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Ambient-level concentrations of NO2 in air are measured 
at reduced pressures by photolyzing the NO2 and detect- 
ing the resultant 0 atoms by the chemiluminescence 
from their gas-phase reaction with nitric oxide. The inten- 
sity of chemiluminescence is a linear function of NO2 
concentration over the range 1.0 to l o 3  ppb with an opti- 
mum photomultiplier response of 0.1 nA/ppb. Nonlinear 
response for concentrations greater than l o 3  ppb is due 
to the fast reaction between 0 atoms and N02. A mathe- 
matical model accurately predicts the experimental varia- 
tions of photomultiplier response to system pressure, ni- 
tric oxide concentrations, NO2 concentrations, and pho- 
tolysis source intensity. Interferences due to the 0 
atom.hydrocarbon reactions are negligible for typical am- 
bient-level concentrations of hydrocarbons. Using this ,de- 
tection scheme, both NO2 and 0 3  have been simulta- 
neously measured at ambient-level concentrations. 

Recently, a new type of monitor for the gas-phase anal- 
ysis of trace gases has been proposed ( I ) .  Photofragments 
of the molecular species of interest are formed by irradia- 
tion of a sample air stream and are subsequently detected 
by either a characteristic chemiluminescent emission, res- 
onance absorption, or resonance fluorescence. A detection 
scheme for a single photofragment that is a product com- 
mon to the photolysis of several trace gases serves to mon- 
itor all the parent species. The objectives of this paper are 
to communicate the results of experimental tests that 
have shown the feasibility of the method for NO2 and to 
present a discussion in terms of the fundamental pro- 
cesses involved. 

The detection of NO2 is an example of the chemilumi- 
nescent type of photofragment detection that involves: (a) 
the selective photolysis of a trace gas in an irradiation 
chamber; (b) transfer of the photofragments through a 
light trap and into a reaction chamber; (c )  recombination 
of the photofragments by gas-phase reaction with a pure 
mixer gas, resulting in the subsequent emission of a char- 
acteristic chemiluminescent spectrum; and (d)  selective 
detection of all or a portion of this spectrum by a filter- 
photomultiplier combination. Specifically, NO2 molecules 
in a sample air stream are photolyzed a t  reduced pres- 
sures to produce 0 atoms. 

NO2 + hv * NO + 0 (1) 

The continuously flowing sample air stream carries the 0 
atoms from the irradiation chamber through a light trap 
and into a closely coupled reaction chamber. The 0 atoms 
are detected by the chemiluminescence which occurs 
when they are mixed with nitric oxide. Pure NO is intro- 
duced into the reaction chamber a t  a rate typically less 
than a factor of 10-2 of the sample stream flow rate. A 
portion of the 0 atoms collide with NO molecules, result- 

(1) J. A. Hodgeson and W. A. McClenny, 164th National Meeting of the 
American Chemical Society New York, N. Y . .  Aug 30, 1972, Paper 
No. Watr-60. 

ing in a chemiluminescent emission. The chemilumines- 
cent spectrum for this reaction extends from 0.4 pm into 
the infrared with a maximum intensity a t  approximately 
0.65 pm (2).  The reactions involved in the 0 + NO re- 
combination are 

0 + NO + M - NO,* + M (2a) 
O + N O + M  N O , + M  Ob)  

NO,* NO2 + hv (2c) 
NOz* + M - NO, + M ( 2 4  

where M denotes a third-body molecule in the reaction 
chamber. In steady state, Equations 2a, 2c, and 2d give 

(3) 

where ka,  k, ,  and k d  are the reaction rate constants for 
the reactions specified in Equation 2a, 2c, and 2d, respec- 
tively. Since kd[M] >> k ,  for pressures in the Torr range, 
the intensity of che,miluminescence is experimentally in- 
distinguishable from the value as deduced from the reac- 
tion 

0 + NO - NOz + hv (4)  

with reaction rate k 4 .  

Two types of interference occur in the detection of NO2 
by this scheme. One involves the loss of 0 atoms by ways 
other than that specified by Equation 4 and the second 
involves the chemiluminescence of NO with other molecu- 
lar or atomic species, notably 03, that are carried in the 
sample stream. Thus, reaction 2b eliminates 0 atoms a t  a 
rate 

-=  dro' h,[NOI[O][M] 
d t  

The ratio of this loss rate to the one corresponding to 
reaction 4 is k b [ M ] / k 4  = 3.54 X 1016pkt,/k4 where p is the 
reaction chamber pressure in Torr. Using the reaction 
rates k b  = 6.8 X cm6 molecule-2 sec-l (3) and k 4  = 
6.4 x 10-17 cm3 molecule-1 sec-1 ( 2 ) ,  the reaction speci- 
fied in Equation 5 is a t  least two orders of magnitude 
more efficient in eliminating 0 atoms at pressures greater 
than 3 Torr. Appreciable losses of 0 atoms also can occur 
by reaction with NO2 and with certain hydrocarbons. The 
former process 

NO, + 0 - NO + Oz (6) 

can affect the linearity of the signal response at sufficient- 
ly high NOz concentrations, while the latter process can 

(2) A. Fontijn, C. 8. Meyer. and H. I .  Schiff, J. Chern. Phys., 40, 64 
(1964), 

(3) F. Kaufman, Proc. Roy. SOC., Ser. A, 247, 123 (1958). 
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both alter the sensitivity of the system and make the sys- 
tem linearity a temporal function of the concentration of 
the hydrocarbons. I t  will be established that  the concen- 
tration of hydrocarbons necessary to constitute an impor- 
tant  interference is much larger than that ordinarily en- 
countered in ambient air. The reaction rate of 0 atoms 
with molecular oxygen to form ozone 

O + O , + M  -.) 0 3 + M  ( 7 )  

with a reaction rate of 5.6 X 10-34 cm6 molecule-2 sec-1 
( 4 )  is important a t  pressures of a few Torr and will be ac- 
counted for in the analytical treatment of the system. A 
final source of 0 atom destruction is the loss due to heter- 
ogenous recombination on the walls. The reaction 

results in a strong chemiluminescent signal that has been 
successfully used to measure NO concentrations a t  ambi- 
ent levels ( 5 ) .  Obviously, in the present case, the reaction 
can be used to monitor the 0 3  concentration. The chemi- 
luminescent spectrum extends from 0.6 pm into the in- 
frared with a peak emission at  1.2 pm. Because of the ov- 
erlap in spectra, this reaction constitutes an interference 
with the measurement of 0 atoms unless an appropriate 
combination of photomultiplier and filter is used. In lieu 
of decreasing the system sensitivity by filtering, the pho- 
tolysis source can be alternately switched on and off giv- 
ing readings due to (NO2 + 03) and 0 3 ,  respectively. The 
difference in these readings corresponds to the NO2 con- 
centration alone. Thus measurements of 0 3  and NO2 can 
be made with the same system. Relative sensitivity can be 
altered by varying the intensity of the photolysis source 
and the spectral sensitivity of the detector. 

IRRADATION 
F R O M  D R Y  4lR CHAMBER 

NEEDLE 
VALVE 

DILUTED 

HlXER 

NEEDLE V4LVE PHOTOTUBE 

REACTION 
CH4MBER 

LIGHT 

READ OUT 

WOOD s 
HORN LIGHT 

TR4P 

Figure 1 .  Experimental  system for photofragment detect ion of 

NO2 

4000 A was approximately 48 mW as given by source specifica- 
tions. Filtering of the source was effective in eliminating major 
interferences resulting from the photolysis of ozone and molecular 
oxygen. Photolysis of NO2 occurred in a cylindrical irradiation 
chamber of Pyrex glass, 6 in. in length, 1.75 in. in diameter, and 
capped on each end by a quartz window. A front surface silvered 
mirror was placed at  the end of the chamber to reflect the source 
light beam. 

Photofragments were channeled into the reaction chamber 
through 8-mm i.d. Pyrex tubing and a double Wood's horn light 
trap. A stainless steel ball joint in the connecting line reduced 
source light that  was otherwise ducted into the reaction chamber. 
The leakage light for this arrangement produced a signal of typi- 
cally 2.5 nA and could be further reduced by filtering the source 
for a long wavelength cutoff near 4000 .& and by filtering the de- 
tector with a short wavelength cutoff near 4000 b.. The reaction 
chamber was a glass cylinder 1.75 in. in diameter and 10 in. long, 
capped a t  the detector end by a quartz window. Magnesium 
oxide powder was packed around the cylinder and inside an alu- 
minum housing to ensure efficient light transfer to a photomulti- 
plier that  viewed the cylinder end-on. Both 9558QA and 62568 
EM1 photomultipliers at  10 "C were used to detect chemilumines- 
cence inside the reaction chamber. A combination of a 62569 tube 
and a Bausch and Lomb filter (90-1-600) was used to discriminate 
against the chemiluminescence from the ozone-nitric oxide reac- 
tion and thus to make the system specific to NOa. The 9558QA 
tube was sensitive to chemiluminescence from both the ozone- 
nitric oxide reaction and the oxygen atom-nitric oxide reaction. 
Signals were recorded by a Heath Model EU 20-11 amplifier re- 
corder. 

EXPERIMENTAL 
A schematic of the experimental system is shown in Figure 1. 

MATHEMATICAL DEVELOPMENT As part of the feasibiliti tests, gas cylinders (Air Products and 
Chemicals. Inc.) containing predetermined concentrations of NO2 - _  
were further diluted to give concentrations in a range extending Correspondence between   NO^] and System R ~ -  
from 1 ppb to several Ppm. NO2 concentrations were checked by 
both the Saltzman wet chemical method (6) and a chemilumines- 
cent method (7) involving the pyrolytic conversion of NOz to NO 
and the subsequent detection of the light intensity resulting from 
the reaction given in Equation 8. The sample stream could be 
passed through an  ozonator ( 8 )  to create known concentrations of 

sponse. The intensity, I ,  of the photolysis after 
passing through a length x of the irradiation chamber can 
be approximated by 10 exP(-[N02lflx), where 0 denotes 
the average microscopic cross section for absorption by 
NOz, and 10 denotes the source intensity over the spectral 

0 3 .  
The flow rate through the system was established by a Welch 

Duo Seal Vacuum Pump (Model 1397, 1 hp) with a free air ca- 
pacity of 500 1. min-1. The relationship between system pressure 
and flow rate was linear (0.5 l./Torr) and twica l  flow rates were 1 

bandwidth causing photolysis. Using typical values of u 
= 2.5 
Torr, and a length Of 15.24 cm, then 
T h e  Source is essentially unattenuated. 

cm2 (9) ,  a concentration of ppm at 
y exp(-10-6). 

I .  . _. 

to 5 1. (STP) min-1. System pressure was monitored on a Wal- 
lace-Tiernan gauge which was calibrated with a McLeod gauge. 
Mixer gas flow rate was measured with a Hastings mass flowmet- 
er. Silver wool was placed at the exit port of the reaction chamber 

To calculate the 0 atom concentration, [Ole,, a t  the 
exit to the irradiation chamber, the rate equation can be 
used in the form 

to destroy any remaining 0 atoms. 
The irradiation source was an  Oriel Optics Model C-30 arc 

housing with a 200-W Hg-Xe lamp. The collimated beam diame- 
ter was approximately 1.75 in. in diameter; it was filtered with a 
Corning 0-54 glass filter with a e-' short wavelength cutoff a t  
3150 A. Light output in the region between 3150 .& and the disso- 
ciation limit for NO2 which corresponds to a wavelength near 

(4) R. E. Huie. J. T. Herron, and D. D. Davis, J .  Chem. Phys., 76 ,  2653 
(1972). 

(5) R. K. Stevens, T.  A. Clark, C. E. Decker, and L. F.  Ballard, Pre- 
print, EPA, Research Triangle Park, N. C., Presented at 1972 APCA 
Meeting, Miami, Fla., June, 1972, Paper No. 72-13. 

(6) B. E. Saltzman,Anal. Chem., 26, 1949 (1954). 
(7) J. A. Hodgeson, J. P. Bell, K. A. Rehme, K. J. Krost, and R. K. Ste- 

vens. Preprint, Presented at 1972 APCA Meeting, Miami, Fla., 
June, 1972, Paper No. 72-12. 

(8) J. A. Hodgeson. R. K. Stevens, and B. E. Martin, /SA Trans., 11, 
161 (1972). 

where 4 denotes the average quantum yield for photolysis, 
k6 and k7 are the reaction rates for Equations 6 and I, re- 
spectively, Ai denotes the cross sectional area of the pho- 
tolysis chamber, and p denotes the rate coefficient for wall 
recombination. The first source term represents the rate 
of formation of 0 atoms. [NO21 is established by the equa- 
tion 

(9) T. C. Hall, Jr., and F. E. Blacet, J. Chem. Phys., 20, 1745 (1952) 
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Integrating over the residence time, Vi/Fi, where Fi de- 
notes the flow rate and Vi denotes the irradiation chamber 
volume which is the product of Ai and the chamber length 
Li, the NO2 concentration is 

which for typical values gives a concentration change of 
less than 0.01%. Hence, [NO21 = [NO210 in Equation 9. 
The second and third source terms represent the loss rates 
resulting from the fast reaction between NO2 and 0 atoms 
and from the formation of ozone, respectively. Obviously, 
additional terms can be included to account for other 
reactions that eliminate 0 atoms. The last term repre- 
sents the rate of 0 atom losses by wall recombination by 
assuming a first-order dependence on concentration. 
Equation 9 has the solution 

The 0 atom concentration is further depleted by wall 
recombination in passing from the irradiation chamber to 
the reaction chamber. Experimental data relating the sig- 
nal response of the system to the length of tubing between 
the two chambers are given in Figure 2. The exponential 
decay as a function of length is taken to indicate the ef- 
fect of the number of collisions between 0 atoms and the 
tubing wall. Since changing the flow time inside the tub- 
ing is essentially equivalent to changing the number of 
collisions per transit, the 0 atom concentration to the en- 
trance to the reaction chamber [OIr is: 

where u t / F t  is the residence time with u t  the volume of 
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Figure 3. System response to high NO2 concentrations 

the connecting tubing and Ft the flow rate. Ft and F,  are 
the same if the small pressure drop along the connecting 
tubing is neglected. The value of y as established from 
Figure 2 and experimental flow rates is 0.84 X l oT3  sec-I, 
which gives an approximate survival percentage of 12% for 
0 atoms a t  a system pressure of 8 Torr. 

Once inside the reaction chamber, [O]  is reduced by the 
recombination of 0 atoms with NO. Neglecting wall loses, 
the photomultiplier output, Zpm, is obtained by integrat- 
ing over the reaction chamber volume, V, 

I,, = A , G ~ k , [ N O , * ] d V ,  (14) 

where A m  denotes the product of the photomultiplier 
quantum efficiency and amplification, and G denotes a 
geometrical factor that corresponds to the changing effi- 
ciency of collection as the spatial emission pattern 
changes with pressure and to the particular characteristics 
of the mixing process between the NO mixer gas stream 
and the sample stream. If all the emitted light were 
collected, G = 1; however, light originating from more re- 
mote regions is often reflected in reaching the photomulti- 
plier and, hence, is reduced in intensity. The value for 
[NOz*] has been given in Equation 3 in terms of the den- 
sity of 0 atoms and of NO molecules. In order to simplify 
the expression for I,,, [NO] will be assumed constant 
throughout the reaction chamber and [ O ]  will be assumed 
to vary only along the length of the reaction chamber. The 
first assumption is quite reasonable since the NO concen- 
tration is several orders of magnitude greater than the 0 
atom concentration; the second assumption is correct to a 
degree depending on the actual mixing configuration. 

The variation in the density of 0 atoms is determined 
primarily by the reactions given in Equations 2b and 7 
with a contribution from the reaction specified in Equa- 
tion 6 if the NO2 concentration is sufficiently high. Thus, 
the 0 atom concentration along the length of the tubing, 
[Oh, is 

where 6 = ((1 + (ke[N02] + k7[02][M]/kb[M].[NO]))hs- 
[M][NO]A,/F,), in which A,  denotes the reaction chamber 
cross sectional area. Typically a t  a system pressure of 8 
Torr, the 0 atom density a t  the exit to the reaction chamber 
has decreased to 1.5% of its initial value. Using this ex- 
pression in Equation 14, the signal response of the system, 
subject to the stated assumptions is 
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RESULTS AND DISCUSSION 
Linearity. Figure 3 shows the signal response as a func- 

tion of NOz concentration and the transition from a linear 
response to a nonlinear one for a system pressure of 8 Torr 
and for a mixer gas flow rate of 10 ml/min. The predicted 
values are obtained by normalizing the concentration de- 
pendent terms in Equation 16 to the experimentally ob- 
served value a t  1 ppm. Relative values are calculated 
using k g  = 5.4 x 10-12 cm3 molecule-1 sec-1 (10) and P 
= 0. For NO2 concentrations less than 1 ppm a t  8 Torr, 
the system response is observed to be proportional to the 
NO2 concentration. For higher concentrations, the fast 
reaction between NO2 and 0 atoms eliminates some of 
the 0 atoms and a departure from linearity occurs. 

Sensitivity. Signal values obtained using the system 
previously described indicate a sensitivity of approximate- 
ly 0.1 nA/ppb and allow for a minimum detectable limit 
of 1 ppb. Since only a fraction of 0.01% of the NO2 con- 
centration is being photolyzed, the ultimate sensitivity 
can essentially be established by whatever light source is 
deemed practical for continuous monitoring. Further en- 
hancement of sensitivity could occur by reduction of 0 
atom losses between the two chambers, possibly by use of 
tubing material of lower recombination coefficient. There 
is also a possibility of photolyzing within the reaction 
chamber (in situ photofragment detection), thereby elimi- 
nating wall recombination losses. 

Variation of System Pressure and NO Flow Rate. 
The last term in Equation 16 contains the only depen- 
dence on the mixer gas flow rate. The value of this term 
gives the fraction of 0 atoms which react within the reac- 
tion chamber. With other quantities constant and a sys- 
tem pressure of 4.5 Torr, the variation of the NO flow rate 
is reflected in the variation of I p m .  The experimental and 
predicted variations of‘ I p m  with NO flow rate are shown 
in Figure 4 with I,, normalized to the asymtotic value. 
Although the system response is insensitive to fluctuations 
in NO flow rate for the higher values, most experiments 
were performed with a flow rate of less than 10 ml/min to 
minimize the NO contribution to the system exhaust. 

The variation of I,,, with pressure is a function of the 
combined effect of the last three terms in Equation 16. 
Loss of 0 atoms by wall recombination as represented by 
the term exp( --yut/Ft) preferentially modifies the signal 
response a t  low pressures leading to a less pronounced re- 
sponse. This effect is evident in Figure 5 in which a com- 
parison of the experimental data with the predicted pres- 
sure variation is given. Predicted values were normalized 
to the experimental value at 7 Torr. 

Interferences. The interferences caused by hydrocar- 
bons can be estimated by reference to Equations 9 and 15. 
Oxygen atom loss rates in the irradiation chamber attrib- 
utable to the presence of hydrocarbons are represented by 
an additional loss ( Z h ~ c [ H c ] ) [ o ]  in Equation 9, the in- 
clusion of which modifies [0Iex as given in Equation 12 to 

where Q is a dimensionless factor which denotes the frac- 

(10) F. S. Klein and J. T.  Herron, J. Chem. Phys. ,  41, 1285 (1964). 
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Figure 4. System response to variations in mixer gas flow rate 
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Figure 5. System response to variations in system pressure 
tion of 0 atoms which are eliminated in the irradiation 
cell due to the presence of both NO2 and hydrocarbons. Q 
is given by 

(1 - exp(-(h:[O21[M1(1 + R )  + P)V , /F , )  
& =  (18) 

(hdOJ[MI(1 + R )  + P)V , /F ,  
where R = (he[N02] + ~ H C [ H C ] ) / ~ ~ [ O Z ] [ M ] .  A criterion 
for hydrocarbon interference was obtained by equating the 
fractional departure from linearity in the signal response, 
Q / Q ( R  = 0), to a fractional value less than 1.0 that is 
agreed to constitute the maximum negligible departure 
from linearity. This value is taken to be 0.95. For a sys- 
tem pressure of 8 Torr and for h6[N02] << h ~ c [ H c ] ,  with 
/3 = 0, the maximum allowable product summation, 
Z k ~ c [ H c ] ,  is equal to 2.25 sec-1. Using an average value 
for ~ H C  of l o 9  1. mol-1 sec-1, which is typical of the ole- 
finic hydrocarbons, a value of [HC] corresponding to 4.5 
ppm is obtained. This must be compared to  the equiva- 
lent hydrocarbon concentration [m] encountered in the 
ambient air. 
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hre f - ' khH~[HC]  = [m] (19) 

where Kref  = l o 9  1. mol-1 sec-1. A reasonable limit for 
[m] can be determined by considering recent values of 
hydrocarbon concentrations in the urban atmosphere ( 1 1 )  
and the reaction rates of 0 atoms with the various indi- 
vidual hydrocarbons (12). This gives a limit of [m] 
0.25 ppm. Hence, in the case where ks[N02] << k ~ c ( H c ] ,  
average ambient levels of equivalent hydrocarbons are ap- 
proximately an order of magnitude less than the levels 
needed to cause nonlinearity. 

Obviously, if the NO2 concentration is high, it cannot 
be neglected. R can be written as 

where  NO? and f ~ c  denote ppm of NO2 and HC, respec- 
tively. Hence, if both hydrocarbon and NO2 concentra- 
tions are high, then the value of Q is reduced; Le., for 1 
ppm NO2 and 1 ppm equivalent hydrocarbon concentra- 
tion, the value of Q is 0.95. If, however, the equivalent hy- 
drocarbon concentration is less than 0.25 ppm, the system 
response should not be affected over a typical ambient 
range of NO2 concentrations from 0 to 0.5 ppm. Prelimi- 
nary experiments with several olefinic hydrocarbons have 
shown that the fractional departure from linearity as 
given in Equation 18 can be used to predict the experi- 
mental values within a few per cent using reaction rate 
values given in ref 12. 

The reaction of 0 atoms and hydrocarbons can also de- 
crease the sensitivity of the system by changing the 
steady-state 0 atom concentration profile in the reaction 
chamber. This profile is otherwise established as given in 
Equation 15. Thus, if ZKH~[HC]  is comparable to 
kb[M][NO], then the sensitivity is decreased. The criteri- 
on for alteration of sensitivity is taken to be 

C.h,c[HC] = O.lh,[M][NO] (21) 

For a system pressure of 8 Torr, this relationship is satis- 
fied if the atmospheric concentration of the equivalent hy- 
drocarbons is greater than 10 ppm. 
(11) S. L, Kopczynski. W.  A. Lonneman. F. D. Sutterfield, and P. E. 

Darley, €nviron. Sci. Techno/., 6 (4), 342 (1972). 
(12) P. A. Leighton, "Photochemistry of Air Pollution," Academic Press, 

New York, N. Y., 1961, p 142. 

The presence of O3 in the sample air stream leads to 
the photolysis of 0 3  and the creation of 0 atoms that are 
sensed along with those resulting from the photolysis of 
NO2. Experimentally, it has been determined that the 
sensitivity of the present system to O3 uia 0 atoms creat- 
ed by photolysis is approximately 2% of that caused by 0 
atoms created by NO2 photolysis. A reduction in this in- 
terference is possible by restricting the spectral passband 
of the source so that the low wavelength cutoff is in- 
creased. 

CONCLUSIONS 
The method herein described for measuring the NO2 

concentrations in ambient air has been shown to give 
sensitivities as high as 0.1 nA/ppb using an unfiltered 
9558QA EM1 photomultiplier. Since the fraction of NO2 
photolyzed is negligible, the sensitivity is limited by the 
intensity of the photolysis source. While linear a t  ambient 
concentrations, the system response becomes nonlinear 
above 1 ppm of NO2 or a t  sufficiently high concentrations 
of hydrocarbons. The equivalent hydrocarbon concentra- 
tions calculated as necessary to cause nonlinearity are ap- 
proximately one order of magnitude higher than those or- 
dinarily encountered in ambient monitoring. A trade-off 
between sensitivity and linearity is obvious by altering the 
volume of the irradiation chamber or the flow rate (pump- 
ing speed) through it. Equivalent hydrocarbon concentra- 
tions 40 times higher than ambient levels are calculated 
to be sufficient to cause slight changes in the sensitivity of 
the system. Interference from the photolysis of ozone 
using the spectral region of 3150 to  4000 A from a 200-W 
Hg-Xe arc source has been found experimentally to be 
approximately 2% for equal concentrations of NO2 and 
03. Both NO2 and O3 can be measured in the present ex- 
perimental arrangement by mechanically chopping the 
light source. A signal from O3 alone is obtained by block- 
ing the source while a signal from both O3 and NO2 is re- 
corded when photolysis of KO2 occurs. A modified form of 
this system to monitor ambient levels of NO2 is being 
used and will be reported subsequently. 
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