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Abstract

Excimer laser fragmentation-¯uorescence spectroscopy (ELFFS) is shown to be an e�ective detection strategy for

ammonium nitrate and ammonium sulfate particles at atmospheric pressure and room temperature. Following

photofragmentation of the ammonium salt particle, ¯uorescence of the NH fragment is observed at 336 nm. The

¯uorescence signal is shown to depend linearly on particle surface area for laser intensities varying from 1:2� 108 to

6� 108 W/cm2. The 100 shot (1 s) detection limits for ammonium nitrate range from 20 ppb for 0.2 lm particles to 125

ppb for 0.8 lm particles, where these concentrations are expressed as moles of ammonium ion per mole of air. For

ammonium sulfate, the 100 shot (1 s) detection limits vary from 60 ppb for 0.2 lm particles to 500 ppb for 1 lm

particles. These detection limits are low enough to measure ammonium salt particles that form in the exhaust of

combustion processes utilizing ammonia injection as a nitric oxide control strategy. Ó 2001 Elsevier Science Ltd. All

rights reserved.

Keywords: Aerosol measurement; Air pollution; Combustion; Diagnostics

1. Introduction

Ammonium nitrate and ammonium sulfate are of

concern as major air pollutants. Ammonium nitrate is

found in areas where there are high NOx and high am-

monia emissions, while ammonium sulfate is prevalent

where both ammonia and SO2 are abundant. In Cali-

fornia, they contribute approximately 25% to the total

PM10 mass on an annual average basis. Their contri-

bution to total PM2:5 particles is even greater (�45%)

(Chow et al., 1992). These accumulation mode particles

have been shown to pose a threat to human health due

to their ability to penetrate deep into the lung and de-

posit. Their size also makes them e�cient light scatter-

ers, so their presence can lead to visibility impairment

and can a�ect the global energy balance. Accumulation

mode particles are able to migrate over great distances

so that their e�ects are not limited to the region where

they are ®rst formed. Ammonium nitrate and sulfate

also impact the acidity of atmospheric aerosols.

Ammonium nitrate and ammonium sulfate concen-

trations are usually measured by collecting particulate

matter on a ®lter. As the ammonium salt exists in

equilibrium with the corresponding gaseous acid (nitric

or sulfuric acid) and ammonia, the ®lter may lose mass
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due to particle-to-gas conversion, making accurate

measurements of ammonium salt particle concentrations

di�cult. Filter collection techniques also yield only time

integrated concentrations, with collection times ranging

from hours to days.

Real-time measurement of ammonium nitrate parti-

cles would be useful in understanding and modeling

aerosol formation in combustion exhausts and in the

atmosphere. Real-time characterization of ammonium

sulfate particles has been performed using laser de-

sorption/ionization mass spectroscopy (McKeown et al.,

1991; Mansoori et al., 1994) to study ammonium sulfate

particles (McKeown et al., 1991). Aerosol time-of-¯ight

mass spectroscopy (ATOFMS) has been used to per-

form real-time chemical component analysis on indi-

vidual atmospheric aerosol particles, including

ammonium nitrate and ammonium sulfate (Noble and

Prather, 1996).

The goal of this investigation is to determine whether

excimer laser fragmentation-¯uorescence spectroscopy

(ELFFS) can be used to make quantitative measure-

ments of ammonium nitrate and ammonium sulfate

particles.

1.1. Excimer laser fragmentation-¯uorescence spectros-

copy

Many molecules of environmental interest have only

weakly or non-¯uorescing excited electronic states, due

to a large degree of internal energy transfer and/or long

excited state lifetimes. ELFFS employs photofragmen-

tation of larger molecules to form less complex, ¯uo-

rescent signature species, from which the presence of the

parent can be detected. For example, NH is a signature

fragment for amines and C±Cl is a signature species for

chlorinated hydrocarbons. Using a single laser, the sig-

nature species may be excited by excess energy following

photofragmentation of the parent molecule. In this case,

¯uorescence may be observed during and immediately

after the photofragmentation laser pulse.

Our laboratory has used ELFFS to detect gaseous

ammonia (Buckley et al., 1998), toxic metals such as Pb,

Cr and Ni (Buckley, 1995; Buckley et al., 1996a,b) and

chlorinated hydrocarbons (McEnally et al., 1994a,b) in

post-¯ame gases at atmospheric pressure. Recently, the

technique has been employed to detect alkali species in

pressurized boilers (Hartinger et al., 1993, 1994). Many

other species have been detected in laboratory studies at

low pressure, but have not been attempted in realistic

atmospheric pressure monitoring environments; the

reader is referred to a recent review (Simeonsson and

Sausa, 1996) for details.

2. Methods

A schematic of the apparatus is depicted in Fig. 1.

The experiments are conducted 0.5 cm above a 3 cm

diameter vertical tube issuing into quiescent room air.

Ammonium nitrate and ammonium sulfate salt solu-

Fig. 1. Experimental apparatus.
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tions of various molarities are atomized to form nominal

2 lm droplets by a TSI Model 9302A atomizer. As water

evaporates from the droplet, the salt precipitates to form

a solid ammonium nitrate or ammonium sulfate particle.

As long as the relative humidity is below the deliques-

cence relative humidity (62% for ammonium nitrate,

80% for ammonium sulfate at 298 K) (Seinfeld and

Pandis, 1998), no aqueous phase ammonium nitrate/

sulfate remains. The particles pass through a di�usion

dryer to ensure that the relative humidity is su�ciently

low (measured to be 45%). Flows are metered by ro-

tometers.

An ArF excimer laser (Lambda Physik EMG 102

MSC) develops 120 mJ pulses of 193 nm light, which are

focused into the interrogation region using a 25 cm focal

length UV-grade fused-silica lens. This creates a detec-

tion region with a minimum cross-section of 2 by 0.5

mm. When a lower laser intensity is desired, the beam is

sent through an array of screens before it reaches the

interrogation region. The peak intensity at the focal re-

gion of 6� 108 W/cm2 is su�cient to cause ionization of

an ammonium nitrate or ammonium sulfate molecule

(Thomson et al., 1997). The laser pulse energy is mea-

sured using a Gentech ED-500 joulemeter.

The detection region is imaged onto the entrance slit

of a 0.3 m McPherson scanning monochromator with a

single plano-convex lens. The measurements are made

using a 7.5 cm focal length, 2.5 cm diameter fused silica

lens positioned roughly 9 cm from the detection region

to focus the detection region through the monochro-

mator slit. All spectra presented here were collected with

a horizontal slitwidth of 0.4 mm, which corresponds to a

bandpass of 1.1 nm. A 280 nm cut-on high-pass glass

®lter (Schott WG-280, CVI Laser) mounted at the en-

trance slit of the monochromator helps reject scattered

193 nm light.

The light passed by the monochromator enters a

Hamamatsu R928 photomultiplier tube, the signal gen-

erated is digitized by a LeCroy 9410 digital oscilloscope

and sent to an IBM-compatible PC for storage and

processing. ELFFS spectra are obtained coincident with

the laser pulse (pulse width� 20 ns). NH ¯uorescence

from the photofragmented ammonium nitrate/sulfate

molecules is observed at 336 nm. There is interference in

the photofragmentation spectrum of both room air and

typical combustion exhaust from N2 (C±B) ¯uorescence

at 337.1 nm. This is not problematic because the N2

concentration is constant in these environments and

thus the N2 contribution to the signal can be subtracted

from the measured signal.

3. Results and discussion

Fig. 2 shows single-shot ¯uorescence spectra from the

photofragmentation of ammonium nitrate and ammo-

nium sulfate particles, as well as the background spec-

trum. These spectra were obtained by atomizing and

drying a 0.4 M solution of ammonium nitrate and a 0.2

M solution of ammonium sulfate; the ammonium ion

concentrations are thus the same for the two solutions.

The laser was ®red at 2 Hz while the monochromator

was scanned at a rate of 5 nm/min. The peaks for the

ammonium salt particles are centered at 336 nm and are

attributed to NH(A±X) emission. Based on the observed

full width at half maximum (FWHM) of roughly 2 nm,

compared with the monochromator bandpass of 1.1 nm,

it is likely that these peaks are a combination of the (0±

0) and (1±1) emission bands, the former at 336.0 nm and

the latter at 337.0 nm (Pearse and Gaydon, 1963). The

only feature apparent in the room air spectrum is the

aforementioned N2(C±B) emission at 337.1 nm, which is

the prominent line in the nitrogen laser. The ¯uorescence

was subsequently monitored at 336.0 nm, where the

monochromator is able to reject most, but not all of the

N2 emission. The spectra are plotted as a Savitsky±

Golay rolling average of ®ve points to reduce the noise.

The ¯uorescence signal was measured while varying

the droplet solution molarity with the results summa-

rized in Tables 1 and 2. The reported signal is an average

of 1000 laser shots and is uncertain by �10% (1 S.D.).

The particle diameter was calculated assuming that the

atomizer generates monodisperse 2 lm droplets and the

droplets dry to form spherical ammonium salt particles.

The validity of this assumption is addressed later when

the actual particle size distribution is presented. Figs. 3

and 4 show how the ¯uorescence signal varies with the

ammonium ion concentration of the ¯ow through the

interrogation region for ammonium nitrate and ammo-

nium sulfate. Three di�erent laser pulse energies were

used. The signal levels o� as the ammonium ion con-

centration increases. The plots do not go through the

origin because with a 1.1 nm bandwidth it is not possible

to reject all of the 337.1 nm N2 band when monitoring at

336.0 nm. This behavior contrasts with the results for

gaseous ammonia in N2, in which the signal was linear

Fig. 2. NH ¯uorescence from ammonium nitrate and sulfate

particles.
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with NH3 concentration up to 120 ppm, as depicted in

Fig. 5. As the particle diameter increases with the con-

centration, the non-linearity of the signal depicted in

Figs. 3 and 4 is likely due to the decrease in the surface

area to volume ratio of the particles in the interrogation

region. This suggests that the laser intensity is not suf-

®cient to fully vaporize the particles, and the pulse is

ablating molecules from the surface of the particle. As

the particle size increases, the surface area-to-volume

ratio gets smaller. In e�ect, a larger percentage of am-

monium ions are on the inside of the particle where they

are not available to take part in the photofragmentation-

¯uorescence process.

Table 1

Ammonium nitrate measurements

Solution molarity NH4 Conc. (ppm) Particle diameter (lm) Particle S.A. (sq. lm) Fluorescence signal (mV)

Background 12.0

0.02 0.1 0.20 0.12 20.0

0.06 0.3 0.28 0.25 26.4

0.1 0.5 0.34 0.35 34.3

0.2 1.0 0.42 0.56 47.4

0.3 1.5 0.48 0.73 49.9

0.4 2.0 0.53 0.89 58.8

0.5 2.5 0.57 1.03 71.9

0.6 3.0 0.61 1.17 74.2

0.8 4.0 0.67 1.41 88.9

1.6 8.0 0.84 2.24 120.8

Table 2

Ammonium sulfate measurements

Solution molarity NH4 Conc. (ppm) Particle diameter (lm) Particle S.A. (sq. lm) Fluorescence signal (mV)

Background 6.9

0.02 0.1 0.23 0.16 9.9

0.06 0.3 0.33 0.34 11.0

0.1 0.5 0.39 0.48 13.5

0.2 1.0 0.49 0.76 14.4

0.3 1.5 0.56 1.00 17.5

0.4 2.0 0.62 1.21 19.2

0.5 2.5 0.67 1.40 20.0

0.6 3.0 0.71 1.59 23.4

0.8 4.0 0.78 1.92 26.4

1.6 8.0 0.99 3.05 33.9

Fig. 3. NH ¯uorescence from ammonium nitrate particles in air

for di�erent laser pulse energies. The non-zero intercepts are

due to N2 (C±B) emission at 337.1 nm. The concentration is

expressed as moles of ammonium ion per mole of air in the

interrogation volume.

Fig. 4. NH ¯uorescence from ammonium sulfate particles in air

for di�erent laser pulse energies.

658 C.J. Damm et al. / Chemosphere 42 (2001) 655±661



Plots of the ¯uorescence signal versus particle surface

area, shown in Figs. 6 and 7, con®rm that the particles

are not being fully vaporized. There is a linear rela-

tionship between the ¯uorescence signal and the total

particle surface area in the interrogation volume. This

suggests that only the molecules on the surface of the

particles are participating in the photofragmentation-

¯uorescence.

To simplify the analysis presented in Figs. 6 and 7,

the total surface area in the interrogation volume is

calculated by assuming that the particles were mono-

disperse for each of the di�erent solution concentrations.

To test this assumption, the particle size distribution was

measured with a TSI 3071A scanning mobility particle

sizer (SMPS) and counter (CPC 3025A) for several dif-

ferent molarities of ammonium nitrate solution. As ex-

pected, the distributions are not monodisperse, as shown

in Fig. 8. The geometric standard deviation (GSD) is

approximately 2. (The GSD for a monodisperse aerosol

is 1.) However, the median diameter is close to the cal-

culated nominal diameter, and more importantly, the

measured total particle surface area per volume corre-

lates well with the value for surface area calculated as-

suming a monodisperse aerosol (Fig. 9). Therefore, the

conclusion that the ¯uorescence signal varies linearly

with total particle surface area remains valid. The par-

ticle size range that the SMPS is able to measure pre-

cluded us from determining the particle size distribution

for all of the solution concentrations used. Thus, the

calculated surface area rather than a measured surface

area is used in Figs. 6 and 7.

It is important to address whether the observed ¯u-

orescence is from the desorption/ionization photofrag-

mentation of the ammonium nitrate/sulfate or from the

ammonia gas which exists along with nitric acid/sulfuric

acid in equilibrium with the ammonium nitrate/sulfate.

Fig. 5. NH ¯uorescence from ammonia gas.

Fig. 6. NH ¯uorescence versus total particle surface area in the

interrogation volume for ammonium nitrate.

Fig. 7. NH ¯uorescence versus total particle surface area in the

interrogation volume for ammonium sulfate.

Fig. 8. Particle size distribution of atomized and dried ammo-

nium nitrate solution (2� 10ÿ4 M). The median diameter is 39

nm. The GSD is 2.2.
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Assuming an equilibrium between the particles, ammo-

nia gas and gaseous nitric acid, equilibrium calculations

show that at a temperature of 295 K, the concentration

of ammonia gas is 4 ppb, which yields a ¯uorescence

signal of 0.25 mV, negligible compared to the measured

signal.

The S.D. of the background spectrum is 5.6 mV.

De®ning the minimum detectable peak as 3 times the

standard deviation of the background, the single-shot

detection limit for ammonium nitrate in air at room

temperature ranges from 0.2 ppm for the 0.2 lm particles

to 1 ppm for the 0.8 lm particles (Table 3). For ammo-

nium sulfate, the single shot detection limit varies from

0.6 ppm for 0.2 lm particles to 5 ppm for 1 lm particles.

If the majority of noise in the spectrum is white noise,

then it will follow Poisson's statistics, and averaged sig-

nals will be reduced in noise by a factor of
����
N
p

, where N

is the number of averaged laser shots. Averaging 100-

shots, which is possible in 1 s of measurement time using

commercially available excimer lasers, would decrease

the detection limits by a factor of 10. The detection limits

could be signi®cantly improved if a 336 nm ®lter were

used instead of the monochromator. Note that the de-

tection limits would be 4±8 times higher (worse) in post-

combustion gases due to the presence of water vapor,

which has a large NH quenching cross-section relative to

nitrogen and oxygen (Buckley et al., 1998).

4. Conclusion

ELFFS is shown to be a promising technique for

real-time monitoring of ammonium nitrate and ammo-

nium sulfate particles. For the laser intensities used, the

¯uorescence signal is dependent on particle size. There-

fore, in order to obtain quantitative measurements of

ammonium nitrate concentration, it is necessary to ei-

ther use a su�cient laser intensity so that all of the solid

is vaporized or make measurements to characterize the

particle size distribution.

The single shot detection limits achieved are on the

order of 1 ppm. These are low enough for measuring

ammonium salt particle concentrations in the exhaust of

combustion devices that utilize ammonia injection to

reduce nitric oxide emissions. Any unreacted gas phase

ammonia would have to be separated with a denuder

before the measurement to avoid interference from the

photofragmentation-¯uorescence of ammonia. The de-

tection limits are not low enough for ambient measure-

ments of ammonium nitrate concentration, where a

detection limit of approximately 1 ppb (which corre-

sponds to a mass concentration of 3 lg/m3 for ammo-

nium nitrate and 5 lg/m3 for ammonium sulfate) is

required. This limit may be attainable if the mono-

chromator were replaced with a 336 nm ®lter.
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Table 3

Detection limits

Ammonium nitrate Ammonium sulfate

Particle diameter (lm) 100-Shot detection limit (ppb) Particle diameter (lm) 100-Shot detection limit (ppb)

0.20 21 0.23 56

0.28 35 0.33 124

0.34 38 0.39 128

0.42 48 0.49 226

0.48 67 0.56 240

0.53 73 0.62 275

0.57 71 0.67 324

0.61 82 0.71 309

0.67 88 0.78 348

0.84 125 0.99 503

Fig. 9. Calculated and measured (w/scanning mobility particle

sizer) surface area densities in the interrogation region for

ammonium nitrate.
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