0.188 0.227 0.205 0.163 0.049 0.010 0.034 0.013
ВШП-2 / PSMM-2 0.732 1.432 0.686 0.844 0.065 0.031 - 0.012
ВШП-3 / PSMM-3 1.683 3.446 1.287 1.151 0.106 0.030 - 0.014
ВС-1 / PML-1 3.503 9.491 3.310 1.960 0.158 0.044 0.047 0.070
ВС-2 / PML-2 9.632 19.42 7.930 9.351 0.879 0.131 0.129 0.000
ВШП / PSMM 0.867 1.702 0.726 0.720 0.074 0.024 0.011 0.013
ВС / PML 6.567 14.455 5.620 5.656 0.518 0.088 0.088 0.035
Среднее / Mean 2.641 1.883 0.946 0.433 0.205 0.083 0.010 0.043

П р и м е ч а н и е. Среднее – средневзвешенная за весь период плавки. Прочие – остальные идентифицированные элементы в составе 
НЧ (Al, Mo, Cl, Cd, Te, F, Br, Se, K, Fe, Cu, Ca, Si, Ti, P).
N o t e s : Mean – weighted average for the entire smelting period. Other – Other identified elements in the composition of NPs (Al, Mo, Cl, Cd, 
Te, F, Br, Se, K, Fe, Cu, Ca, Si, Ti, and P).
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The study of changes in the concentrations and particle size 
distribution of aerosols over time has established the following: 

•	the aerosol formed is capable of persisting in the air for a long 
period even after the relevant process operations have ceased; 

•	despite the presence of local ventilation systems, operations 
carried out simultaneously in other areas of the workshop can 
significantly affect the overall (background) concentration and 
composition of aerosols throughout the entire workshop; 

•	the highest concentrations of large particles (≥ 1 µm in 
size) were observed during furnace charging (re-charging) 
and mechanical operations (e.g. cutting of tap holes) as 
disintegration aerosols; and

•	peak concentrations of submicron particles (< 1 µm), including 
fine particles, occurred during the discharge and pouring 
of molten materials (slag, dross, and crude lead), when the 
particles formed mainly by condensation.
Furnace operators, who monitored the smelting process 

and tapped the metal, were most exposed as they worked at the 
emission source. Thus, the spikes in fine particle concentrations 
were caused precisely by operations involving the molten metal – 
its tapping and transfer through the runners.

The study showed that the entire smelting period can be 
divided into four phases based on the qualitative elemental 
composition of the molten metal: 1) during the stages from ZP 
to P-4, Pb predominated in the molten metal, with a gradual 
decrease and increase in the proportions of Zn, Na, and Sn; 2) 

between one and eight elements. NP compounds containing three 
to five elements prevailed. Table 4 shows the most common types 
of identified NP compounds and their concentrations.

Despite the diversity of the elemental composition of the 
nanoparticles, only six types of single-element nanoparticles were 
detected over the entire observation period – Na, Al, Zn, As, Sb, 
and Pb. Furthermore, the proportion of Pb, Sb, and Zn particles 
reached 12.6%, 1.4%, and 0.6% of the total number of particles at 
certain stages of smelting, respectively, whilst the proportions of 
other types of single-element particles did not exceed 0.22%.

Discussion
Microscopic findings showed that samples of suspended 

particles collected at the smelter’s workplace in a lead-containing 
scrap processing plant were characterized by size heterogeneity: 
particle diameters varied over a wide range of 0.01–25 µm. The 
study by Rovin et al. also indicates an upper size limit of 25 µm. 
However, in the present study, a large number of particles smaller 
than 100 nm were detected [30].

Furthermore, heterogeneity in the morphology of the aerosol 
particles was observed. The presence of multiple phases within 
the aerosol particles points to a mechanism of heterogeneous 
nucleation, in which vapours of more volatile elements form a 
surface layer on pre-existing particles of a different elemental 
composition.

Т а б л и ц а  4  /  T a b l e  4
Priority types of unique nanoparticle combinations (UNPC) (> 1.5% of the total number of NPs) generated in the course of crude lead smelting
Приоритетные виды УС НЧ (> 1,5% от общего числа НЧ), образующихся при плавке чернового свинца

Операция 
Operation

УС НЧ 
UNPC

Счётная концентрация, млрд/м3 
Particle count, b/m3

Доля УС НЧ от общего числа НЧ, % 
UNPC proportion of total NPs, %

За весь период плавки,  
380 мин (153 УС НЧ) 
For the entire smelting period,  
380 min (153 UNPC)

Na/Zn/As/Pb 3.41 24.7
Na/Zn/Pb 2.19 15.9

Na/Zn/Sn/Pb 0.94 6.8
Na/S/Zn/Sn/Pb 0.81 5.9

Na/Zn/As/Sn/Pb 0.75 5.5
Zn/Pb 0.52 3.8

Pb 0.43 3.1
Na/S/Pb 0.43 3.1

Na/S/Zn/As/Sn/Pb 0.41 2.9
Na/Pb 0.33 2.4

Na/S/Zn/As/Pb 0.27 1.9
Na/Al/S/Zn/Pb 0.20 1.5

Выпуск шлакоштейнового 
промпродукта, 30 мин  
(36 УС НЧ) 
Pouring of slag, matte,  
and middlings from the furnace,  
30 min (36 UNPC)

Na/Zn/As/Pb 4.21 56.9
Na/Zn/As/Sn/Pb 0.70 9.4
Na/S/Zn/As/Pb 0.57 7.7

Na/S/Zn/As/Sn/Pb 0.41 5.6
Zn/As/Sn/Pb 0.26 3.6

Na/Cl/Zn/As/Pb 0.15 2.0
Zn/As/Pb 0.13 1.7

Выпуск свинца, 20 мин  
(20 УС НЧ) 
Pouring of lead from the furnace, 
20 min (20 UNPC)

Na/Zn/As/Pb 50.51 70.8
Na/Zn/As/Sn/Pb 8.13 11.4

Na/S/Zn/As/Sn/Pb 3.60 5.0
Na/S/Zn/As/Pb 2.64 3.7

Zn/As/Pb 2.28 3.2
Na/Zn/As/Sb/Pb 1.37 1.9
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than a multilayered structure. Primarily, nanoparticles might have 
formed from elements or substances with a high condensation 
temperature, whilst substances with a lower condensation 
temperature condensed directly onto their surfaces.

Conclusion
Application of a suite of electron microscopy techniques 

in combination with EDS enabled the detailed identification of 
nanoscale components within complex polydisperse aerosols. 
Owing to their high spatial resolution and elemental microanalysis, 
these methods provided reliable information not only on the 
morphology and dispersibility of the particles, but also on their 
unique multicomponent composition, enabling establishment of 
the patterns governing the formation of multicomponent particles 
and determination of their distribution across the phases of the 
technological process.

The approaches to identifying fine particles in the workplace 
air presented in this paper have provided valuable additional 
information on the risk factors for metallurgical workers; however, 
the methodology is labour-intensive and is suitable only for expert 
studies. Further development of the methodology should focus 
on its optimization. The most promising approach appears to 
be the integration of the proposed method with techniques for 
determining real-time particle counts in aerosols (for particles 
larger than 5 nm). Such an approach would significantly reduce 
labour and financial costs of investigating nanoparticles within 
polydisperse aerosols of complex composition.

during the period from P-5 to P-7, Pb also predominated in the 
composition of the molten metal, but its proportion decreased 
significantly. At the same time, the proportion of Zn increased 
whilst that of Sn gradually decreased; 3) during stages P-8 and 
P-9, Pb continued to predominate in the composition of the 
crude lead, but the proportion of Zn decreased whilst that of As 
increased, and 4) during the period from VPSh-1 to VS-2, Zn has 
already predominated in the composition of the crude lead.

This diversity of qualitative characteristics of the elemental 
composition of crude lead is explained by differences in raw materials 
used during the smelting process. Under continuous production 
conditions, an average of four smelting runs were carried out per 
shift (two furnaces, each with two runs), during each of which 
either identical or unique raw materials could be used depending 
on production requirements (production volume targets, order 
volumes for the supply of specific products by the enterprise). These 
uncertainties introduce significant distortions into the identification 
of contributing factors and determination of their levels, thus 
preventing an objective assessment of the potential impact on 
workers’ health and elaboration of effective preventive measures.

No correlations were found between the size of ultrafine 
particle agglomerates and the number of all identified elements 
in the sample, nor with the particle concentrations. This may 
indicate the specific nature of the technical process (temperature 
regime, additives), leading to the formation of ultrafine particle 
agglomerates with a complex composition. Furthermore, as 
described earlier, there are possible scenarios in which the 
particles formed had a non-homogeneous composition rather 

References

1.	 Chen R., Shi X., Bai R., Rang W., Huo L., Zhao L., et al. Airborne nanoparticle 
pollution in a wire electrical discharge machining workshop and potential health risks. 
Aerosol Air Qual. Res. 2015; 15(1): 284–94. https://doi.org/10.4209/aaqr.2014.09.0219

2.	 Paulin N., Pernetti R., Bergamaschi E., Oddone E. Nanoparticles released 
during metal-processing operations: A systematic review. Clean. Eng. Technol. 
2024; 24: 100873. https://doi.org/10.1016/j.clet.2024.100873

3.	 Sousa M., Arezes P., Silva F. Occupational exposure to ultrafine particles in metal 
additive manufacturing: A qualitative and quantitative risk assessment. Int. J. Environ. 
Res. Public Health. 2021; 18(18): 9788. https://doi.org/10.3390/ijerph18189788

4.	 Ruzakov V.O. Biological effects of exposure to copper nanoparticles: markers 
of exposure. Gigiena i Sanitariya (Hygiene and Sanitation, Russian journal). 
2023; 102(3): 292–8. https://doi.org/10.47470/0016-9900-2023-102-3-292-
298 https://elibrary.ru/ieywoj (in Russian)

5.	 Ulanova T.S., Antipyeva M.V., Zabirova M.I., Volkova M.V. Determination of 
nanoscale particles in the air of working zone at the metallurgical production. 
Health Risk Analysis. 2015; (1): 63–6. https://elibrary.ru/izsucy

6.	 Sousa M., Arezes P., Silva F. Occupational exposure to incidental nanomaterials in 
metal additive manufacturing: An innovative approach for risk management. Int. J. 
Environ. Res. Public Health. 2023; 20(3): 2519. https://doi.org/10.3390/ijerph20032519

7.	 Berger F., Bernatíková Š., Kocůrková L., Přichystalová R., Schreiberová L.  
Occupational exposure to nanoparticles originating from welding – 
case studies from the Czech Republic. Med. Pr. 2021; 72(3): 219–30.  
https://doi.org/10.13075/mp.5893.01058

8.	 Pernetti R., Maffia S., Previtali B., Oddone E. Assessment of nanoparticle 
emission in additive manufacturing: Comparing wire and powder laser 
metal deposition processes. J. Occup. Environ. Hyg. 2023; 20(8): 329–35.  
https://doi.org/10.1080/15459624.2023.2208649

9.	 Pili S., Lecca L.I., Pedrazzi T., Ghitti R., Murru A., Uras M., et al. Exposure 
assessment to fine and ultrafine particulate matter during welding activity in 
the maintenance shop of a steelmaking factory. Heliyon. 2024; 10(23): e40815. 
https://doi.org/10.1016/j.heliyon.2024.e40815

10.	 Paulin N., Pernetti R., Scafa F., Candura S., Oddone E. Evaluation of particle 
and nanoparticle emissions in fiber and CO2 laser cutting processes. Processes. 
2025; 13(6): 1942. https://doi.org/10.3390/pr13061942

11.	 Lima F., Medeiros G., Chagas P., Aguiar M., Guerra V. Aerosol nanoparticle 
control by electrostatic precipitation and filtration processes – a review. 
Powders. 2023; 2(2): 259–98. https://doi.org/10.3390/powders2020017

12.	 Mostovenko E., Canal C.G., Cho M., Sharma K., Erdely A., Campen M.J.,  
et al. Indirect mediators of systemic health outcomes following 
nanoparticle inhalation exposure. Pharmacol. Ther. 2022; 235: 108120.  
https://doi.org/10.1016/j.pharmthera.2022.108120

13.	 Kuntic M., Kuntic I., Cleppien D., Pozzer A., Nußbaum D., Oelze M.,  
et al. Differential inflammation, oxidative stress and cardiovascular 
damage markers of nano- and micro-particle exposure in mice: 
Implications for human disease burden. Redox Biol. 2025; 83: 103644.  
https://doi.org/10.1016/j.redox.2025.103644

14.	 Xuan L., Ju Z., Skonieczna M., Zhou P., Huang R. Nanoparticles-
induced potential toxicity on human health: Applications, toxicity 
mechanisms, and evaluation models. MedComm (2020). 2023; 4(4): e327.  
https://doi.org/10.1002/mco2.327

15.	 Portugal J., Bedia C., Amato F., Juárez-Facio A.T., Stamatiou R., Lazou A., et al. 
Toxicity of airborne nanoparticles: Facts and challenges. Environ. Int. 2024; 190: 
108889. https://doi.org/10.1016/j.envint.2024.108889

16.	 Vallabani N.V.S., Gruzieva O., Elihn K., Juárez-Facio A.T., Steimer S.S., 
Kuhn J., et al. Toxicity and health effects of ultrafine particles: Towards an 
understanding of the relative impacts of different transport modes. Environ. Res. 
2023; 231(Pt. 2): 116186. https://doi.org/10.1016/j.envres.2023.116186

17.	 Katsnelson B.A., Privalova L.I., Sutunkova M.P., Gurvich V.B., Minigalieva I.A., 
Loginova N.V., et al. Main results of toxicological experiments in vivo with 
some metal and metal oxides nanoparticles. Toksikologicheskii vestnik. 2015; (3): 
26–39. https://elibrary.ru/yxbeag (in Russian)

18.	 Rakhmanin Yu.A., Khripach L.V., Mikhaylova R.I., Koganova Z.I., Knyazeva T.D., 
Zheleznyak E.V., et al. Comparative analysis of the influence of nano- and 
ionic forms of silver on biochemical indices in laboratory animals. Gigiena 
i Sanitariya (Hygiene and Sanitation, Russian journal). 2014; 93(1): 45–50. 
https://elibrary.ru/rydzcd (in Russian)

19.	 Razumov I.A., Zav’yalov E.L., Troitskii S.Y., Romashchenko A.V., Petrovskii 
D.V., Kuper K.E., et al. Selective cytotoxicity of manganese nanoparticles 
against human glioblastoma cells. Bull. Exp. Biol. Med. 2017; 163(4): 561–5. 
https://doi.org/10.1007/s10517-017-3849-0 https://elibrary.ru/xowdvd

20.	 Kim B.W., Cha W., Choi S., Shin J., Choi B.S., Kim M. Assessment of 
occupational exposure to indium dust for indium-tin-oxide manufacturing 
workers. Biomolecules. 2021; 11(3): 419. https://doi.org/10.3390/biom11030419

21.	 Galey L., Audignon S., Brochard P., Debia M., Lacourt A., Lambert P., et al.  
Strategies to assess occupational exposure to airborne nanoparticles: 
systematic review and recommendations. Saf. Health Work. 2023; 14(2): 
163–73. https://doi.org/10.1016/j.shaw.2023.02.002

22.	 Brostrøm A., Kling K.I., Hougaard K.S., Mølhave K. Complex 
aerosol characterization by scanning electron microscopy coupled 
with energy dispersive X-ray spectroscopy. Sci. Rep. 2020; 10(1): 9150.  
https://doi.org/10.1038/s41598-020-65383-5

23.	 Zhao P., Zhao P., Zhan Z., Dai Q., Casuccio G.S., Gao J., et al. Advancing 
source apportionment of atmospheric particles: integrating morphology, size, and 
chemistry using electron microscopy technology and machine learning. Environ. 
Sci. Technol. 2025; 59(7): 3645–55. https://doi.org/10.1021/acs.est.4c10964

24.	 Keleş Ç., Sarver E. Respirable silica particles in coal mine dust: An 
image library dataset collected using scanning electron microscopy with 
energy dispersive X-ray spectroscopy. Data Brief. 2023; 51: 109656.  
https://doi.org/10.1016/j.dib.2023.109656

25.	 Hodoroaba V.D. Energy-dispersive X-ray spectroscopy (EDS). In: Micro and 
Nano Technologies. Characterization of Nanoparticles. Elsevier; 2020: 397–417. 
https://doi.org/10.1016/b978-0-12-814182-3.00021-3



386 ГИГИЕНА И САНИТАРИЯ • Том 105 • № 4 • 2026

МЕДИЦИНА ТРУДА https://doi.org/10.47470/0016-9900-2026-105-4-378-386

Оригинальная статья 

26.	 Hayden L., Strausborger S., Lewin-Smith M. Automated particle analysis 
using field-emission scanning electron microscopy (FE-SEM) and energy 
dispersive X-ray spectroscopy (EDS) to characterize inhaled particulate 
matter (PM) in biopsied lung tissue. Microsc. Microanal. 2022; 29(1): 235–43. 
https://doi.org/10.1093/micmic/ozac015

27.	 Shelomentsev I.G., Gomzikova E.A. Prospects of analyzing of nanoparticles 
in the composition of aerosol by the method of electron microscopy. 
Gigiena i Sanitariya (Hygiene and Sanitation, Russian journal). 2023; 
102(3): 259–64. https://doi.org/10.47470/0016-9900-2023-102-3-259-264  
https://elibrary.ru/eaicdo (in Russian)

28.	 Shelomentsev I.G. Personal air aerosol sampler. Patent RF № 2810647; 2023. 
(in Russian)

29.	 Anderson J.R., Buseck P.R., Patterson T.L., Arimoto R. Characterization 
of the Bermuda tropospheric aerosol by combined individual-particle 
and bulk-aerosol analysis. Atmos. Environ. 1996; 30(2): 319–38.  
https://doi.org/10.1016/1352-2310(95)00170-4

30.	 Rovin S.L., Grigoriev S.V. A study of wastes generated in the production 
of lead. Lit’e i metallurgiya. 2018; (2): 43–9. https://elibrary.ru/xthdnr  
(in Russian)

Литература  
(п.п. 1–3, 6–16, 20–26, 29 см. References)

4.	 Рузаков В.О. Биологические эффекты воздействия наночастиц меди: 
маркёры экспозиции. Гигиена и санитария. 2023; 102(3): 292–8. https://
doi.org/10.47470/0016-9900-2023-102-3-292-298 https://elibrary.ru/ieywoj

5.	 Уланова Т.С., Антипьева М.В., Забирова М.И., Волкова М.В. Определение 
частиц нанодиапазона в воздухе рабочей зоны металлургического произ-
водства. Анализ риска здоровью. 2015; (1): 77–81. https://elibrary.ru/tszidb

17.	 Кацнельсон Б.А., Привалова Л.И., Сутункова М.П., Гурвич В.Б., 
Минигалиева И.А., Логинова Н.В. и др. Основные результаты токси-
кологических экспериментов «ин виво» с некоторыми металлически-
ми и металло-оксидными наночастицами. Токсикологический вестник. 
2015; (3): 26–39. https://elibrary.ru/yxbeag

18.	 Рахманин Ю.А., Хрипач Л.В., Михайлова Р.И., Коганова З.И., Князева Т.Д.,  
Железняк Е.В. и др. Сравнительный анализ влияния нано- и ионной 
форм серебра на биохимические показатели лабораторных животных. 
Гигиена и санитария. 2014; 93(1): 45–50. https://elibrary.ru/rydzcd

19.	 Разумов И.А., Завьялов Е.Л., Троицкий С.Ю., Ромащенко А.В., 
Петровский Д.В., Купер К.Е. и др. Избирательная цитотоксичность 
наночастиц марганца в отношении клеток глиобластом челове-
ка. Клеточные технологии в биологии и медицине. 2017; (2): 114–8.  
https://elibrary.ru/zdnlyx

27.	 Шеломенцев И.Г., Гомзикова Е.А. Перспективы анализа наночастиц 
в составе аэрозоля методом электронной микроскопии. Гигиена  
и санитария. 2023; 102(3): 259–64. https://doi.org/10.47470/0016-9900-
2023-102-3-259-264 https://elibrary.ru/eaicdo

28.	 Шеломенцев И.Г. Пробоотборник для персонального отбора аэрозоля 
воздуха. Патент РФ № 2810647; 2023.

30.	 Ровин С.Л., Григорьев С.В. Исследование отходов, образующихся 
при производстве свинца. Литье и металлургия. 2018; (2): 43–9. 
https://elibrary.ru/xthdnr

About the author
Ivan G. Shelomentsev, researcher, Department of molecular biology and electron microscopy, Yekaterinburg Medical Research Center for Prophylaxis and Health Protection in 
Industrial Workers, Yekaterinburg, 620014, Russian Federation, https://orcid.org/0000-0002-8795-8777 E-mail: shelomencev@ymrc.ru

Сведения об авторе
Шеломенцев Иван Глебович, науч. сотр. отд. молекулярной биологии и электронной микроскопии ФБУН «ЕМНЦ ПОЗРПП» Роспотребнадзора, 620014, Екате-
ринбург, Россия. E-mail: shelomencev@ymrc.ru


