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X-ray diffraction as a major tool for the analysis of PM, s and PM,, aerosols
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Particulate matter (PM) specimens from a traffic site were sampled on Teflon filters using a low
volume sampler. The sampling campaign ran over a one-year period with sampling frequency of
twice a week for both PM, 5 and PM,(. X-ray diffraction (XRD) methods, which are not commonly
used in PM analysis, have been utilized successfully to identify crystalline phases present, including
secondary pollutants. XRD data confirmed results obtained by X-ray fluorescence, positive matrix
factorization modeling, and scanning electron microscopy. PM; 5 consisted mainly of secondary sul-
fates, like Mascagnite [(NH,4),SO,], Koktaite [(NH,4),Ca(SO,4), * H,0], and Gypsum [CaSO,* 2H,0].
For PM,, it was found that the major phases are mostly originating from natural sources, such as dust
storms and sea salts, in addition to secondary compounds, such as sodium nitrate. The main phases
identified were Calcite, Quartz, Gypsum, Halite, and Palygorskite. © The Author(s), 2020.
Published by Cambridge University Press on behalf of International Centre for Diffraction Data.
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I. INTRODUCTION

Particulate matter (PM) pollution is of great concern
because of its adverse health and environmental impacts
(Widziewicz et al., 2016; Wong et al., 2016). Ambient air pol-
lution is believed to be a major environmental risk for disease
and premature death in the United Arab Emirates (Bener et al.,
2009; Li et al., 2010; Anderson et al., 2012; Hamdan et al.,
2015, 2016, 2018a, 2018b). The UAE is located in an arid
region with less than 50 mm average annual rain, large
expanses of deserts, and frequent dust storms (NCMS,
2019). These factors adversely affect the precipitation of the
suspended dust, particularly its fine fraction. In addition to
natural pollutants, anthropogenic sources due to the rapid
development of the country through mega oil and construction
projects have contributed greatly to the fine PM pollution (Al
Katheeri et al., 2012). Traffic is also a major source of fine and
heavy element pollutants (Young et al., 2012; Sundvor et al.,
2013). Identification of pollution sources is a major task and
responsibility for the scientists in order to identify these
sources and suggest mitigation solutions.

X-ray fluorescence (XRF) and elemental analysis are
commonly used in the study of aerosol pollution, supported
by modeling and statistical analysis to identify possible
sources of groups of elements [see, e.g., Moloi et al.
(2002)]. Although it is a very useful approach, it is short of
identifying chemical structures (or compounds) of various
pollutants. X-ray diffraction (XRD) can identify various crys-
tallographic phases present in the PM and help in finding var-
ious sources, particularly the secondary pollutants that are
formed in the atmosphere.
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In this work, we have sampled PM, (which stands for PM
with an average aerodynamic diameter of less than 10 um) and
PM, 5 (with an average aerodynamic diameter of less than
2.50 um). PM was sampled on Teflon filters following stan-
dard sampling protocols. Fine particles (PM, s5) are potentially
of greater concern than PM, for human health because they
can penetrate deeply into the lungs, causing extensive damage.
They can even get into the bloodstream, increasing the risk of
cancer and respiratory, cardiovascular, and ischemic heart
diseases. The filters were subjected to gravimetric analysis,
XRF (for elemental quantification), black carbon content anal-
ysis, XRD, and positive matrix factorization (PMF) modeling
(Achilleos et al., 2016). In this paper, only XRD results will be
presented and discussed in conjunction with some supporting
SEM/EDS images, XRF elemental results, and PMF results.

Il. EXPERIMENTAL

The collection site was chosen to correspond to traffic pol-
lution sources. The site is near a major highway in Sharjah (the
United Arab Emirates) with coordinates 25°20'39.2”N and
55°26'46.4"E, as shown in Figure 1. We have used the air
quality monitoring station for Bee’ah, an environmental man-
agement company is Sharjah. It is located about 100 m from
the center of a highway. The highway is usually congested
from 7:00 am to 10:00 am and in the afternoon from 4:30
pm to 8:30 pm. Sampling was performed using two Sven
Leckel LVS/LVS6-RV low volume sampling stations located
side by side for both PM, and PM, 5. PM samples were col-
lected for 24 h twice a week (every Tuesday and Friday) using
the European standard (EN12341 2.3 m’ hfl).

XRD measurements were done using a Bruker DS
ADVANCE system equipped with a Cu tube and a linear
detector (LYNXEYE XE). The excitation voltage used was
40 kV with a current of 40 mA. The scans were done in the
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Figure 1.

26 range of 5-55° with 0.02° step size and a collection time of
5 s per point. After background removal, the different phases
were identified using the ICDD database PDF-4+ Release
2019 (Gates-Rector and Blanton, 2019).

XRF measurements were performed on a Thermo
Scientific ARL Qunat’X XRF system under vacuum, with
an exposure time of 300 s. Elemental concentrations were cal-
culated in ug m >, using a calibration procedure that involved
Micromatter standard thin films and the NIST aerosol
Standard Reference Material 2783. SEM/EDS images and ele-
mental maps were performed on a TESCAN environmental
scanning electron microscope (VEGA3 XMU). The electron
beam excitation was 20 kV, and low vacuum (10 Pa) was
used to avoid charging effects on the filters.

EPA PMF Version 5.0 (released 2014) was used to per-
form the source apportionment studies on both PM, s and
PM,( samples. The PMF modeling quantifies the contribution
of sources to samples based on the composition and finger-
print of different sources.

lll. RESULTS AND DISCUSSION
A. PMos

Figure 2 shows representative XRD patterns for two PM, 5
filters. Sample No. 60 was collected on July 13, 2018, while
sample No. 80 was collected on October 5, 2018. The mass con-
centrations of PM, 5 on these two days were 72 and 77 pug m~>,
respectively, much higher than the international standards and
the average mass concentrations for the whole year. The main
two phases present are Mascagnite [(NH,4),SO4] and Koktaite
[(NH4),Ca(SO4), * H>O]. The peaks of Mascagnite are marked
with M, while those of Koktaite are marked with K. Peaks
marked with T are coming from the Teflon filters. Sample No.
60 has traces of Chlorite—serpentine [(Mg,Fe)sAlSi;019(OH)g]
marked as Ch, a mineral phase consisting of magnesium and
iron silicates that have a similar layered crystal structure as
Chlorite.

Mascagnite and Koktaite are the dominant phases in PM, 5.
Mascagnite is a secondary pollutant formed by the conversion
of sulfur dioxide [SO,] gas generated form traffic, power plants,
and various industries because of fossil fuel burning into fine
particles. With the high temperatures, abundance of sunshine,
and high relative humidity in Sharjah, oxidation of the SO,
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(Color online) (a) Sampling site near Sharjah International airport highway with coordinates 25°20'39.2”N and 55°26'46.4"E and (b) sampling stations.

gas phase by hydroxyl radical (OH) produces sulfuric acid
(H,SO,), which then interacts with ammonia (NH3) to form
the ammonium sulfate’s fine particles (<0.5 um in diameter)
(Ianniello et al., 2011). Calcite [CaCO3] that is present in the
atmosphere reacts with the ammonium sulfate, at a rate mea-
sured in days, to yield Koktaite as an intermediate product
and, finally, Gypsum [CaSO,* 2H,0]. Gypsum appears mostly
in PM, (Satsangi and Yadav, 2014; Song et al., 2015).

Other mineral phases such as Quartz [SiO,], Calcite and salts
such as Halite [NaCl] and sodium nitrate [NaNOs] have been
observed by SEM/EDS elemental maps and by XRF but are
not seen by the XRD method in PM, 5 samples. This is because
XRD is a bulk technique that is not suited to identifying low con-
centration phases. Figure 3 shows the SEM image and elemental
maps for part of sample No. 58, sampled on July 6, 2018. The
maps clearly show NaCl crystals scattered on the image.

XREF results revealed the concentration of various elements
and their uncertainties that were used as input to PMF, together
with PM mass and black carbon contents, revealing seven
sources of pollutants, as shown in Figure 4. Quantitative analysis
of elemental compositions obtained by XRF showed that the
sulfur content in PM, 5 was the highest among all other elements
with an average value over the whole year of (4.95 +£0.55) pug
m . This is consistent with the output of the PMF calculations
that revealed 42% of PM, 5 sources are sulfates.

Similar results are shown for samples collected on very
clear days with PM, 5 mass concentrations equal to or much
less than the WHO standard of 25 ug m™>. This is shown in
Figure 5 for samples 14 and 24 collected on January 14 and
March 2, 2018 with PM, s mass concentrations of 25 and
19 ug m™, respectively.

B. PM,,

Figure 6 shows the XRD pattern for PM, specimens No.
8 and 12, sampled on February 20 and March 6, 2018, respec-
tively. The patterns show the presence of several primary pol-
lutants, such as Palygorskite [(Mg, Al),Si,0,9(OH)* 4(H,O)],
Chlorite-serpentine  [(Mg,Fe)sAlSiz;O19(OH)g],  Quartz,
Calcite, and Gypsum, and salts such as Halite and sodium
nitrate. Mascagnite and Koktaite, two secondary phases that
were present in the fine fraction (PM, ), are also observed
by XRD and EDS elemental maps. The primary pollutants
are originating from natural sources such as dust storms,
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Figure 2.  (Color online) XRD patterns of samples PM, s No. (a) 60 and (b) 80, showing two major secondary pollutant phases, in addition to peaks coming from
the Teflon filter.
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Figure 3. (Color online) SEM and EDS elemental maps of Na and Cl showing good correlation for small NaCl crystals ~1 um.
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crustal and building materials, and sea salts. The elements of
these compounds were all observed in the XRF analysis.
Quartz, for example, is a major constituent of desert dust in
the UAE, a phase that was clearly observed in the XRD pat-
terns of all PM,, samples. This result is consistent with the
quantitative elemental analysis by XRF, in which the average
Si content of PM;( over the whole sampling period was found
to be (15.0 + 1.5) ug m . Calcite, a crustal and building mate-
rial, was also observed in the XRD patterns of all PM;, sam-
ples, which was identified by XRF as a major pollutant with an
average Ca content of (18.2+2.4)ug m . In contrast, the
average sulfur content in PM, 5 and PM, samples were sim-
ilar (5.2+0.6 ug m—°), indicating that most of the sulfur is
present in the fine fraction of PM;,. Although Gypsum,
) ) ) ] which was observed in PM, could be of crustal origin, it is
Flgurt? 4. (Color opllne? PMF result showing seven different sources of believed that it is mostly a secondary phase formed by the
pollution. Lead (Pb) is originating from a nearby car-battery recycling plant. . ; . . . . -
interaction of Koktaite with Calcite particles, as mentioned
earlier. This is evident from the similarity of the average sulfur
content obtained by XRF for both PM,, and PM, 5. Both PM
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Figure 5. (Color online) XRD patterns of PM, s samples No. (a) 14 and (b) 24, showing two major secondary pollutant phases, in addition to peaks coming from
the Teflon filter.
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Figure 6. (Color online) XRD patterns of PM;, samples No. (a) 8 and (b) 12, showing the presence of several mineral phases, in addition to Mascagnite and
Koktaite.

sizes were sampled simultaneously at the same site using iden-
tical sampling stations and protocols, suggesting that the equal
sulfur contents observed in PM, 5 and PM; are only due to
those in PM, s, which is coming from secondary sources.

IV. CONCLUSIONS

XRD measurements were used to identify the chemical
phases present in the atmosphere by analyzing both fine and
coarse aerosol samples: PM; s and PM;,. In addition to the
commonly used XRF technique that identifies the elemental
composition of pollutants, XRD can be used to determine
the major phases present in these pollutants. It was found
that the fine PM fraction (PM, 5) contains two dominant sec-
ondary phases, Mascagnite and Koktaite, that form by the
interaction of gaseous emissions and dust particles in the
atmosphere. Black carbon is another main constituent of
the fine fraction, which is not detectable by X-ray techniques.
In contrast, PM,, was found to include several primary
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pollutants such as crustal minerals and sea salts. It also contained
Mascagnite and Koktaite that originate from the fine fraction of
PM;o. XRD measurements were used to identify the chemical
states of several elements that constitute atmospheric aerosols
such as sulfur, silicon, calcium, sodium, magnesium, and chlo-
rine. The technique has enabled us to identify natural primary
and secondary pollutants, which will help in identifying the
sources. The XRD results are consistent with the results obtained
by XRF and the PMF modeling, as indicated above.

One drawback of the XRD analysis is that it is a bulk
technique compared to XRF, SEM/EDS, and it is not well
suited to identify minor or trace phases in the aerosol samples.
Therefore, it can be better utilized as a complementary tech-
nique with XRF and SEM/EDS.
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