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NOMENCLATURE AND ABBREVIATIONS 

ABBREVIATION DEjINITION OR TERM 

PDS . . . Phenoldisu].fonic acid method for 
determinations of oxides of Nitrogen, 
ASTM D 1608-58T designation is based 
non this nethod (see appendix). 

3PM . . . . . . SpectroDhotornetric 

mv . . . . . . millivolts, 10 3 volts 
ppm . . . . . . parts per million 

A . . . . . . Angstrom units, io8 centimeters 

. . . . . . rntiii microns = 10 asters, 
L loo mi = 1000A 

Meg . . . . . . one million 
psi . . . . . . pounds per square inch 

NOx . . . . NO and NO2, nitric oxide and nitro- 
gen dioxide, which are usually ex- 
pressed as "total oxides of nitro- 
gen." 



A RAPI D METHOD FOR DETERMINATIONS 
OF NITROGEN OXIDES IN 

ENGINE EXHAUST GAS 

I. INTRODUCTION 

roclay, one 01 the health hazards people in many 

cities fluet face is the serious problem of air pollution. 

While new to some cities, others have had polluted air for 

years. Before the turn of the century, air pollution was 

caused by smoke from coal burning factories and power 

1ants. bore recently, effluente from chemical plants and 

refineries, smoke from factories and power plants burning 

petroleum producta, and smoke from trash taken from mil- 

lions of households have combined to drastically increase 

air pollution. Also, the seventy million automobiles in 

this country contribute extensively to the problem. 

The forai of air pollution most often identified with 

cities is commonly known as smog. We know smog to be 

aesthetically, physically and financially undesirable. 

The beauty of a city is lost as smog and smoke form a gray 

film over its buildings and dwellings. 3tately mountains 

surrounding many cities are no longer visible when snog 

envelops an area with its opaque blanket. 

Smog affects the health of a city's population in 

many ways. idespread eye irritation is most obvious to 

everyone. Lesa obvious, but likely more deadly, is 

aggravation of respiratory ailments and, in some cases, 
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possible permanent lung damage. 

The financial aspect of air pollution is staggering. 

An estimate of the dollars and cents coat of polluted air 

was presented In a recent article in "Today's Health" (11, 

p. 31). 

President Kennedy said in a recent message that 
air pollution 'causes an estimated seven and a 
half billion dollars annually In damage to vege- 
tation, livestock, metals, and other materials.' 

The costs add up in several ways: 

ou and I pay more than we realize for laundry and 
cleaning billa; for a new pair of nylon stockings 
ruined by air pollutants (recall Jacksonville, 
Florida, in 1949, when nylon stockings disintegrated 
when exposed to sulfur dioxide in the atmosphere?); 

new rubber tires that become cracked by smog; 
for the coat of automobile accidenta caused by poor 
visibility of smog infested air, and for medical 
bills because of respiratory ailments; and In some 
cases, for depressed property values. (il, p. 31) 

With the stark reality of the serious effects of air 

pollution and smog clearly established, investigators in 

health agencies and industry were spurred to deterulne the 

causes. Pollution due to smoke was obvious and has been 

controlled as in the cases of Pittsburgh and dt. Louis 

(15, p. 55). 

Originally, smog was thought to be a combination of 

smoke and fog. However, Haagen-3mit, Martin, et al, and 

Morris, et (16, p. 1) have shown that smog is likely 

a combustion product of a unique low temperature 

chemical reaction. This reaction takes place at air 



temperatures and ressures occurri.n at low altitudes 

(6, p. 157). The constituents required for the smog 

formation reaction are: (1) hydrocarbcns, (2) oxides of 

nitrogen and (3) sunlight. The formation process was 

summarized very well in "Scientific American" (13, p. 50). 

A8 shown in 1951 by A. J. Haagen-.3mit of the 

California Institute of rechnology, 'the hydro-. 
carbons and nitrous oxides given off by the 
combustion of petroleum are at first neither 
visible nor irritating. But when these sub- 
stances are exposed to sun1ipht for an hour or 
so, they undergo important chemical changes, 
yielding ozone and other reactive compounds. 
These producta of photochemistry are the ones 
that irritate the eyes. As they undergo further 
chemical change some of them produce the char- 
acteristic haze. In the Los Angeles smog, there- 

fore, it is sunlight acting chemically on 
petroleum products that obscures the blue sky, 

whereas in most cities of the country it is a 

plain London type of fog that traps the 

pollutants and suspends them in the air. In 

each case the end result - the irritation of 
certain cells of the body - is probably much 
the same. 

3ecause smog has such profound effects on the healt.h 

of people breathing it, legislatures have enacted several 

anti-air pollution ordinances. Air pollution control laws 

of varying scope are found in almost every state. 

California has the most extensive set of statutes on air 

pollution control, specifically because Los Anjeles has 

had smog for several years. 

Furthermore, California has a specific organization 

Bet up by the legislature called the Motor Vehicle 
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Pollution Control Board (MvPCB). Acting upon the consid- 

ered recommendations of the VPCB and the 3tate Department 

of Health, the legislature has passed laws which dictate 

both maximum emission rates for sources of pollution and 

specific analysis techniques for measurement of pollutant 

concentration. 

The WPCB has reported (4, p. 3) that: 

An ambient air standard for oxides of nitrogen 
may be found necessary on the basis of the direct 
toxic effects of' nitrogen dioxide on man, and, in 

this case, control of motor vehicle emissions of 
oxides of nitroen may be required. A standard 
for oxides of nitrogen mißht also be found necee- 
sary because of their particloation ir the photo- 
chemical air pollution complex. It has been 

that oxides of nitrogen are an essen- 
tial component alone with orßanlc compounds and 
sunlight for the production of ozone (10). Recent 
studies have postulated that because of varying 
relationships between the levels of hydrocarbon 
and nitrogen dioxide in the formation of ozone, 
control over nitrogen oxides may be found neces- 
sary to effect a greater reduction in atmospheric 
ozone levels and in photochemical air pollution 
than is possible with a control program to meet 
only the hydrocarbon standard (14). 

Investigators working on equipment intended to reduce 

hydrooarbon' and oxides of nitrogen (usually expressed as 

"total oxides of nitrogen", O) emitted from automobiles 

have found determinations to be very expensive. Until 

now, classic chemical techniques have been used to measure 

oxides of nitrogen (6, p. 159; lO, p. 351; 14, p. 1-10). 

The classic methods, phenoldisulfonic acid, Gretss-Salzman 
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and Xylenol methods though accurate within one to three 

per cent, are time conauain. A trained chemist can make 

only six to eight NO deterninations w1th the classic 

methods in one day. Therefore, a rapid, accurate uiethod 

for determination of oxides of nitrogen would be of con- 

siderable advantage to these investigators. Nickaic and 

Harkins of the California Research Corporation (14) have 

developed a novel spectrophotornetric technique to measure 

quantitatively oxides of nitrogen and claim accuracies 

corresponding to those produced by the classic chemical 

techniques. This method requires only fifteen minutes per 

determination. It was the nurpose of this work to con- 

struct a similar piece of equipment and establish the 

accuracy and limitations of the technique when applied to 

engine exhaust sas. 

This institution was 6iven permission by the California 

Research Corporation to duplicate the apparatus and method 

because publication has not been made. 



II. THEORY 

Spectrophotometric techntques may be u8ed to provide 

both oia1itative and quantitative deterrnination3 of eases 

and liquids. Electromagnetic radiation, in the form of 

light waves, selectively excites different atoìs and 

moleciies. ch rtom anc moleele found in nature responds 

to certain frequencies of light. A iven wave length will 

cause response in a unique manner, characteristic to that 

atom or that compound alone. Th13 is due to the character- 

itic frequency, number and energy of the electrons in a 

given atom or molecule. 

Activation of atoms by absorption of radiation 
corresponds to changes in the electronic levels 
of the atoa. $uch changes are also observed 
for molecules which, in addition, can undergo 
chancee in vibrational and rotational levels. 
These energy changes are quantized, i.e., they in- 

volve energy increments which can only have certain 
definite values. (5, p. 197) 

Beer's Law (1, p. 15-13) states that a substance iiay 

be determined both quanitatively and qualitatively as a 

result of the above spectral characteristics. peer's Law 

is valid providing the wavelength band width being used to 

measure the substance ir queit1on is narrower than the 

abeorptior peak of the substance. This is analogous to 

using dimensions shorter than a foot to measure an object 

lees than one foot in length. Delahay (5, p. 4-5) de- 

scrIbed absorption spectrometry very well: 
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Absorption seetrornetry 1 besed on the measure- 
nient of the absorption of e1ectromanetto radia- 
tion by matter. The absorption vanee With the 
wave 1enth of the incident radiation, and 
measurements can be mcìe at. 1ni1e wave length 
or over a wide range of' wave lengths. Filters 
are often utilized tc obtain a narrow band width 
radiation, and the corresponding analytical 
method is known as filter photometry. Absorption 
measurements are also made with a source of mono- 
chromatic radiation of variable wave length 
(ectrophotornetry or absorption spectrornetry). 

Nitrogen oxides are formed in internal combustion 

engines (6, p. 157). The portion of the electromagnetic 

spectrum which excites oxides of nitrogen found in engine 

exhaust has been determined. Internal combustion engines, 

of the type ueed in automobiles, operate on the following 

cycle: intake, compression, coribustion, power and exhaust. 

A gasoline air mixture is compressed to approximately 150 

psi pressure, lu-nited with a spark from a spark plug and 

burned in r rapid corbustion process. The resulting 

pressure increase pushes the piston downward. Power is 

delivered to the crank shaft of the enine and eventia11r 

reaches the driving wheels via the gear train. The corn- 

bustion process may raise the temperatures in the combus- 

tion chamber to about 5,000 degrees Rankine for very short 

Intervals, i.e., a millisecond (1'7, p, 43). This temper- 

ature and resulting high pressure, about 800 psi, cause 

the nitrogen and oxygen in the air within the combustion 

chamber to combine chemically. This chemical combination 



resulte in formation of nitric oxide (NO) (6, p. 157). 

The quantity of JO formed deperid upon the anount of air 

in excess of that required for oxidation of the fuel, the 

flame temperature, the pressure within the combustion 

chamber end the duration of the ooTnbution procecs (3, 

p. 512). 

irther oxidation of NO to NO2 takes place in the ex- 

haust pipe system. Wayne and Romanovsky (18) were able to 

show: 

As part of a pro3ram to detennine the effects 
of fuel composition on the air pollution potential 
of automobile exhausts, the reactions which take 
place on irradiation of diluted exhausts have been 
studIed by means of continuoua-recordin intru- 
mente of the sort commonly used ii air monitoring. 
'rhe rate of disappearance of nitric oxide aid the 

rates of appearance and subsequent disappearance 
of nitrogen dioxide depend substantially o the 
composition and concentration of the exhaust sas. 

Nitrogen dioxtde (O2) appears to be the end product of 

nitrogen oxide3 formed during the combustion process (6, 

p. 157). °2 
is in equilibrium with N204. However kinetic 

data (6, p. 156; 12i, p. 2) suggest N204 will decompose to 

NO2 at. atmospheric temperatures and pressures. 

Therefore, oxidation to NO2 shou result if excess 

oxygen is added to exhaust gas samples and if atmospheric 

pressures and temperatures are maintained. This is the 

basis for the operation of the instximent constructed. 

Fißure i shows the absorbance of NO2 and N204 over 
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a wide range of the electromagnetic spectrum. 3election 

of a wave length at 3900A was made to measure NO2 because 

it has a high coefficient of absorbance at this wave length. 

Other constituents of exhaust gases do not absorb appre- 

ciable lieht at this wave length (14, p. 1). 



III. APPARATUS 

Many conraercia1 apectrophotometers achieve desirable 

characteristics by using two gas cellß--a standard celi 
and a sanple cell. An optical sjstern of' high quality 

alternately passes a stable light through each cell to the 

sensinS element (8, p. 80). Excellent results are obtained 

by comparison of absorption between the standard cell con- 

tainin a known gas concentration and the cell containing 

the unknown. However, these devices are expens3ive, cost- 

ing 5,000.30 and up. 

The apparatus for this work was constructed at a 

nominal cost. Limiting tho device to a single cell and 

making a calibration curve from known samples resulted in 

considerable dollar avtngs. Limitin the ae!'sit.ivity of 

the 1nstrunent to a narrow band 01' the electronia:;netic 

spectrum perrrttted several simplifying modifications to be 

made. 9eneitivity, precision and accrcy of both proced- 

ures aid equipnent must be known. A teatin machins must 

be sensitive to i part per million (ppm) to provide 10 per 

cent accuracy when measuring ten parts per million (ppm). 

Furthermore, precision dictates that the instrucient shall 

repeat results over a period of time. 

A lirnited amount of light of f1xe wave length was 

passed through the sample cell to phototube. The 
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intensity of the light striking the phototube was reduced 

by increased gas concentration which affected current flow 

through the phototube. The phototube current was passed 

through a resistor and the resulting voltage drop then 

became proportional to gas concentration. This voltage 

was measured using the millivolt scale on a pH meter. 

Principal components of the device consist of the 

following: (1) stable light source, (2) gas cell, (3) 

sensing element, (4) measuring circuit and (5) read-out 

equipment. Light source: Source of light for this instru- 

ment had to have stabilized output characteristics. Slight 

variations in light intensity or drift in 

the output of the instrument. A tungsten filament lamp 

was selected because it provided a broad band of emission 

spectra ranging from 3000A to 50,000A (1, p. 19). Aa 

shown in Figures 2 and 3, the lamp was firmly mounted at 

one end of the test cell. Power supply for the lamp con- 

sisted of a 200 ampere hour lead acid storage battery, 

battery charger and ammeter shown in Figures 4 and 5. 

Stability of light intensity was insured by operating the 

charger when the lamp was on. A zero reading on the 

ammeter was established by adjusting the reostat so the 

battery was neither charged nor discharged. Variations in 

line voltage to the charger were effectively damped out 
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Figure 3. Test cell Including phototube, 200 Meg Ohm 
resistor, shielded cables and lamp. 



Figure 4. Battery, battery charger, oxygen bottle and 
oxygen regulator. 
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by the high resistance of the battery and a constant volt- 

age transformer. 

The amount of light used was restricted to that amount 

which would pass through a 0.040 inch diameter hole In a 

metal baffle placed near the lamp. 

As previously discussed, the light striking the gas 

sample was required to be 3900A wave length. Because a 

commercial spectrometer slit system would cost over 

Ì2,0O0.00, a lower priced substitute was used. A Bausch 

and Lomb interference filter was selected which provided 

a peak transmittance of 41 per cent at 390 m. Figure 6 

shows the filter transmittance as determined on a Beckman 

Model B spectrophotorneter. Because NO2 absorbs over a 

wide range of wave lengths, as shown in Figure 1, the 

filter was deemed adequate for measurements on NO2 after 

the principles of Beerts Law (5, p. 203; 8, p. 74). The 

filter and lamp combination introduced a narrow band oC 

light radiation to the quartz window at one end of the gas 

test section. The test section was sealed with quartz 

because it has a transmittance exceeding 99 per cent in 

the 3900A wave length region (7, p. 7). Neoprene O rings 

sealed the joint between the quartz window and test section. 

Figure 2 shows that a minimum area of rubber was exposed 

after squeezing the window-flange combination to the test 
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section. This was done to prevent as absorption into the 

rubber. 

£he cell body proper was made from a one inch diameter 

stainless steel tube 12 inches lone. 3tainless steel was 

used to minimize chemical reactions between the eases and 

the cell walls. The lone (12 inch) oeil was used to in- 

crease sensitivity, especially when examining gases with 

low concentrations. 

aases were admitted to the test cell through stain- 

less steel ports. 2lass stopcocks, lubricated with 

Halocarbon stopcock crease, were used for valves. A three- 

way stopcock was 'sed at the inlet so that purging oxygen 

could be quickly admitted after each sample run. A serum 

bottle cap was installed to prevent air from leaking into 

the valve area. Figure 7 shows the pH meter, the test 

cell including stopcocks and serum bottle cap, and a 

chart recorder. 

3ensing element for the device was a Beckman 2342B 

phototube. This phototube is sensitive to light at 3900A. 

Figure 3 shows the range of response for the 234213 photo- 

tube. Output was plotted in terms of current per watt 

of light striking at various wave lengths. The output 

does not vary with wave length in the 390 rn region. Cur- 

rent passing through the phototube is dependent upon the 

concentration and resulting absorption of gas in the 
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FIgure 7. Test cell, pH meter, and recorder. 
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test cell. 
The phototube wae connected In series with a 2,000 

Meß ohn resistor and a 6 volt batterf which produced about 

4 X io6 curret. All leads were shielded in coaxial 

cable with the shield grounded to earth. This wa dono to 

preveit randoni electrical noise from belnß sujeriiposed on 

the stilall sißriai. Th3 phototube circuit diaran appears 

In Figure 9. The voltage drop across the 2,000 4e ohm 

resist)r as a3a8ured with a 3eckian pH meter. 

Figure 4 also eiow the oxygen bottle and regulator. 
Oxygen was used to puree the test section between simples 

and to provide excesi oxygen for the oxidation of NO to 

0 2 

A)arat,us used, it not shown, included a 100 ini 

syringe used to transfer gas samples from collection 

bottles to the test section. Two 2-liter flasks, which 

co'id be evacuated, were used to collect exhaust gas 

samples from autonobile engines opsrat1n under different 
conditions. A bottle of 99.7 per' cent purity 

used to calibrate the device. 
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IV. TESTING PROCEDURE 

The h1ch sensitivity reautred to rneaßure concentra- 

tion9 as low as 10 ppm tends to amplify any variations In 

the equilibrium of the apparatuB. Slight fluctuations In 

the balance of the cIrcu1te may cause undeeirable drift- 

ing. Becauee this instrument has a single cell and uses 

calibration eases to provide accurate determinations, the 

device must be able to maintain a steady output. Provision 

of a uniform procedure for start-up and operation was one 

method used to help insure consistent and uniform opera- 

tion. 

Phototube circuit: To protect the ohototube and 

establish a suitable equilibrium, the phototube switch was 

turned on prior to turning on the lamp. The current flow 

in the phototube prevented migration of particles from the 

emitter to the collector (1, p. 27). 

Light bulb circuit: The instrument was found to 

drift an undesirable amount due to the liEht bulb current 

discharging the 200 ampere hour storage battery. This was 

corrected by operating the battery charger at all tines 

when the lamp was on. A zero reading on the ammeter was 

established by adjustment of the reostat connected in series 

with the charger. Consequently the battery neither charged 

nor discharged during instrument operation. This helped 
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Insure a atable 1iht source because the battery provided 

a high impedance for fluctuations of the charger output 

due to variation in the 1ternatin current line voltage 

in the laboratory. An addittonal precaution was exer- 

cised by operating the battery charger on the same constant 

voltage transformer which supplied power to the pH meter. 

The zero on the ammeter bras checked after 15 minites end 

the reoste.t readjusted if necessary to compensate for as 

bubbles changing the equilibrium within the battery. A 

one-half hour warm-up period was used to insure adequate 

stability for all electrical components. 

The oH meter wee operated following the manufacturer's 

instructions (2). A constant voltage transformer supplied 

power to the instrnient to increase stability (12, p. 1293). 

Oxygen supply: The diaphragm adjustment was turned 

full counter-clockwise prior to oDening the bottle valve. 

This prevented damage to the diaphragm caused by over 

pressuring. The diaphragm control was then turned clock- 

wise until a small flow was established through the test 

section with the stopcocks in the "Purge" position. 

'ìhile the instrument warmed up, the sample bottles 

vere connected to an evacuation system, purged with air, 

and then evacueted to nhout 29 in Hg vacuum. A serum 

bottle cap was inserted in one of the connections on the 

flask. Exhaust gas samples were drawn from a tube placed 
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In the exhaust pipe of the automobile. The tube from the 

exhaust pipe was connected to a copper coil condenser 

placed in an ice bath which removed large amounts of water 

vapor. Connected to the condenser was a U tube filled 

with finely divided Drierite with cotton at both ends to 

prevent exhaust pressure from driving the Drierite into the 

flasks. The Drierite provided further drying and removed 

particulate matter. Figure 10 shows a schematic diagram 

or the gas collection apparatus including cooling coil, 

U tube and flask. Dry samples were necessary because water 

absorbs nitrogen oxides. Two samples were drawn; one for 

the rapid method under investigation and the other for the 

chemical analysis. The chemist's flask contained 50 ini 

volume of an absorbing solution required by the PDS method 

and prepared under ASTM specifications. 

Sampling: The automobile was operated on the highway 

or on the chassis dynamometer for a period of 13 minutes 

to one-half hour to establish adequate warm-up prior to 

sample collection. Five minutes before sample collection, 

the tube from the exhaust pipe was connected to the con- 

denser tube. A three-way stopcock permitted complete 

purging of the system to the stopcock before sample collec- 

tion, The automobile was then operated in a particular 

mode depending on what was desired: acceleration, decel- 

eration, cruise or idle. When the automobile started its 
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cycle for testina, the flask stopcock was turned to a 

position which would permit slow tilling of the flask with 

dried exhaust gas. then the flask was filled, the stop- 

cock was turned to the position which sealed the flask 

f ro the atmosphere and from the exhaust. This process 

was repeated for both flasks. The flask used by the 

chemists was stored under a black cloth to exclude light. 

Testing: One safety precaution exercised was wearing 

heavy leather gloves while handling the lOC. ml syringe. 

This syringe was filled with 60 ml of oxygen. Ten ml were 

purged to atmosphere leaving 50 ml of oxygen in the syrinße. 

Fifty ini of exhaust gas sample were then drawn into the 

syringe from the sample flask by turning the stopcock and 

withdrawing the sample through the serum bottle cap. The 

pH meter was then turned to the 1400 mv scale, and the 

initial mv reading was recorded. The sample in the syringe 

was introduced to the test cell through its serum bottle 

cap. fhe stopcocks were then closed, the syringe removed 

and the mv reading on the pH meter recorded. Fifteen 

minutes later, the mv reading was aßain recorded. The 

test cell was then purged with oxygen, and the mv reading 

after complete purging was recorded and checked with the 

original reading. 

The flask containing the absorbant was delivered to 

the Department of Chemistry where it was allowed to stand 



at least 12 hours prior to absorbant removal fron the 

flask. The flask was rinsed and recharged with absorbant 

solution for subsequent tests. The samples as sipplied to 

the Chemistry Department were then analyzed by the PDS 

(ASTM D1608-58T) method. 

Equipment shut-down: After completion of tests, the 

equipuient was left in a condition 'which insured lonE life 

and future stability of the instrument. The first shut- 

down step was to place the pU meter on stand-by position. 

This left power on the tubes, resistors and transformers, 

and maintained an elevated temperature in the pH ceter 

case. If shut-down is to last for one month or more, the 

pH meter may be unp1i5ed, providing the atora:e area is 

warm and very dry. The lamp and charger were then turned 

off. If the instrument will not be used for one uonth or 

more, the battery should be disconnected at the terminals 

to prevent battery drain. Monthly checks of liquid level 

and specific aravity (maintained at p.Gr.=1.2OO) should 

be made. After the lamp was tirned off, the phototube 

circuit was turned off. The constant volta5e transformer 

should be disconnected. 

To summarize operatin5 procedure, the following prin- 

ciples will guide future operators in the correct use of 

the instrument. Operational steps to insure stability 

consist of turning on the phototube, lamp and charger (in 
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that order) . The pH meter is left on 8tarld-bJ position at 

all times except during tests. Periodic checks of battery 

condition will irsure lone, etable life for the battery. 

ihe oxygen reßulator 3hould be left with the oxygen bottle 

valve off and the preosure regulating valve in a full 

counter-clockwise posit.on to prevent accidental over- 

pressuring the diaphragm. Rinsing the 100 ml syringe in 

chrouic acid followed by water rinse and air dry once a 

week during testing periods is recommended. 

Calibration: Calibrabion wa accorapliehed by first 

evacuating the two vacuum flasks. A known concentration 

01' nitrogen oxides was provided by aduisaion of 10 ml of 

NO2 (purchased from i1atheson Company) to the vacuun flask 

and subsequent dilution by oxygen to ambient air pressure. 

The excess oxygen at atrnospheric temperature and pressure 

insured a stable form of NO2. The test cell was purged 

with oxygen and then charged with the known sample using 

the 100 uil syringe. Meter reacings before and after ad- 

mission of the sample were recorded. Reûova1 of the 100 

Lili of ¿as sample from the flaak resulted in a pressure 

imbalance Which was corrected by readmitting 100 nil of 

oxygen. Slight adjustments were made in tue concentration 

calculations to compensate for this dilution. ¿ample 

calculations for these concentrations are shown in the 

appendix. 
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The first sample contained approximately 4330 ppm 

of nitrogen dioxide. Further reductions in concentration 

were obtained in the syringe by diluting samples with 

oxygen taken from the flask. Concentrations of made 

for the calibration ranged from 43 to 4830 ppm. The 

resulting data shown in Figures 11 and 12, indicate the 

differencea in mv reading between pure oxygen and samples 

containing known amounts of nitrogen dioxide. 
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V. RESULTS 

I"troduotion of known ooncentration of nitroeri 

oxides to the test cell produced changes in the current 

flow through the phototube. The change in current produced 

a corresponding change in the voltage drop across the 2000 

meg ohm resistor. The relationship fo'nd between iilli- 

volts deflection an parts per million (ppm) oxides of 

nitrogen concentration is shown in Figures 11 and 12. The 

concentration of nitrogen oxide from zero (0) to 4300 ppm 

versus millivolts deflection from O to 600 is shown in 

Figure li. The relationship between O and 1000 ppm is 

nearly linear. Above 1000 ppm the instrwient does 'ot 

respond in a linear manner. Cell saturation occurs above 

4800 ppm. 

Figure 12 is an expanded scale portion of the concen- 

trations from O to 1000 ppm plotted against millivolt de- 

ulection from O to 250, Additional data points at low 

concentrations were plotted in Figure 12 which could not 

be 3lotted in Figure 11. l'he near linearity of the scale 

is evident. The expanded scale shown in Figure 12 was 

plotted to orovide accurate determinations at low concen- 

trations. 

The results of the comparison between determinations 

of nitrogen oxides by the classic phenoldisulfonic acid 
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method (PDS) arid the rapid spectrophotometric method (5PM) 

are BhOWfl in Figure 13. The results of the determinations 

by the PDS method are plotted on the ordinate, and those 

by the 5PM method are plotted on the abscissa. The line of 

perfect correlation of nitrogen oxides by the two method8 

is shown by the line beginning at O and extendin3 at a 45 
degree anale from the abscissa. A line drawn through four 

of the five points indicates the parabolic correlation 

actually found. The points cover a range of O to 1400 ppm 

on the 5PI scale which correspond to O to 2500 ppm on the 

PD3 scale. The one point which does not fall on the line 

appears at 2660 ppm ?DS and 515 ppm 3PM. 



I-. 

a000 

U) 

tJ 

o 
g 
o 

z 
w 

o 

I- 

o 

C.) 

4 

z 
o 
EL 

J 
J 
V) 

o 

o 

Ed 

I 

ii.xr 

'i 

I 
I 

I 
4,7 

__-_______ _________ ____I /--- 
I 

I 

__________ 

'_Jf 

__________ __________ 

__'if,,____ 
)L7 
f 

FIGuRE. 

/"-NirRoGEN 
7 ! 

J3 
IN E.NG NE. o'cioz 

GA - COFRELAT(ON ______ 
? 

R 
. 

c JH cr-I Q l'dI E: r i 
ULFONtG :uL-rs 

:. i D DE 
VITH_P- 
:Etv1 j ..4 

ENOLDI 
I c ..i 

a000 000 
NITFQGEN QXIDE (PPM) 3RE.CTRORHOTOtVIETRtC RULT5 (3\. 



3T 

VI, DISCUSSION 

C1ibrat1on: The results of the callbratioü work 

show that oxie of n1troen produce a near linear rola- 

tionship at concentrations 1es than 1000 ppm when plotted 

again8t millivolts deflection. There are eoie points which 

do not fall exactly on t.±ie cirves drawn in both i'iires 11 

and 12. The deviation represents experiiaental error in 

preparation of the as mixtures. Some points were obtained 

by successive dil.t1ona of a sample of hih concentration 

in which error could be compounded. 

The saturation of the cell which occurred as the as 

concentration was increased from 1000 ppm to 5000 ppm was 

evident by the decreastn& millivolt response at hieh con- 

centrations. However, the curve plotted in Figure 11 is 

in qualitative agreement with Beer's Law (log10 I/IO rela- 

tionship) which epectr'photometers generally follow (1, 

p. 17; 8, p, 75). 

Correlation: The comparison of the two methods indi- 

cates that the correlation is not linear. However, the 

indicated deviation from linearity may not be a great as 

it appears. Table i shows the results obtained In this 

investigation compared to those obtained by Bishop and 

Nebel (3, p. 516). Qualitative analysis shows that for 

similar operating modes only two large discrepancies exist. 



Table 1. 

- *Results from 
Bishop arid 

ebel NO PDS 5PM method 
Driving condition conc ppm NO Ppm ppni 

Idle 26 3 84 

Cruise 
20 430 540 630 
30 1050 - 

40 1820 - 

50 2780 2500 1400 

Accel O - 60mph 
20 8ec 420 2660 515 

Decel 50 - 20mph 
20 eec 15 360 510 

*From (3, p. 516 Table 1) 

The rapid 3PM method does not agree with the results ob- 

tamed by the PDS method and those by Bishop and Nebel for 

a steady cruise at 50 MPH. It is possible that the 1400 

ppm NO indicated is low because oxidation of NO to NO2 

was not comolete. This was the first determination made 

on the instrument and therefore reduced confidence may be 

olaced in this data point. The discrepancy produced by 

the PD3 method for the acceleration was 5 times that shown 

by the other data. The rich mixtures normally encountered 

during accelerati.on should produce low concentrations 

because most of the oxygen available oxidizes the hydro- 
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carbons. Therefore, the resu1s obtained by the rapid 

SPM method may well be presumed correct. Furthermore, due 

to Uhe larde nwuiber of steps in he PD3 aìethod, iiconplet 

absorption or inaccurate preoaration of the standard 

nitrate sauples oould have also provided sorne error. -1 b 

the lower concentrations, the apparent errors are emniler. 

Possibly the largest source of error in the comparison lies 

in the fact that samples analyzed by the two methods were 

not taken from the same flask. wo samples were drawn from 

the exhaust pipe successively, one for the PDS analysis and 

one for the SPi' analysis, which could easily have been 

different samples. 



VII. CONCLUSIONS 

The data and dicasion reented resu1ttd in tho 

following conclusions: 

1 Ph calibration curvo 3hows that the ins triment 

functions well a'-d a would be aitioiated from theorot- 

bal analysis. 

2. The method is raid requiring only twenty minutes 

per determination. 

3. The correlt1.on of the classic phenoldisulfonic 

acid method with the spectrophotoetric method anpears 

poor; hoever, the spectrophotometric method inherently 

has less poasibtitty of error. 

4. Further correlation tests should he carried out 

to be more certain of the reliability of the instrument. 

5. Some ohanes in electrical. circuitry should be 
made for the purpose of increasing instrument stability. 

6. 30mo mechanical ohanes should be nade to insure 

repeatabill ty. 
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VIII. RECOMMENDATIONS FOR FUTURE WORK 

3ecause oxides of nitrogen contribute to the serious 

smog problem, further work in measurement and control of 

these gases will likely be done. The following recommenda- 

tions were included to aid others who may work on this 

instrument. 

1. Connect the recorder so oxidation step may be 

monitored continuously. 

2. The sheet metal baffle which limits quantity of 

light admitted to the test cell should be replaced with a 

variable size slit assembly. 

3. A shutter should be installed to prevent light 

from striking the phototube except when actually testing. 

4. The sensitivity of the pH meter should be increased. 

A circuit which accomplishes this has been described (12). 

5. If further phenoldisulfonic acid determinations 

are indicated, at least two more 2-liter flasks should be 

procured. 

6. For road testing, where operating variables are 

difficult to control, the two flasks should be filled 

simultaneously by means of a "Y" type connection to the 

exhaust pipe. 

7. Continuous determinations may be possible with the 

instrument if exhaust gas samples are first heated or 



42 

compressed to speed oxidation of NO to NO2. 
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A. Filter Transmittance Data 
Bausch and Lomb, 388 mliii- 
microns, Interference Filter 

- Wave lenth, - Pir cent 
mliii microns transmittance 

355 4.0 
360 4.0 
365 4.8 
370 5.2 
375 7.5 
380 12.5 
382.5 16.8 
335 22.5 
387.5 32.0 
390 40.0 
391.3 41.0 
392.5 40.0 
395 33.0 
400 15.2 
405 6.5 
410 3.0 
415 2.0 
420 1.0 

Transmittance measured with 
Beckman Model B Spectrophotorneter 
Department of Chemistry 
Oregon State University 
Instrument Serial Number: 3351 
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B. Calibration data u2ing nitrogen dioxide. 

N1troen Dioxide After Average 
conntratton, ppm Original Sample purging Chane 

I. 936 860 655,660 850 207.5 

460 850 745,745 845 102.5 

359 850 750,760 340 90 

264 840 780,780 840 60 

173 835 790,785 830 45 

86 825 805,805 825 20 

43 825 810,810 820 12.5 

II. 483 720 565,565 720 155 

962 720 485,485 720 235 

1430 720 385,385 720 335 

1876 720 330,330 720 390 

2300 720 270,270 700 440 

2695 700 220,220 695 ¿73 

3045 695 195,200 695 498 

3370 695 175,175 695 520 

3645 695 160,160 695 535 

3865 690 140,140 690 540 

386 690 585,585 690 105 



C. Nitrogen oxides in auto exhaust ¿as: Comparison of 
results: 

-- $2M Results ?DS Resu 
Test conditions NOx PPm NOx pp* 

1. Steady 50 MPH, 327 Cu in 1400 2500 
V8 with 4 Bbl carburetor 

2. Deceleration 60 to 20 510 360 
MPF! in 30 seconds, 239 
cu in in 118 with 2 Bbl 
carburetor 

3. Acceleration, 10 to 60 MPH 515 2660 
in 20 seconds, 239 eu in 
V3 with 2 Bbl carburetor 

4. 3teady 20 MPH, 161 eu in 680 640 
6, 1 Bbl carburetor 

5. idle, 161 ou in 6, 1 Bbl 34 3 

carburetor 

*Samples were analyzed by senior chemistry students at 
0reon State University using the phenoldisulfonic acid 
method. 


