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Determination of atmospheric concentrations of inorganic anions
by ion chromatography following ultrasonic extraction�
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Abstract

The capability of the suppressed conductometric detection ion chromatography (IC) was investigated for the separation and determination
of inorganic anions (F−, Cl−, NO3

− and SO4
2−) in standard reference materials SRM-1648 urban particulate matter following ultrasonic

extraction. The effects of the cationic surfactant (SDS) and the anionic surfactant (CTAB) on ultrasonic extraction efficiency of inorganic
anions from complex matrix of airborne particulate matter were investigated. The results showed that surfactant can enhance the extraction
efficiency. Finally, the concentrations of inorganic anions in the atmosphere of the city of Isfahan were determined. The results showed a trend
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2− > NO3

− > Cl− > F−.
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. Introduction

The chemical investigation of airborne particulate matter
s of great importance in air pollutions studies. A combination
f organic and inorganic compounds is adsorbed on the sur-

ace of airborne particulate matter[1]. During the last decades
n extensive database has been published providing the deter-
ination of metals associated with airborne particulate matter

2–5], while there is less information about the atmospheric
oncentrations of inorganic anions[6]. The development of
ndustries, the population of cities and metropolitans, and
ncreasing the number of private and public automobile,
aused the emission of high levels of primary air pollutants
uch as SO2, CO, and NOx into the urban atmosphere. These
rimary air pollutants in urban atmosphere can be converted

o different anions such as SO4
2−, HCO3

−, NO2
−, NO3

−,
tc. [7]. The determination of concentrations of inorganic
nions is important, because these anions take part into the

ormation of acid rains[8].

� Presented at the 17th International Ion Chromatography Symposium,
rier, Germany, 20–23 September 2004.

There are several methods reported in the literatur
determination of inorganic anions, include, spectropho
etry [9], ion selective electrode analysis[10], flow injection
analysis[11], and capillary electrophoresis[12]. These meth
ods almost are not able to determine the atmospheric co
tration of anions simultaneously. Ion chromatography (IC
known as an effective analytical method with higher sens
ity and lower detection limit for simultaneous determina
of anions[13].

In this work, the capability of ion chromatography
separation and determination of inorganic anions such a−,
Cl−, NO3

− and SO4
2− associated with airborne particula

matter has been investigated. The efficiency of ultras
extraction method for extraction of inorganic anions fr
air particulate by using surfactant was also investigated

2. Experimental

2.1. Collection of samples

Airborne particulate matter from the atmosphere

∗ Corresponding author. Tel.: +98 3116631855; fax: +98 3116689732.
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the city of Isfahan was collected on quartz fiber filter
(20 cm× 25 cm) using a high volume air sampler (Greasby,
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PS2, USA). Samples were collected from five different sta-
tions at a height of 1.5 m above the ground level during the
period of September 2003 to December 2003. Sampling flow
rate and sampling period were 1 m3 min−1 and 12 h, respec-
tively. Each week a sample was collected from each station.

2.2. Chemicals and reagents

All chemicals used in this work were analytical grade or
better.

N-Cetyl-N,N,N-triethylammonium bromide (CTAB),
sodium dodecyl sulfate (SDS), potassium nitrate, potassium
sulfate, potassium chloride, sodium fluoride, sodium hydro-
gen carbonate and sodium carbonate, were obtained from
Merck (Darmstadt, Germany).

Standard sample of urban air particulate matter, SRM-
1648 was purchased from the National Institute of Standards
and Technology (NIST; Gaithersburg, MD, USA).

Anion standard solutions were prepared by weighing and
dissolving the appropriate amounts of each anion salt in de-
ionized distilled water in order to prepare 1000�g/l stock
standard solution.

The working range standard solutions were prepared from
the1000�g/l stock standard solutions.

2.3. Instrumentation
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were introduced into the centrifuge tubes. A 10 ml deionized
distilled water, 2.5 mM SDS and 2.5 mM CTAB were added
into the tubes, respectively. The tubes were put in an ultra-
sonic bath with frequency of 35 kHz for 25 min. The extracts
were then separated from the solid phase by centrifuging at
3000 rpm (1920× g) for 20 min. The supernatant phases were
decanted into clean tubes and used for IC determination.

For extraction of inorganic anions from airborne partic-
ulate matter collected from the atmosphere of the city of
Isfahan, circles with diameter of 67 mm were punched out
from the exposed filters and transferred into the correspond-
ing extraction tubes. A 20 ml 2.5 mM SDS was added into the
tubes. The other steps of extraction were exactly the same as
that earlier described for the SRM-1648.

3. Results and discussion

The solubility of F−, Cl−, NO3
− and SO4

2− compounds in
water indicates that these anions can often easily be removed
from solid matrices by aqueous extraction. The sample matrix
and the nature of the cationic concomitant can affect on
releasing efficiency of anions. The chemical composition of
the solvent which is used for extraction has also apprecia-
ble effect on the extraction efficiency of anions. Therefore,
water combined with a miscible solvent such as methanol
a nor-
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A suppressed ion chromatograph (Metrohm Compac
odel 761, Switzerland) was used for the separation
etermination of anions. The system was equipped w
onductometric detector. Introduction of the sample into
ystem was performed by a 25�l injection loop. The analyt
al column was a 150 mm× 3.0 mm I.D., Metrosep Anio
ual 1 6.1006.020 (Metrohm). A Wifug centrifuge (G
any) with 3000 rpm (1920× g) was used for separation

xtracts. Ultrasonic extractions were carried out on a
elin Electronic (Germany) ultrasonic bath with freque
f 35 kHz.

.4. Chromatographic conditions

The eluent was composed of 2.4 mM NaHCO3 and
.5 mM Na2CO3. The eluent flow rate was 0.75 ml min−1.
he column pressure and temperature were set up at 6.8
nd 20◦C, respectively. The suppressor was automatic
egenerated by 20 mM H2SO4. The instrument was equi
rated for 30 min prior to use. The instrument was calibr
ith standard solutions after minimizing the baseline d
lank solutions (deionized distilled water and the solut
f 2.5 mM of SDS and CTAB) were tested for anionic im
ities before analysis.

.5. Extraction procedure

For extraction of inorganic anions from SRM-1648 ur
articulate matter, 10 mg portions of the standard sa
nd more dilute salt solutions is used for extraction of i
anic anions[13]. Ideally, when conductometric detecti

s used for determination of anions by ion chromatogra
arrier solution should have no inorganic materials suc
trong acids, bases and soluble salts. From this point of
any of the traditional methods used for extraction or di

ion of samples are not compatible with IC method[14]. The
resent work, describes the effects of different variable

he extraction efficiency of inorganic anions.

.1. Effect of surfactant on extraction of anions

Surfactants are made up of a water soluble (hydroph
nd a water insoluble (hydrophobic) components.
ydrophilic head helps solubilization of polar species

he hydrophobic head dissolves organic species[15]. It seems
hat using a surfactant in extraction of anions from airbo
articulate matter could increase the yield of extrac

n this work, the effect of a cationic surfactant (CTA
nd an anionic surfactant (SDS) on extraction of inorg
nions from airborne particulate matter were investiga
ig. 1 shows the chromatogram of the inorganic anion
RM-1648 urban particulate matter extracted with w
he results obtained from this investigation showed tha
ecovery of extraction is considerably increased in the p
nce of surfactants. The extraction efficiency of anions
irborne particulate matter with water and with water c

aining surfactant was investigated. The results of the l
nvestigations are shown inFig. 2. It is obvious that usin
f surfactant has increased the efficiency of extraction.
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Fig. 1. Chromatogram of inorganic anions in SRM 1648 urban partic-
ulate matter. Extracted with water: (1) fluoride (0.43 mg/l), (3) chloride
(4.07 mg/l), (4) nitrate (11.12 mg/l), and (6) sulfate (154.88 mg/l).

Fig. 2. Effect of 2.5 mM SDS and 2.5 mM CTAB on extraction of inorganic
anions from SRM 1648 in comparison with water. Extraction time: 30 min,
ultrasonic irradiation: 35 kHz, column: Metrosep Anion Dual 1 6.1006.020,
column temperature: 20◦C, eluent: 2.4 mM NaHCO3 and 2.5 mM Na2CO3,
eluent flow rate: 0.75 ml min−1, injection volume: 25�l.

inorganic anions were extracted from SRM 1648 urban par-
ticulate matter with water, with a solution of 2.5 mM SDS
and finally, with a solution of 2.5 mM CTAB using ultrasonic
extraction. The concentrations of the inorganic anions were
detected by ion chromatography. The results obtained from
four replicates are summarized inTable 1. The comparison
of the results obtained from the different extraction methods
showed that surfactants effectively cause easier releasing of
anions from matrix of airborne particulate matter especially
in the cases of F−, and Cl−.

3.2. Effect of surfactant concentration on extraction

The effects of SDS and CTAB concentrations on the effi-
ciency of ultrasonic extraction of F−, Cl−, NO3

− and SO4
2−

from standard reference materials of urban particulate matter
SRM-1648 were also investigated. The results are shown in
Fig. 3 and indicate that efficiency of extraction of anions
is increased by increasing the concentration of SDS and

Table 1
The comparison of concentrations of extracted anions from the 1648-SRM
urban particulate matter (mg/g) by water, 2.5 mM SDS and 2.5 mM CTAB

Anion Water SDS CTAB

Fluoride 0.42± 0.04 0.69± 0.13 0.74± 0.07
Chloride 4.09± 0.23 7.04± 0.31 5.89± 0.42
N
S

Fig. 3. The effect of surfactant concentration (SDS and CTAB) on ultra-
sonic extraction of inorganic anions from SRM 1648 in comparison with
water. Extraction time: 30 min, ultrasonic irradiation: 35 KHz, column: Met-
rosep Anion Dual 1 6.1006.020, column temperature: 20◦C, eluent: 2.4 mM
NaHCO3 and 2.5 mM Na2CO3, eluent flow rate: 0.75 ml min−1, injection
volume: 25�l.

CTAB. It should be noted that the rate of increasing of extract
efficiency decreases at 5.0 mM concentration of surfactants.
Considering these results, the optimum concentration of sur-
factants for ultrasonic extraction of inorganic anions from
airborne particulate matter is 2.5 mM.

3.3. Effect of extraction time

The effect of extraction time on releasing of inorganic
anions from airborne particulate matter was also investigated.
Four series of samples were sonicated at times of 10, 20, 25
and 30 min and the concentrations of extracted anions were
determined by IC. The results obtained from this investigation
showed that the extraction efficiency is time dependent.Fig. 4
shows the relationship between the time of extraction and the
concentration of anions released.

3.4. Determination of concentrations of inorganic
anions in the airborne particulate matter collected from
the atmosphere of the city of Isfahan

After optimizing of the extraction conditions, the concen-
trations of inorganic anions in airborne particulate mater of
the city of Isfahan were determined by ion chromatography
after ultrasonic extraction by 2.5 mM SDS.Fig. 5shows the

F 648
b ion
D
a :
2

itrate 11.19± 0.19 11.68± 0.23 11.30± 0.82
ulfate 154.40± 2.14 163.02± 4.99 153.67± 5.86
ig. 4. Effect of time on extraction of inorganic anions from SRM 1
y 2.5 mM SDS. Ultrasonic irradiation: 35 kHz, column: Metrosep An
ual 1 6.1006.020, column temperature: 20◦C, eluent: 2.4 mM NaHCO3
nd 2.5 mM Na2CO3, eluent flow rate: 0.75 ml min−1, injection volume
5�l.
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Fig. 5. Chromatogram of inorganic anions in urban particulate matter of
the city of Isfahan extracted by 2.5 mM SDS: (1) fluoride (0.44 mg/l), (3)
chloride (10.42 mg/l), (4) nitrate (36.73 mg/l), and (5) sulfate (34.75 mg/l).

Table 2
Mean atmospheric concentration of anions in the airborne particulate matter
of the city of Isfahan (�g/m3) in five different stations

Station Fluoride Chloride Nitrate Sulfate

1 0.26± 0.04 3.01± 0.31 4.58± 0.51 12.24± 1.12
2 0.40± 0.03 2.50± 0.36 6.36± 0.46 10.23± 1.08
3 0.34± 0.02 2.53± 0.35 7.01± 0.45 10.52± 1.23
4 0.12± 0.03 3.18± 0.33 10.62± 0.42 10.61± 1.20
5 0.05± 0.01 1.78± 0.18 4.08± 0.24 7.15± 0.40

Table 3
Mean concentration (�g/m3) and percentage of inorganic anions in the atmo-
sphere of the city of Isfahan (80 samples were collected from five different
stations during the period of September 2003 to December 2003)

Anion Fluoride Chloride Nitrate Sulfate Total

Mean 0.23± 0.15 2.61± 0.54 6.53± 2.58 10.14± 1.53 19.51
Percent 1.21 13.33 33.47 51.99 100

chromatogram of inorganic anions in the urban particulate
matter. The atmospheric concentrations of inorganic anions
were calculated by comparison with the standard curve.
Table 2summarizes the atmospheric mean concentrations
of inorganic anions collected from five different sampling
stations during the period of September 2003 to December
2003.

The average of total soluble anions in the airborne par-
ticulate matter of the city of Isfahan was 19.51 (�g/m3)
(Table 3). Among the inorganic anions, sulfate contributed
maximum to the soluble anions mass (51.99%) followed by
nitrate (33.47%), chloride (13.33%) and fluoride (1.21%).
Therefore, the anionic balance of airborne particulate matter
samples showed a trend of SO4

2− > NO3
− > Cl− > F− in the

atmosphere of the city of Isfahan.
An evidence for high concentration levels of sulfate and

nitrate could be the oxidation of SO2 and NOx at the surface
of airborne particulate matter. Temperature, relative humidity
and atmospheric chemical composition may also affect these
conversions.

Another source of sulfate is the dusts that transported from
the deserts around of the city by wind. Nitrate can be origi-
nated from soils, particles emitted from the industrial plants
and the nitric acid production factory located at the west of
the city.

Chloride may be originated from transporting of dusts
from desert, and of course from the industrial activities
around the city by wind.

Fluoride may be contributed by emissions from industrial
activities like metallurgical and chemical plants which are
located very close to the city of Isfahan.

4. Conclusion

The extraction and analysis of anions in standard reference
material SRM-1648 and different samples collected from the
atmosphere of the city of Isfahan, showed that relatives high
concentration of inorganic anions are associated with urban
particulate matter. Ultrasonic extraction with water contain-
ing surfactants is a rapid and sensitive method for effective
extraction of inorganic anions from airborne particulate mat-
ter. Ion chromatography is a sensitive and powerful technique
for simultaneous determination of inorganic anions in air pol-
lution studies, where a large number of samples should be
analyzed in a short period of time.
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