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NOMENCLATURE 

1. Spectrophotometry 

If IQ is the energy in a beam of radiation entering 

a sample, and I the energy in the beam leaving the sample, 

the fraction I/Ic is the transmittance of the sample. If 

the sample Is contained in a cell, the ratio of the overall 

, transmittance of the filled cell to the transmittance of 

the empty cell is the transmlttancy of the sample. The 

transmittancy of a sample in solution Is the ratio of the 

transmittance of the cell filled with the solution to the 

transmittance of the cell filled with solvent. 

2. Theory of errors 

a. The standard deviation cr of a group of measurements 

is defined as the square root of the mean squared deviation. 

b. The probable deviation p is defined by stating that 

the probability of a deviation less in absolute value than 

p is equal to the probability of a deviation greater in 

absolute value than p. 



SYMBOLS 

a a constant 

b a constant 

c concentration 

C a constant 

D denominator in theory of error expressions 

e base of natural logarithm 

I energy of beam leaving sample 

XQ energy of beam entering sample 

It a constant in Beer1 s law 

% a constant in Bouguer’s law 

In natural logarithm 

log common logarithm 

n number of values used in calculating constants 
by least squares 

p pressure 

Pp probable error in pressure 

PT probable error in transmittancy 

T transmittancy 

x thickness of sample 

x deviation, used only in discussion of errors 

VBJ a measure of the skewness of the experimental 
distribution 

Pi. a measure of the flatness of the experimental 
distribution 

CC- standard deviation of the data for T compared 
to the calculated values 

vi 
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I. SUMMARY 

The use of an infrared spectrophotometer in analyzing 

for sulfur dioxide and sulfur trioxlde in mixtures which 

also contain nitrogen and oxygen was investigated. The 

partial pressures of the components ranged from 0 to 200 

mm mercury for sulfur dioxide and from 0 to 50 mm mercury 

for sulfur trioxlde* The nitrogen and oxygen might be in 

any ratio. The total pressure was 760 mm mercury. The 

analytical procedure for sulfur dioxide was successful, but 

experimental difficulties prevented a successful analysis 

for sulfur trioxide * It is believed that these difficulties 

may be overcome, and that a satisfactory analysis for 

mixtures containing sulfur trioxide may be possible. 

The analysis for sulfur dioxide is more rapid than the 

chemical analyses generally used. Its accuracy at best 

corresponds to a relative error of 0.27$ of the sulfur 

dioxide present, and is independent of the concentration of 

sulfur dioxide. Available data indicate that this is some¬ 

what less accurate than the usual chemical analyses at the 

larger concentrations covered in this study, but slightly 

more accurate than the chemical analyses at low sulfur 

dioxide concentrations. 
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II. INTRODUCTION 

It was proposed that an analysis of mixtures of sulfur 

dioxide and sulfur trioxide in nitrogen and oxygen might be 

analyzed for the sulfur oxides by infrared spectrophotometry 

in order to secure data for kinetic studies of the oxidation 

of sulfur dioxide to sulfur trioxide. The limits on the 

concentrations were specified as partial pressures. The 

concentrations of sulfur dioxide were to vary between 0 and 

200 mm mercury, and the concentrations of sulfur trioxide, 

between 0 and 50 mm mercury. Nitrogen and oxygen might be 

present in the mixture in any ratio as the remainder so that 

the total pressure would be 760 mm mercury. It was hoped 

that a rapid and accurate method might be found. 

Analysis of such mixtures by chemical means is difficult. 

The usual procedure is to analyze the streams entering and 

leaving a reactor for sulfur dioxide alone. The sulfur 

trloxide is absorbed at the point of sampling and its concen¬ 

tration in the stream leaving the reactor is computed from the 

change in the concentration of sulfur dioxide. Since this 

change is often small, the amount of sulfur trioxide is obtained 

as a small difference between two large numbers. The relative 

error in sulfur trloxide concentration may be rather large, 

and this prompted the investigation outlined here, to evaluate 

the possibility of a direct determination of the sulfur tri- 

oxide concentration. The general principles on which the method 

depends are outlined briefly in the following pages. 
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We shall he concerned with absorption spectra, obtained 

by passing a beam of radiation through the material to be 

studied and measuring the loss in energy of the beam at 

various wavelengths. The region of the spectrum covered by 

the spectrophotometer used here is the range of wavelengths 

from one to fifteen microns. 

The methods of quantum mechanics lead to the conclusion 

that for most substances the spectrum in this region is a 

result of changes in the vibrational and rotational energy 

states of the molecules. The spectrum resulting from the 

allowed energy changes in an isolated model molecule can be 

calculated as a number of sharp lines; the calculated lines 

will coincide with the lines found by experiment on the materi 

al composed of molecules corresponding to the model. The 

lines determined experimentally may not be sharp, since the 

molecules collide with each other and pass through the force 

fields set up by their neighbors; this interaction has the 

effect of blurring the sharp lines calculated for the model 

moving freely in space. 

If the absorption spectrum of a gas is observed with the 

sample at different pressures, the increasing interaction of 

the molecules with increase in pressure causes the lines in 

the spectrum to become wider and more intense than would be 

predicted from the change in pressure alone. This phenomenon 

is known as pressure broadening. 

Small prism spectrophotometers, such as the one used in 

the present work, are not capable of resolving completely all 

the lines in the spectra of common molecules; groups of lines 
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appear as broad bands, which exhibit the same pressure 

broadening effect as their component lines. 

Prism spectrophotometers have often been used in studies 

of infrared spectraj indeed, the spectra in the references 

in the bibliography given here were for the most part so 

obtained (2, 4, 6, 8). The incompleteness of resolution of 

such instruments and the difference in the resolving power of 

different instruments may lead to some disagreement in detail, 

particularly in the intensity and occasionally in the location 

of the bands, as the reader may see by comparing the work done 

on sulfur dioxide by Coblentz (4) with that reported by Bailey, 

Cassie, and Angus (2). Reported spectra may be taken as 

approximate guides only. They must always be checked on the 

Instrument used for analytical work* 

The theoretical relations on which analytical procedure 

is based have been presented in various forms. The treatment 

and nomenclature used here are similar to those of Mellon (l). 

The relation attributed to Bouguer or Lambert postulates 

that if a beam of monochromatic radiation passes through a 

homogeneous absorbing medium, the change in energy of the 

beam per unit thickness of the medium is proportional to the 

intensity of the beam. When this is expressed as a differential 

equation and Integrated, if I is the energy of the beam leaving 

a sample x units think and IQ its energy as it enters the sample, 

it follows that 

lnd/IoJ^x. 

Here is a constant 
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This relation is of general validity. It is supplemented 

by postulating Beer’s law, that for a solution k1 is a variable 

and is proportional to the concentration of absorbing material 

present. Beer’s law fails in many cases, one notable failure 

being caused by the pressure broadening in gases previously 

mentioned. The ratio of k^ to the concentration of a gaseous 

component increases with increasing concentration of the com¬ 

ponent . 

When measurements are made on a sample, the result may 

be expressed as the ratio of the energy in the beam leaving 

the sample to the energy of the beam entering the sample. This 

quantity is the transmittance of the sample. Since the samples 

must often be contained in cells, another quantity, the trans- 

mittancy, is defined as the ratio of the over-all transmittance 

of the cell filled with sample to the over-all transmittance 

of the empty cell; or, for a sample in solution, the ratio of 

the transmittance of the cell filled with solution to the trans¬ 

mittance of the cell filled with solvent. 

In analytical vrork, a fixed thickness of sample is adopted 

and transmittancy of various known mixtures at several wave¬ 

lengths is evaluated. The composition is thus obtained as a 

function of the transmittancy. If the mixture satisfies the 

Bouguer and Beer laws, the transmittancy should be given by a 

relation such as 
logT-kc, 

where T is the transmittancy fraction and c the concentration; 

k is a constant. Although many mixtures will not yield data 

that fit this equation, for a short concentration range the 

equation 
logT= a/bc 
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may be useful. Here a and b are constants. 

The logarithm of the transmittancy of a group of 

samples may not be linear in the concentration of the absorb¬ 

ing component for several reasons. Pres store broadening has 

been mentioned. The reaction or association of the components 

of a mixture can cause deviations from the linear form. A 

frequent cause is the fact that the radiation through the 

sample is not monochromatic. If the controls of the spec¬ 

trophotometer are set so that the radiation is as nearly 

monochromatic as possible, the transmittancy cannot be read 

with the accuracy attainable tinder other conditions. 

It is possible to take a number of known samples and 

evaluate experimentally the functions relating the concen¬ 

trations of the absorbing components to the transmittancy at 

various wavelengths. This must be done with knoim samples 

corresponding as nearly as possible In composition to the un¬ 

knowns, since the transmittancy of the mixture at a given 

wavelength will be affected not only by the concentrations 

of the absorbing components but also slightly by the concen¬ 

trations of the transparent components. 

The construction of the spectrophotometer is such that 

the transmittancy may be read with equal accuracy at any 

point on the scale. By making mechanical adjustments, the 

transmittancy reading for a given sample composition can be 

varied to some extent, and the question of what will be the 

setting which will make the concentration value most accurate 

presents itself. It is usually assumed that the equation 

logT=kc 
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gives a reasonable fit for the data. On this basis it 

can be found by the calculus of errors that the absolute 

error in finding concentration from transmittancy measure¬ 

ments iB minimized when the transmittancy is as near 1 and 

the k as large in absolute value as possible. The relative 

error in the concentration is minimized when the trans¬ 

mittancy is l/e, e being the base of the natural logarithm, 

whatever the value of k. 



8 

III. EXPERIMENTAL PROCEDURE 

The spectrophotometer used was a Beckman Model IR2, 

which has been described in the literature (l). In operation 

a beam of radiation is passed through a transparent cell con¬ 

taining the sample. The beam which has passed through the 

sample is dispersed by a prism and the energy in the band of 

interest is measured by a thermocouple connected to an 

amplifier. Readings can be taken from either of two poten¬ 

tiometers, one of which is recording, directly in percent 

transmittaney. The optical path, including the sample cell, 

is enclosed in a housing through which water from a constant 

temperature bath is circulated. The bath temperature was 

constant within 0.1°C. 

The sample cell was connected to a glass manifold so 

arranged that pressure readings might be taken of the sample 

or the cell might be connected to vacuum or to the sample 

holder. Samples were made up in a stainless steel bomb which 

contained a plunger for mixing. The infrared beam traversed 

a path of 10 cm through the sample. 

The room containing the apparatus was at 25°C within 

0.5°C during the runs. 

Preliminary runs were made to determine the apparent 

position of the absorption bands of sulfur dioxide. The 

results agreed approximately with those of Bailey, Cassie, and 

Angus (2) rather than with those of Coblentz (4). This is 

at least in part due to differences in instrument construction. 

The wavelengths of the absorption bands in microns as reported 
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by Bailey, Cassie, and Angus are 4.003, 4.338, 5.345* 7.347* 

8.680, and 16.494. The 16.494 micron band is outside the 

range of this instrument; those at 5-345 and 7.347 are inter¬ 

fered with by atmospheric water vapor; the band at 4.338 

microns is too near a strong absorption band of atmospheric 

carbon dioxide to be useful. 

The wavelength scale on the instrument used read 4.00 

microns, 8.55 microns, and 8.65 microns at the points chosen 

for analysis. The last two are parts of a doublet. 

Oxygen and nitrogen have no Infrared absorption bands. 

Changing the proportions of oxygen and nitrogen was not ex¬ 

pected to affect the absorption bands of the other components 

in the mixture noticeably, since the physical properties of the 

two gases are quite similar. 

Sulfur trioxlde was reported by Gerding and Iiecomte (6) 

to have absorption bands at 7.5 microns, 8.9 microns, and 

15.4 microns. The first two of these were thought possibly 

useful, although rather near to one of the sulfur dioxide bands, 

Gerding and Lecomte do not report data for wavelengths shorter 

than 7 microns, and it was hoped that there might be other 

bands in the region from 1 to 7 microns. 

The difficulty in handling sulfur trioxide, which was 

obtained as a volatile liquid, could not be overcome and 

eventally prevented analysis for it. It was first attempted 

to seal portions in ampoules in the bomb containing the 

other components of the mixture. A number of ampoules were 

eventually filled, but the reactivity of the sulfur trioxide 
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made It doubtful that when the ampoules were broken Inside 

the bomb all the liquid would vaporize without reacting 

with traces of solid matter which the bomb might contain. 

The ampoules were therefore not used. 

An apparatus was then arranged for connecting the mani¬ 

fold attached to the sample cell to a container of sulfur 

trioxide so that a portion of the vapor could be drawn off 

as needed. This proved to be satisfactory for introducing 

it into the system. A sample introduced into the system and 

kept there for about twenty minutes was found to have 

diminished the transmittance of the empty cell by about 50$. 

Worse, the windows had been attacked enough to show fairly 

strong absorption bands; these were tentatively identified 

as being those of the liquid form of sulfur trioxide and of the 

sulfate ion. This first sample was at a pressure of about 50 

mm mercury. A second sample at about 3 mm mercury was intro¬ 

duced into the system and maintained at that pressure for 

about twenty minutes. The damage to the cell windows was 

this time less but still unmistakable, and the windows again 

showed absorption bands. Another problem was that the stop¬ 

cock grease was seriously attacked. These difficulties pre¬ 

vented further work with sulfur trioxide. 

There were few difficulties encountered in the work 

with mixtures containing sulfur dioxide. It was found at first 

that the sulfur dioxide was absorbed by the rubber tubing, 

Tygon tubing, stopcock grease, and valve packing which were 

used; but these were changed so that all tubing was neoprene, 

stopcock grease a silicone eompc&tion, and the valve packing 
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asbestos and silicone grease. These were used satisfactorily 

in the system. 

The mixtures were made up by adding sulfur dioxide to 

the bomb first, and reading the pressure; it was then diluted 

to 1000 mm, and mixed. The partial pressures recorded for 

the cell were obtained by taking 0.760 times the reading 

for the sulfur dioxide alone in the bomb. 

A few preliminary runs revealed that the composition 

of the diluent had no noticeable effect on the absorption 

of radiation by sulfur dioxide. It was found that, although 

the transmittancy could be read fairly accurately, there was 

a tendency for the readings on different days on similar 

samples to differ by more than could be accounted for by the 

precision of the method. The preliminary runs were few in 

number; they were made with the slit and wavelength settings 

unchanged for a series of samples, which were run on one day. 

Wien the transmittancy of the mixttires at different 

wavelengths were evaluated, the 4.0 micron setting was found 

to have more than the optimum transmittancy, 1/e, even at 

the highest concentrations uded. A wider slit setting than 

the minimum was arbitrarily chosen and readings for it were 

also recorded. The other wavelength settings had less than 

the optimum transmittancy at the maximum concentration and 

minimum slit opening. Accordingly, to distribute the position 

in which the optimum transmittancy occurred over a range of 

values of the pressure, readings were taken at the minimum 

slit setting, the maximum slit setting, and one setting be¬ 

tween . 
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IV RESULTS 

NOTE 

All pressures given In the data are mm. mercury at 

0°C. All samples were at 25.0°C. The slit widths are 

given in millimeters, hut the actual settings were made 

on the arbitrary slit scale as given below. The wave¬ 

lengths used are approximately 4.00, 8.55* and 8.65 

microns; these correspond to turret stops 3* 8, and 9, 

respectively. 

Slit width mm. Scale reading 

1.76 
2.95 

6.000 
7.000 
9.200 

1.500 
200 
000 



EXPERIMENTAL DATA 

Section 1. Transmittancy of pure sulfur dioxide. 

1A. Pure sulfur dioxide at various pressures; wavelength; 
4.00 microns; slit 0.084 mm. 

•essure, mm Hg #T log 16T 
0 100 1.00 
10.0 96.2 0.9832 
20.0 93,5 0.9708 
30.0 90.5 0.9567 
40.0 87.9 0.9440 
50.0 85.0 0.9294 
60.0 82.8 0.9180 
70.0 80.7 0.9069 
79.1 78.5 0.8949 
90.0 75.5 0.8780 
100.0 73.1 0.8639 
110,0 70.8 0.8500 
120.2 68.0 0.8363 
129.0 67.1 0.8267 
139.9 64.7 0.8109 
149-9 62.7 0.7973 
160.0 61.0 0*7853 
170*1 59.0 0*7709 
180*0 57.2 0*7574 
190*0 56.0 0*7482 
199.9 54.3 0*7348 

IB. Pure sulfur dioxide at various pressures; wavelength 
4*00 microns; slit 0*590 mm* 

Pressure, mm Hg log 10T 
0 100 1.00 
10.0 98.3 0.9926 
19.9 96.7 0.9854 
30.0 95.3 0.9791 
40.0 93.9 0.9727 
50.0 92.3 0.9652 
59.9 91.6 0.9619 
70.2 90.3 0.9557 
80.0 89.2 0.9504 
89.5 88.1 0.9450 
99.9 86.7 0.9380 

109.9 §5.4 0.9315 
120.0 84.3 0.9258 
130.0 83.2 0.9201 
140.0 82.1 0.9143 
150.3 81.1 0.9090 
160.0 80.1 0.9036 
169-3 79.0 0.8976 
180.0 78.0 0.8921 
19O.O 76.4 0.8831 
200.0 75.6 O.8785 
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1C. Pure sulfur dioxide at various pressures; wavelength 
8.55 microns; slit 0.380 mm. 

Pressure, ram Hg log 10 T 
0 100 1.00 
10.0 84.0 0.9243 
20.0 71-0 0.8513 
30.0 60.1 0.7789 
40.0 52.0 0.7160 
50.0 43.8 0.6415 
60.0 37-2 0.5705 
70.0 31.5 0.4983 
79-1 27.5 0.4393 
90.0 23-1 0.3636 

100.0 20.0 0.3010 
110.0 17.2 0-2355 
120.2 14.5 0.1637 
129-0 13-0 0.1139 
139-9 11.0 0.0414 
149-9 9-5 -0.0223 
160.0 8.2 -0.0862 
170.1 7-1 -0.1487 
180.0 6.5 -0.1871 
190.0 5-9 -0.2391 
199-9 5-3 -0.2757 

ID. Pure sulfur dioxide at various pressures; wavelength 
8.55 microns; slit 1*76 mm. 

Pressure, mm Hg log 10 T 
0 100 1.00 
10.0 87.8 0.9435 
20.0 77-8 0.8910 
30.0 68.8 0.8376 
40.0 61.5 O.7889 
50.0 54.8 0.7388 
60.0 48.7 0.6875 
70.0 43.3 O.6365 
79-1 39-0 0.5911 
90.0 34.8 0.5416 

100.0 31-2 0.4942 
110.0 28.1 0.4487 
120.2 25-5 0.4065 
129-0 23-1 O.3636 
139-9 21.0 0.3222 
149-9 19-0 0.2788 
160.0 17-2 0.2355 
170.1 15-7 0.1959 
180.0 14.3 0.1553 
190.0 13-0 0.1139 
199-9 11.8 0.0719 



IE. Pure sulfur dioxide at various pressures; wavelength 
8.55 microns; slit 2.95 mm. 

Pressure, mm Hg 0 log 10 T 

0 100 1.00 
10.0 89.2 0.9504 
20.0 80.0 0.9031 
30.0 71.9 O.8567 
40.0 65.1 0.8136 
50.0 58.8 0.7694 
60.0 52.9 0.7235 
70.0 47.2 0.6739 
79.1 43.8 0.64i5 
90.0 39.3 0.59^4 

100.0 36.2 0.55§7 
110.0 33.0 0.5185 
120*2 30.1 0.4786 
129*0 28.0 0.4472 
139.9 25.8 0*4116 
1}9.9 
160*0 

23.7 
21*9 

0.3747 
0*3404 

170*1 20*0 0*3010 
180*0 18*3 0.2625 
190*0 17*0 0.2304 
199*9 15*8 O.I9S7 

IP. Pure sulfur dioxide at various pressures; wavelength 
8.65 microns; slit 0*380 mm* 

Pressure, mm Hg log 10 T 

0 100 1.00 
10.0 85.9 0.9340 
20.0 75.9 0.8802 
30.0 65.4 0.8156 
40.0 58.7 0.7686 
50.0 50.4 0.7024 
60.0 44.0 0.6435 
70.0 38.5 0.5855 
79.1 34.0 0.5315 
90.0 29.3 0.4669 

100.0 26.0 0.4150 
110.0 22.8 0.3579 
120.2 20.0 0.3010 
129.0 17.9 0.2529 
139.9 15.0 0.1761 
149-9 13.5 0.1303 
160.0 12.0 0.0792 
170.1 10.7 0.0294 
180.0 10.0 0.0000 
190.0 8.5 -0.0706 
199.9 7.7 -0.1135 



1G. Pure sulfur dioxide at various pressures; wavelength 
8.65 microns; slit 1.31 mm. 

Pressure, mm Hg log 10 T 

0 
10.0 
20.0 
30.0 
40.0 
50.0 
60.0 
TO.O 
79.1 
90.0 

100.0 
110.0 
120.2 
129*0 
139*9 
149*9 
160*0 
170*1 
180*0 
190.0 
199*9 

100 
88.4 
78.7 
70.0 
62.9 
56.1 
50.2 
45.0 
40.6 
36.2 
32.7 

26*8 
24*3 

■ 21*9 
3.9*9 
18.0 
16*1 
15*0 
13*3 
12*2 

1.00 
0.9465 
O.896O 
0.8451 
0.7987 
0.7490 
0.7007 
0.6532 
0.6085 
0.5587 
0.5145 
0.4698 
0.4281 
0*3856 
0.3404 
0.2989 
0*2553 
0*2068 
0*1761 
0*1239 
0.0864 

1H. Pure sulfur dioxide at various pressures; wavelength 
8.65 microns; slit 2*95 mm. 

Pressure, mm Hg 

0 100 
10.0 89.0 
20.0 79.8 
30.0 71.8 
40.0 64.9 
50.0 58.3 
60.0 52.3 
70.0 47.O 
79.1 43.1 
90.0 38.7 

100.0 35.1 
110.0 32.1 
120.2 29.4 
129.0 27.0 
139.9 24.4 
149.9 22.4 
160.0 20.5 
170.1 18.8 
180.0 17.2 
190.0 15.7 
199.9 13.4 

log 10 T 

1.00 
0.9494 
0.9020 
0.8561 
0.8122 

v 0.7657 
0.7185 
0.6721 
0.6345 
0.5877 
0.5453 
0.5065 
0.4683 
0.4314 ' 
0.3874 
0.3502 
0.3118 
0.2742 
0.2355 
0.1959 
0.1271 



17 

Section 2. Transmittancy of mixtures of sulfur dioxide 
and nitrogen at a total pressure of 760 mm mercury. 

2A. Sulfur dioxide in nitrogen at various partial pressures 
wavelength 4.00 microns; slit 0.084 ram. 

S02 Pressure, mm Hg P2 log 10 T 

0 100 1.00 
20 93.2 0.9694 
40 88.0 O.9445 
60 82.4 O.9159 
80 77.9 O.89I5 
100 73.0 O.8633 
120 68.8 0.8376 
140 64.1 0,8069 
160 61.2 0.7868 
180 57,8 0.7619 
200 54,3 0.7348 

2B. Sulfur dioxide in nitrogen at various partial ] 
wavelength 4.00 microns; slit 0.590 nun* 

S0g Pressure, mm Hg 5©T log 10 T 

0 100 1.00 
20 
40 
60 
80 

100 
120 
140 
160 
180 
200 

95. 
93. 
90. 
88. 
85.8 
83.3 
81.0 
78.9 
77.1 
75.7 

0. 
0, 
0. 
0. 
0. 
0. 
0. 
0. 

9800 
9727 
9566 
9455 
9335 
9206 
9085 
8971 

0.8871 
0.8791 

2C. Sulfur dioxide in nitrogen at various partial pressures 
wavelength 8.55 microns; slit O.38O mm. 

Pressure, mm. Hg log 10 T 

0 100 1.00 
20 66.Q 0.8254 
40 50.4 0.7024 
60 34.2 0.5340 
80 26.O 0.4150 

100 18.5 0.2672 
120 13.8 0.1399 
140 9.9 -0.0044 
160 7.8 -0.1079 
180 6.3 -0.2007 
200 5.2 -0.2840 

*»• 
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2D. Sulfur dioxide in nitrogen at various partial pressures 
wavelength 8.55 microns; slit 1.76 mm. 

Pressure, torn Hg log 10 T 

0 100 1.00 
20 74.1 O.8698 
40 61.0 0.7853 
60 46.0 0.6628 
80 37.5 0.5740 
100 29.8 0.4742 
120 24.3 0.3856 
140 19.3 0.2856 
160 15.8 0.1987 
180 13.4 0.1271 
200 11.3 0.0531 

2E. Sulfur dioxide in nitrogen at various partial pressures 
wavelength 8.55 microns; slit 2.95 mm. 

Pressure, mm Hg log 10 T 

0 100 1.00 
20 76.7 0.8848 
40 64.7 0.8109 
60 50.3 0.7016 
80 42.1 0.6243 

100 
120 

34.5 
29.0 W 

140 23.3 0.3674 
160 20.0 0.3010 
180 17.4 0.2405 
200 15.2 0.1818 

2F. Sulfur dioxide in nitrogen at various partial pressures; 
wavelength 8.65 microns; slit O.38O mm. 

Pressure, mm Hg log 10 T 

0 100 1.00 
20 71.0 0.8513 
40 53.2 0.7259 
60 40.7 O.6O96 
80 32.0 0.5051 
100 24.0 0.3802 
120 18.5 0.2672 
140 14.0 0.1461 
160 11.1 0.0453 
180 9.2 -0.0362 
200 7.2 -0.1427 
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2G. Sulfur dioxide in nitrogen at various partial pressures; 
wavelength 8.65 microns; slit-1,31 mm. 

•essure, mm Hg 0 log 10 

0 100 1,00 
20 74.9 0,8745 
40 59.4 0.7738 
60 47.0 0,6721 
80 . 37.5 0.5740 
100 30.7 0.4871 
120 24.9 0,3962 
140 19.6 0,2923 
160 16.1 0.2068 
180 13.8 0.1399 
200 11.3 0.0531 

2H, Sulfur dioxide in nitrogen at various partial pressures 
wavelength 8,65 microns; slit 2.95 mm. 

Pressure, ram Hg 0 log 10 T 

0 100 1.00 
20 
40 

75.8 
61.3 

0.8797 
0.7875 

60 48.9 0.6893 
80 4l*0 0^6128 

100 33.2 0.5211 
120 27.4 0.4378 
140 22.1 0.3444 
160 18,8 0.2742 
180 16.2 0.2095 
200 13.2 0.1206 
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Section 3. Transmittancy of mixtures of sulfur dioxide 
and oxygen at a total pressure of 760 mm mercury. 

3A. Sulfur dioxide in oxygen at various partial pressures; 
wavelength 4.00 microns; slit 0.084 mm. 

Pressure, mm Hg log 10 T 

0 100 1.00 
10 96.7 0.9854 
30 90,5 0.9566 
50 84.8 0^9284 
70 79-7 0.9015 
90 75.4 0.8774 

110 71,0 0.8513 
130 06.0 0.8195 
150 62.3 0,7945 
170 59,1 0,7716 
190 56,2 0.7497 

3B, Sulfur dioxide in oxygen at various partial pressures 
wavelength 4,00 microns 1; slit 0,590 mm 

SOg Pressure, mm Hg log 10 T 

0 100 1,00 
10 98,0 0.9912 
30 94.9 0.9773 
50 91.9 0.9633 
70 89.1 0.9499 
90 80.9 0.9390 

110 84.3 0.9258 
130 82.1 0.9143 
150 80.0 0.9031 
170 77.9 0.8915 
190 76.2 0.8820 

3C, Sulfur dioxide in oxygen at various partial pressures 
wavelength 8.55 microns; slit 0.380 mm. 

S02 Pressure, mm.Hg 
1 

log 10 T 

0 100 1.00 
10 81.0 0.9085 
30 56.5 0.7520 
50 39-9 0.6010 
70 28.8 0.4594 
90 21.8 0.3385 

110 15.7 0.1959 
130 11.8 0.0719 
150 8.7 -0.0605 
170 6.9 -0.1612 
190 5.6 -0.2518 
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3D. Sulfur dioxide in oxygen at various partial pressures; 
wavelength 8.55 microns; slit 1.76 mm. 

SOg Pressure, mm Hg 0 log 10 T 

0 100 
10 §5.7 
30 66.0 
50 50.9 
70 40.4 
90 33.3 

110 26.6 
130 21.6 
150 17.8 
170 14.6 
190 12.4 

1.00 
0.9330 
0.8195 
0.7067 
0.6064 
0.5224 
0.4249 
0.3345 
0.2504 
0.1644 
0.0934 

3E. Sulfur dioxide in oxygen at various partial pressures 
wavelength 8.55 microns; slit 2.95 mm. 

Pressure, mm Hg 0 log 10 T 

0 100 1.00 
10 86.9 0.9390 
30 68.8 0.8376 
50 55.2 0.7419 
70 45.1 0.6542 
90 37.9 0.5786 

110 31.3 0.4955 
130 26.4 0.4216 
150 22.1 0.3444 
170 18.8 0.2742 
190 16.7 0.2227 

3F. Sulfur dioxide in oxygen at various partial pressures 
wavelength 8.65 microns; slit O.38O mm. 

Pressure, mm Hg 0 log 10 T 

0 100 1.00 
10 83.5 0.9217 
30 61.5 0.7889 
50 46.0 0.6628 
70 35.2 0.5465 
90 27.8 0.4440 

110 21.0 0.3222 
130 16.2 0.2095 
150 12.7 0.1038 
170 10.0 0.0000 
190 8.0 -O.O969 

*
+
*
 

w
«
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3G. Sulfur dioxide In oxygen at various partial pressures 
wavelength 8.65 microns; silt 1.31 mm. 

Pressure, mm Hg log 10 T 

0 100 1.00 
10 86.0 0.9345 
30 66.6 0.8235 
50 52.1 0.7168 
70 41.5 0.6180 
90 34.3 0.5353 

110 27.4 0.4378 
130 22.3 0.3483 
150 18.3 0.2625 
170 15*0 0.1761 
190 12*7 0.1038 

3H. Sulfur dioxide In oxygen at various partial pressures 
wavelength 8.65 microns; slit 2.95 mm. 

SO. issure, mm Hg $2 log 10 T 

0 100 1.00 
10 86.9 0.9390 
30 68.5 0.8357 
50 53.9 0.7316 
70 44.0 0.6435 
90 36.9 0.5670 

110 30.1 0.4786 
130 25.2 0.4014 
150 21.0 0.3222 
170 17.4 0.2405 
190 14.3 0.1553 

%
•
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Section 4. Transmittancy of mixtures of sulfur dioxide 
with nitrogen and oxygen at a total pressure of 760 mm mercury. 

4A. Sulfur dioxide in nitrogen-oxygen at various partial 
pressures; wavelength 4*00 microns; slit 0.084 mm. 

SOg Pressure, mm Hg 0 log 10 T 

0 
65 
125 
195 

100 1.00 
80.9 0.9079 
67.1 0.8267 
55.0 0.7404 

4B. Sulfur dioxide in nitrogen-oxygen at various partial 
pressures; wavelength 4*00 microns; slit 0.380 mm. 

S0g Pressure, mm Hg 0 log 10 T 

0 
65 
125 
195 

100 1.00 
89.5 0.9518 
82.4 O.9159 
75*5 0.8779 

4c. Sulfur dioxide in nitrogen-oxygen at various partial 
pressures; wavelength 8.55 microns; slit O.38O mm. 

S0g Pressure, mm Hg 0 log 10 T 

0 100 
65 30.5 

125 12.4 
195 5.4 

1.00 
0.4843 
0.0934 

-0.2676 

4D. Sulfur dioxide in nitrogen-oxygen at various partial 
pressures; wavelength 8.55 microns; slit 1.76 ram. 

S°2 Pressure, mm Hg 0 log 10 T 

0 100 1.00 
65 42.3 0.6263 
125 22.2 0.3464 
195 11.7 0.0682 

4B. Sulfur dioxide in nitrogen-oxygen at various partM 
pressures; wavelength 8.55 microns; slit 2.95 mm. 

S0g Pressure, mm Hg 0 log 10 T 

0 100 1.00 
65 47.0 0.6721 
125 27.0 0.4314 
195 15*3 0.1847 
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4F. Sulfur dioxide in nitrogen-oxygen at various partial 
pressures; wavelength 8.65 microns; slit O.38O mm. 

S02 Pressure, mm Hg log 10 T 

0 100 1.00 
65 37.2 0,5705 
125 16.7 0.2227 
195 7.6 -O.II92 

4G. Sulfur dioxide in nitrogen-oxygen at various partial 
pressures; wavelength 8.65 microns; slit 1,31 mm. 

SOg Pressure, mm Hg #T log 10 T 

0 100 
65 43.4 
125 22,7 
195 11.7 

1.00 
0,6375 
0,3560 
0.0682 

4H. Sulfur dioxide in nitrogen-oxygen at various partial 
pressures; wavelength 8.65 microns; slit 2.95 mra. 

SOg Pressure, mm Hg log 10 T 

0 100 
65 46.0 

125 25.4 
195 14.1 

1,00 
0.6628 
0.4048 
0.1492 



Figure 1. Transmittancy of pure sulfur dioxide at 4.0 
microns. 

Figure 2. Transmittancy of mixtures containing sulfur 
dioxide at 4.0 microns. 
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Figure 3. Transmittancy of pure sulfur dioxide at 8.55 
m i crons. 
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Figure 4. Transmittancy of mixtures containing sulfur 
dioxide at 8.55 microns. 
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Sulfur dioxide pressure, mm mercury 

Figure 5. Transmitfancy of pure sulfur dioxide at 8.65 
microns. 
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Figure 6. Transmittancy of mixtures containing sulfur 
dioxide at 8.65 microns. 
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V. DISCUSSION OP RESULTS 

The data were arranged so that the points taken for 

mixtures of sulfur dioxide and nitrogen alternate with 

those for mixtures of sulfur dioxide and oxygen. The drift 

of the instrument., together with the fact that the data 

were taken on different days, accounts for the relatively 

large deviation of some of the points. Data for pure sulfur 

dioxide were used as an approximate guide. A check was made 

by running some samples diluted with mixed nitrogen and 

oxygen. 

The results are presented in tabular and in graphical 

form and, in part, as equations. For some of the slit settings, 

the logarithm of the transmittancy was nearly linear in the 

partial pressure of sulfur dioxide. The equation used in these 

cases was of the form 

logT= a/bp. 

The runs were made over a period of several days on 

samples which had been mixed individually, so that the 

deviations from the true value might reasonably be represented 

by a normal distribution curve. Since the transmittancy read¬ 

ings had a tendency to fluctuate but the pressure could always 

be read with considerable accuracy, the simplifying assumptions 

were made that the pressure readings were exact and that the 

transmittancy readings were normally distributed. 

On this basis the most probable values of the constants 

in equations of the form above were found for several groups 

of points. The points used and the constants derived for the 
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equations are listed in Table I. The equations used to find 

the constants are given below. 

a ** B?2logT?p2Tg - XpT2logT^pT2 

b » ^T2ZpT2logT-ZpT2Zr2l0gT. . p— 

D » 2T^P
2T2 _(£pT

2
)2 

The summations are taken over all points used. The 

quantity T is the observed transmittancy fraction and the 

quantity p, the observed pressure in millimeters of mercury. 

The details of the method of least squares and the 

bases for the assumptions made are given by several writers 

(3j 10, 11). Besides assuming that the pressures are accurate, 

one must note that the transmittancy may be read with equal 

precision at all points on the scale. 

In order to determine whether the assumption of a 

normal distribution was justified, the quantities Vp, and 

were computed. These Indicate respectively the skewness 

and flatness of the curve relative to a normal distribution 

curve. For the normal curve \/p, is found to be 0 and ^ is 

3. The distributions of the experimental points were not 

ideal, and the values of the probable errors are therefore not 

quite correct; but they are considered to give a fair estimate 

of the true probable error. The probable error and standard 

deviation for the values of T found using the equations were 

calculated. The probable errors and related quantities are 

tabulated in Table II. Their equations are given here 

(3, 11). 
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PT =0.67^5 
x: 

T 
^ = ix3 

ncr 4 
ZL X* 
n cr4 

In these equations, x is the difference between an ex¬ 

perimental reading and the value calculated for the same 

point. The summations are taken over the number of points 

used, which is n. 

The probable error lnT;pT,may be used to find the 

probable error p in a determination of the partial 
hr 

pressure from a measurement of the transmittancy from the 

relation 
Pp = p«j* 
"W 

in which b is the constant from the determined equation. 

For the data for which equations were not found, lines 

were drawn through the points which fitted them fairly well. 

It would be desirable to UBe an equation of a form similar 

to those already mentioned, but with a term log (T/c) in¬ 

stead of the logT term. The difficulty of evaluating the 

constant C makes solution of this form impractical. 

The concentration ranges used in calculating the 

equations are Indicated by solid lines on the graphs} the 

dotted extensions of the solid lines do not necessarily fit 

the equations. 

A comparison of the equations and lines drawn through 

the data with the values actually found for mixtures in which 
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the sulfur dioxide was diluted with nitrogen and oxygen 

in approximately equal amounts will be found in Table III. 

The differences from the calculated values are attributed 

to drift of the apparatus. 

The change in transmittancy caused by raising the 

total pressure by adding nitrogen or oxygen or both to a 

sample should probably be more than the change caused by 

altering the composition of the diluting mixture, since 

the physical properties of nitrogen and oxygen are much 

alike. The lines from the graphs of the mixture data were 

plotted on the graphs for pure sulfur dioxide for comparison. 

A tabulation was made of the optimum cell length for 

various concentrations was made in Table IV. These values 

were calculated from Bouguer’s law. In this table, the 

first column (vertical) on the left gives the code letter 

for various wavelength and slit settings as used in the 

tabulated data; thus, A is the wavelength 4.00 microns and 

slit 0.084 mm as in the parts 1A, 2A, 3A, and 4A of the 

data. The first row (horizontal) at the top gives the par¬ 

tial pressure of sulfur dioxide in millimeters of mercury. 

Each entry in the table corresponds to the cell length in 

centimeters which will give a transmittancy of 1/e at the 

pressure at the top of its column and the wavelength and 

slit setting at the left of Its row. 

The accuracy of the analysis can be improved over that 

found here If the instrument is calibrated against standard 

samples just before it is used; these standards can cover 
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only a short range of pressures. It would also toe an 

advantage to make the runs without readjusting the wave¬ 

length and slit settings after calibration. Under the 

best possible conditions the precision attainable in read¬ 

ing transmlttancy is 0.1$. If the calibration is done 

carefully enough so that this is also the accuracy, a mix¬ 

ture can be analyzed for sulfur dioxide within 0.27$ of 

the amount actually present, if the Bouguer-Beer relation 

holds and the reading is taken at a transmlttancy of l/e. 

Actually, the readings are most precise at wide slit open¬ 

ings; this would decrease the possible error slightly 

because of the deviation from the Bouguer-Beer relation. 

The accuracy of the infrared analysis is close to that 

of the standard chemical tests; it would probably be better 

than that of the chemical tests for low concentrations of 

sulfur dioxide. The Reich test has been long used. Haller 

(7) gives a procedure claimed to be somewhat superior to the 

Reich test; his results show a mean error of about 0.3$ to 

0.4$ on samples of the order of one gram. This procedure was 

modified by Ries and Clark (9) and was compared by them with 

several other methods, including the Reich test. They found 

Haller’s test, modified, to be the most accurate, but they do 

not give specific quantitative information about the accuracy 

beyond the fact that a sample containing 200 mg was ana¬ 

lyzed within 2$ of the true value. Dragt and Greenan (5) 

present an evaluation of the Reich test in which the 

accuracy is found to be 0.1$, and dismiss the results of 



35 

investigators who found it less accurate as being s r '■ V 

erroneous because of poor experimental technique. Their 

samples were gases containing 12$ by volume of sulfur 

dioxide. 

It seems likely that the experimental errors In the 

chemical analyses would remain fairly constant in absolute 

value as the concentration of the sulfur dioxide in the 

samples decreased. This would result in better accuracy 

for the infrared analysis than the chemical analyses at 

low concentrations. 
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TABLE I 

Equation 1. 
From the data of sections 2A and 3A, pressures from 10 to 
200 mm mercury. 

logT= -0.003959-0.0013206p 
Equation 2. 
From the data of sections 2B and 3B, pressures from 10 to 
200 mm mercury. 

logT= ~0.OO6966-O.000591P 
Equation 3. 
From the data of sections 2C and 30, pressures from 10 to 
120 mm mercury. 

logT* -0,018270-0.007299P 
Equation 4. 
From the data of sections 2F and 3F, pressures from 10 to 
140 mm mercury. 

logT= -0.032394-0,005895? 

TABLE II 

Equation PT 
0.00263 

O"*y 
1 0.00380 1,15 1.89 
2 0.00279 0.00414 1.05 2.40 
3 0.00776 0.0115 0.157 1.08 
4 0.00604 0.00895 

TABLE III 

-0.007 5.99 

Data section 
4A 

4B 

4C 

4D 

4E 

4F 

4G 

4H 

Observed $T Expected #T 
80.9 81.3 
67.1 67.8 
55.0 54.8 
§9.5 90.5 
82.4 83.0 
75.5 75.5 
30.5 32.1 
12.4 11.7 
5.4 5.4 

42.3 43.3 
22.2 22.3 
n.7 11.7 
47.0 47.9 
27.0 27.1 
15.3 15.6 
37.2 38.4 
16.7 17.0 
7.6 7.6 

43.4 43.7 
22.7 23.5 
11.7 11.7 
46.0 46.0 
25.4 26.1 
14.1 13.8 
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TABLE IV 

Optimum cell lengths in cm for sulfur dioxide for 
partial pressures of 

letter 50 mm 100 mm 150 mm 200 mm 

A 60.7 cm 31.7 cm 21.1 cm 16.4 cm 
B 118 65*3 44.9 35.9 
C 10.9 5.9 4.1 3.4 
D 14.8 8.3 5.8 4.6 
E 16.8 9*4 6.6 5.3 
P 12.9 7.1 4.8 3.8 
a 15*4 8.5 5.9 4.6 
H 16.1 9.1 6.4 4.9 

letter Slit width, mm Wave length, mt< 

A .084 4.00 
B .590 4.00 
C .380 8.55 
D 1.76 8.55 
E 2.95 8.55 
P .380 8.65 
G 1.31 8.65 
H 2.95 8.65 
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VI. CONCLUSIONS 

For the analysis of sulfur dioxide in nitrogen 

and oxygen, the spectrophotometer does not possess 

greater accuracy than the chemical methods of analysis 

except at low concentrations of sulfur dioxide. The 

analysis should be frequently rechecked with standard 

samples for maximum accuracy. The proportions of 

nitrogen and oxygen in the mixture do not affect the 

readings. The chemical analyses are considerably slower 

than the analysis with the spectrophotometer. 

The difficulties found in the handling of sulfur 

trioxide prevented an investigation of a direct analysis 

for it. It is possible that, if a suitable window 

material is found, and if the stopcock grease is elimina¬ 

ted or changed to a resistant compound, the analysis may 

be successful. 



APPENDIX 

Materials used 

1. The sulfur dioxide was Ansul sulfur dioxide, 
refrigerant grade, purity 99*99$ or better. 

2. The sulfur trioxide was Sulfan B, stabilized 
sulfur trioxide, purity 99-5$. 

3. The oxygen was Linde Oxygen US P, purity 
99$ or better. 

4. The nitrogen was Linde water pumped nitrogen, 
purity 99$ or better. 
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