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Abstract In this work, particulate matter was collected
using an active sampling system consisting of a PM;
(<10 pum) inlet coupled to a multifold device containing
six channels, connected to a vacuum pump. Each chan-
nel was equipped with a filter holder fitted with ade-
quately chosen filters. The system was fixed on a me-
tallic structure, which was placed on the roof of the
laboratory building, at the Faculty of Sciences, in Lis-
bon. Sampling took place under flow-controlled condi-
tions. Aerosols were extracted from the filters with
water, in defined conditions, and the water-soluble frac-
tion was quantified by ion chromatography (IC) for the
determination of inorganic anions (CI", NO5~ and SO4*).
Equivalent sampling through the various channels
was validated. Validation was based on the metrological
compatibility of the content results for the various fil-
ters. lon masses are metrologically equivalent when
their absolute difference is smaller than the respective
expanded uncertainty. When this condition is verified,
the studied multifold device produces equivalent
samples.
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Introduction

Atmospheric aerosols consist of relatively stable sus-
pensions of solid or liquid particles in air either directly
emitted into the atmosphere (primary) or formed by
chemical reactions (secondary) (Seinfeld and Pandis
1998).

Particulate matter (PM) in air is a matter of great
concern and the European legislation imposes limits
on its emissions (EC 2008). The knowledge of both
the mass of PM and its chemical composition is of
relevance for making decisions concerning air quality
control in urban areas.

Primary particles are usually produced by mechani-
cal processes such as grinding or erosion and have their
origin mainly in natural processes such as wind action
on soil, rocks and sea surfaces. Secondary ones are a
consequence of condensation and nucleation reactions,
their major constituents belonging to three main groups,
sulphates, nitrates and organic compounds and, in gen-
eral, having their origin in anthropogenic sources, name-
ly car traffic and industrial processes (John 2011).
Hence, chemical composition reflects their source and
origin.

Atmospheric aerosol sampling creates specific prob-
lems, since air is in motion and the particles have a great
variability of sizes and chemical properties (WMO/
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GAW 2003). This diversity often points to the need to
use different types of filters, conveniently selected ac-
cording to the respective target measurand, the analyti-
cal methodology and the flow rate used for active sam-
pling (McMurry 2000; EMEP 2001; Vicent 2007;
Raynor 2011).

Atmospheric samples are single events and there is
evidence of large uncertainties being introduced by in-
dependent parallel sampling (Arias et al. 2013), thus
giving rise to undesirably high uncertainty. This vari-
ability is tentatively overcome by using a common air
collector which distributes equivalent fractions of the
aerosols through its various channels followed by depo-
sition onto the filters placed at the filter holders. There is
awareness of the possible effect that fluid dynamics may
have upon sampling reflecting on the degree of equiva-
lence of samples from the various channels.

Despite the ample variety of literature references on
sampling issues, both indoor and outdoor, and on the
validation of the associated data, by both individuals
and organizations, denoting the relevance of the prob-
lem (Harrison and Pio 1981; Brockmann 2001; Raynor
et al. 2011; Watson and Chow 2011; Anthony et al.
2014), the developed instrumental and metrological ap-
proaches are, to the authors’ understanding, original,
simple and fit for the purpose.

This work presents a strategy for the validation of a
specific multichannel sampling system and the applica-
tion of the presented approach to assess its performance.
The multifold consists of two main stainless steel tubes,
connected by six channels, each with a filter holder. It is
adapted to a common PM;, (particulate matter with
aerodynamic diameter <10 pum) inlet (Nunes 2002)
and to a vacuum pump (Fig. 1a, b). The performance
was assessed through the data obtained from ion chro-
matography (IC) of CI", NO;~ and SO,*" in the water-
soluble fraction of the aerosols (Lopez-Ruiz 2000;
Mouli et al. 2003) collected on the differently positioned
filters.

The equivalence of various sets of combinations of
channels and filters was verified by means of the met-
rological compatibility of corresponding ion masses
(JCGM 2012).

The studied multifold system can be eventually used
for the quantification of other inorganic or organic spe-
cies of aerosols, once the validity of replicate collection,
hence equivalent sampling, is observed for the chemical
species under concern and at the appropriate sampling
flow conditions.
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Material and methods
Sampling setup

Aerosol samples were collected onto Whatman” 41
filters of 47 mm in diameter, between April and
May 2012. The sampling system (Fig. 1a) was equipped
with a PM; inlet, connected by a stainless steel tube to a
multifold of six channels. Each channel is coupled to a
filter holder (Fig. 1b); sets of measurements can be
conducted with all six channels or with only some of
them. The system was connected to a vacuum pump
BOC Edwards XDS 10c, operating 24 h, at a flow rate
of 12 L min"' controlled by a flow meter, Aalborg.
Filters were manually replaced daily.

Three sets of samples, each set on a different day,
were collected with filter holders placed in different
positions (set A—1, 2, 3, 4, 5, 6; set B—4, 5, 6 and
set C—2, 3), aiming at comparing results within each
set. The sampling system was placed on the 4th floor
roof terrace of building C8 of the Faculty of Sciences of
the University of Lisbon, Portugal.

Analytical assay

All chemicals used for the preparation of both calibra-
tion standard solutions and eluent were of analytical
reagent grade, and the water used in all steps was
obtained from a Milli-Q Academic system from
Millipore® (18.2 M2 cm). In order to avoid sample
contamination, filters were handled with plastic gloves
and tweezers, in a clean air bench (Faster Two 30).
Mixed (CI",NO;~, SO,%) calibration standards were
prepared from each anion stock standard solution ac-
cording to the procedure shown in Fig. 2. Each filter
with the collected aerosol was inserted in a PTFE 15-mL
bottle to which 10 mL, V7, of water was added. The
capped bottles were sonicated in an ultrasonic bath
(Branson 3200, Sotel) at (45+1)°C for (45+2)min,
and the extracted solutions were filtered through a pre-
washed Whatman 41" filter. If necessary, a portion /5 of
the sample extract was diluted by adding water, V;
[dilution factor, Fy;;=(V,+V3)/V,], before being
analysed by ion chromatography (IC). IC measurements
were performed in a Dionex” DX500 system with con-
ductivity detection (CD20), equipped with Peaknet”
software. The chromatograph was equipped with an
isocratic pump IP20, an anion pre-column IonPack
AG14 4x50 mm, an analytical column IonPack AS14
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Fig. 1 a Schematic representation of the multichannel sampling system. b Schematic representation of the multifold of six channels (1-6)

with filter holders

4x250 mm and an anion suppressor ASRSR—Ultra
4 mm. The eluent was a carbonate-bicarbonate buffer
solution (3.5 mmol dm > Na,CO5;+1 mmol dm™
NaHCO:s).

Daily calibration with four equidistant mass concen-
tration calibration standards (concentrations shown in
Fig. 2) fit for the application of the linear unweighted
regression model (Miller and Miller 2005; Silva and
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Fig. 2 Schematic representation
of the dilution of the stock
solutions for the preparation of

. . u 1 m
the calibration standards for IC 1001 mg L' (7n03)

determinations (Silva et al. 2012).

~ is the mass concentration of the 1001 mg L' (50,) QP‘&

specified anion in solution

Camodes 2010) was performed using duplicate
measurements.

Evaluation of the measurement uncertainty

The evaluation of the measurement uncertainty involves
different steps, namely definition of the measurand,
identification of the sources of uncertainty, quantifica-
tion of the uncertainty components, combination of the
uncertainty components and expansion of the combined
standard uncertainty (JCGM 2008; Silva et al. 2012). In
this study, the measurand is the mass of a specific anion
(chloride, nitrate or sulphate) in the aerosol water-
soluble fraction, obtained as described above. The mass,
m, of an ion was estimated from Eq. (1):

(Vo +V3)

m:f)/Vl VZ

=yVi-Fa (1)
where ~ is the mass concentration of the ion in the
diluted sample extract, V7 is the volume of aerosol
extract and Fy; is the dilution factor.

The cause and effect diagram in Fig. 3 schematically
presents the identified sources of uncertainty to be con-
sidered (Silva and Camdes 2010; Silva et al. 2012). The
input quantities presented in Fig. 3 are the variables of
Eq. (1) and an additional multiplying unitary factor, fgx,
representing the precision of the extraction of ionic
compounds from the aerosols in the defined conditions.
Although this factor (f=1) does not affect the estima-
tion of the measured quantity value m, it is required to
define the way in which extraction precision affects the
uncertainty of m. All input quantities presented in Fig. 3
are independent.

The quantification of the uncertainty associated with
the input quantities is described in detail in the following
paragraphs; an explanation is given on how variables are
divided in the independent components represented in
the respective vector (Fig. 3).

@ Springer

1000 mg L™ (ycy)

1

1/10 mL —>(mg L"): 0.20 (ycy); 0.20 (7no3); 0-080 (y504)
(mg L1): 0.60 (yy); 0.60 (n03); 0-24 (7504)
(mg L1): 1.00 (y¢y); 1.00 (yno3); 0-40 (7sos)

(mg L1): 1.40 (‘/c|)§ 1.40 (Pno3)s 0.56 (y504)

/’7’{
L 3/10 mL

5/10 mL
7/10 mL

2mg L (¢
2mg L (yno3)
0.8 mg L (y504)

All volumetric operations are affected by the repeat-
ability of the volumetric material manipulation (Rep.)
and by the tolerance of its nominal value (Tol.). The
volumetric measurement V is also affected by temper-
ature (Temp.). The concentration estimate of the diluted
extract () is affected by the statistical interpolation of
the sample signal in the calibration curve (Interpolation)
and by the uncertainty associated with the concentration
of the calibration standards (fq).

The quantification of the uncertainty components is
based on the following equations:

* The uncertainty associated with the dilution factor
Fau=(V,+V3)/V, was estimated using Eq. (2):

(7 Y s (Y
Upg = ( (V2)2> (VZ) +( V2> (V3)

(2)
where u(x) is the standard uncertainty of variable x.
4 F
Rep. s
Rep.
Tol. Tol
v,
Temp. Rep.
Tol. -
> M
Interpolation
<fsu
Jext Y

Fig. 3 Cause and effect diagram representing the identified
sources of uncertainty; Rep. repeatability, 7ol. tolerance of the
nominal value of the pipette, Temp. temperature effect (Silva
etal. 2012)
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Equation (2) results from the application of the
uncertainty propagation laws (UPL) to the F; equa-
tion (Silva et al. 2012).

The uncertainty associated with measured vol-
umes, V7, V> and V3, is quantified as proposed in
the Eurachem/CITAC Guide (Eurachem 2012).

Statistical interpolation uncertainty uy, was estimat-
ed using Eq. (2) deduced from the linear unweighted
regression model (Silva et al. 2012):

N

o (e

T e (3)

b p q bZZ } (xj_})z

where p is the number of signals of standards used
for the calibration of the IC, ¢ is the number of
sample signals, x; is the mass concentration of the
calibration standard of signal j (j=1 to p), ¥ is the
average of p x; values, y is the average of p y; values
and ¥, is the average of the g sample signals. The
relative standard uncertainty of statistical interpola-
tion u',, was estimated by dividing the standard
uncertainty of statistical interpolation uy, by the
mass concentration of the ion estimated by interpo-
lating ¥, in the regression line.

The relative standard uncertainty, u'yq, associated
with the preparation of the standard solutions (i.e.
associated with fi4) is equivalent to the relative
standard uncertainty of the concentration of the di-
luted stock solution from which standard solutions
are prepared (Eq. 3). This simplification is possible
if standard solutions are prepared from the diluted
stock solution through dilutions with negligible un-
certainty considering instrumental signal precision
(Silva and Camdes 2010; Silva et al. 2012).

Ugqg = \/(u/stk)z + (u'va)® + (u'vB)? (4)

where

u' g 1s the relative standard uncertainty of the stock
solution concentration.

u'yp is the relative standard uncertainty of the initial
volume of the dilution of the stock solution.

u'yp is the relative standard uncertainty of the final
volume of the dilution of the stock solution.

e The combined relative standard uncertainty, u/c, was
estimated through the application of UPL, Eq. (4):

e =) ) + (0 + (WP + (W ry )+ () (5)

where the terms under square root are the squares of
the relative standard uncertainties of the statistical
interpolation, u'y,, standards concentration, u'gg,
sample extract volume, u/,,, dilution factor, ' g,
and extraction efficiency, u'gy, respectively.

The relative standard uncertainty of the extrac-
tion, u'gy (i.e. associated with fy) has been esti-
mated previously (Silva et al. 2012) as being
11.05 % for chloride, 13.07 % for nitrate and
8.24 % for sulphate.

*  Once the relative uncertainty, u', has been convert-
ed into the absolute uncertainty, u., the expanded
uncertainty was estimated by multiplying the com-
bined standard uncertainty, u., by a coverage factor
of 2 to obtain an expanded measurement uncertain-
ty, U,, for the confidence level of approximately
95 %. Table | presents the estimated m values with
expanded uncertainty.

Compeatibility of measurements of filters

According to the VIM, the compatibility of measure-
ment results is “the property of a set of measurement

Table 1 Estimated mass, m (ng), of chloride, Cl, nitrate, NO;
and sulphate, SO4> ions, in filters placed in each of the various
selected filter holder positions, reported with expanded (k=2),
uncertainty, U

cr NO;~ S0
(m+U)/ng (m+U)/ng (m=U)ng
Set A 1 17£4.6 44+2.4 24+1.2
2 16+4.1 42+19 2.0+0.9
3 19+4.9 6.0+£2.6 3.6£1.3
4 18+4.8 5.1+2.5 29+1.2
5 18+4.4 5.0+£2.0 3.1+1.0
6 19+4.8 5.842.1 3.3+1.0
Set B 4 17+6.1 49+2.5 6.0t1.5
5 18+6.2 34+23 58+1.5
6 15£5.9 33423 54+1.5
Set C 2 19+5.1 7.3+3.3 15.1+2.9
3 19+5.2 94+3.6 15.0£2.9
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results for a specified measurand, such that the abso-
lute value of the difference of any pair of measured
quantity values from two different measurement re-
sults is smaller than some chosen multiple of the
standard measurement uncertainty of that difference”
(JCGM 2012). In order to carry out the compatibility
test of pairs of measurement results from different
positions of filter holders in the chosen sets, for a
confidence level of approximately 95 %, Eq. (5) was
used:

mim| <2y (42 + 2 ) lal U, (6)

where |m;—m;| or |d| is the absolute difference of the
masses of the ion under concern in filters 7/ and j, and
u; and u; are the respective standard uncertainties. The

second term of Eq. (5) (2 (ulz + uf) =U,) is the

expanded uncertainty of the difference, d. Results are
declared compatible and positions are metrologically
equivalent, “Eq” (Table 3), upon verification of this

‘Wl4 Wl5|—|170 179|—09<2 Ll4 u5

2

‘Wl4 m6| = |17O 15. 3| =1. 8<2 (M4) l/lﬁ

(us)* + (ug)*

\mé—m5| = |153_179| = 2652 2

condition. Otherwise, the positions are not equivalent,
i.e. different “Dif”. The evaluation of the compatibil-
ity of measurement results taken from filters of the
various sets of positions in the multifold (described in
the section “Sampling setup”) was used to validate the
sampling equipment and procedure.

Results and discussion

Table 1 presents the estimated masses of chloride, nitrate
and sulphate ions of the aerosols’ water-soluble fraction.
Mass values, m, are reported with expanded uncertainty, U.

The actual values of anion masses in the sampled
aerosols (Table 1) are not particularly relevant for this
study whose objective is limited to verifying the validity
of the sampling step, and this is decided from mass
differences (Eq. 5).

The assessment of the compatibility of measurement
results of chloride ion in pairs from filter positions 4, 5
and 6, set B, is presented below, as an example:

24/( 307 311

(3.07)* + (2.97)> = 8.5
(2.97)?

+(3.11)> =86

The results for all assessed ions in sets A, B and C are
presented in Table 2.

The observation of the stated condition (Eq. 5)
determines the compatibility of measurement re-
sults and consequently the equivalence of the sam-
pling positions.

Results in Table 2 led to the conclusion that the
masses estimated for ions in pairs of filters are compat-
ible for a confidence level of 95 % with the exception of
filters 2 and 3 of set A (Table 3). The lack of compati-
bility of this pair of measurements is explained by the
confidence level, 95 %, of the initial comparison. In the
case of 99 % confidence level, coverage factor of 3
instead of 2, all values are compatible. In 95 % confi-
dence level statistical assessments, 1 in 20 evaluations
(5 %) is left out of the interval, seeming different when,
in fact, populations are equivalent. Therefore, the

@ Springer

observation of one divergence in a total of 57 performed
comparisons is normal and does not affect the general
conclusion about the adequacy of the multifold for the
performed measurements.

The sampling equipment and procedure are also ad-
equate for equally uncertain determinations of other
composition parameters of eventual interest. However,
if less uncertain determinations are conducted, the rele-
vance of the variability of the data should be tested in
those more strict conditions.

Conclusions

The strategy developed for validating a six-channel
multifold with a common inlet capable of replicating
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Table 2 Absolute difference values, |d|, and their respective expanded uncertainty, U,, for the assessment of the metrological compatibility
of the mass of ions in pairs from filter positions for each of the sets (A, B and C) (Eq. 5)

Filter holder position Id| U, \d] U, \d] U, d| Uy \d| U,
1 2 3 4 5

Chloride
Set A 1

2 1.31 6.17

3 1.22 6.72 2.53 6.34

4 0.64 6.64 1.95 6.26 0.58 6.81

5 0.13 6.37 143 5.97 1.09 6.54 0.52 6.46

6 1.97 6.64 3.28 6.73 0.75 6.80 1.33 6.73 1.85 6.46
Set B 4

5 0.85 8.76

6 1.75 8.54 2.60 8.62
Set C 2

3 0.86 7.26
Nitrate
Set A 1

2 1.97 3.04

3 1.62 3.51 1.82 3.19

4 0.74 3.42 0.94 3.10 0.88 3.56

5 0.62 3.11 0.81 2.75 1.01 3.26 0.13 3.17

6 1.49 3.20 1.69 3.03 0.13 3.35 0.75 3.27 0.88 2.94
Set B 4

5 0.90 3.37

6 0.21 3.31 1.19 3.25
Set C 2

3 2.13 4.83
Sulphate
Set A 1

2 0.39 1.54

3 1.24 1.78 1.62 1.58

4 0.50 1.75 0.88 1.56 0.74 1.79

5 0.72 1.58 1.10 1.35 0.52 1.62 0.22 1.59

6 0.98 1.59 1.37 1.42 0.25 1.63 0.49 1.60 0.27 1.41
Set B 4 0.93 2.13

5 0.66 2.23 1.58 2.18

6
Set C 2

3 0.37 4.08
aerosol samples at different filter positions was success- The results support the conclusion that the variability
fully applied. of the replicate collection of aerosols in different filter

The estimated masses of chloride, nitrate and sul- positions of the multifold is negligible, taking into ac-

phate collected in various pairs of filters are count the uncertainty of the measurements of studied
metrologically compatible, for 95 % confidence level. components.
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Table 3 Summary of compatibility tests for chloride, nitrate and sulphate ions in pairs of filters of various sets (A 1-6, B 4-6 and C 2-3)
reported as equivalent (Eq) or different (Dif) sampling positions. Compatibility was assessed for a confidence level of 95 %

Filter holder position ~ CI™

NO;~ S04

1 2 3 4 5

1 2 3 4 5 1 2 3 4 5

SetA 1

2 Eq

3 Eq Eq

4 Eq Eq Eq

5 Eq Eq Eq Eq

6 Eq Eq Eq Eq Eq
SetB 4

5 Eq

6 Eq Eq
SetC 2

3 Eq

Eq Eq

Eq Eq Eq Dif

Eq Eq Eq Eq Eq Eq
Eq Eq Eq Eq Eq Eq Eq Eq

Eq Eq Eq Eq Eq Eq Eq Eq Eq Eq

Eq Eq
Eq Eq Eq Eq

Eq Eq

The validity of the used sampling procedure can be
extrapolated to the determination of other not signifi-
cantly less uncertain parameters. If less uncertain ana-
lytical quantifications are conducted, the performance of
the multifold must be verified for those more strict
criteria.
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