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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 um 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 um) dominated by nanoparticles generated by melt casting. The nanoparticle count
reached 100.08 billion/m?, although their mass fraction was low (up to 47.47 ug/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.

Keywords: crude lead production; polydisperse aerosol; complex aerosol; nanoparticles; electron microscopy; nanoparticle identification technique, elemental
composition of nanoparticles
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LLlenomenues U.T.

MHorometpuueckas MACHTUPUKALMA U AHANU3 HAHOUYACTMUL,

B COCTABE NOMMAUCNEPCHbIX A3P030J1IeH BO3yXa paboyei 30Hbl

HO OCHOBE CKOHUPYIOLLEH 3N1eKTPOHHON MUKPOCKONUMU

B COYETAHUM C SHEProanCNepCUOHHOU PEHTIeHOBCKOM CNEKTPOCKONUEN

®BYH «ExatepuHbyprckuit MEAMLIMHCKMI HAYHHBIN LEHTP NPOGUAAKTUKM M OXPAHBI 3A0POBbS PABOYMX MPOMBILLNEHHBIX NPEANPUATUIA»
DepepanbHoit cnyx6bl no Haasopy B cepe 3awmThl Npas notpebutenei u 6narononyuus yenoseka, Exkarepunbypr, 620014, Poccus

PE3IOME

Beedenue. Hccredosanue nocesujero npobaeme 6o30eiicmeusi HenpeoHamepeHHo 00pa3yuuxcs HaAHOYacmuy Ha 300p0ebe paboOMHUK08 Memanrnypeuteckoi
ompacau. Cyuémom gbicOKO0U MOKCUMHOCMU U YHUKANbHOU NPOHUKAIOWeli CROCOOHOCMU HAH0006eKMO8 KPUMUHEeCKU 8aXlCHbI MaKue 3a0a4u, KaK ux 0ocmosep-
Has cenekyus, UOeHMUDUKAYUs 8 COCMase YOHOBbIX NOAUOUCHEPCHBIX a3po30aeil. B pabome 060cHo6aH unmezpamueHbslii N00X00, COMEMAarOUjUll CKaAHUPYIOULYH0
2NEKMPOHHYIO MUKPOCKORUIO U SHePe0OUCNePCUOHHYIO PEHM2eHOBCKYI0 cnekmpockonuto. Takas KomOuHayus no3goasem mouno u0eHmuguuuposams mopgo-
02U U 3NeMEeHMHbLI cOCMag UHOUUOYanbHbIX yacmuy. Paspabomannsiii KomnaekcHbiii N00X00 umeem onpedensrouee 3Ha4eHue s OUeHKU NPOpeccuoHanb-
HbIX PUCKO8 U CO30aHUSL IPPEKMUBHBIX CUCEM NPOPUAAKMUKU HA NPOU3BOOCHIEe.

Mamepuaast u memoowt. Hccaedosanue aspo3zoneii Npousgo0cmea 4epHo8020 CBUHYA NPOBOOUAU C UCHONb308AHUEM MEMOPAHHBIX HEUNOHHbBIX PUALMPOE (NOPbL
0,2 mxm). Mopgonoeuio u snemeHmubill COCIMAG YACMULY, UZYHAAU MEMOOOM CKAHUPYIOWET 2NKMPOHHOL MUKPOCKORUU HA MUKPOCKONE CEEPXBbICOK020 PA3-
pewenus Hitachi SUS220, ocnawénrnom I PC-demexmopom Ultim Extreme.
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Pesyavmamut. H3yuenue npouzeo0cmea 4epHo8020 C8UHYA BbIABUN0 BbICOKYIO KOHUenmpayuo asposoneil (0,01—25 mxm) ¢ npeobaadanuem nHanouacmuy,
00pa3yoWUXCcs nPpeumMyuecmeeHHo npu posauge pacniagos. Cuémuas Konuermpauyus nanoyacmuy docmueara 100,08 mapd/m?, xoms ux maccosas 0oas
Ovira Heseauka (00 47,47 mke/m3). B cocmase nanouacmuy, uoeHmuguyuposanst 22 snemenma, ocHosHuvle uz komopuix Pb, Na, Zn, As, Sn, S. Yemanoene-
HO, 4MO OOAbUUHCMEO HAHOYACMUY, ObLAU MHO2OKOMNOHEHMHbIMU (Yauye 6ce2o 3—5 anemenmos, pexce 00 8), a aspo30ab COXPAHSACA 8 8030yXe OAUMENbHOe
8peMsi, PACNPOCMPaHsIACy N0 8CEMY UeXy, HeCMOMPs HA MECIHYI0 8eHMUASYUIO.

Ozpanuvenus uccaedosanus. Hccredosanue aspo3ons 6030yxa pabo4eil 30Hbl 6bINOAHEHO 10KANBHO 8 001ACMU NPOBEOCHUS OCHOBHbIX pAOOM NPU NAABKE YEePHO-
6020 ceUHYA.

Sakarouenue. [Ipumenenue komniexca Memooos 1eKMPOHHOL MUKPOCKONUU 8 COYEMAHUU C PEHM2EHOMAYOPECUCHMHBIM AHAAUZOM NO380AUN0 NPOGeCmU Je-
MAaNbHY UOeHMUDUKAYUIO HAHOPAZMEPHBIX KOMNOHEHNO08 8 COCMABe CAONICHBIX NOAUOUCNEPCHBIX a3po3oaell. Baazodaps evicokomy npocmpancmeenHomy pas-
PEUCHUIO U B03MONCHOCMU 3NEMEHMH020 MUKPOAHAAU3A SMU MemoOdbl 0becnevu noay4eHue 00Cmo8epHbIX c6edeHUil 0 Mopdoaoeuu u OUCnepCHOCMU 4acmuy,
U, Mo OYeHb BANCHO, UX YHUKANLHOM MHOLOKOMHOHEHMHOM COCmase. Dmo no3eonuno yCmaHogums 3aKOHOMEPHOCMU OPMUPOBAHUS. MHOZOKOMNOHEHMHbIX
yacmuy, u onpedeaums ux pacnpedesenue no hazam MmexHoN02UHeck02o nPpoyeccd.

Karouegvie cao6a: npouzso0cmeo uepHo8oeo c8UHUA,; NOAUOUCNEPCHBLI A3PO301b; A3P0304b CAOICHOLO COCMABA; HAHOUACMUUbL; FNeKMPOHHAS MUKPOCKONUS;
MemoduKa uoenmuuKayuy HaHOHacmu,; dAeMeHmMHbLI COCMA8 HaHO4acmuy,

Cobarodenue smuueckux cmandapmos. Hccaedosarue He mpebyem npedcmasneHust 3aKA4eHus Komumema no 0UoMeOUUUHCKOL IMuKe Uau UHbIX O0KYMeHmMO8.
Jlns uurupoBanus: [lenomenues M.I'. MHoromerpuueckas MaeHTUOUKALMS U aHAIM3 HAHOYACTHUL B COCTaBe MOJMAMCIIEPCHBIX a9P030Jieii BO3ayxa paboyeii 30HbI Ha Oc-

HOBE CKAHUPYIOLIEH 2JIEKTPOHHOI MUKPOCKOIMK B COYETAHUM C DHEPrOAMCIIEPCMOHHON PEHTIEHOBCKOI crieKTpocKonuei. lTueuena u canumapus. 2026; 105(4): 378—386.
https://doi.org/10.47470/0016-9900-2026-105-4-378-386 https://elibrary.ru/prglzy

s koppecnonnenuuu: [lleaomenyes Hean ebosuu, e-mail: shelomencev@ymrc.ru

Bkunapn asropa: [lleaomenyes U.I. — xoHLeNIMS, TM3aiH UCCIIEI0BAaHUS, COOP JaHHBIX, aHAJIU3 U MHTEPIPETALMs Pe3yJIbTaToB, IMTEPATYPHBbI1 0630p U MOArOTOBKA PYKOIIU -
CHU, yTBEPKIEHME OKOHYATEIbHOTO BapUaHTa CTaTbU, OTBETCTBEHHOCTD 3a 1IEJIOCTHOCTDb BCeX €€ YacTeil.

BaarogapHocTs. ABTOD BBIpaXaeT 61aroqapHOCTb cOTpyIHMKaM otaena MeauimHsl Tpyna ®BYH EMHLI TTO3PIIIT Pocniotpe6Han3opa B snie Kaua. Mel. Hayk Denopyk A A.
1 Mapruna C.B. 3a cozeiicTBre B OpraHM3alMK Bble3/1a Ha MPEANPUsTHE JUlsl cOopa Mpod a3po30Jist BO3/lyXa paboueii 30HbI, a TAaKXKe MJI. Hayd. COTP. OT/. MOJIEKYJISIpPHOI 61o-

Jloruu u anekrporHoit Mukpockonu ®BYH EMHII ITOP3IIIT Pocriorpe6Hanzopa I'om3ukoBoii E.A. 3a oMolib B IIPOBEIEHUK MCCIIEI0BAHMS.
Koudamkr uaTEpecoB. ABTOp NeKJIapUPYeT OTCYTCTBUE SIBHBIX U MOTEHIIMATbHBIX KOH(MIMKTOB MHTEPECOB B CBSI3U C MyOIMKALIMEi JaHHOW CTaThU.

(Duﬂaﬂcuposaﬂne. UccnenoBaHue He UMEJIO CITOHCOPCKOM MOMIEPKKHU.

IMoctynuna: 02.03.2026 / [Moctynuia nocne gopadorku: 07.04.2026 / Mpunsita k nevaru: 15.04.2026 / Ony6inkosana: 18.05.2026

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 cm?® [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 um
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******* [t 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 um 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
cm’) 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 acrosol 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).

* TOCT 5180—2015 I'pyHThl. MeTonbl J1aOOPaTOPHOTO OMpenese-
HUS pU3ndeckux xapakrepuctuk. M.: CrangaptuHdopm; 2016.
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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.
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Ta6nuua 1 / Table 1

Stages of crude lead smelting with the designation of the collected aerosol samples and description of concomitant processes in the workshop
Dransl IIaBKH YEPHOBOro CBUHIIA C 0003HaYeHHEM 0T06paHHle l'lpOﬁ aA3p030Jid U ONMUCAHUEM ])aﬁOT, NPOXOJAIIUX B 9TO BPpEMA B 1iexe

O0o3HayeHne Bpemennbie
Dran KommenTapuu u onucanue padoT, IPOXOASAMIMX NAPAJLIETHHO
npoobI NPOMEXYTKH, MUH
Stage Lo N . Comments and description of concomitant processes
Sample designation| Time intervals, min
3arpyska neuu 311 0—15 3arpyska Hayajaach yepe3 15 MUH 1ocJjie 3aBepIleHUs] CJIMBa MPEIbIayIIei mapTuu
Furnace loading (FL) FL Loading started 15 minutes after the previous batch was poured out
INnaBka -1 15—45 —
Melting (M) M-1
I1-2 45-75 —
M-2
M-3 75—105 —
P-3
Jlozarpyska neuu J3IT 105—120 —
Additional furnace AFL
loading (AFL)
[TiaBka I1-4 120—180 Paznenka nétku u BILIT Ha rreun 2. KaHToBKa M3JIOXKHUIL B 30HE 00CITY>KMBaHUS
Melting M-4 Cutting the taphole and pouring of slag, matte, and middlings from furnace No. 2.
Turning molds in the service area
I1-5 180—210 BLUITIT u BC Ha neun 2. TpaHCTIOPTUPOBKA 3aTIOJTHEHHBIX U3I0XKHUIL OT Meun 2
M-5 B 30HY OOCIIY>KMBaHUs U XpaHEHMST yepe3 medb |
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
I1-6 210—-240 YacTuuHBIi U3JIMB paciulaBa Ha Teuu 1. 3arpyska neuu 2
M-6 Partial pouring of melt from furnace No. 1. Loading of furnace No. 2
I1-7 240-270 YacTuuHBI U3JIMB paciulaBa Ha meuu |
M-7 Partial pouring of melt from furnace No. 1
I1-8 270—-300 YacTuuHblii U3JIMB paciuiaBa Ha rieuu 1. Jlozarpyska neuu 2
M-8 Partial pouring of melt from furnace No. 1. Loading of furnace No. 2
I1-9 300—-330 Paznenka nérku. KaHToBKa M3/I0XKHULL B 30HE 00ciykuBaHus. I3pneuyeHue
M-9 octeiBiero LT n3 uznoxHuix
Taphole cutting. Ingot mold tilting in the service area. Removing cooled slag, matte,
and middlings from the molds
Boimyck BLLII-1 330—-340 —
LIJJAKOLITEHHOBOTO PSMM-1
pooR PO R BLUTT-2 340-350 -
Pouring of slag,
matte, and middlings PSMM-2
(PSMM) from the BILIII-3 351—360 _
furnace PSMM-3
BhImycK CBUHITA BC-1 360—370 —
Pouring the molten PML-1
t?]{i/[%?m the furnace BC-2 370—-380 3arpy3ka Havyanack yepes 15 MunH Tocie 3aBePIIeHAS CITuBa TPEIbIAYIIe TapTUn
PML-2 Loading started 15 minutes after the previous batch was poured out
3a Bech Mepuos Cpen. 0—-380 -
For the entire period Mean
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COUZ715.0kV 10.9mm x100 PDBSE(CP) 05/30/2022

Puc. 2. 3nekTpoHHbIe MUKPODOTOrpaduy YacTiL, a3p0o30ns Ha NOBEPXHOCTI (unbTpa npu yBenuyerun: a— x100; 6 — x3000; 8- %30 000.
Fig. 2. Electron micrographs of collected aerosol particles at a— x100; 6 — x3,000; and B8— x30,000 magnification.

The filters were affixed to workbenches using conductive
carbon tape for analysis. The filter surfaces were cleaned ina 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 X600, x1,500,
x6,000 and x50,000. 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 mm?
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 ImagelJ software offering automated object detection,
measurement of their projected area (A), the minimum diameter
of the particle’s projected area (d,,), and the aspect ratio (AR).
For each particle, the equivalent projected diameter (d,) and the
particle volume (V) were calculated.

The diameter d, 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:

d,=V(4-A)/m. (e))

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=(t-A-dy) /(6 VAR). )

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:

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 (C,, ug/m?®)
was calculated using the formula:

Cqu: Cvl-m'ps (3)

where C, is the total volumetric concentration of NPs, mm?3/m?3
and p is the density of particles, g/cm’.

The mass concentration of identified chemical elements (X,
ug/m?) was calculated using the formula::

Xm IO (X[ * Cm H‘l) / 100%; (4)

where x; is the mean relative weight percentage of the element
in the sample, %, and x; 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 um. 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/m?3, depending on the stage of the crude lead
smelting (Table 2).

To calculate the mass concentrations of fine particles, the
mean density of acrosol 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/cm’ (mean * standard deviation), with a minimum/maximum
range of 3.84/6.05 g/cm?®. 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.

Gigiena i Sanitariya / HYGIENE & SANITATION, RUSSIAN JOURNAL ¢ Volume 105 ¢ Issue 4 * 2026 381
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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/m?, 0.006—9.958
million um?3/m?, and 0.03—47.47 ug/m?, 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—34to 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 (C, connp,
units/m?) was determined using the formula:
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2.00pm

0006 5.0kV 4.3mm x15.0k SE(UL) 04/18/2022

Pue. 3. SnekTpoHHas MukpodoTorpaduns YacTiL, aapo3ons, 06pasyoLnxcs npu
MNaBKe YEPHOBOr0 CBMHUA (YEM CBETEE OObEKT, TeM 00/NblIE aTOMHAsA Macca
XUMUYECKIX 3NEMEHTOB, U3 KOTOPbIX OH COCTOMT).

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).

Cn con.np = Cn np * (ncon.np / nnp)y (5)

where C, , is the total number concentration of nanoparticles,
units/m?®, Aennp i the number of identified nanoparticle
compositions in the sample; n,, 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

Ta6nuua 2 / Table 2

Count, volume, and mass concentrations of nanoparticles (NPs) and total aerosol at different stages of crude lead smelting
CuéTHble, 00béMHDBIE U MaccoBble KoHIeHTpamu HY u 06mero a3po30:is Ha pa3HbIX 3TaNax IUIABKA Y€PHOBOTO CBUHIA

CuéTHast KOHIEHTPAIHst YacTui, Mapa/m° | O0bEMHAS KOHIIEHTPAIMS YaCTHIL, MIH MKM>/M®| MaccoBas KOHIEHTPAIMS YACTHII, MKT/M>
Dran niaBku Particle count concentration, b/m? Volume concentration, pm?®/m? Mass concentration, pg/m?
Smelting stage HY Obuas HY Obmas HY Oomas
NP Total NP Total NP Total
3I1/FL 27.30 37.12 2.987 146.8 14.24 700
-1/ M-1 1.78 2.50 0.200 124.5 0.96 593
I1-2 /M-2 0.13 0.21 0.013 157.7 0.06 752
I1-3/M-3 0.08 0.13 0.008 123.2 0.04 587
J3I1 / AFL 0.06 0.14 0.006 501.7 0.03 2392
I1-4 / M-4 15.09 19.92 1.437 186.6 6.85 890
I1-5/M-5 57.11 87.58 4.797 839.1 22.87 4000
I1-6 / M-6 16.22 21.44 1.490 199.5 7.11 951
-7 / M-7 1.50 2.01 0.132 113.2 0.63 540
I1-8 / M-8 0.67 0.94 0.059 65.0 0.28 310
I1-9 / M-9 0.31 0.62 0.034 995.3 0.16 4745
BILLII-1/ PSMM-1 1.60 3.09 0.186 1542.8 0.89 7355
BLLII-2 / PSMM-2 5.73 11.14 0.798 689.1 3.80 3285
BILII-3 / PSMM-3 12.65 18.87 1.619 472.4 7.72 2252
BC-1/PML-1 39.03 58.70 3.898 432.2 18.58 2060
BC-2 / PML-2 100.08 138.58 9.958 533.9 47.47 2545
BLLIT / PSMM 6.7 11.04 0.87 901.5 4.14 4297
BC/PML 69.6 98.6 6.93 483.0 33.03 2303
Cpennee / Mean 13.8 19.8 1.310 358.3 6.24 1708
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Puc. 4. 3nexTpoHHble Mukpodotorpadpum HY u cnextpel 3APC: an 8- onepauns 3[1; 6 u r— onepauns BC.
Fig. 4. Low frequency electron micrographs and EDX spectra: a and B— FL operation; 6 and r— PML operation.

Taonuma 3 / Table 3
Mass concentrations of the main elements in the composition of NPs at various stages of smelting, pg/m?3
MaccoBble KOHIIEHTPAIMH OCHOBHBIX 3;1eMeHTOB B coctaBe HYU Ha pa3inMyHbIX aTanax miaBKd, MKr/m>

Oran niaskn Pb In Na As Sn S Sh Tpoune / Other
Smelting stage
301/ 2P 11.46 0.450 1.041 0.328 0.084 0.566 - 0.309
M-1/M-1 0.712 0.034 0.104 0.014 0.027 0.044 0.001 0.019
-2/ M-2 0.043 0.005 0.007 0.001 0.003 0.002 0.0001 0.001
-3/ M-3 0.027 0.003 0.005 0.001 0.002 0.001 0.0001 0.0003
1311 / AFL 0.017 0.003 0.003 0.001 0.001 0.001 0.0001 0.0002
M-4/M-4 4.140 0.943 0.880 0.235 0.424 0.165 0.025 0.041
-5/ M-5 9.399 7.684 4.126 0.106 1115 0.255 - 0.182
-6 / M-6 3.499 2.400 0.856 0.158 0.107 0.036 - 0.049
-7 /M-7 0.288 0.201 0.074 0.028 0.014 0.008 0.0002 0.014
-8/ M-8 0.158 0.054 0.030 0.022 0.011 0.003 0.0005 0.001
-9/ M-9 0.065 0.020 0.024 0.033 0.003 0.001 0.011 0.003
BLLITI-1 / PSMM-1 0.188 0.227 0.205 0.163 0.049 0.010 0.034 0.013
BILITT-2 / PSMM-2 0.732 1.432 0.686 0.844 0.065 0.031 - 0.012
BLLITI-3 / PSMM-3 1.683 3.446 1.287 1.151 0.106 0.030 . 0.014
BC-1/ PML-I 3.503 9.491 3.310 1.960 0.158 0.044 0.047 0.070
BC-2/ PML-2 9.632 19.42 7.930 9.351 0.879 0.131 0.129 0.000
BLLITT / PSMM 0.867 1.702 0.726 0.720 0.074 0.024 0.011 0.013
BC/PML 6.567 14.455 5.620 5.656 0.518 0.088 0.088 0.035
Cpemsiee / Mean 2.641 1.883 0.946 0.433 0.205 0.083 0.010 0.043

IIpumeyanue. CpenHee — cpeJHEB3BELIEHHAs 3a BECh TEPHOJ TUIaBKU. [Ipouyne — ocTajbHble IEHTU(ULIMPOBAHHBIE DJIEMEHTHI B COCTABE
HY (Al, Mo, CI, Cd, Te, F, Br, Se, K, Fe, Cu, Ca, Si, Ti, P).

Notes: 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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Taonuua 4 / Table 4

Priority types of unique nanoparticle combinations (UNPC) (> 1.5% of the total number of NPs) generated in the course of crude lead smelting
IIpuopurernsie Buasl YC HY (> 1,5% ot o6mero uncaa HY), odpasyonmmxcs npu mJiaBke Y4epHOBOTO CBHHIA

Onepauys YCHY Cuérnas konuenrpanus, mapa/m® | Toas YC HY or o6mero yncaa HY, %
Operation UNPC Particle count, b/m? UNPC proportion of total NPs, %

3a Bech MepuoI IJIaBKH, Na/Zn/As/Pb 341 24.7
Nz
380 min (153 UNPC) Na/Zn/Sn/Pb 0.94 6.8
Na/S/Zn/Sn/Pb 0.81 59

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 29

Na/Pb 0.33 2.4

Na/S/Zn/As/Pb 0.27 1.9

Na/Al/S/Zn/Pb 0.20 1.5

Brimyck nrakomreitHoBoro Na/Zn/As/Pb 4.21 56.9
Ve 30 win Na/Zn/As/Sn/Pb 0.70 9.4
Pouring of slag, matte, Na/S/Zn/As/Pb 0.57 7.7
23%‘}}%2“&?{;"8 the furnace, 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

Boinyck cBunLa, 20 MUH Na/Zn/As/Pb 50.51 70.8
%i?l?frfgljfl_lle)ad from the furnace, Na/Zn/As/Sn/Pb 8.13 1.4
20 min (20 UNPC) 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

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 um. The
study by Rovin et al. also indicates an upper size limit of 25 um.
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.

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 um 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 um), 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)
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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

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.
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