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1. Introduction

There are many methods available aiming at studying atmospheric contamination but often
their application is limited by problems connected with sample preparation difficulties or an
insufficient amount of material for analysis. Therefore, there is an increasing necessity of
applying methods which enable a direct solid sample characterization and provide
information concerning the state of environmental pollution (Szczepaniak&Biziuk, 2003).
Surface analysis techniques have become more and more widely used in recent years and their
rapid development since 1970s has resulted in many applications including probing physical
and chemical properties of surface. The thickness of the studied surface layer depends upon
the method employed and varies from a few uppermost layers to several microns deep
(Robinson, 1995; Szczepaniak&Biziuk, 2003; Szynkowska, 2005). Scanning electron microscopy
with energy-dispersive X-ray analysis (SEM-EDS) and time-of-flight secondary ion mass
spectrometry are powerful methods allowing a direct observation, comparison and
characterization of different spectrum of materials. What is more, a large depth of field gives
an opportunity to investigate even three-dimensional objects, which is especially significant in
observation of usually very heterogeneous biological samples (Goldstein et al., 1992; Seyama
&Soma, 2003; Seyama, 2003; Szynkowska, 2005). The techniques mentioned above are
considered a relatively fast and basically non-destructive approach, which can be successfully
used as a complementary method to the wet chemical analysis requiring sample
homogenization and dissolution (Kempson&Skinner, 2005; Szynkowska et al, 2008a;
Szynkowska et al., 2008b; Williamson et al., 2004). Additionally, XRD technique can be applied
in environmental monitoring research to identify crystalline phases of studied samples.

Phosphogypsum deposited in the phosphatic fertilizer waste disposal place in Wislinka near
Gdansk (Northern Poland) is a main by-product of a wet process of phosphoric acid
production. During the wet process phosphoric acid is produced by the reaction of
phosphate rock with sulfuric acid, and then used for the production of phosphatic
fertilizers. Phosphoric acid and phosphogypsum obtained in the wet process contain a
number of impurities like calcium sulfate dehydrate and HF. For every ton of phosphoric
acid obtained even up to 5 tons of this waste by-product are produced. The chemical
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94 Air Quality Monitoring, Assessment and Management

composition of by-products and the quantity of impurities depend on the origin of the
phosphate rock used in the phosphoric acid industry as well as the dissimilarities in the
parameters of the process plant operation or the age of phosphogypsum.

Dumping of phosphogypsum into open air can create environmental and health concerns as
the piled material, dominated mainly by calcium sulphate dehydrate (94-98% wt.), contains
approximately up to 5-6% of many impurities including heavy metals, fluoride and
radionuclides, which have been identified as a potential environmental hazard. These toxic
substances can be transported by wind over long distances or percolate through the dump
and, in consequence, contaminate soil or groundwater. This continuous process may lead to
the increase in the content of spread substances in various components of our environment
and can be built into the food chain. Therefore, more detailed studies are necessary in order to
fully understand the transfer process of toxic substances into the adjacent environment and to
assess their impact (Al-Masri et al., 2004; Arocena et al., 1995; Rutherford et al., 1995).

The increasing awareness about possible negative effects caused by elevated levels of toxic
substances not only in air, water or soil, but especially in biological material has caused a
huge development of plant studies as a complementary tool to instrumental methods. The
amount, size or composition of trapped surface material depend on many factors, e.g.
distance from the source of pollution or wind strength. The surface characterization of
biological samples using SEM-EDS and ToF-SIMS methods could be especially helpful in
understanding where and how airborne particulate matter becomes incorporated into or is
lost from the plant matrix as well as to assign a specific type of particles to their potential
origin (Kempson&Skinner, 2005; Szynkowska et al., 2008b). SEM-EDS and ToF-SIMS are
versatile tools particularly used for morphological and chemical characterization of various
materials, which cover a number of areas of application. Nowadays they are employed, for
example in environmental and forensic researches, due to their unique properties such as
almost a non-destructive analysis and a relatively small amount of sample required. XRD
analysis can be used to identify crystalline phases in various phosphate rock and
phosphogypsum samples.

The main objective of this chapter was to investigate the possible occurrence of dusting
process by analyzing the atmospheric particulates accumulated on the biological surface and
to compare them with the particles characteristic of phosphogypsum waste by-product. The
other objective of this study was to compare the usefulness of applied methods ( SEM-EDS,
ToF-SIMS, XRD) as a complementary tool for the assessment of air pollution.

2. Material studied

Biological samples were collected from the area near Gdansk (Northern Poland), where a
huge phosphogypsum waste disposal site is located. In general, the state of pollution of this
rural area is affected mainly by the presence of phosphate stack, where approximately over
16 min tons of phosphogypsum are deposited. In order to correlate the composition of the
material deposited on various biological indicators, different phosphogypsum samples as
well as phosphate rocks were investigated. The studied rock material comes from Tunisia,
Morocco and Syria.

The studied material consists of samples of moss and lichen taken from the neighborhood of
a phosphate waste disposal place as well as various phosphogypsum samples (fresh, old,
recultivated) stored in the dump and phosphate rock material used in the process of
phosphoric acid production. For comparison purposes moss and lichen material was also
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collected from a clean area, not affected by any industrial or environmental activity (Lodz
city, Lagiewniki Forest).

3. Methods

Scanning electron microscopy with energy dispersive X-ray spectrometer, SEM-EDS
(Hitachi, Japan; Thermo Noran, USA) and time- of- flight secondary ion mass spectrometer
ToF-SIMS IV (ION-TOF GmbH, Germany) were applied for particle distribution studies and
an identification of type and composition of airborne particulate deposited on samples and
present in the stored by-product.

Before the SEM-EDS measurements, the samples were placed on carbon plasters and coated
with carbon target by Cressington 208 HR system. SEM micrographs, EDS spectra from the
single points and chosen microareas and maps showing elemental composition and surface
distribution were obtained using the SEM-EDS method. The accelerating voltage was 25 kV.
The ToF-SIMS positive and negative spectra and images were carried out using ToF-SIMS
IV spectrometer equipped with 25 keV bismuth primary ion gun. Primary ion beam current
was set to 0.5 pA during analysis. Flood gun was used to compensate for the surface
charging during analysis. In the case of phosphogypsum and phosphate rock, the samples
were pressed into tablets in order to gain better mass and lateral resolution.

The phase composition of biological, phosphate rock and phosphogypsum samples was
examined using polycrystalline difractometer X"’ PERT PRO MPD (PANanalytical) equipped
with a copper tube. HighScore Plus software and PDF-2 database were used for the phase
identification.

4. Results and discussion

The study was dedicated to verify a possible existence of the emission of dumped material
spread by wind into the adjacent environment based on the examination of particulate
matter deposited on lichen and mosses samples.

At present SEM-EDS and ToF-SIMS techniques are more and more commonly applied to
study particles present on the surface of various biological material as complementary
methods to the wet quantitative chemical analysis for an identification of the source of
pollution making it possible to distinguish exogenous elements from internal ones. In our
studies they were used to provide information about phosphogypsum chemistry,
composition and a possible impact on living organisms.

SEM-EDS maps of elemental distribution on phosphogypsum surface revealed many
impurities besides main gypsum ingredients. The elements such as S, O, Ca, Na, K were
quite regularly distributed over the surface of waste. Gypsum formed characteristic
geometric sticks resembling posts with the grain size of 20-200 pm. Additionally, some
amount of much smaller size particles, rather spherical and attached to much bigger
gypsum grains and rich in Al, Si (over 2.5 pm), mainly enriched in F (below 2.5 um), and
containing Ba (around 2.5 um) and Sr (even below 1 um) were observed on EDS maps (Fig.
1). Moreover, SEM-EDS spectra collected from single points of phosphogypsum surface
showed other impurities of this waste e.g. the presence of Fe, Mn or P, which were not
detected on EDS maps performed for whole microareas. It should be pointed out that a
potential detection limit of SEM-EDS analysis is about 0.1-0.5 wt. % for most elements. The
results obtained from the microscope also indicated some differences among samples taken
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from various parts of the dump, probably caused by a various phosphate rock source and a
general decrease in metal intensity during the waste storage. This finding stays in
agreement with literature data. There is a general consensus that the content and
composition of waste by-product impurities depend mainly on the origin of phosphate rock
(besides the type of the wet process applied or efficiency of factory operation) (Arocena et
al., 1995; Rutherford et al., 1995; Williamson et al., 2004).

Stockpiled phosphogypsum in Wislinka is derived from various types of phosphoric rock
originating mainly from Tunis, Buckra and Togo or Morocco. However, some elements like
Sr, Ce or W were observed in higher amounts in fresh samples. Furthermore, EDS spectra
demonstrated that a recultiveted sample presents a higher content of e.g. Ba, Pb, Cd and
they were in contrast to other phosphogypsum material. Since 2001 the recultivation process
with sewage sludge from the mechanical-biological treatment plant (consisting domestic
and industrial sewage) has been applied in the considerable part of the disposal place in
order to expand luxuriant vegetation, which possibly changed the sanitary conditions and
loads of metals.

25um omme 255

Fig. 1. SEM-EDS micrograph and maps of distribution of elements on the surface of
phosphogypsum (x8000)
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The ToF-SIMS analysis showed that phosphogypsum can be characterized by the following
characteristic secondary ions: CaOH*, CayO*, CaPO;*, Ca20;*, CaPO;*, CaH*, CN-, CNO-,
Cl, SO, POz, SOy, POs, SOz, SOsH;, SOy, SOH- and SiO- (Fig. 2). Generally, among
phosphogypsum contaminants enhanced levels of fluorine were identified as potential
environmental hazards, which restricts its utilization as building materials or agricultural
fertilizers. The wastes stockpiled in Wislinka contain about 0.2-0.3% of soluble fluorine
compounds. Moreover, this part of Poland is located in the area with significantly high
fluoride concentrations in water of natural origin. A potential leaching process of these
impurities may cause their further transfer into the adjacent environment and, in
consequence, to the food chain. Summarizing, the obtained information concerning the
composition and chemical properties of phosphogypsum is incredibly important from the
point of view of the waste management decisions and environmental or health risk
assessments.
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Fig. 2. ToF-SIMS positive (I) and negative (II) ion spectra of phosphogypsum from
Wislinka
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The results of analysis of phosphogypsum particles on moss and lichen surfaces revealed
that the composition of analysed phosphogypsum material corresponds to the chemical
composition and morphology of particles deposited on biological samples collected from the
vicinity of a phosphatic fertilizer dump. There is a well-known fact that elevated
concentrations of heavy metals in bioindicators such as lichens in the surroundings of
industrial areas are caused mainly by trapping the relatively large particles. This caught
particulate matter may remain within the surface over a long time or may be solubilised by
e.g. acid precipitation (Kempson&Skinner, 2005). SEM-EDS analysis of the particulate
matter deposited on the surface of chosen biological samples ( moss, lichen) showed apart
from the posts typical of gypsum containing mainly Ca, O and S also considerable amounts
of particles with the size and composition corresponding to waste impurities identified
earlier on the phosphogypsum surface. The grain size can be classified mostly to a very fine
fraction below 5 um (Figs. 3-5). The presence of small Fe-rich spherical shaped particles may
originate from both the dusting process and high-temperature combustion process. What is
more, some irregular particles exceeding 50 um were also found on the biological surfaces
(Fig. 4). These enriched in P, O and Si contaminants may be a trace of a wet process of
phosphoric acid production.

This work shows that the inhomogenous dispersion of the studied particulate matter on the
surface of bioindicators strongly depends on the distance from the waste disposal site. The
presence of many windblown air contaminants on the studied surface of biological samples
collected in the vicinity of a dump area reflects the level of pollution of this relatively rural
area. It was clear that the amount of anthropogenic dust on the biological surface is
increasing towards the dump. Therefore, its presence at considerable distances from the
dump can prove that there exists a dusting process form the waste disposal place, which
can pose a health hazard to the inhabitants by potential inhalation of fine fraction material,
which is transported by wind over great distances and contains toxic substances including
fluorine and heavy metals.

Sum o p— Sum  pgm—13 Sum pgmeete Sum o 13

S um |:|_:|13 S um |:|1|:||E| 5 um nmz:l S um O Sum 124 g 255

Fig. 3. SEM-EDS micrograph and maps of distribution of particles deposited on lichen
surface (x6000). Particles rich in Al, S, Ca, Si, K, Fe, P, F are present.
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Fig. 4. SEM-EDS micrograph and maps of distribution of particles deposited on lichen
surface (x1500). Particles rich in Al, Ca, Si, Fe, P, O, Cl, Cu are present.

Fig. 5. SEM-EDS micrograph and maps of distribution of particles deposited on moss
surface (x1000). Particles rich in Al S, Ca, K, Fe, P are present.

ToF-SIMS analysis showed that the particles on the studied surfaces of moss and lichen
samples are characterized by an emission of the following secondary ions: Na*, Mg*, Al*,
Sit, K+, Ca*, CaOH*, Fe*, CaPOs*, F-, CN-, S-, Cl-, POz, SOz, POs;, SOs-, SOy, SO4H- (Figs. 6,
7). The material of probable airborne source consisting mainly of P or S was characterized by
their substantial sizes and amorphous shapes in contrast to other contaminants.
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Fig. 6. ToF-SIMS positive (I) and negative (II) ion images of moss from Wislinka
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Fig. 7. ToF-SIMS positive (I) and negative (II) ion images of lichen from Wislinka

In order to get a better insight into the process of air industrial contamination, also samples
coming from unpolluted places were examined. In general, their surfaces were not covered
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with any deposited particles of anthropogenic origin. Figures 8 and 9 present for
comparison ToF-SIMS positive and negative ion images of moss and lichen, respectively
from the control site and ecologically clean area.
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Fig. 8. ToF-SIMS positive (I) and negative (II) ion images of moss from the control site
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Fig. 9. ToF-SIMS positive (I) and negative I (II) on images of moss from the control site

The obtained ToF-SIMS spectra showed that the peak intensities of Ca*, and PO ions
characteristic of gypsum are significantly different for moss and lichen samples collected
from the polluted and control sites (Fig. 10). These results confirmed that the phosphate
waste disposal place has an impact on the surrounding environment.
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Fig. 10. Ca*, and PO? ion peaks from the ToF-SIMS spectra of the moss (I) and lichen (II)
from Wislinka (A) and from the control site (B), respectively

The analysis of crystalline phases of different phosphogypsum samples confirmed that this
waste by-product is mainly composed of calcium sulfate dihydrate. Additionally, for
comparison purposes four phosphogypsum samples obtained directly from the production
line and originating from Morocco, Syria, Tunisia and Kola phosphate rocks were
investigated. Three of them were formed as a result of the dihydrate method of production
of phosphoric acid (Morocco, Syria, Tunisia), while only one sample was created by the
hemihydrate process. In general, all gypsum samples show almost the same crystalline
composition with minor exceptions. Anhydrite (CaSO,), bassanite (CaSO4H>O), CaO,
CaPO;(OH) 2H,0 (brushite), SiO,, Fe3O4, H3POy, SrSO,4, NasSiFs, NasFesF14 were present on
diffraction patterns (Fig. 11). The results show as well that magnetite was detected only in
samples from Tunisia and Syria, whereas NasSiFs was detected in samples from Kola and
Tunisia. NasFesF14 was detected in apatite-based phosphogypsum. No fluorine compounds
were detected in the analysed samples because the XRD spectrum was dominated by the
peaks of bassanite and gypsum.

Similarities observed in XRD spectra of older phosphogypsum collected directly from the
stack and phosphogypsum obtained from Morocco phosphate rock suggest the same source
of rock of both materials. Some amount of P>Os or SiO, in phosphogypsum material
identified with the XRD technique can be attributed to the residues of unreacted particles of
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phosphate rock. Burshite is an apatite precursor, hence its presence in the phopshogypsum
waste is not surprising.
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Fig. 11. Diffraction patterns of various phosphogypsum samples collected directly from the
stack (old) with an unknown source of phosphate rock and obtained from the production
line (originating from Morocco, Syria, Tunisia and Kola rocks).

In order to obtain information about the possible migration of phosphogypsum impurities
into the environment, waste material was collected from different places of stack.
The comparison of XRD patterns (Fig. 12) of two phosphogypsum samples proved that
the composition is almost the same with hydroxyapatite, calcium sulfate dihydrate,
bassanite (hemihydrate form) and anhydrite as main components. The only difference is
the presence of celestine (SrSO,) in the sample collected near the trench. The lack
of celestine in the composition of fresh phosphogypsum can support the suggestion that
the process of leaching of phosphogypsum contaminants and their subsequent
transportation into the adjacent environment take place. In general, strontium, which is
present in sedimentary formations, usually accompanies calcium and as a result of
transformation of deposits enriched with Ca, strontianite is created (SrCOg3). Strontianite
after the reaction with sulphur may form celestine. It is thought that this compound may
pose a threat to the local environment by an excessive concentration of a highly soluble
amount of strontium. Probably rain water, which flows down the stack surface, causes
the accumulation of Sr in the trench surrounding the dump in the acid environment.
Moreover, the distribution of this element is facilitated by the tendency of Sr to migrate to
the surface formations. Some previous studies concerning the analysis of the level
of selected elements in surface waters (Vistula River) confirmed that the samples collected
in the vicinity of the waste dump contained an elevated concentration of Sr (Dembska et
al, 2006). On the contrary, fresh phosphogypsum seems to be more enriched with
H3PO,. According to literature, the increase in deposition time causes the decrease in

acidity by washing out the residue of acids from the production of phosphoric acid
(Nowak, 2006).
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Fig. 12. Diffraction patterns of two phosphogypsum samples taken from the same area

XRD analysis showed that biological samples contain a limited amount of crystalline phases
(Fig. 13). On the other hand, the XRD diffraction patterns did not confirm the existence of
any compounds characteristic of deposited waste material on the surface of biological
material taken from the area situated near the dump, probably due to a small amount of
contaminants accumulated on the surface in relation to the whole sample. Generally, in the
case of the biological material, obtained diffraction patterns revealed that quartz (S5iO,) was
the main component.
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Fig. 13. Diffraction patters of lichen samples collected from the area situated in the
neighborhood of the phosphate waste disposal place (near trench and retention reservoir),
from urbanized Lodz area and from the reference clean site (Lagiewniki Forest).

The potential source of SiO; could be contamination from soil or fly ashes. Small differences
observed on the diffraction patterns of various biological samples can be attributed to
different forms of SiO; - crystalline and amorphous. Additionally, some biological samples
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contained CaCyO4H,O (whewelite). This organic mineral is created as a result of
precipitation of calcium oxalates, leached from organic material and it does not seem to be
specific for a sample collection place.

It should be emphasized that a detailed interpretation of XRD results was limited by a
considerable amount of amorphous compounds present in the studied materials and other
organic phases characteristic of plant material, whose identification was not possible due to
the lack of adequate diffractive standards in the data powder base. Moreover, the detection
limit of the technique used is above 0.5%, which limits the verification of the presence of
trace components. Although, all analysed samples showed similar profiles of diffraction
patterns, some essential differences among samples collected from ecologically clean areas,
metropolitan area or the surroundings of waste disposal site were observed. The samples
were collected after the recultivation process (the surface of stack was covered with a
mixture of soil, grass seeds and sewage sediments), which could significantly reduce the
effect of dusting on the local area.

5. Conclusions

The obtained SEM-EDS and ToF-SIMS results showed that the surface of biological material
collected in the vicinity of the phosphatic fertilizer waste dump was covered with particles
whose chemical composition corresponds to the chemistry and morphology of stockpiled
waste by-product. The performed surface studies of biological material revealed that the
observed particles showed various morphology (size and shape) but are characterized by
similar chemical composition. It was found that gypsum is a main component of the
analyzed particles with the admixture of Al, Si, K, Fe, Na, P, F, and S. The presence of
elements and molecules typical of phosphogypsum and its impurities on the surface of
biological indicators suggests that there exists a dusting process form the waste disposal
place, which can pose a health hazard to the inhabitants by potential inhalation of the
material carried by wind and containing toxic substances including fluorine and heavy
metals due to the fact that many of the deposited particles consisted of the fraction less than
10 pm. Moreover, the degree of covering of the biological surface by anthropogenic dust
decreased with the distance from the waste disposal site. This observation can suggest that
the dusting process from the waste disposal place is responsible for the phosphogypsum
contamination of phosphatic fertilizer dump neighborhood.

The XRD technique revealed significant differences between phosphogypsum material:
fresh and older. Moreover, various phase composition in both phosphate rock and
phosphogypsum was identified. X-ray diffraction patterns of phosphogypsum in general
show mainly calcium sulfate dehydrate with impurities such as silicon oxide. In the case of
phosphogypsum sample taken from the trench around the stack, in addition to the
diffraction peak of gypsum, also calcium and strontium sulfate as well as phosphoric acid
peaks were observed in comparison with the fresh material.

Phosphate rock was composed of fluorapatite, silicon oxide, calcite, magnetite or perovskite.
It was also stated that during the time of storage, the acidity of waste by-product decreases
to the deeper parts of dump due to the washing process. Moreover, the presence of
strontium sulphate in fresh prosphogypsum may suggest that Sr can be introduced into the
surrounding environment by the dusting process, while the content of this element in waste
reaches even 1%. Unfortunately, it was not possible to detect compounds characteristic of
stockpiled phosphogypsum on the surface of biological samples due to the low surface
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concentration. It should also be emphasized that the samples were taken after the
recultivation process with sewage sludge, which could considerably reduce the dusting
process from the dump.

This study also showed a versatile application of ToF-SIMS and SEM-EDS methods as
powerful tools for the identification of particulate matter on the surface of chosen biological
samples as well as for the assignment of individual particles to their potential origin.
Surface-analysis techniques make it possible to combine information about both changes of
the surface of bioindicators and the state and source of environmental pollution. Our results
also confirmed the usefulness of adapting moss and lichen samples (apart from their well
known accumulation ability) as notable trapping organisms of mostly windblown airborne
particles.
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