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Urban airborne particulate matters and dusts can be both ingested and inhaled, causing health damage due to their size, shape and nature of
toxic components. Our aim was to characterize the concentration, enrichment and host phases of lead and zinc in total suspended particulate
matter (TSP) and settled dust (SD) samples from Budapest, Hungary. TSP samples were collected from the air filters placed in the
respiration channels of thermal power stations, while SD samples were collected in glass pots next to a busy street. Detailed mineralogical,
chemical and magnetic susceptibility analyses were carried out on these samples. The concentrations of both elements were generally
higher in the TSP (330-3597 mg kg-1 for Pb and 1342-19 046 mg kg-1 for Zn) than in the SD samples (58-474 mg kg-1 for Pb and 399-1140
mg kg-1 for Zn). Additionally, they showed moderate contamination in the SD samples, while moderate to heavy contamination in TSP
samples with enrichment factors up to 4.9 for Pb and 5.3 for Zn. Transmission electron microscopy (TEM) analyses showed that magnetite
may contain significant amount of Zn (up to 2.60 wt%) and Pb (2.50 wt%). However, Zn could be also associated with layer silicates (up to
5.06% by wt) and Ca-carbonates. Moreover, Zn also appeared as major phase constituent in carbonates and oxides. Magnetite particles are
resistant to weathering releasing its toxic components slowly to the environment, while layer silicates (and carbonates, Zn-oxides) may be
the potential source of mobile toxic metals in the studied materials. 
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Introduction 

Airborne particulate matter has been widely associated with 
health disorders as presented by various studies. The settled 
dust (SD) sediment is created by particles with great 
sedimentation power and their retention time in the 
atmosphere is very short, while the total suspended particles 
(TSP) may travel great distances due to their small particle 
size causing contamination far away from their sources1. 
Recent attention has focused on the characterization of their 
size fractions below 10 m as they may cause the most 
intense health damage due to their easy penetration to the 
innermost regions of the lung2. However, particles with a 
diameter of up to 100 m can be inhaled by nose or mouth, 
and those below 32 m may reach the bronchial tubes too3. 
These particles, after their sedimentation, can also 
contaminate soils, groundwater (and even the food chain) by 
their mobile toxic components4. 

Lead and zinc are among the most frequent heavy metal 
pollutants in the urban environment5. Soils, road dusts and 
airborne particulate matter generally show significant 
enrichment in their Pb and Zn contents there. The most 
important source of these metals is the traffic but they may 
also originate from domestic and industrial combustion for 
heating purposes and are the common component of 
construction materials of the built environment, too6. 

Studies on sources, compositions, and distribution of dust 
and particulate matter components are necessary for their 
risk assessment to atmospheric quality, ecology and human 
health. This is especially true for the urban environment, 
where population and traffic density are relatively high, and 
human exposure to hazardous substances has expected to be 
significantly high7. In this study detailed mineralogical, as 
well as geochemical and magnetic analyses were carried out 
on total suspended particles and settled dust samples from 
Budapest Hungary.  

Our aim was (1) to study the concentrations of and the 
degree of enrichment for lead and zinc, and (2) to identify 
and characterize the mineral phases associated with these 
chemical elements in such materials. 

Materials and Methods 

Settled dust (SD) samples were collected according to the 
Hungarian standard (MSZ 21454/1-83 1983)8. Two parallel 
sampling pots were placed at the front and the backsides of a 
building at a busy road and at 2 meters height. The number 
of crossing vehicles and trains are over 50,000 and 250 per 
day respectively. The seasonal sampling was carried out for 
two continuous years. Samples were not collected in winter 
due to potential freezing and breaking of the sampling pots. 
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Total suspended particle (TSP) samples were collected 
from the air filters placed in the respiration channels used 
for the air supply of the methane-heated turbines in four 
thermal power stations (Csepel – CS, Kelenföld – KF, 
Kőbánya – KB, Újpest – UP). The filters are in use until 
their transmission is high enough (up to even a year). During 
this time such a filter may filter more than one million m3 of 
air monthly. They are generally placed at 5-15 m height so 
the contribution of soil to TSP material is minimal. However, 
contribution of soot and carbonaceous particles may be 
overrepresented with this sampling method due to the result 
of methane combustion in the thermal power stations. 
Samples were removed from the filters mechanically. Large 
plant and animal debris were removed by passing them 
through a 2 mm sieve. 

A Fritsch Analysette Microtech A22 laser diffraction 
analyser determined particle size distribution of the samples. 
Magnetic susceptibility (MS) measurements were carried 
out using a KLY-2 Kappabridge instrument operating with 
one frequency. The bulk samples were characterized for 
their mineralogical composition by a Philips PW 1710 X-ray 
diffractometer (XRD).  

Concentrations of Pb and Zn in the bulk samples were 
analysed by a Thermo Niton XL3 type X-ray fluorescent 
spectrometer (XRF). Enrichment factors were calculated 
after Ji et al.9 and using the geochemical background values 
from the geochemical map of Hungary10.  

High resolution transmission electron microscopy (HR-
TEM) and selected area electron diffraction (SAED) 
analyses were carried out to characterize the mineralogical 
and chemical composition of individual mineral particles in 
the samples with special emphasis on those containing Pb 
and Zn. The dust samples were suspended in ethanol, and 
then they were dropped onto a holey carbon coated Cu grid 
for the analyses. The measurements were performed on a 
Philips CM 20 TEM with a LaB6 filament, equipped with a 
Noran energy dispersive spectrometer (EDS). For the 
chemical analyses a 20 nm spot size and counting times of 
100 s were used. The relative standard deviations of the 
EDS analyses are below 2.5%, 10% and 50% for element 
concentrations >10%, 1-10%, and <1%, respectively. We 
pretended to analyze only one discrete particle in each case, 
which could be confirmed from the corresponding 
diffraction pattern.  

Results and Discussion 

Samples characterization 

The settling dust (SD) samples consist of particles with a 
size generally below 100 m with two maxima (Figure 1): a 
higher one at around 35 m and a lower one at around 11 
m. Between 10 and 30% of the particles are below 10 m. 
In contrast, total suspended particulate (TSP) samples 
consist of much smaller particles as it is expected. Their 
particles are generally lower than 50 m, and can be 
characterized mostly with one maximum at around 11 m. 
Between 45 and 80% of their particles are below 10 m. 
TSP samples from the UP thermal station, however, show a 
secondary maximum at around 35 m. A slight shoulder at 
around 3 m is characteristic of each sample types. 

Figure 1. Characteristic particle size distribution types of 
the studied samples 

The bulk mineralogical composition of the samples 
reflects primarily the geological characteristics of the 
sampling areas. The main components of the SD samples 
are in the order of their frequency: quartz (60-90%), 
dolomite (2-20%), calcite (1-15%), feldspar (3-6%), mica 
(1-5%), chlorite (1-5%). Such phases also appear in the TSP 
samples with different ratios: quartz (20-30%), carbonates 
(dolomite and calcite 10-20%), clay minerals (5-15%) and 
feldspars (around 5%). These phases are characteristic 
natural components of urban dusts11. However, Zhao et al.12 
found that some portion of these phases (quartz, feldspar, 
carbonates) could appear also in amorphous forms in the 
urban settled dust that suggest their anthropogenic origin. 
Significant amount of amorphous (organic?) material was 
found in the summer SD samples, probably due to increased 
contribution of plant materials (debris, pollen etc.) and the 
unfortunate presence of algae in the sampling pots. The 
presence of amorphous materials may be as high as 40% in 
the TSP samples, which is composed both of soot and debris 
of plant and animal remains. Trace amounts of gypsum also 
appear in the autumn SD samples. It also appears in the TSP 
samples (up to 5%) together with halite (up to 10%). 
Gypsum is general component of the construction materials, 
but it may form also due to the reaction between sulfuric 
acid and calcic material in several anthropogenic processes, 
while halite is common deicing agent13. Additionally, both 
XRD and MS analyses showed the presence of large 
amounts of magnetite (up to 15%) in the TSP samples. This 
mineral was detectable in the SD samples only by magnetic 
analyses. Such particles have long been recognized to be 
associated with atmospheric particulates in the urban 
environment14. They are mainly derived from combustion 
processes, such as industrial, domestic and vehicle 
emissions or from abrasion products from asphalt and from 
vehicles brake systems15. 

Magnetic properties of the studied samples show large 
variation. Apparent susceptibility values for SD samples 
were found to be between 6 and 253 10-6 SI, while their 
mass susceptibility values varied between 0.7 and 9.4 10-6 
m3 kg-1. These values were found to be much higher for the 
TSP samples, as it was expected from their much higher 
magnetite content. Their apparent and mass susceptibility 
values were in the ranges of 383 - 2316 10-6 SI and 7.7 - 45 
10-6 m3 kg-1, respectively. These latter values are similar to 
those of PM10 samples. 
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Table 1. Concentrations, monthly deposition rates and enrichment factors of Pb and Zn in the settled dust (SD) samples. 

SD sample  Concentration, mg kg-1 Monthly deposition, mg m-2 Enrichment factor 

 Pb Zn Pb Zn Pb Zn 

Spring/2009/Front 293 ± 25 546 ± 50 4.1 7.6 2.4 1.8 

Spring/2009/Back 99 ± 14 462 ± 48 0.3 1.2 1.4 1.6 

Summer/2009/Front 79 ± 15 553 ± 52 0.6 4 1.1 1.8 

Summer/2009/Back 58 ± 13 399 ± 44 0.1 0.8 0.8 1.4 

Autumn/2009/Front 135 ± 18 812 ± 62 0.6 3.3 1.7 2.2 

Autumn/2009/Back 474 ± 33 1095 ± 74 0.6 1.3 2.9 2.4 

Spring/2010/Front 119 ± 20 525 ± 47 1.7 7.7 1.5 1.7 

Spring/2010/Back 352 ± 29 555 ± 52 0.6 1 2.6 1.8 

Summer/2010/Front 200 ± 21 613 ± 54 0.7 2 2.1 1.9 

Summer/2010/Back 209 ± 23 1140 ± 78 0.3 1.4 2.1 2.4 

Autumn/2010/Front 162 ± 19 692 ± 57 1.1 4.8 1.9 2.0 

Autumn/2010/Back 304 ± 28 592 ± 57 0.1 0.3 2.5 1.8 

 

Metals concentrations and enrichment 

The average Pb (207 mg kg-1) and Zn (665 mg kg-1) 
concentrations and their ranges (Table 1) in the SD samples 
are in the similar range as found in 12 Polish towns16. There 
is no significant linear relationship between Pb and Zn 
concentrations in these samples (r = 0.49; p = 0.05). Both 
metals show moderate contamination in these samples with 
similar ranges and averages (EF=1.9) of their enrichment 
factors. The TSP samples show much higher metal 
concentrations (Table 2) with averages of 846 mg kg-1 for 
Pb and 4837 mg kg-1 for Zn. Consequently, they can also be 
characterized by much higher enrichment factors suggesting 
generally heavy contamination for both metals (EF=3.5 for 
Pb and 3.9 for Zn). During a study concerning to 15 Chinese 
cities, it was found that the total fraction of the urban dusts 
(<100 m) is practically uncontaminated, while the fine 
fractions (<10 m) were mostly heavily contaminated with 
Pb, Zn and other metals (Cr, Co, Cu) 17 . So the higher 
concentration and enrichment of the studied metals in TSP 
than in SD samples is not unexpected as the former samples 
can be characterized by much greater ratio of PM10 
particles. 

Interestingly, metal concentrations are often higher in the 
backside SD samples than in the front-side ones in spite that 
the intense traffic should affect primarily the front-side of 
the building. As the mass of SD samples could be also 
affected by the contribution of algae or remnants of 
algaecide, monthly deposition values are much more useful 
for comparison. These values are much higher at the front-
side for both metals than at the backside as it is expected 
(Table 1). These values were found to be in the 
characteristic range for urban areas18.  

The deposition rates of the studied metals show significant 
linear relationship to each other (r = 0.83; p = 0.05) 
suggesting the similar deposition characteristics of their host 
phases. Our unpublished data on the deposition 
characteristics of the dust around the study building suggest 
the dominance of re-suspension of roadside dust and soil in 
dust deposition. Threshold limit value is only given for Pb in 
Hungary that is 1.2 mg m-2 19. This value is exceeded only in 
two times in the spring samples at the front-side of the 
building.  

 

Table 2. Concentrations and enrichment factors of Pb and Zn in the total suspended particle (TSP) samples. 

 Concentration, mg kg-1 Monthly deposition, mg m-2 

TSP sample Pb Zn Pb Zn 

KF 06-08/2010_1 2785 ± 88 5297 ± 152 4.7 4.0 

KF 06-08/2010_2 1782 ± 59 2679 ± 91 4.2 3.3 

KF 06-11/2010_1 3533 ± 87 4902 ± 128 4.9 3.9 

KF 06-11/2010_2 3597 ± 89 4837 ± 128 4.9 3.9 

KB 07/2009-07/2010 496 ± 32 1463 ± 69 3.0 2.7 

KB 04-09/2010 559 ± 35 1342 ± 67 3.1 2.7 

UP 01-12/2010 846 ± 41 19046 ± 237 3.5 5.3 

UP 03-08/2010 434 ± 29 12880 ± 189 2.8 4.9 
CS 03/2010-08/2011 330 ± 20 2340 ± 90 2.6 3.2 
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Figure 2. Characteristic Pb and Zn bearing phases in the studied samples. Transmission electron microscopy micrograph, diffraction 
pattern and EDS spectra of a smectite with Zn (A) and a magnetite with Pb and Zn (B) from a settled dust sample, as well as that of a 
magnetite with Pb and Zn (C) and smectite with Zn (D) from a total suspended particulate sample. 
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Either apparent or mass susceptibility values do not show 
any linear relationship with Pb and Zn concentrations both 
in the SD and TSP samples. Although these metals are often 
associated with magnetic particles in urban environment20, 
several studies showed that significant proportion (up to 
60%) of total metal concentration in dust could be dissolved 
by weak acids, which did not mobilize them from 
magnetite21. In contrast, apparent susceptibility and metal 
deposition values show strong linear correlation both for Pb 
(r = 0.89; p = 0.05) and Zn (r = 0.92; p = 0.05). Both 
apparent susceptibility and metal deposition values are not 
influenced by the possible errors in weight measurements of 
SD samples. This suggests that these metals travel together 
at least party with magnetic particles primarily in case of re-
suspension of road dust and roadside soils. 

Host phases for Pb and Zn 

TEM analyses showed that the most significant 
components of the SD samples are different mineral phases. 
The most frequent particles are gypsum, quartz, feldspar, 
layer silicates, calcite, dolomite as well as Fe and Ti oxides 
as XRD analyses also showed partly. The most 
characteristic size range is between 10 and 20 m for most 
of the particles, but its dominance may be affected by the 
samples preparation technique. The most important Pb and 
Zn bearing phases are magnetite and clay minerals in these 
samples (Figure 2a. and b.). Additionally, Zn was found to 
be associated with a calcite particle in one case. This metal 
could be associated both with clay and Fe-oxide particles, 
while lead primarily to the latter ones. The silicate and oxide 
particles are often form aggregates with each other. The Zn 
content of clay minerals can be as high as 5 wt%, while Fe-
oxides are characterized by a slightly lower Zn content (up 
to 2.5 wt%). The Pb content of the latter one phases is 
generally between 2 and 3 wt% and they also contain other 
trace metals (~0.5 wt% Mn). Among Fe-oxide particles both 
magnetite and hematite were identified. Additionally, 
ilmenite and titanite were also found in the samples but they 
do not contain detectable amount of Pb and Zn. 

The soot aggregates consisting of nano-sized (few tens of 
nm) soot particles are the dominant phases in the TSP 
samples. This is in good agreement with the presence of 
high amounts of X-ray-amorphous (organic) material found 
in the samples by XRD analyses. The most important Pb and 
Zn bearing mineral phases were found to be spherular or 
xenomorphic magnetite particles (Figure 2c). They 
sometimes contain 2-3 wt% Pb and Zn. These magnetite 
particles often form aggregates and are closely associated 
with soot and/or clay minerals. In samples with high 
magnetite content metal-free magnetite spherules up to a 
few m sizes also appeared. Samples also contain 
ferrihydrite and probably hematite, but their amount is much 
lower than that of magnetite. Clay minerals and mica 
particles were found to contain significant amount of Zn (up 
to 5 wt%) and also Pb in much smaller amount (up to 0.41 
wt%) (Figure 2d). Additionally, single ZnO and ZnCO3 
(smithsonite) particles were also found in the sample with 
highest Zn content (collected at the UP thermal station). 
Again a single aggregate consisting of iron oxide and 
calcium carbonate was also found to contain significant 
amount of Pb (4.88 wt%) suggesting the presence of Pb also 
in carbonates. However, more direct data is needed to 
support this latter supposition. 

Anthropogenic magnetite particles often contain Pb and 
Zn as showed by the close relation between their 
concentrations in the urban particulate matter and magnetic 
properties20. Additionally, Zn mostly associated to layer 
silicates both in natural and contaminated soils22. Magnetite, 
metal-carbonate and Zn-oxide particles in the dust may be 
primarily originated from anthropogenic emissions, while 
clay particles derived rather from the re-suspension of 
roadside dust and urban soils. Magnetite particles are 
resistant to weathering releasing its toxic components slowly 
to the environment23. However, layer silicates, carbonates 
and oxides are much less resistant than magnetite24 so they 
may be the potential source of mobile Pb and Zn metals in 
the studied samples. 

Conclusions 

TSP characterized by smaller particle sizes contain much 
higher ratio of potentially anthropogenic phases (amorphous 
phases, salts, magnetite), while they can be hidden by the 
large amount of coarse particles of soil origin in the SD 
samples. Accordingly, the concentrations and enrichment of 
the studied metals is also higher in the TSP samples as 
compared to SDs. Lead and zinc concentrations do not show 
any linear relationship with magnetic susceptibilities in both 
types of the samples. Only the close correlation between the 
metal deposition and apparent susceptibility values suggests 
the partial association of Pb and Zn with magnetic particles 
in the SD samples where the particles from soil re-
suspension dominate. 

Although trace-metal-free magnetite particles also appear 
in the studied samples, this phase is the most important host-
phase for Pb and it often contains also Zn supporting the 
relation between metal deposition and apparent 
susceptibility of settling dust samples. On the other hand, 
highest amounts of Zn were found to be hosted with clay 
minerals. This latter metal also associated with carbonates 
and Zn-oxide phases in much smaller rate. Magnetite 
particles are resistant to weathering releasing its toxic 
components slowly to the environment, while layer silicates 
(and carbonates, oxides) may be the potential source of 
mobile toxic metals in the studied materials. 
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