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A B S T R A C T

Assessment of atmospheric metals produced from natural or anthropogenic sources is a major concern

of  many researchers worldwide for their source characterization and hazardous health impacts. Currently,

many high tier labs, equipped with chemical (microwave digestion system), optical (X-ray fluorescence

spectroscopy) or nuclear techniques (instrumental neutron activation analysis) can lead to or produce

accurate data of  metals rapidly. Owing to low concentration of  several metals, large heterogeneity and

matrix effect in atmospheric aerosol samples, many a times the chemical digestion followed by

quantification approach is widely preferred. However, in South and South-east Asia, the major data set

of atmospheric metals is relatively lacking, due to unavailability of rapid digestion technique in many

labs. Towards this we report a new and facile analytical protocol for complete digestion of  metals in

atmospheric aerosols. Finalized protocol for metal digestion in ~ 12 h involves sample treatment with a

mixture of HF+HNO
3
+H

2
O

2
+H

2
O in 1: 4: 1: 6 (v/v) at 150 ºC. This protocol has been successfully

applied for complete digestion and quantification of  several metals (Al, As, Ca, Cd, Co, Cr, Cu, Fe, Mg,

Mn, Ni, Pb, V and Zn) in high-loading ambient PM
2.5

 (particulate matter of  aerodynamic diameter ≤2.5

µm; 95 240 µg m-3).Mineral dust composition over IGP (Northern India) looks distinctly different

than that over western India (reported previously). Several toxic metals (As, Cd, Cu,Pb, V and Zn)

show enrichment factor more than 10, suggesting their significant inputs from anthropogenic sources.Thus,

our analytical protocol could facilitate for accurate and rapid analysis of metals pertaining to environmental

and toxicological research.
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1. Introduction

Depending on the receptor site location and also the season,
atmospheric aerosols have been found with different fractions of mineral
aerosols, total carbonaceous aerosols (organic matter and elemental carbon)
and water-soluble ions (Gupta and Mandaria, 2013; Gustafsson et al.,
2009; Mahowald et al., 2005; Rajput et al., 2013; Rajput et al., 2014a;b;
Singh and Gupta, 2015; Venkataraman et al., 2006).Secondary aerosols
formation further enhances the matrix and complexity in molecular
characterization (Doezema et al., 2012; Rajeev et al., 2016; Rajput et al.,
2016a; Rajput et al., 2011a). Consequently, achieving complete metal
digestion and their quantification in various environmental samples have
been a matter of concern to analytical chemists (Butler et al., 2016;
Cuoco et al., 2013; Huang et al., 2010; Lamble and Steve, 1998; Lee and
Park, 2010; Wu et al., 2010). Conventional approach adopting open-
digestion technique is very time consuming (can take 3-4 days) and
attentive (Mark et al., 1999). Also, the previous reported closed or open
digestion protocols involved sample pre-treatment at ~ 400 °C in furnace
to remove organic coating. This could lead to loss of soft metals like K
and Na during sample pre-heating. With the advancement in technology,
microwave digestion systems (MDS) came into utilization (Aldabe et al.,
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2013; Butler et al., 2014; Lamble and Steve, 1998; Swami et al., 2001;
Tursic et al., 2008). MDS can digest all metals in ~2-3 hours. As a
consequence of which, labs equipped with MDS are able to process
samples quickly and facilitates in determining easily accurate metals
concentration in various environmental samples.

A recent study in GEOTRACES (An international study of the marine
biogeochemical cycles of trace elements and their isotopes) from Southern
Ocean (Cape Baseline Air Pollution Station: CGBAPS, Australia) achieves
complete aerosol digestion at 95 °C in ~ 12 hours utilizing ultra-pure
HNO

3
 (1 mL) and HF (0.25 mL) in capped Teflon vials (Winton et al.,

2016). The HF-HNO
3
 based complete digestion approach has been used

in many studies assessing aerosol trace metal dissolution in seawater e.g.
(Mackey et al., 2015). Likewise the HF-HNO

3
 based digestion method

serves adequately in remote high-altitude locations (Marx et al., 2014). It
is important to mention here that in remote areas (marine air-masses or
high-altitude locations) the contribution of black particles is insignificant
and therefore a complete digestion (closed) of particles on hot-plate could
be achieved without oxidizing agents like H

2
O

2
. Metal analysis can also

be carried out using X-ray fluorescence spectroscopy (XRF). The XRF
spectroscopy is a non-destructive technique that provides multi-element
information but could be less sensitive to replicate analysis as compared
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to inductively coupled plasma (ICP) based measurements. Recently, a
study utilizes a nano micro-orifice uniform-deposit impactor (nano-
MOUDI), to collect size segregated particles, and a field portable XRF
(FP-XRF) to determine metal composition and concentration (Park et
al., 2016). The other approach for measuring total concentration of metals
is instrumental neutron activation analysis (INAA). The aspect related to
low sensitivity for certain metals e.g. Cu, Cd and Ni poses a challenge to
quantify their mass concentrations using INAA. However, the INAA
technique for the determination of metals concentration is as accurate as
acid-digestion approach (Chance et al., 2015). The other emerging
technique for quantitative analysis of metals is LIBS (laser induced
breakdown spectroscopy) (Butler, et al., 2014).

With this background information, we initiated to establish an analytical
protocol for complete digestion of metals in ambient aerosol samples
(without pre-combustion of sample in furnace) utilizing a facile closed
digestion approach.We initially started digestion with HF+HNO

3
 and

then based on our observations of undigested black particles in the solution,
the HF+HNO

3
+H

2
O

2
 mixture in a stoichiometric proportion has been

used for complete digestion of metals. The established protocol providesa
complete digestion of metals in high loading ambient aerosols (up to 240
µg m-3), evidenced from this study. Analytical method reported herein
looks very promising in terms of the cost effective metals digestion without
compromising on the precision and accuracy of their determination.

2. Materials and method

PM
2.5

 samples (n= 22) assessed in this study have beencollected from
a highly polluted urban location at Kanpur in the Indo-Gangetic Plain
(IGP) (26.30°N; 80.14°E; 142 m above mean sea level) (Rajput, et al.,
2016a; Rajput et al., 2016b). These samples were collected using a high-
volume air-sampler (calibrated flow rate:0.95 m3/min) (Kumar and Gupta,
2015) during December 2014?February 2015 (wintertime). It is important
to mention here that during wintertime, prevailing NE-winds favor the
transport of air-pollutants from source-region of biomass burning emissions
upwind in the IGP (Rajput, et al., 2016 b; Rajput et al., 2011b). Soon
after the sampling onto pre-combusted quartz micro-fiber filters
(Whatman™, ~ 20 x 25 sq. cm), samples were stored at ~ -190C until
analysis. PM mass concentrations have been ascertained gravimetrically
on an analytical balance after equilibrating the filters at 37 ± 3% RH and
24 ± 2 °C temperature for ~8-10 h. Concentrations of metals have been
measured using Inductively Coupled Plasma-Optical Emission
Spectrometry (ICP-OES; iCAP 6300, Thermo Scientific) (Chakraborty
and Gupta, 2010; Rajput, et al., 2016 a; Rajput, et al., 2016 b), post to
complete chemical digestion.High purity chemicals (Seastar Chemicals,
Fisher) viz.HF (47-51%, Suprapure), HNO

3
(67-69%, Suprapure) and

H
2
O

2
 (> 30%, Trace analysis) are used for the digestion and sample

preparation. Milli-Q water of resistivity 18.2 MΩ cm has been used in
sample preparation. Clean metal digestion in aerosols has been achieved
in Teflon vials (Savillex) on a hot plate (Graphite coated with PFA;
perfluoroalkoxy, Analab Scientific Instruments) with 24 positions. The
hot plate was operated inside a fume-hood (EnvairElectrodyne) in a
clean lab.

3. Results anddiscussion

3.1.Optimization of closed digestion protocol

From sampled filters, 6 punches (3.14 sq. cm each) are taken and
subjected to digestion. Initially we started with HF+HNO

3
+H

2
O for

aerosol samples digestion. But then we observed that some black particles
are not at all getting digested with this combination. So, we decided after
a series of preliminary experiments to test in different stoichiometry with
a combination of  HF, HNO

3
, H

2
O

2
 and H

2
O at different temperatures (on

hot plate) for complete digestion of  all particles. Finally, mixture of
HF+HNO

3
+H

2
O

2
+H

2
O in stoichiometric proportion of 1:4:1:6 (v/v) at

150ºC is accepted ensuring complete digestion of ~19 sq. cm area of
quartz filter with maximum loading of 6 mg of aerosols in this study
(Table 1). Basically we have added for the aforementioned sample area
(and loading) these chemicals (in stoichiometry as detailed above) and
capped the Teflon vials. Subsequently, vials were kept on hot plate (Graphite
coated) maintained at 150 °C. We have observed that in ~ 12 hours all
particles in PM

2.5
 are getting digested completely. After digestion, hot-

plate temperature was reduced to 100 °C and the solution is allowed to
evaporate till near dryness. Subsequently, we have added 1 mL of  8N
HNO

3
 and the final volume was made to 31 mL for metal analysis.

3.2.Analytical accuracy of the measurements

We show here the analytical accuracy with measured concentration of
refractory metals (Fe, Al, Ca and Mg) in PM

2.5
 samples (Figure 1).

� � � � �  ! " # $ % & $ ' & ( ) $ # ( * % * + # , - . , ' $ # / ' , . ' * # * 0 * 1 + * ' $ , ' * 2 * 1 2 $ - . 1 ,& ( 3 , 2 # ( * % 4 ( # 5 6 7 8 6 9 : ; 8 6 < : < 8 6 < : = > ? @ ? > ? A B C D E * 1 / - , F
Temperature (°C) Observed time (h) Particles left

130 12 Yes
140 12 Yes
150 12 No
160 11 No
170 11 No
180* 11 No

*slight softening of  Tef lon vial was noticed, so we avoided to test at higher
temperature

Analytical accuracy of the measurements has been ascertained by a 1-to-
1 comparison of  the data set (n = 10; Figure 1a, b, c, d) derived from
calibration method and those from standard addition method. Basically,
in standard addition method we add known amounts of standard and
make the final volume of each sample aliquot to same level. Standard
addition method is a well-established approach to assess the influence of
matrix effect on low-level analyte concentration. Concentration of analytes
reported herein (Fe, Al, Ca and Mg), obtained from calibration versus
standard addition method show agreement within ±15%. Thus, our study
shows a reasonably good agreement between the two set of independent
measurements of  Fe, Al, Ca and Mg on ICP-OES.

3.3.Ambient concentrations of PM
2.5

 and associated metals

In this study, we report ambient concentrations of  14 metals in PM2.5
during a study conducted in wintertime (December 2014 February 2015)
at Kanpur location in IGP. PM

2.5
 mass concentrations varies from 95?240

(Avg ± SD: 157 ± 37) µg m-3. Average concentration (± SD) of  metals
assessed in this study is listed in Table 2. It is evident from table 2 that
concentrations of  refractory metals (Fe, Al, Ca and Mg) at Kanpur are in
µg m-3 (~ 3-10). Whereas, the other metals are reported in ng m-3,
exception being the ambient concentrations of V at Kanpur location
(Avg: 1.09 µg m-3). Also, in table 2 we have given literature-based hazardous
health effects associated with these metals (www3.epa.gov/ttnemc01/
prelim/otm31appC.pdf). Besides several acute health effects of metals, it
is important to mention here that the generation of reactive oxygen species
(ROS) by Fe, Cu and Mg is one of  the major concernsof  several researchers
(Demokritou et al., 2002;2003). Thus, ambient aerosol records of metals
are very much important to understand their source characteristics and
impact on human health (Gupta et al., 2004; Gupta et al., 2011; Gupta et
al., 2010; Moreno et al., 2010; Rajput et al., 2015; Rajput et al., 2014c;
Singh et al., 2014).

Now we discuss temporal co-variability of mineral dust, using Al as a
proxy, along with PM

2.5
 mass concentration. The variability in mass

concentrations of associated Al is recorded from 1.1-7.4 µg m-3. The
mineral dust contribution in PM

2.5
 varies from 14-93 (Avg ± SD: 52 ±

20) µg m-3. Thus, mineral dust contributes to 34 ± 11% of PM
2.5 

over IGP
(Kanpur) during the wintertime (December 2014-February 2015). In

G H I J K �  L " 0 $ # # , ' . 1 * # = % M > N F 2 5 * 4 ( % 3 $ 3 * * & $ 3 ' , , - , % # = 4 ( # 5 ( % O> P Q F + * ' ' , + ' $ 0 # * ' D - , # $ 1 2 & , # , ' - ( % , & / 2 ( % 3 # 4 * ( % & , . , % & , % # - , # 5 * & 2
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this study, we have estimated the contribution of  mineral dust in
atmospheric aerosols considering Al content to be 8% of mineral dust
(McLennan, 2001). Total carbonaceous aerosols (TCA = 1.6*OC + EC)
contributes to ~ 18% to PM

2.5
 in this study (Rajput and Sarin, 2014;

Turpin and Lim, 2001). Temporal variability records in the mass
concentrations of PM

2.5
 and associated mineral dust abundance is shown

in Figure 2. It is obvious from figure 2 that variability pattern of mineral
dust is quite similar to that of PM

2.5
 mass concentration. This is attributable

to significant contribution of mineral dust to PM
2.5

. In subsequent section,
we have made attempts to understand natural (crustal dust) versus
anthropogenic inputs of  all metals assessed in this study.

3.4.Enrichment of metals in aerosols compared to upper continental crust

Enrichment factors (EF) of metals with respect to Al are shown in
Figure3. Basically, excess amount of  metals with respect to crustal
composition is expressed in terms of EF using a mathematical expression
given below:
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Where, EF
X
 represents enrichment factor of  a particular element (X).

In general, Al is considered to be of the crustal origin. A literature
reports upper continental crust (UCC) composition:As/Al ratio of
0.00002, Ca/Al ratio of 0.375, Cd/Al ratio of 0.000001, Co/Al ratio of
0.00021, Cr/Al ratio of  0.001045, Cu/Al ratio of  0.00031, Fe/Al ratio
of 0.4375, Mg/Al ratio of 0.16625, Mn/Al ratio of 0.0075, Ni/Al ratio
of 0.00055, Pb/Al ratio of 0.00021, V/Al ratio of 0.00134 and Zn/Al
ratio of  0.00089 (McLennan, 2001). In this study, we have found As/Al
ratio of 0.003 ± 0.002, Ca/Al ratio of 2.64 ± 1.01, Cd/Al ratio of 0.001
± 0.001, Co/Al ratio of 0.001 ± 0.000, Cr/Al ratio of 0.003 ± 0.004,
Cu/Al ratio of  0.003 ± 0.005, Fe/Al ratio of  0.82 ± 0.07, Mg/Al ratio
of 1.16 ± 0.34, Mn/Al ratio of 0.015 ± 0.016, Ni/Al ratio of 0.003 ±
0.002, Pb/Al ratio of 0.053 ± 0.085, V/Al ratio of 0.347 ± 0.546 and
Zn/Al ratio of 0.071 ± 0.037. Using the aforementioned equation, we
have found that EF for As is 170 ± 101, Ca is 7 ± 3, Cd is 1101 ± 940,
Co is 2 ± 1, Cr is 3 ± 3, Cu is 11 ± 16, Fe is 2 ± 0.2, Mg is 7 ± 2, Mn is
2 ± 2, Ni is 6 ± 3, Pb is 19 ± 17, V is 40 ± 63 and Zn is 394 ± 614. Thus,
it can be summarized that some toxic metals viz. As, Cd, Cu, Pb, V and
Zn show significant (c.a. 10) EF with respect to the upper continental
crust (UCC). Thus, these metals have high inputs from anthropogenic
emission sources. Toxic effects of  these metals are listed in Table 2. In this
context, it is very important to mitigate the pollution level of these metals.
However, metals exhibiting EF < 10 is widely considered to be primarily
derived from the crust (Chakraborty and Gupta, 2010; Gupta and
Mandaria, 2013).

3.5.Characteristic ratios of mineral aerosols in the IGP

As discussed above that EF of  Fe, Ca and Mg with respect to Al is less
than 10. This suggests that Fe, Ca and Mg are derived from upper
continental crust. In other words, they are constituent of mineral aerosols.
It is well known that mineral dust is a perennial constituent of the lower
atmosphere(Hatch and Grassian, 2008). In this study at Kanpur location,
one of our major interestswas to assess geochemistry of mineral aerosols
over the Indo-Gangetic Plain. In this context, it is important to mention
here that IGP extends from north-west to north-east and is the most
populated and polluted region with a large agricultural-land cover area in
India. Despite of  this fact, there is a scarcity of  metals data over the IGP.
Linear regression analysis has been performed (Figure 4a, b, c) to assess
the characteristic ratios of  Fe/Al, Ca/Al and Mg/Al in atmospheric
PM

2.5
 samples. We have found that in IGP (Kanpur; n = 22): Fe/Al ratio

is 0.80 ± 0.03, Ca/Al ratio is 2.19 ± 0.14 and Mg/Al ratio is 1.00 ±
0.07.It is important to mention here that couple of studies have highlighted
the role of  Fe(III) in heterogeneous formation of  secondary aerosol species
and photo-chemistry (Al-Abadleh, 2015; Rajput, et al., 2016a). However,
total Fe content in aerosols does not alter due to such reactions. Thus,
these ratios represent the characteristics quite well even under long-range
transport.

3.6.Geochemistry (chemical fingerprinting) of mineral aerosols

Ternary diagram is one of  the well-established approaches to
characterize environmental samples (rock,sediments and water samples
and aerosols). In this study, we have made a ternary diagram with three
characteristic ratios: Fe/Al, Ca/Al and Mg/Al (Figure5). Our purpose
herein, is to assess differences in mineral aerosol characteristics over the
IGP (this study) and those over semi-arid high dust regions in western
India: Mt Abu (a high-altitude site; 24.6 ºN, 72.7 ºE, 1680 m amsl)
(Kumar and Sarin, 2009) and Ahmedabad (an urban region; 23.0 ºN,
72.6 ºE) (Rastogi and Sarin, 2009). It is evident from figure 5 that chemical
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characteristics of mineral dust over IGP (Northern India) are distinctly
different than those over western India. Thus, it can be summarized that
complete metal digestion in conjunction with an accurate and precise
quantification of  crustal metals viz. Fe, Al, Ca and Mg hasled to a better
understanding on mineral aerosol characterization from different
geographical locations. Summing up, this study could serve rapid and
accurate analysis of metals for environmental and toxicology assays (Lee
and Park, 2010; Singh and Gupta, 2016).

4. Conclusions

The established analytical protocol involves a mixture of HF: HNO
3
:

H
2
O

2
: H

2
O in 1: 4: 1: 6 (by volume), followed by heating (closed digestion)

at 150 ºC in Teflon vials on hot-plate (Graphite-coated). Complete
digestion could be achieved in ~ 12 h. Several toxic metals (As, Cd, Cu,
Pb, V and Zn) exhibit their significant input from anthropogenic emission
sources. Mineral dust and total carbonaceous aerosols contributes to
~35% and 18%, respectively in this study. Ternary diagram utilizing Fe/
Al, Ca/Al and Mg/Al ratios exhibits distinct difference between the
mineral aerosol chemical characteristics over IGP (Northern India) and
high dust semi-arid locations in western India (Mt Abu and Ahmedabad).
Thus, complete digestion of metals and accurate analysis has revealed
diagnostic information on mineral dust characteristics and anthropogenic
emission of several toxic metals. This study has implications to facile
processing and analysis of metals for environmental and toxicology assays.
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