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The elemental composition of airborne particles is being increasingly monitored since several metals
have been implicated in adverse human health outcomes and environmental deterioration while simul-
taneously providing clues to the identity and strength of their emission sources. However, quantification
of several elements and transition metals in ambient aerosols, which are typically present only at trace
levels, is fraught with interferences using quadrupole inductively coupled plasma – mass spectrometry
(q-ICP-MS). We report improved measurements of key aerosol elements including Al, V, Cr, Fe, Ni, Cu,
and Zn in airborne coarse particulate matter (PM10) by exploiting ion-molecule reactions in a dynamic
reaction cell (DRC) with NH3 as the cell gas. Numerous other elements (Na, Mg, Si, K, Ca, Sc, Ti, Mn, Co, Ga,
As, Se, Rb, Sr, Zr, Mo, Cd, Sn, Sb, Cs, Ba, Pb, Th, and U) and lanthanoids (Y, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy,
Ho, Er, Tm, Yb, and Lu), which are important trace components used for source apportionment studies,
were also measured. Inter-laboratory comparison using sector field ICP-MS demonstrated the accuracy
and precision of DRC-q-ICP-MS. This technique was used to determine the elemental composition of over
150 PM10 samples collected from an industrialized region in Houston, TX. Samples were first digested
using a combination of HF, HNO3, and H3BO3 in two stages in a microwave oven each with set points
of 200 ◦C, 1.55 MPa (225 psig), and 20 min dwell time. Trace metals were used to identify an episodic

release of particles from a local source and subsequently track the atmospheric transport of the released
particles. This establishes the inherent value of such measurements to developing air quality manage-
ment strategies since emission events can significantly worsen air quality over a large area. Based on our
findings, we recommend continuous independent monitoring of emissions to augment existing indus-
try self-reporting regulatory requirements. Such environmental measurements will assist in establishing
industrial regulatory compliance while simultaneously providing data necessary to develop scientifically
defensible air quality management strategies.
. Introduction
Atmospheric particulate matter contributes to visibility reduc-
ion, climate change, cardiopulmonary and respiratory disease, and
ecreased life expectancy [1,2]. A portion of the toxicological or epi-
emiological response is thought to arise from the metals contained

∗ Corresponding author at: Department of Civil and Environmental Engineering,
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el.: +1 713 743 4265; fax: +1 713 743 4260.
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© 2010 Elsevier B.V. All rights reserved.

in the particles, which has been termed as the “metals hypothesis”.
For example, fine particulate Zn has been correlated with emer-
gency department visits in Spokane, WA [3]. Particulate transition
metals have also been correlated with increasing toxicity biomark-
ers and shown to stimulate production of reactive oxygen species
[4]. Additionally, particulate metals can be used to identify sources
and develop control strategies. Hence, establishing the elemental

composition of atmospheric particles is essential to quantify the
sources and health impacts of particulate air pollution. However,
the inherent variability and heterogeneity of airborne particulate
matter coupled to the very low sampled mass of metals complicate
their reliable measurement.

dx.doi.org/10.1016/j.aca.2010.11.037
http://www.sciencedirect.com/science/journal/00032670
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Energy dispersive X-ray fluorescence (ED-XRF) has been tra-
itionally employed for elemental analysis of aerosols collected
n filters [5]. ED-XRF is well suited for routine measurements
e.g. for regulatory compliance) since it can provide multi-element
ata at very high throughput, with minimal labor, and with-
ut destroying the sample. Recently, elemental concentrations in
mbient aerosols are being preferentially measured using induc-
ively coupled plasma – quadrupole mass spectrometry (q-ICP-MS)
ince it (i) provides lower detection limits, (ii) is sensitive to

wider range of elements, (iii) is capable of high throughput,
nd (iv) has a linear dynamic range spanning several orders of
agnitude [6–9]. However, trace level measurements of certain

lements using this technique can be challenging due to mass
pectral overlaps. But, plasma-based isobaric interferences and
pectral overlaps from polyatomic species can be significantly
uppressed by promoting ion-molecule reactions in a dynamic
eaction cell (DRC) pressurized with a reactive gas. Technolog-
cal improvements have allowed the incorporation of DRCs in
ommercially available ICP-MS instruments [10] facilitating trace
evel elemental measurements in a variety of sample matri-
es.

Enhanced measurements of several metals (Al, Co, Cr, Cu, Fe,
n, Ni, Se, V, and Zn) have been reported in biological, environ-
ental, and geological matrices using NH3, H2, CH4, and O2 as

eaction cell gases [11–15]. The reaction cell approach has also
een used for studying single elements in aerosols; for example,
r [16] and Pt [17] and multiple elements [18,19] without pro-
iding details of the optimization of instrumental procedures and
ettings. To our knowledge, only one study has reported DRC opti-
ization procedures in detail (including cell gas flow rate and

andpass parameter) for multi-elemental analysis in airborne par-
iculate matter [20]. Lamaison et al. [20] collected aerosol samples
rom an industrialized region on the northern coast of France over
5-day periods. However, greater time resolution (≤1 day) is typi-
ally necessary for source apportionment in urban locations where
ransient emissions and meteorological mixing are important (as
ill be discussed later in this paper). Also, extractions were per-

ormed with a HCl–HNO3–HF mixture, even though HCl is typically
ot employed for atmospheric particles unless platinum group ele-
ents are targeted, e.g. [7–9,21]. Further, not using H3BO3 may

ave reduced certain elemental recoveries due to loss as fluoride
recipitates [8,21]. Hence, additional research is necessary to eval-
ate the applicability of DRC to measure particulate metals under
onditions more closely applicable to low mass/high time resolu-
ion sampling where only approximately 200 �g of tropospheric
erosol samples is typically collected and extracted in the absence
f HCl (using HNO3–HF–H3BO3).

The principal objective of this research is to develop a DRC-
-ICP-MS technique for the multi-elemental analysis of ambient
tmospheric particulate matter, which is necessary for source sep-
ration when a variety of emission sources exist. NH3 was selected
s the reaction gas since it is widely used for suppressing interfer-
nces for a number of elements [22]. A total of 154 aerosol samples
ere first digested in a microwave oven with HNO3, HF, and H3BO3.
total of 31 main group and transition metals (Na, Mg, Al, Si, K, Ca,

c, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Ga, As, Se, Rb, Sr, Zr, Mo, Cd,
n, Sb, Cs, Ba, Pb, Th, and U) as well as 15 lanthanoids (Y, La, Ce,
r, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, and Lu) were quantified.
oncentrations of several elements including those that were more
ccurately measured with the DRC technique (Al, V, Cr, Fe, Ni, Cu,
nd Zn) were independently validated using sector field ICP-MS in

different laboratory. Results reported herein are part of our larger
ffort aimed at studying air quality in Southeast Texas including the
ouston–Galveston metropolitan area. We are particularly inter-
sted in identifying the chemical composition of primary emissions
f particles, mechanisms of secondary particle formation includ-
imica Acta 686 (2011) 40–49 41

ing metal-catalyzed heterogeneous reactions leading to sulfate
aerosols, and whether industry-self reporting of episodic emissions
from transient operation in the region’s refineries and petro-
chemical plants accurately describes their local environmental
impact.

2. Experimental

2.1. Ambient aerosols

Particles with aerodynamic diameter <10 �m (PM10) were col-
lected on 47-mm diameter Teflon membrane filters at a flow rate of
1 m3 h−1 over 3- or 6-h intervals between April 30, 2009 and May
27, 2009. This campaign was coordinated with the Study of Hous-
ton Atmospheric Radical Precursors (SHARP) fieldwork to provide
data regarding potential heterogeneous reactions which play an
important role in radical formation (especially HONO, HCHO, and
ClNO2). Two Rupprecht & Patachnick (R&P) 2025 samplers (Thermo
Scientific Corporation) were deployed at Clinton Drive, Houston, TX
(latitude +29.733611 and longitude −95.257500). This continuous
ambient monitoring (CAM) site is operated by the Texas Com-
mission on Environmental Quality (TCEQ) and is located near the
heavily industrialized Houston Ship Channel. Of significant concern
to the State of Texas is that fine and coarse PM concentrations are
close to regulatory limits, thereby focusing attention on local and
regional particle sources to determine the most effective means to
reduce local aerosol concentrations. After sample collection, filters
were sealed inside Petri dishes and frozen until further analysis.

2.2. Instrumentation

2.2.1. Closed vessel microwave-assisted acid digestion
Our previously developed two-stage microwave digestion

(MARS 5, CEM Corp., Matthews, NC) procedure was employed for
all samples [21,23]. In the first stage, the PM10 sample along with
3 mL HNO3 (14.3 M) and 10 �L HF (48%) was heated to 200 ◦C at a
pressure set point of 1.55 MPa (225 psig) for a dwell time of 20 min.
In the second stage, 80 �L of 5% (m/v) H3BO3 was added before
reheating at the same microwave settings to mask any remaining
HF and redissolve fluoride precipitates. After cooling, the resulting
digestate was diluted with ultrapure water to a final 1 M concentra-
tion of HNO3 prior to ICP-MS. Acid volumes were proportionately
increased (0.3 mL HF, 3 mL HNO3, and 2.4 mL H3BO3) for analysis
of the higher masses used in SRM analysis (10 mg). The instrument
was programmed in the “standard control” mode and pressure and
temperature profiles in the master vessel were always monitored
separately on a personal computer. In all cases, the 200 ◦C set-point
was reached first and temperature remained the primary control-
ling parameter throughout the programmed dwell time of 20 min
in both stages.

2.2.2. DRC-q-ICP-MS
A quadrupole ICP-MS system fitted with a dynamic reaction

cell (Elan DRC II, PerkinElmer SCIEX) was employed for elemen-
tal analyses. Instrumental characteristics and operating parameters
are summarized in Table 1. Daily optimization was performed
using a Smart Tune solution (PerkinElmer) consisting of 10 �g L−1

Ba, and 1 �g L−1 Be, Mg, Fe, Co, In, Ce, Pb, Th, and U. For-
mation of oxides (156CeO+/140Ce+ < 2%) and doubly charged ions
(138Ba2+/138Ba+ < 2.4%) was minimized by adjusting nebulizer gas
flow. Auto lens voltage was adjusted to maximize ion transmission

based on 9Be, 59Co, and 115In. Under typical operating conditions,
sensitivities for 24Mg, 115In, and 238U were ∼104, ∼4 × 104, and
3 × 104 cps ppb−1, respectively. Calibration was performed with
two multi-element standards; the first one contained Na, Mg, Al,
K, Ca, Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Ga, As, Se, Rb, Sr, Zr, Mo, Cd,
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Table 1
Instrument settings for dynamic reaction cell q-ICP-MS.

Instrument Elan DRC II (PerkinElmer SCIEX)
Nebulizer Concentric (Meinhard)
Spray chamber Baffled quartz cyclonic
Torch injector Quartz
Auto lens On
RF power 1300 W
Gas flow rates

Plasma 16 L min−1

Nebulizer 1.0–1.04 L min−1

Auxiliary 1 L min−1

Interface Platinum cones
Sampler 1.1 mm diameter
Skimmer 0.9 mm diameter

Measurement parameters
Scanning mode Peak hopping
Sweeps/reading 20
Readings/replicate 1
Replicates 3
Dwell time 50 ms (standard mode); 100 ms (DRC mode)

Sampling parameters AS-93plus autosampler
Sample flush time 35 s
Sample flush pump speed 24 rpm
Read delay 65 s
Read delay pump speed 20 rpm
Wash time 60 s
Wash pump speed 24 rpm

DRC parameters
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Cell gas NH3 (0.35–0.75 mL min−1)
RPq 0.3–0.65
RPa 0

n, Sb, Cs, Ba, Pb, Th, and U and the second one contained the lan-
hanoids (Y, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, and Lu).
ilicon was measured separately since it was present in very high
oncentrations. Platinum cones were cleaned using a detergent and
% HNO3 by ultrasonication for 5 min approximately once every 30
lter samples or when 115In sensitivity was decreased by ∼25%.

To evaluate the DRC performance, differences in signal intensi-
ies between a matrix matched blank solution (3 mL of 65% HNO3,
0 �L of 48% HF and 80 �L of 5% H3BO3) with and without a 1 �g L−1

pike of the analyte of interest were compared. Comparisons were
lso made with the blank and a 15× diluted digestate of a particu-
ate matter filter sample. Ion intensities were measured by varying
he NH3 flow rate between 0.1 and 1 mL min−1 at a fixed mid-range
Pq setting of 0.45. NH3 was the only cell gas evaluated in this
esearch given its high reactivity (since its ionization energy is high
10.2 eV) but lower than that of argon (15.8 eV)), and widespread
se [22]. The optimal cell gas flow was chosen corresponding to the
inimum background equivalent concentrations obtained during

hese measurements. The RPq value was optimized next in a sim-
lar manner by holding the NH3 gas flow rate at the optimal value
etermined earlier but varying the RPq in the range 0.1–0.85. The
Pa was held constant at 0.

7Li, 74Ge, 103Rh, 115In and 209Bi (1 �g L−1, High Purity Standards,
harleston, SC) spiked in all calibration standards and samples were

nitially evaluated as potential internal standards to correct non-
pectral interferences. Accurate and precise measurements of all
ertified and uncertified elements from NIST Standard Reference
aterials (SRM 1648 and SRM 1648a) were possible using 115In

or lanthanoids and metals measured using the reaction cell (see
ection 3.1). Other elements were corrected using 74Ge (Na, Mg, K,
n, and Co) and 103Rh (Sr, Zr, and Mo) and 115In (As, Ga, Rb, Sb, Pb,

h, and U).
.2.3. Sector field ICP-MS
Measurements in the Department of Earth Sciences at Rice Uni-

ersity were done on a ThermoFinnigan Element 2 magnetic sector,
ingle-collector ICP-MS with reverse magnetic and electrostatic
imica Acta 686 (2011) 40–49

geometry. Samples were introduced into a small-volume cyclonic
spray chamber with an Elemental Scientific Teflon nebulizer using
free aspiration with an uptake rate of ∼100 �L min−1. A Pt guard
electrode and a high sensitivity Ni skimmer cone were used. Rele-
vant parameters were 13.4 L min−1 of Ar cool gas, 0.94 L min−1 of Ar
sample gas, and 0.97 L min−1 of Ar carrier (“auxillary”) gas. Forward
power was 1370 W and reflected power was 2 W. All analyses were
run in medium mass resolution mode, m/�m = 4000 (as defined
by the width of the peak between 10% shoulder heights), which
was sufficient to resolve all isobaric interferences (argides, oxides,
and double-charged ions) relevant to the elements of interest. The
sensitivity of the instrument in medium mass resolution mode for
1 �g L−1 of 115In was 150,000 cps. Long-term drift of the magnet
was corrected for by centering on the 40Ar40Ar+ during each run.
Small peak offsets associated with differences in magnet hystere-
sis between the mass calibration and actual measurements were
empirically corrected for using instrument software. All masses
were thus fully centered during analyses. The following masses
were measured: 23Na, 24Mg, 27Al, 44Ca, 49Ti, 51V, 52Cr, 53Cr, 55Mn,
56Fe, 57Fe, 59Co, 60Ni, 65Cu, 66Zn, 68Zn, and 115In. Two isotopes
for Cr, Fe and Zn were measured to double-check against poly-
atomic interferences: in all cases, mass ratios 52/53, 56/57, and
66/68, matched the accepted isotopic compositions of Cr, Fe and Zn,
respectively, to within 5%. For each peak, we scanned a 150% mass
window (defined as �m/m × 100), which insured that the entire
peak was captured. The peak was then centered again using auto-
mated instrument software and then the signal within an 80% mass
window centered on the peak was integrated. Each peak involved
15 measurement slices, each with a dwell time of 0.01 s for a total
peak dwell time of 0.15 s. Mass scans from mass 23 to 115 required
changing the magnet current 7 times (with a magnetic delay time
of 0.034 s) in between which mass scans were done by changing
the electrostatic field at constant magnetic current. A total of 30
runs across the entire mass range were measured.

2.3. Reagents and reference materials

65% HNO3 and 99.999% H3BO3 (EM Science, Gibbstown, NJ) and
48% HF (Fluka, Milwaukee, WI) were employed for digestions. High
purity water with 18.2 M� cm resistivity and dissolved organic
carbon concentration <3 �g L−1 (Max159 Modulab, U.S. Filter Cor-
poration, Lowell, MA) was used for all cleanings, dilutions, and
solution preparations. Identical concentrations were maintained
in the background matrix (HNO3–HF–H3BO3) of reagent blank
solutions, calibrations standards, and sample digestates to mini-
mize errors related to matrix inconsistencies. Instrumental drift
and plasma fluctuations were corrected using internal standards
(1 �g L−1 74Ge and 115In). SRM 1648 and SRM 1648a (urban partic-
ulate matter) reference materials were used for initial experiments
to determine the accuracy and precision of our procedures. The cell
gas (99.999% NH3) was purchased from Matheson Trigas.

2.4. Isotope selection

23Na, 27Al, 55Mn, 59Co, 75As, 89Y, 141Pr, 159Tb, 165Ho, 169Tm, and
232Th were monitored since they are monoisotopic. For all other
elements, at least two isotopes were initially monitored in refer-
ence materials and quality control standards. Appropriate isotopes
were selected based on the accuracy of agreement between mea-
sured elemental concentrations with those reported in SRMs and
the spiked value in the quality control sample. Wherever possi-

ble, the most abundant isotope was selected ( Mg, K, V, Cr,
63Cu, 69Ga, 85Rb, 88Sr, 90Zr, 98Mo, 121Sb, 139La, 140Ce, 153Eu, 166Er,
175Lu, 208Pb, and 238U). Less abundant isotopes were chosen for
the remaining elements measured to reduce isobaric and poly-
atomic mass spectral interferences (44Ca, 47Ti, 57Fe, 60Ni, 66Zn, 82Se,
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11Cd, 137Ba, 146Nd, 147Sm, 157Gd, 163Dy, and 172Yb). 57Fe also pro-
ided improved detection limits and accurate measurements were
ossible using this least abundant isotope as Fe concentrations
ere sufficiently high in the aerosol samples. Similar to earlier

bservations [24], anomalously high background (approximately
00,000 cps) at m/z of 68 were obtained when NH3 was intro-
uced in the reaction cell disallowing monitoring of 68Zn in the
RC mode.

. Results and discussion

.1. Identification of elements to be measured using the reaction
ell

Quantitative recoveries for all certified and non-certified ele-
ents were obtained for both SRM 1648 (91–110%) and SRM 1648a

90–104%) even in the “standard” mode of operation, i.e. absence of
H3 (see Supplemental Data). It should be noted that these experi-
ents were performed using 10 mg of SRM (to avoid heterogeneity

roblems), which is approximately 50 times the mass of aerosols
n the actual PM10 samples. Hence, these results demonstrate the
alidity of our microwave extraction procedure and ICP-MS proto-
ols only for relatively high analyte concentrations. Additionally,
ven though these SRMs are valuable tools for method devel-
pment targeted towards atmospheric particles, their elemental
omposition does not always closely correspond to urban aerosols
rom different locations. Further, the 90th percentile size of SRM
648a is 30.1 �m, which is 3 times larger than the maximum size
f sampled aerosols (10 �m). Therefore, to develop and evaluate
CP-MS protocols more closely applicable to PM10, three separate

easurements were considered. First, SRM 1648 and SRM 1648a
igestates were further diluted to bring elemental concentrations

n the expected range for actual PM10 samples prior to ICP-MS mea-
urements. For several elements, spike (1 �g L−1) recoveries from 5
ifferent PM10 samples and measurements of 12 separate standard
olutions (1 �g L−1 and 5 �g L−1) introduced after every 10 sample
njections were also monitored.

A 900× dilution of SRM1648a digestate was made to bring
and Cr concentrations (0.247 and 0.781 �g L−1, respectively)

n the same range (0.035–4.56 for Cr and 0.029–3.63 �g L−1 for
) as PM10 samples diluted to 1 M HNO3 as needed for ICP-MS
nalysis. Under these conditions, V and Cr recoveries were unac-
eptably low (only 65% and 70%, respectively) in the standard
ode whereas utilizing NH3 improved recoveries to 96.5% and

02.6%, respectively, in the DRC mode. Additionally, recoveries
f spikes and standards were nearly quantitative and varied in
narrower range around 100% in the DRC mode compared with

he standard mode for Al, V, Cr, Fe, Ni, Cu, and Zn. For example,
pike recoveries in the DRC mode for Al and Fe were 99.0 ± 7.81%
nd 110 ± 9.93%, respectively, whereas it was 116 ± 6.25% and
26 ± 18.9%, respectively, in the standard mode. Similarly, using the
eaction cell, recoveries of Ni, Cu, and Zn standard solutions were
01 ± 4.49%, 98.3 ± 5.00%, and 100. ± 9.07%, respectively, whereas

t was 93.5 ± 5.66%, 94.6 ± 5.88%, 98.4 ± 15.9%, respectively, in the
tandard mode. Hence, more accurate and precise measurements
or seven metals (Al, V, Cr, Fe, Ni, Cu, and Zn) were made using the
eaction cell.

.2. Selection of DRC parameters
.2.1. NH3 flow rate optimization
Introducing NH3 suppressed signal intensities in the blank solu-

ion by 1–2.5 orders of magnitude for the elements of interest (e.g.
000 to ∼50 cps for m/z 57 and 1000 to ∼100 cps for m/z 66 and
0). Importantly, the background signals for m/z 51 and 52 were
Fig. 1. NH3 flow rate optimization for the dynamic reaction cell.

nearly eliminated by NH3 (∼5 and 100 cps, respectively) allowing
ultra-trace determination of 51V and 52Cr in airborne particulate
matter samples in the DRC mode.

Fig. 1 shows changes in the background equivalent concen-
tration (BEC) obtained by recording ion intensities (cps) for both
background and spiked samples for Al, V, Cr, Fe, Ni, Cu and Zn by
varying the NH3 flow rate between 0.1 and 1 mL min−1 when RPq
was set at 0.45. Decreasing BECs can be observed for different ele-
ments in the NH3 flow rate range 0.30–0.75 mL min−1, which can
be attributed to removal of interferences through ion-molecule col-
lisions before ions enter the mass analyzer. Fast electron transfer
(or charge exchange) reactions between NH3 and the polyatomic
or isobaric interfering species in the reaction cell is the principal
reason for improvements in detection [10,22]:

P+ + NH3 → P + NH3
+ (e.g. P = 40Ar12C for 52Cr and 35Cl16O for 5

Signal loss for the analyte through condensation and clustering
reactions with NH3 or due to scattering also occurs simultaneously,
but at a lower kinetic rate thereby allowing measurement using the
reaction cell:

M+ + NH3 → MNH+ + H2 (e.g. M = Cu, Zn, and V)

As seen in Fig. 1, BECs decreased only slightly for Ni, Cu, and
Zn indicating that their measurements could be made in a wide
range of NH3 flow rates. The lowest NH3 flow rate corresponding
to the minimum BEC for each of these elements was selected and
is summarized in Table 2.

Background counts at m/z 27 were very similar for HNO3 alone
and the mixed acids HNO3 + HF + H3BO3. NH3 flow rate optimiza-
tion was performed for both acid solutions (RPq = 0.45) but similar
results were obtained in terms of background reduction in both
cases. Similar behavior was observed even at a higher RPq setting of
0.65. Hence, 27Al interferences appear to arise not only from boron
(hydr)oxides but also from 12C15N, 13C14N, 12C14N1H, and 54Fe2+.

3.2.2. RPq optimization
Even trace impurities in the cell gas can give rise to signifi-

cant unintended interferences within the reaction cell. However,

these polyatomic reaction products can be ejected before enter-
ing the mass analyzer by adjusting the bandpass of the reaction
cell quadrupole. Fig. 2 shows the DRC optimization of the band-
pass rejection parameter q (RPq) for V, Cr, Ni, and Cu. The RPq value
was varied from 0.1 to 0.85 while maintaining the optimum NH3
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Table 2
Summary of dynamic reaction cell measurements.

Element Major polyatomic
interferencesa

DRC parameters Method detection
limit (�g L−1)

Accuracy with
SRM1648 (�g g−1)

Accuracy with
SRM1648a (�g g−1)

NH3 flow rate
(mL min−1)

RPq
value

Standard
mode

DRC
mode

Our
study

Certified
value

Our
study

Certified
value

27Al 11B16O, 10B16O1H, 54Fe, 12C15N,
13C14N, 12C14N1H

0.75 0.50 1.812 1.114 37,700 ± 4060 34,200 ± 1100 33,500 ± 534 34,300 ± 1300

51V 35Cl16O, 36Ar14NH, 36Ar15N,
34S16O1H

0.55 0.50 0.083 0.014 130 ± 12 127 ± 7 125 ± 9 127 ± 11

52Cr 40Ar12C, 36Ar16O, 38Ar14N,
35Cl17O, 37Cl15N, 35Cl16O1H

0.55 0.50 0.069 0.012 412 ± 1 403 ± 12 392 ± 3 402 ± 13

57Fe 40Ar16O1H, 40Ca16O1H 0.40 0.75 1.027 0.211 39,400 ± 3300 39,100 ± 1000 37,400 ± 2300 39,200 ± 2100
60Ni 44Ca16O, 23Na37Cl, 36Ar24Mg 0.30 0.30 0.121 0.074 86 ± 2 82 ± 3 81 ± 2 81.1 ± 6.8
63Cu 40Ar23Na, 35Cl14N2, 31P16O2 0.40 0.40 0.095 0.075 622 ± 20 609 ± 27 580 ± 25 610 ± 70
66Zn 50Ti16O, 31P17O2

1H, 33S2,
34S16O2, 40Ca16O

0.35 0.30 0.143 0.122 4730 ± 202 4760 ± 140 4600 ± 234 4800 ± 270

A d three separate measurements over the duration of this study.
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ccuracy characterized by comparing certified concentrations provided by NIST an
a From Ref. [22] and references within.

as flow for each element obtained in the previous section. The
ptimum RPq value corresponds to the maximum ratio of signal to
ackground intensities for each element, which is also summarized

n Table 2. The improvements observed in most cases (except for
i) were caused by steep reductions in background counts which
ere low (<1000) to begin with even at RPq of 0.1. In contrast, while
i background and signal intensities were comparable at low RPq,
n increase in RPq from 0.1 to 0.3 caused the background to reduce
y nearly 300-fold with only a corresponding 50-fold reduction in
ignal intensity. Hence, the RPq value is vital for effective measure-
ent of Ni in airborne particles. Since the RPq did not significantly

nfluence signal to background ratios for Al, Fe, and Zn they are not

hown here.

The optimum NH3 flow rate and RPq value for each element did
ot vary significantly over the course of this research and hence the
alues given in Table 2 were employed for all samples.

Fig. 2. RPq optimization for the dynamic reaction cell.

able 3
ffect of NH3 on signal to blank intensity ratios for the 5 �g L−1 calibration standard.

Al V Cr Mn Fe Ni Cu Zn As Cd

DRC modea 22 1598 83 70 35 32 48 20 656 949
Standard mode 12 61 8 123 6 20 33 9 766 3429

a NH3 flow and RPq settings as in Table 2.

Fig. 3. Scatter plots of elemental concentrations measured using q-ICP-MS and
sector field ICP-MS. The solid line denotes perfect equality between the two mea-
surement techniques.
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ig. 4. Elemental composition of 154 samples of ambient airborne PM10 particles co
ercentiles and the whiskers are determined by the 5th and 95th percentiles. The
×) denote 1st and 99th percentiles and the maximum and minimum values are re

.2.3. Detection limits
Method detection limits (MDLs) were determined follow-

ng consecutive analysis of 10 replicates of spiked (10 ng L−1 to
�g L−1) standards in the matrix matched blank solution (Table 2).
sing the reaction cell decreased MDLs for the corresponding
lements since introducing NH3 reduced the background signal
ubstantially (especially for V and Cr where the background sig-
al was only ∼5 cps). Poor MDLs for Al is attributed to high blank

ntensities obtained at m/z 27 (see Section 3.2.1).

.2.4. Quality assurance
No statistically significant differences (p = 0.05) in SRM ele-

ental concentrations were observed when digestions and
RC-q-ICP-MS measurements were repeated on three different
ates during the course of this research. Recoveries of the elements
easured in the DRC mode were 95–110% confirming accurate

igestions and ICP-MS measurements (see Table 2). Post-digestion
pike recoveries for all these elements from SRMs, filters, and stan-
ards were also satisfactory (83–110%) further confirming accurate
lemental measurements

As shown in Table 3, signal to blank ratios for 51V and
2Cr increased favorably (by a factor of 26 and 10, respectively)
nder optimized DRC parameters. A lower magnitude of increase
1.6–5.8-fold) was observed for 27Al, 57Fe, 60Ni, 63Cu, and 66Zn.
ence, it is emphasized that NH3 was employed for PM10 sam-
les fully expecting modest improvements for Al, Fe, Ni, Cu, and
n, whereas substantially better measurements were achieved for
and Cr. In contrast, corresponding ratios for Mn, As, and Cd were

1 making the measurement of these elements by the standard
ethod preferable.

.3. Method validation by comparison of q-ICP-MS with sector
eld ICP-MS
Comparisons of elemental concentrations in selected PM10 sam-
les obtained by q-ICP-MS at the University of Houston and by
ector field ICP-MS at Rice University are presented in Fig. 3
n the form of bivariate scatter plots. Fig. 3a depicts elements
d in an industrialized area in Houston, TX. The box encompasses the 25th and 75th
ntal line inside the box is the median and the open square is the average. Crosses
ted by dashes (–).

measured in the DRC mode whereas Fig. 3b summarizes results
for elements for which NH3 was not necessary (standard mode).
Paired t-tests, regression analysis, and non-parametric Wilcoxon
signed-rank tests revealed no statistical differences between the
two methods at 95% confidence for all these elements with the
exception of Co. As observed in Fig. 3b, Co was present in very
low concentrations (2–100 ng L−1) compared with all other ele-
ments. Both instruments accurately measured Co in SRM 1648a at
a higher concentration ∼150 ng L−1. Hence, elemental concentra-
tions in aerosol samples measured by q-ICP-MS were accurate and
precise and can be used as the scientific basis for environmental
policy decisions.

3.4. Elemental composition of ambient PM10 samples

Fig. 4 summarizes concentrations of 37 elements which were
consistently detected above their respective detection limits in
PM10. Heavy REEs (Tb, Ho, Er, Tm, Yb, and Lu), Th, and U are not
depicted since these elements were measured above their detec-
tion limits in only 3–25% of the samples. Elemental concentrations
varied by 1–2 orders of magnitude in the atmosphere reflecting the
inherent variability in particulate emissions of contributing sources
and meteorology. As may be expected, crustal elements, viz. Na, Mg,
Al, K, Ca, Ti, Si, and Fe were dominant. A few main group and tran-
sition metals (Co, Ga, Se, Rb, Cd, Sn, Sb, and Cs) and lanthanoids (Pr,
Nd, Sm, Eu, Gd, and Dy) were detected at ultra-trace (pg m−3) levels
in several samples.

Enrichment factors of individual elements (X) in PM10 with
respect to their crustal abundances [25,26] were calculated using
Fe as the reference element:

Enrichment factor (X) = [X]PM10
/[Fe]PM10

[X]crust/[Fe]crust
Iron was chosen over Al and Si (which are other potential
crustal reference elements) to avoid interferences from aluminosil-
icate (zeolite) catalysts arising from local petrochemical sources in
Houston [27,28] (see next section). Further, iron was chosen as a
reference as previous work has shown that even in industrialized
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egions, it is highly correlated with other crustal elements such as
ilicon, indicating that the dominant source for this metal is dust
esuspension [29]. Median values of the enrichment factors for Na,
g, Al, Si, K, Sc, Ti, Mn, Co, Ga, Rb, Sr, Zr, Cs, Ba, and lanthanoids
ere close to unity suggesting that these elements in airborne PM10

riginated predominantly from crustal rich sources, which may
nclude soil entrainment and road dust resuspension. In contrast,

edian enrichment factors for Ca, V, Cr, Ni, Cu, Zn, As, Se, Mo, Sn,
b, and Pb were much higher ranging between 8 and 875. Elevated
nrichment factors for these metals, some of which are considered
azardous air pollutants by the United States Environmental Pro-
ection Agency, have also been reported from other industrialized
reas around the world including South Korea (V, Ni, Cr, As, Zn, Pb,
b and Se) [18], northern France (As, Co, Cr, Ni, and V) [20], Turkey
Cr, Ni, Zn, Mo, Se, As and Sb) [30], Singapore (Cr, Ni, Cu, Pb, Zn and
) [6], Italy (As, Cu, Mo, Ni, Pb, Sb, V and Zn) [19], Spain (Ni, V, Cr,
s, Sb, Sn, Cu, Zn and Pb) [31] and New Zealand (Ca, Ni, Zn, As and

b) [32] demonstrating the importance of anthropogenic sources
or these elements.

ig. 5. Strong correlations between light and heavy lanthanoid concentrations in
mbient PM10 and corresponding average values measured in fluidized bed cracking
atalysts [27].
imica Acta 686 (2011) 40–49

3.5. Identifying episodic emissions (i.e. industrial upsets)

The median La/Ce ratio in PM10 over the duration of sample
collection was <1 (=0.62) indicating that overall lanthanoid enrich-
ment was primarily caused by crustal resuspension and motor
vehicle emissions [27,33]. However, La/Ce ratios in a small frac-
tion of the samples were >1 as it is in source samples from refinery
cracking catalysts [27,34]. Also, the heavy lanthanoids Tm and Lu
were almost always below their detection limit (0.018 ng m−3), but
were detected infrequently. These same PM10 samples also exhib-
ited elevated concentrations of all lanthanoids, typically 10–20-fold
higher than the median value. These observations suggest episodic
releases of fluidized bed catalytic cracking catalysts from petroleum
refineries located in the vicinity of the sampling site that are greater
than the “routine” emissions levels [28].

One such sample (collected on May 27, 2009 between
12:00 noon and 6:00 pm Central Daylight Time) with elevated lan-
thanoid concentrations was selected for further analysis. Note
that process upsets are expected due to the complex nature
of petroleum refining technology, especially during startup,
shutdown, flaring, equipment malfunctions, poor maintenance
practices and communication, etc. releasing catalyst particles to the
atmosphere [35,36]. Since lanthanoids are specifically exchanged
onto zeolites to increase hydrothermal stability and the yield of
higher value products such as gasoline, they are excellent markers
for such primary particulate emissions [23,28,34,37].

To identify a possible source of the elevated lanthanoids, the
concentrations from the May 27, 2009 sample collected between
12:00 noon and 6:00 pm Central Daylight Time were strongly and
positively correlated with corresponding average values measured
in refining catalysts [27], as shown in Fig. 5. Further, the abundance
sequence of the major lanthanoids was identical in the catalysts
and this particular PM10 sample (La > Ce > Nd > Pr > Gd ∼ Sm > Dy).
Finally, enrichment factors for all light lanthanoids with respect
to their average concentrations in cracking catalysts using Nd as
the reference (the choice of Nd has been explained in Ref. [23])
were all close to unity. Therefore, fluidized-bed cracking catalysts
appear to be primarily responsible for lanthanoid enrichment in
this sample, and as a result, higher airborne particulate lanthanoid
concentrations can be directly attributed to an air emissions event
in one of the local refineries that released catalyst particles from
the fluid catalytic cracking unit to the local atmosphere. Further,
wind direction during the period of sample collection varied with

wind blowing from the south, west and north [38]. This fluctuation
in wind direction decreases the likelihood that long range transport
from a distant source is responsible for the observed increase in PM
concentration. Along with lanthanoids, concentrations of selected

Fig. 6. Elevated PM2.5 and PM10 concentrations during evening and night of May 27
at the Clinton Drive continuous ambient monitoring station supporting the hypoth-
esis of an unreported particulate matter emission event [39].
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47Fig. 7. Time series of 25 elements, including lanthanoids, during the time period of the episodic release showing their in-phase behavior (except Se) and elevated concentrations synchronous with the PM10 mass in Fig. 6.
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ransition metals especially Zn, Ni, and V were also substantially
reater in this sample compared to those collected on other days.
he Ni/V ratio was approximately conserved in the PM10 sample
ompared with NIST Fuel Oil SRM 1634c (0.62 and 0.76, respec-
ively) lending further evidence for anthropogenic contributions.

Regulatory ambient PM monitoring conducted by the Texas
ommission on Environmental Quality at Clinton Drive [39]
howed that the apparent emission of material from a local flu-
dized bed catalytic cracking unit is concurrent with a significant
ncreases in PM2.5 levels over the evening hours of May 27 as
epicted in Fig. 6. As regulatory PM10 sampling at Clinton Drive was
ot performed during this time period, the PM10 mass determined
y the current sampling campaign is also shown in Fig. 6. Note that
eak concentrations of fine and coarse PM are not exactly concur-
ent, probably induced by differences between sampling apparatus
TEOM for PM2.5 and batch weighing for Teflon filters for PM10) as
ell as differences in the atmospheric transport and deposition of

oarse and fine PM.
Elevated PM levels in the evening are not common in Hous-

on with peak PM2.5 concentrations typically occurring during the
arly morning commute hours [40]. The elevated coarse PM sample
hows strong enrichment of many metals including those associ-
ted with crustal sources (i.e. Al, Fe, Ti), combustion sources (i.e. V,
b, Ni), mobile sources (i.e. Ba), and FCC emissions (i.e. lanthanoids).
egulatory monitoring programs commonly rely on ED-XRF for
peciation, a technique that typically is best suited only for the
igh concentration elements (e.g. Al, Si, Fe). Hence, elevated lev-
ls of only the high concentration crustal minerals in the evening
f May 27 (Fig. 7) might be misinterpreted to suggest the elevated
M is of natural (crustal) origin. The likely impact of industrial emis-
ions over this period is revealed only by the detailed trace-level
ulti-elemental analysis showing correlations between ambient

oncentrations and source composition of FCC catalyst (Fig. 5)
long with the in-phase behavior of many other metals with lan-
hanoids (Fig. 7). The simultaneous increase of numerous metals

ay indicate multiple sources, but FCC catalysts also have high
oncentrations of crustal minerals (originating from the ore used
o form the zeolite support structure), REEs (originating from the
eolite catalyst doping), and V and Ni (originating from crude oil
hich is cracked by these catalysts).

Further, Fig. 7 depicts that profiles of each of the measured
anthanoids (La, Ce, Pr, Nd, Sm, Gd and Dy) were in phase, fol-
owing each other very closely, and even peaking at the same date
nd time as the coarse PM sample (as shown in Fig. 6) and many
ther main group and transition metals. Additional evidence for
common emission source (FCC catalysts) comes from statisti-

ally significant and positive correlations (p = 0.01) between each
f these lanthanoids during this time frame.

La/V has been reported to be >1 in ambient PM2.5 samples
ollected during a significant FCC episode [28]. In contrast, La/V
atio for this ambient PM10 sample was only 0.32 (similar to
ristine soils) demonstrating a confounding effect from other non-
efining sources that are relatively rich in vanadium such as coal
nd oil combustion and crustal material. Hence, La/V ratios alone
ay only be of limited value in identifying direct refinery con-

ributions in heavily industrialized locations [37] including the
ouston Ship Channel region. Additionally, La/Ce in this PM10 sam-
le was 1.1, which is significantly lower than the range reported
or PM2.5 during episodes (3.2–5.6) and in “background” concen-
rations (2.5–7.2) [27,28]. Substantially lower ratios of La/V and
a/Ce in PM10 demonstrate significant contributions from non-

efinery sources such as soil resuspension, oil combustion, and
otor vehicles which are known to impact coarse PM at this site

40].
Concentrations of Se, commonly linked to coal combustion [41],

o not show similar temporal patterns as other elements (including
imica Acta 686 (2011) 40–49

on May 27) as shown in Fig. 7 demonstrating the complex interre-
lationships between different sources contributing to PM at this
site.

3.6. Implications for air quality management in southeast Texas

This PM emission event reported here is probably less severe
than another FCC episode tracked recently [28], since (i) ambi-
ent lanthanoid concentrations were 5–15 times lower during the
current study and (ii) a lower La/V ratio of 0.32 was measured in
this study compared to the value of 1.8 reported earlier. Neverthe-
less, our measurements indicate that it contributed substantially
to local PM2.5 concentrations, which peaked at ∼50 �g m−3, at
an unusual time (8 pm local time), and the elevated PM2.5 levels
during this period were previously unaccounted for. Additionally,
there are no official reports of particulate matter releases from
nearby sources on May 26 and May 27, 2009 in the Air Emission
Event Database of the Texas Commission on Environmental Qual-
ity [42] even though unauthorized emissions of volatile organic
compounds, CO, SO2, NOx, and H2S were reported by BASF and
ExxonMobil [43,44]. Hence, the particulate matter em ission event
identified in Section 3.5 appears to be an unreported one. This
is consistent with existing evidence of systematic underreporting
of emissions from industrial sources, e.g. [45,46] and underscores
the need for, and importance of independent environmental mon-
itoring. Since other instrumental techniques are not well suited
for trace level detection of multiple elements in atmospheric PM
at high throughput, ICP-MS measurements are imperative to bet-
ter characterize and identify industrial emission events. This will
provide the scientific basis for industry compliance with existing
regulations and augment existing self-reporting of emission events.
Further, better understanding of aerosol chemical composition, the
role of metals in heterogeneous particle formation, and variability
in emissions will advance the development of effective strategies
to improve air quality in urban, industrialized regions. Existing
evidence suggests that controlling episodic emissions of volatile
organic compounds maybe more effective in controlling local ozone
concentrations compared with reducing routine emissions [47]. In
a similar manner, limiting episodic particulate matter emissions
can also be expected to restrict overall PM levels within acceptable
limits.

4. Conclusions

A robust procedure incorporating NH3 as a reaction gas was
developed to make accurate and precise measurements of sev-
eral metals (Al, Fe, Ni, Cr, Cu, V, and Zn) in numerous coarse
airborne PM samples using DRC-q-ICP-MS. The reaction cell tech-
nique greatly improved V and Cr detection and provided modest
improvements for Al, Fe, Ni, Cu, and Zn when a combination of
HNO3, HF, and H3BO3 was used for sample digestion. The other 37
elements (including lanthanoid metals) were also analyzed by q-
ICP-MS in the standard mode (i.e. without NH3). It is anticipated
that the reaction cell approach will be even more valuable being
able to reduce a wider range of (potentially more severe) interfer-
ences when HCl is also employed during microwave digestion as
is necessary for platinum group metals. This is the subject of our
on-going research, which focuses on adapting DRC techniques to
simultaneously measure a broad suite of elements including those
from the platinum group, lanthanoids, and others reported in this
paper in order to better quantify contributions of both mobile and

industrial sources to atmospheric particulate matter.

Importantly, using DRC-q-ICP-MS measurements, we were able
to measure and monitor an unreported, transient anthropogenic
PM emission episode which contributed to higher particulate mat-
ter levels in Houston, TX. Based on our findings reported herein,
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e recommend long-term independent monitoring of aerosols and
race elemental speciation with ICP-MS especially in industrial
reas. This would be particularly useful towards air quality manage-
ent efforts as well as providing data to better evaluate the metals

ypothesis for adverse health effects associated with airborne PM
48].
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