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ULTRAVIOLET SPECTROCHEMICAL ANATYSTS FOR
AROMATICS TN AIRCRAFT FUELS

By Alden P. Cleaves

SUMMARY

Object. - The object of the tests was to Verlfy and extend
ultravioiet spesctroscopic techniques for applications to the anal-
ysis of aviation fuels for their ax romatic congtituents. .

“SE0pe. - The suitability and acciracy of a phiotdgrapitic tech-
niqué_gﬁi—of a spectrophotometric technique for simultaneous qual-
itative and quentitative analysis were investigated. Extinctions at
mavima and minime of absorphion in spsctrograms of nine arocmatics
photographed with a grating spectrograph were measured on a photo-
electric densitometer. The reproducibility and accuracy of this
technique were ascertained, Data for plotting the absorption
gpectra of eight aromatics were obtained with a guartz photoelectric
pectrophotcmeter, and a mathod suitabls for analyzing aviation
gasoline for benzene and tolusne was applied to four fuels, A sim-
ilar analysis technique was setablished for binary mixtures of the
arometics 1,3,5~trimethylbenzens and propylbenzense, The results of
the analyses ware checked for olefinic interfersnce, Spectrophoto-
metric extinctions of mixturss of m- xylene and p-> Xylene were CoOrre=
lated with composition as an example of testing relative purity.
Measurements on binary mixtures of aromeiics were exploratory and
problems connected with disbtillation and analysls of more complex
mixtures of arcmatics that are probable in the boiling range above
about 125° C have not yet been investigated.

Summary of results. - Spectrophotometric analysis, which was
found %0 be both more accurste and more rapid than the spectrographic
technique, was used to detevmine aromatic concentrations In two types
of binary mitture with a root-mean-square error of 1 to 3 percent of

the total present, for the range of concentrations investigated.
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A sample of &5-octane-number gasoline was found to contain
—-1.1 percent._of benzene and 1,8 percent of toluene; because only
these two aromatics were present distillation was unnscessary for
the analysis. The spectwoplo+omeorln nethod supplemonted by dis-
tillavion gave the follow1ng results for tiiree other fucls:

Fuel = 7 . Benzene Tolvene
(percent by volume) (percent by volume)

AN-F-28 1.4 4.0
AN-#-29 (140-P) 1.3 5.8
M-4 reference fuel ) 1.4

Conclusions, - These tests indicate that 31mplo rapid, and
accurate analysis of binary mixtures of aromatics is feasible with
an ultraviolet photoelectric spectrophotometer, This instrument
1s preferable in all three of these characteristics to a
spectrograph-and-densitometer combination, The spectrophotometric-
analysis technique could probtadbly be extended +to more complex mix-
tures.. If this technique were suppleimented by suitable fractional
distillation, it would be compreuon91vo for nsarly all tke aromatics
in aviation fuols. ‘

IHTRODUCTION

. Manv of .the aromatic hydrocarbons that boil in the gasollne
range (20° C t0.180° C) have high cngine- performance ratings and
may therefore be desirable. constitucnts of fuols for mllltarJ air-
_.craft, Selective control of producing and blonding of tho aromatic
components to secure best fuel blends rcquires gimple, rapld and
reliable methods.of analysis for the individual aromatlcs. Quanti-
tative analyeis for aromatics i8 also valuable in connection with 'a
program for testing the - -engine performance of current aviation fuels,
Becauseof 'recent improvements in the quantltatlve regponse of photo-
elcctric receivers, their appli cation in commercially available
spectropnotometors ‘such as the quartz photoelectric "spectrophotome-
ter described in 1"of‘o*onco 1, now makes possible the ‘widespread
adoption of an improved aromatlc-anal 'sis tecunlque based on the
intense abgorption by aromatics 1n tne feglon of the vlt raviolet
spectrum from 2300 A to 2800 A,

The few cnomlcal methods of ‘guan ultatlve analysig for speciflc
aromatics that have proved adequate for mixturés as complex as typi-
cal aircraft fuels are usvwally slow and difficult Isolation of the
individual aromatics in nerrow cuts by distillation of the fuels and
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subsequent quantitative determinations by recovery of the ardmatics
in the cuts from suitable adeorbing materials as described in refer-
ences 2 and 3 or vy other methods such as thes freezing-point tech-
nique of reference 4 are also difficult and tedicus, An accuracy of
avout 1 percent of the total aromatics was attained by the National
Bureav of Stanrdards in such analyses reported in reference 5., For
quick estimation of the total aromatics present in a-fuel (without
distillation) the method of reference 2 may be used,

Information received by the author through the British Central
Scientific Office, Wasnirgton, D. C, concerning investigations
directed by the Spectrographic Subcommittee of the British Technical
Advisory Cormittee reveals that & spectrographic method of detection
and estimation of aromatics in mixtures of as many as four components
was developed and applied in Ingland before 1943. Spectra of 32 puri-
fied aromatics were photogrephed. In quantitative analysis for the
four aromatic Cy isomers, based on visuael matching of Image Censities
in the photographed absorption spectra, an accuracy of approximately
3 percent of the total amount pressnt was attained,

Information describing a spectrophotometric method of quanti-
tative analysis for benzene, toluene, and four aromatic Cg iscmers
in aircraft fuels was obtained from Esso Laboratories, In this

at
inexperienced operator with a probable error of 1 or 2 percent,

Experimental investigations were conducted at the NACA Cleveland
laboratory during the summer of 1943 to test the experimental tech-
nique used for the investigations directed by the British Spectro-
grapnic Subcommittee, which was improved in the tests reported herein
by measuring image densities with a photoelectric densitometer, and
to verify, arply, and extend the spectrophotometric technique described
by Esego Laboratories., Measurements on binary mixtures of aromatics
were exploratory, and problems connected with distillation and analysis
of more complex mixtures of arcmatics that are probable in the boiling
range above about 125° C have not yet been investigated., Certain gen-
eral principles discussed in the first part of the report are followed
by a description and a discussion of the experimental resulis,

LIST OF SYMBOLS
c concentration of aromstics in solution, grams per liter

d thickness of liquid in the absorption cell, centimeters



4 NACA ARR Ko, E5Bl4 -

E extinction (E = log I./I)

ed through solution in a cell

I, in%tensity transmitﬁed through sclvent in a cell

on at each waveleﬁgth defined as the extinc-

o tration of 1 gram per 1iter of a pure
component in a cell 1 centimeter thick

A savelengbh, Angstroms
T transmigsion, percent (T = 100 I/Iy)

Numerical subscripts attached to c¢ designate respective conm-
penents of a mixture; attached to. B - they designate a selected wave-
length, Letter gubscripts attached to E  designate components.
The double numerical subscripts attached to k designate component
and wavelength, respectively, ‘

PRIECIPLES OF ABSCRPTICON ANALYSIS AND DESCRIPTION OF THE METHOD

o

The Problem of Speciyoscopic Interference
When two or more compounds in a multicomponent mixture produce
appreciable absorpiion at a given wavelengtn, theilr absorption is
seid to interfere, In order to pevform a succsgsful analysis in
sucii a case, & scheme must be devised that in ite application iso-
lates the absorption due to each interfering component and evaluates
the concentration of each component,

In the ultraviolet region between 2200 A and 2800 A, aromatic
compounds absort etrongly; whereas paraffins, naphthenes, and
olefins do not., The abtgence of interference due to paraffins,
naphthenes, and olefins in gasoline makes this region of the ultra-
viclet gpectrum particularly suitable for the aromatic analysis of
fuels, Diolefins, conjugated diolefins, and styrenes, which do have
some absorption at wavelengthe less than 2500 A, are usually minor
ccmponents of fuels if they are present at all, They are suffi-
ciently reactive that nild reagents may be used to reduce their con-
cenvrations to small values whenever their interference is detected.
A brief spectrometric check procedure for detecting olefinic inter-~
ference is described in a subsequsnt section The Check Procedure and
an explanation of a particular case is presented in appendix A,
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The spectrograms in figure 1 show the general character of aro-
matic absorption arranged to emphasize differences that have been
observed. ' Ths bands (dark regicns in the spectra of fig., 1) of the
longest wavelengths in the aromatic spectra will hereinafter be.
called "first bands.” Shifts in the wavelengths of these first
bands are particularly noteworthy. Consideration of the wavelengths
of first bandzs suggests thet the gpectra of aromatics be arranged
in three groups according to the following tabulation:

Group Spectrogram Number of sub- Wavelength region where.
gtitutions in the first bands occur, A
‘arcmatic ring

T 8 A o 500 to 2510
I 5,6, 7 1 2350 to 2690
IIT 1,2, 3, 4 . 2 and 3 2690 to 2750

British spectrographic ressarch indicates tha®t this grouping is
generally valid for molecules having a single ring. One further
‘generalization of considerable usefulness applies ©o molecules in’
group III: Two substitutions in the pare positions on the ring
give rise to spectra that are sbout twice as intense as other
spectra-and are characterized by first bands in the vicinity of
2740 A.

Many of the aromatic compounds have approxinately six bands
arranged in similar patterns. The problenm of mutusl interference
between them becomss more serious as the number of arometics pre-
sent in appreciebtle quantities increases. This fact, however, may
not elimirate the usefulnsss of the ultraviolet method 1f it can be
gsupplemented by distillaticn of the fuel -in an efficient column into
numerous cuts that are subsequently poured togetlier, according ©o
spectroscopic evidence, to form definite fractions. Table I, com-
piled from data from reference & and the Fuel Synthesis Section of
the Cleveland laboratory, lists arometics that boil in the gasoline
range in the order of their increasing boiling points. From these:
data it appears possible to combine the cuts into fractions con-
taining from one to five aromatics according to the following tabu-
lation: -

Fraction Range of beiling Number of aromatics
points of aromatics having boiling points
in the fraction, ©C in the range

1 20.to 120 2 -
2 120 to 145 4
3 145 to 155 1
4 155 to 166 ° 5
5 166 to 174 ‘ 5
6 174 to 180 5
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The distillation part of the problem, however, may be so dif-
ficult -that, for the boiling range from +400 C to 180° C, methods
and appar atus similar to those employed by the authors of refer-
ence 5 may be necessary; spectrochemical methods may expedite the
analysis, ‘

Method of Qaulitative and Quantitative Analysis

The first requisite for setting up a method of analyzing a
multicomponent mixture is to have a quantitative graph of the ab-
sorption spectrum for a pure sample of each component, t is con-
venient to have these graphs show the variation of gpecific extinc-
tion with wavelength, hese absorption curves are then compared
and for each component the wavelength of the peak of one of its most
intense bands that is not interfered with seriously is selected to
characterize that component. The ratios of the gpecific extinction
of the component at its characteristic wavelength to the specific
extinctions of the other components at that wavelength should be as
large as possible. One extra wavelength, preferably in the vicinity
of 2350 A, may be selected for the purpose of checking the analysis
and deuectlng interference by nonax omatlc absorbers,

The absorption of light of a definite wavelength is a function
of the number and the character of the molecules in the path of
light, According to the Beer-Lambert law:

I = I, 107kcd (1)
log I5/I = ked (2)
ked = E (3)

- The product cd is proportional to the number of molecules of
a component and the specific extinction k 1s characterigtic of
the molscules., Specific extinctions for each pure component at the
selected wavelengths may be tabulated as follows:

\\\\\;Wavelength '

\\\
Component |

\\\
1 a1tk k1,3 (k1,2 (K15
e ka1 (k2,2 k23 (k2 4 |k2 5
5 k3,1 k3,2 K33 |K3,4 |K355
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For monochrorgtic radiation at eac n of the ’eve“al selscte
wavelengths, the extinction of a properly diluted fraction of th
fuel in a cell f thicknessg d 1s gssumed to oe en1al Lo the s

; » N

nesgs, TFour compon er*' reqzire four °quat10ns as follows

TN o _ N L ,

Ey ='iky g0 + kz ¢z + k3 103 + h4,1¢4) 3 (4)
Bz = ("1 2°1 + F2,2% * ¥3,205 * by gopid- (9
E3 = ("Kl 301 + 5‘.—, 702 + Kz,7C7 + K4::304_} 4 (6)
F4 = kl 40] + 1_2 4:02 + 1S7 403 + 1-4’4:C4:‘ d (7)

quat*ons (4),_(u) (6) aﬁd (7) may be solve d for the conc0n+ru—l

ﬁn4c'uauion “or tue efulncz;on of tie mixture at some wave-
lenghh in the interval from 2300 & S0 2400 A can be used to check
for gross inaccuracies in the eralyais afi to detect interference
of nonarcmatic components. The chsck is »de OJ substitution of .
the valueg of ¢ in the fol‘ovmb egua *lOﬂ' '

E.3= kl,‘:'»cl + 1(2)5()‘ + k3 5C5 + 1-4,504\Id (8)
\, J
The presence of interfering a SOLPClOn only in the. intervel from
2500 A to 2400 £ will caus _the computed value Eg to be less than
the measured value, Trom vhat is known about olefinic aovorpylol,
a limit can be assigned to the differerice between the two values of .
Bz in ordcr that. Tne resulting errcrs will be pvop rly rqstrlcded.

This value 1g herein coﬂuldereu_uo he 3 parcent ~Discus sion of an-
application of the ckecic p“ouv wré toa par*"cular case of olefinic
interference will be foard in aggonu¢y ‘A, Analysis for aromatics
of mixtures containing known emounts of olefins has not been tried
at this laboratory, but unpublished information from the Esso Labo-
ratories states that the accuracy of ans lVSlS 1s unaf ec,ed'zﬂ:
about 10 percent of olefin is present,

Accuracv of Absorptzon Lnalysis.

The relisbility or'r sulbs Ouuain¢d.b ul raviolet absorp-
tion analysis depends ‘on the purity ‘of the coApOQnds used to determine
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the ‘specific extinctions as well as on the validity of Beer's law.
The aromatics used in the present tests were carefully prepared by
the Fuel Synthegis Section of the Cleveland laboratory under the
direction of Dr. L., C. Gibbons and their purity was checked by the
most ugeful properties mentioned in the first paragraph of appen-
dix B. Their indices of refraction given in the seventh colurn of
table I mey be compufed with the corresponding values in the fifth
colurm taken from Doss (reference 6) as an indication of the purity
of the samples ussd.

Variations of k with concentration, with type of solvent, or
with type of solute in a mirture would be evidences of the fallure
of Bzer's law, The congtancy of k was verified for the applica-
tions in this report, '

The authors of reference 7 have developed a complex modifica-
tion of the foregoing method that permits successful spectrophoto-
metric analys¢s when the k's are not constant,

The follov1ng brief discussion of one aspect of the expected
average spectrophotometer error is included to provide a cleavrer
underastanding of the precision possible in this method of analysis.
Percentage transmission T 1s defined as

= 100 I/I, | (9)

Extinction is a function of percentage transmission according to
the eguation

E = log 20 | (10)

T

The instrumental error in the measurement of T ~ is approximately
conatant. The following tabulation shows the variation of the
errors in E that corresponds to an assumed constant error of
0.25 percent in" T:

Peroentage Percentage! Extinction| Approximate; Approximate
transmission| absorption | error in percentage
extinction | error in

' extinction

20 10 0.05 0.0011 2.2

80 20 .10 .0013 1.3

50 50 .30 .0021 .5

20 80 .70 .005 .8

10 90 1.0 .011 1.1

5 95 | 1.3 .023 1.8
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The values of percentage error in extinction shown in this table
emprasize the desirability of choosing a dilution factor or cell
thickness that will cause the measured extinctions to lie in th

range Trom 0.3 to 0.6. VWhen an analysis is based on extinctions
not in this range, errors larger than the minimum are to be ex-

pected. '

APPARATUS AND TESTS
Grating Spectrograph and Accessories

A concave grating spectrograph was used for the photographic
investigatione, The 1,S5-rmeter grating was ruled with 48,000 lines,
1 inch in len gth, spaced 24,000 lines to the inch, Spectra were:
photographed in the region from €200 A4 to 4350 A on a 15-inch length
of Eastman Kodak Spectruwn Analyazis No. 1 Safety film, which is '
35 millimeters wide, The disgpersion was 7 A per millimeter, A slit
width of 0,05 mflllwe » was used, A hydrogen-discharge lamp opsr-
ated on a well«"evu¢aﬁed gupply of 70 volts direct current was the
source of ultraviolet light, Hydrocarbon solublons were containsd
in a quartz absorption ceil of l-centimster thickness mounted bétween-
the lamp and the slit, A single gwitch that operated both an electro-
magnetic shutter and an electric interval timer was used to cont*ol
the exposure time, which varied from 10 to 320 seconds.

‘Numerous factors, such as concentration, degree of agitation,
temperature, time of immersion iu the doveloper validity of tke-
reciprocity law, edge effects, stray light, and nonuniformity of’
film emulsicn, are known to affacy quanultative compariscn of light
intenaities based on the photomctry of vhotographic images., A uni-
form procedure was adcopted for the purpose of reducing the effect
of guch factors on accuracy. The conceatrations of nozak eve1-
.oper D-19, an acid sghort-gtop bath)‘aﬁd Kodak T'ixing Bath ¥F~-5 were -
ca“elu‘lr comtrolled. The Tilms were processed. in trays of the
solutlons that were mecnanﬂoall" rocked in a vater bath.maintained
at 20° C by a taewmosbut. =

Measuremen s of ransm*SQi01 ané wavelengtbs of 1mages on the
films were made with an Apolied Research Labor atorles - DLetPrt
Comparator Dgnsitomelsr, On cacm,f.tr thrse of the ‘eight spectva
were photographed through the esivent, whcreas tno otvher five 2xpo-
sures ware taxzsn thvough the solution for 1nt ~vals 2, 4,8, 16, and

o=

32 times the eryosure time throwgh the solvent. The imags densities
of smell adjeacent areas oo ths fiim were coumsared only where they
nearly matched; consequently, only small Intervals on the genme,
curves were used., Sliding logarith.ic gcales were used on the
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gamma curve for the wavelength interval considered to convert
relative image densities into intensity ratios IO/I of the
light transmitted by the cells, Extinction values could then
be calculated from the intensity ratios.

In photographs of the spectra of nine purified aromatics the
extinctions at maxima and minima of absorption were determined and
tabulated, The sultability and reliability of the spectrographic
technique for routine application to quantitabive analysis were
also briefly investigated,

Quartz Spectrophotometer.

" The ultraviolet spectrophotometric measurements were made with
a commercial quartz spectrophotometer, described in detail in refer-
ence 1, which is suitable for measurements in the range from 2200 A
to l0,000 A. The ultraviolet source was. identical with the one used
with the grating spectrograph, Two matched 0.5-~centimeter quartz
celis, one for the solvent and one for the solution, were placed
alternatelJ in the monochromatic ultraviolet beam between the exit
glit and the photoelectric cell, which was so connected that varia-
tion of the voltage was proportional to the intensity of light inci-
dent upon the cell, In routine operation a potentiometer in the
spectrophotometer was used to take the quotient of the voltages
characteristic of the light intensity through the solvent and through
the solution. The scale that rotated with the potentiometer knobd
was uniformly gradvated to indicate the value of the quotient, which
was percentage transmission, and logarithmically graduated to indi-
cate directly the extinction values for the solution.

A concentration of about 0.04 percent by volume of aromatics in
2,2,4-trimethylpentane obtained from Rohm and Haas Company (less than
0.001 percent of aromatics) was found to be suitable in most cases,
This dilution by a factor of 2500 was obtained by double dilution
in order to conserve the solvent.

The spectrophotometer was used to obtain data for plotting the
absorption spectra of eight aromatics. A method of analysis for
benzene and toluene was tested for accuracy and applied to four
fuels, and a similar technique for analyzing binary mixtures of
1,3,5-trimethylbenzene and propylbenzene was tested., Spectrophoto-
metric extinctions of mixtures containing m-xylene and p-xylene
were correlated with composition as an example of testing relative
purity.
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RESULTS AND DISCUSSION
hotographic Absorption Spectra

Successive maxima and minima of -gpecific extinctions and corre-
sponding wavelengths accurate to *2 A for the photographed spectra -
of aromatics 1, 2, 3, 7, 8, 11, 13, 17, and 18 in table I are pre-
sented in oable II A poswtlve eﬂla bemenu of spectrograms of
eight aromatics is reproduced in figure 1, Dark regions, as at
2545 A in spectrogram 8, represent absorption bands. The variation
of the sensitivity of tle film in this region is shcown in spectro-
gram 9 taken through the solvent, the exposure time being one eighth
that for the other spectra. The aromatic l-methyl-4-isepropylbenzene
(spectrogrem 4) has such low absorption between 2500 A and 2400 A~
that its spectrum is a falr indication of the film response in this
region for an exposure of 200 seconds, Much of the contrast and
detail of the origiral negative is, however, not evident in the
repreduced enlargement, : o

The values in table II are useful for qualitative comparisons.

and ag indications of the relative values of maxima of extinction.

in the apectra of liquid aromatics when spectroscopic resolution is-
good. The relatively rarrow slit width used (0.05 to 0.1 mm) gave

sgsurance that the breadth and overlapping of the abboro+1on bands.
as they appeared on the negatives and in figure 1 was’ characterigbic
of the liguids and was not due to the llmlued resclving power off tne.A
spectrograph :

Early tests for accuracy and reproducibility of extinction
values and investigations of the uniformity of puri ified aromatic
samples by the photographic mothod indicated that the average error,
which was found to be approximately S percent, would probﬂbly te.
more than 2 percent at all times unless elaborc te precautions verc
adopted to minimize it., This photographic method irvolved e geveral
separate operations that were tims-consuming and the ascuracy at-
tained was not adequate for our requirements. Begause ‘spectrophoto~
metric measurements could be made faster and with better precision
than photographic measurements, the results of the ph wotographic
technique were not prepared for routine use in quantitative analysis,

Spectrophotometric Absorption Spectra

The absorption spectraof the pure aromatic hydrocarbons 1, 2,
3, 4, 6 7, 8, and 11 in table I determined with the quartz spoctro—
photometer are plotted in figures 2 to 9,. Because the method was
rapid and accurate, numerous pOints were measured; hence the form
of the curves has 51gn1¢¢cud and is not dopondcnt on falring
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Individual bands are less well resolved than in the photographic
spectra of figure 1 owing to lower dispersion and the use of
0.5-millimeter slit widths on the spectrophotometer. Because tests
showed that Beer's law was valid for these slit widths for several
bands, these slit widths were adopted as satisfactory when response
of the instrument and other factors were considered. The experi-
mental error in setting the wavelength drum on a sharp band was
+1.0 A, as read on the wavelength scale.

Spectrophotometric Analyses

Binary mixtures. - The specific extinctions for a concentration

of 1 gram per liter in a l-centimeter cell, the working equations,

and the results of calculations of the composition of several binary
mixtures are given for benzene and toluene in table III and for
1,3,5-trimethylbenzene (mesitylene) and propylbenzene in table IV,
The values of some of the specific extinctions are functions of the
effective glit width of the spectrophotometer; they may also be
affected by other specific characteristics of a particular instru-
ment such as the stray radiation that emerges through the exit slit,
None of the specific extinctions reported herein should be adopted
for analyses using other spectrophotometers unless comprehensive
comparative measurements satisfactorily verify the values. For
example, from unpublished data from the American Petroleum Institute
Hydrocarbon Research Project obtained with a photoelectric spectro-
photometer similar to the one used in the analyses presented herein,
the principal band of p-xylene reported at 2747 A was computed to
have a specific extinction of 4.63, whereas for the same slit widths
the value from figure 10 of the present report is 4.95 for the same
band located at 2744 A, For a band of o-xylene, however, the agree-
ment is better, TFor the band located at 2710 A on both instruments
the specific extinction from the unpublished A.P.I. data is 1.89

and the value from figure 6 of this report is 1.86.

A sample calculation for mixture A of table IV will clarify
the method. For that mixture, E; = 0.2750, Ep = 0.3700, eand

Ez = 0.2810. Substitution in equations (4) and (5) of specific
extinctions from table IV and solution for c1d and cod gives

cpd = -0,5749 5y + 0.6531 E, (12)

The check equation is

Es

i}

(0.9660 ¢; + 1.454 cp) 4 (13)
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Substitutions in these equations give

c1d = C.7398 x 0.2750 - 0.1051 x 0,3700 = 0.1345 (14)
cod = -0.5749 X 0.2750 + 0.6531 X C.3700 = 0.0835 (15)
ES = 0,9660 X 0.1645 + 1.454 X 0.0835 = 0.2803 (15)

Because the values are given for a cell thickness of 1 cerntimeter,
the concentration of 1,3,5-trimethylbenzene c; is 0,1645 gram per
liter and the concentration of propylbenzene cp 1s 0.0835 gram per
liter., In the calculations as well as in columns 1 through 4 of
tables IIT and IV a figure of doubtful significance in the fourth
decimal place has been retained as a precaution to prevent introduc-
tion of errors that might be caused by its omission..

The result of substituting values in equation (15) indicates
that the interference at a wavelength of 2541 A is

O - ol
O'ZBlbO Zg’ZL S 0.25 percent, vwhich is less than 3 percent, the

arbitrary maximum that is tolerable aocovd*“ to the discussion in
apperdix A, The spectrophotomsiric weignt percentages that are tab-
ulated in tables IITI and IV were compubed by dividing the concentra-
tions determined.spec+”ophotcmetricall" by the sum of the concentra-
tions determined LY weighing., Becauss weighing is the more precise
method of measurement, welghed values were assumed to be absolutely
accurate for the purpose of ascertaining errors., Values in columns
10 and 11, as well as the amounts oy which values in column 9 differ
from 100 percenf, indicate the errors in the analysis,

The megnitudes of the percentage differemnces in columns 10 and
11 of tables IIT and IV were used to calculate the root-mean-square
error. ¥For the mixtures of benzene and toluens the root-mean-zquare

errors were 1.0 and 1.2 percent, respectively; for 1,3,5-trimethylbenzene

J

and propd benzene, 2.2 and 0.9 percent, respuctively. These errors indi-

cate that the meuhoa of analysis is capable of accuracy approximating
these percentages of the total aromatics present. The spectrophoto-
metric measurements were made on solubions in which the actual aro-
matic concentration was the optimuwm, that is, about 0.04 percent by
volume, 3Because the stated ac-uracy holds for concentrations as
small as this magnitude, spectrochemical detection of aromatics is
extremely sencitive. It should be pointed out that errors reported
herein are based on total aromatics present; therefore, if a fuel
contains 10 percent of aromatics, a reported error of 2 percent

would correspond to only 0,2 percent of the total fuel.
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A graphical method of determining the composition of binary
mixtures is presented in Tigure 10. A discussion of the applica-
tion of this method to the problem of testing the purity of aro-
matics is given in appendix B,

Gasolines, - Results of applying the benzene-toluene analysis
gented in table V., The first three analyses were made to test the
reproducibility of the method in practice, The entire procedure
was repeated beginning with the original gasoline sample each tine,
The maximum deviation from the mean value of the three determina-

tions, whether of benzene, toluene, or of total aromatic content,

was less than 1 percent of the amount present., The results are
significant to hundredths of percent of the gasoline.

Analyses 4, 5, and G reported in table V were made to deter-
mine the effect of variation of concentration in the cell by a
factor of 5 and alsoc to check the validity of Beer's law, The cut
of AN-F-28 fuel used in these analyses was the only cut obtained
with e very simple still. The presence of considerable toluene
in the 70° C to 100° C fraction is evidence of the poor cutting.

In this test the extinction readings on the spectrophotometer fell
in the optimum range from 0.3 to 0.6 only for a dilution factor of
250, 1In spite of this source of sligitly increased errors, the
comparative accuracy of the three analyses was as good as that at-
tained in the first three reported. The numerical resulis of these
analyses should not be taken as indications of the true composition
of the gasoline but should be compared as evidence of reproducibil-
ity of the analysis.

Analyses 7 to 12 in table V are independent applications of
the method to gasoline cuts obtained in a still of 40 theoretical
plates. The results are reliable indications of the aromatic con-
tent of the specified fractions.

CONCLUSIONS

Spectrophotometric analyses of synthetic binary mixtures of
benzene and toluene and of 1,3,5-trimethylbenzene and propylbenzene
together with analyses of fuel cuts containing only benzene and
toluene indicate that simple, rapid, accurate analysis of binary
mixtures of arcmatics is feasible with an ultraviolet photoelectric
spectrophotometer, This instrument is preferable in all three of
these characteristics to a spectrograph-and-densitometer combination,
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The spectrophotometric~-analysis technigue could probably be ex-
tended to more complex mixtures, If this technique were supple-
mented by suitable fractional distillation, it would be compre-
hensive for nearly all aromatics in aviation fuels,

Aircraft Engine Research Laboratory,
National Advisory Committee for Aeronautlcs
Cleveland, Ohio.
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APPENDIX A
SIGIFICANCE CF THE CHECKX PQ“CWDURL

Application to numerical accuracy, - The following discussion
of the effects of errors owing to any causes in the values of Ej,
Ez, and E3 for the case of 1,3,5-trimethylbenzene and propyl-
benzens ig applicable to other binary mixtures., The: equationg for
the concentrations, when the cell thickness d is 1 centimeter, are

c; = 0.7398 E; - 0.1050 E, (il)

¢, = -0.5749 B, + 0.6531 E, (12)
and tiie check eguation is

Ez = 0.9660 ¢ + 1.454 ¢, (13)

A positive error AL, 1In E; because of interference or other
cauges tends to Iincrease Cy and to decreass Coe if 55 is very
small, such an error might possibly lead to negative values of con-
centration. 4 positive error in Fp would evidently have an
opposite effect on the concentrations., Tolerance of a 3-percent
variation between the computed snd the measured value of Bz would
generally permit errors of 3 percent in ¥y end E, <to remain
undevected, especially if the errors were both positive or both

negative, Errors larger than abcut 5 percent would often be de-
tected, '

Application to detection cf olef fins. - The check procedure is
f particular value for tae detection of interference owing to
ol fir ¢ absorption, which is small at 25800 A but which increases
constantly as values of waveTength decrease, An example using ap-
p“OXLKaZG specific extinctions of the olefin 2,4,4-trimethyl-l1-
pentene measured at this laboratory will reveal the advantages of
a wavelength in the interval from 23C0 A to 2400 A.

The following tabulation shows the extinctions and the rela-
tive extinctinng charactevcistic of 10 grams rer liter of 2,4,4-
rimethyl-l-tenterns, C,5 gram per liter of 1,3,5- trlmvbnylb nzone
and 0.5 gram per liter of propylbenzene each in a i~-centimeter
cell:
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Wave- |2,4,4-Tri-|1,3,5-Tri- !Extinc- Propyl- : Extinc-

length, !methyl-l- , methyl- ticn ‘benzene, | tion

pentene, benzene, ratio, EC “at L0,

(a) - Ep Eg Eﬁ/np ) /m

(percent) | (percent)

2350 0.18 0.25 64 - -; 0.8 ;100
2400 .08 - .20 40 ;24 1 33
2541 - .02 .48 4.2 30 2.6
2610 .01 - .68 1.5 .87 | 1.2
2719 .007 77 | .9 12 5.8

. : . i . i . .

In the region used for .analysis, the olefinic absorption is
about 2 percent of the aromatic absorption. The errors in the com-
puted aromatic concenirations becavse of the presence of. the olefln
would be

Acy = 0.7398 X 0,007 - 0,1051 X 0.0L = 0,0042 grem/liter:

it

Aoy = -0.5749 X 0,007 + 0.653L X 0.0 = 0.0025 gram/iiter
These ervors are 0,8 and 0.5 percent, spect;velj, of the asstmed-
aromatic concentrations, In this ca=e a concentration of olefln .
20 times that of tae aroaauic would be tolerable. ’

At 2541 A, the wavelength used herein for checklng, the oleflnic
absorption amownts to 4.2 percent of the aromatic absorption in one
case and 2.6 percent. for the cther, The arbitrary limit-of 3 per-
cent apparently limits the presence of an olefin to a ooncentra ;1on
of 20 times that of the aromatic concentration in the case of
2,4,4-trinethyl-l-pentene. At 2350 A the olefin present at- “this
concenuraulon cauges -absorpbion of the same order of ﬂagnltude as
that of each arcmatic, Wavelengths in the suggested interval-

(2300 A to 2400 A) are evidently better +naq the lonner vavelengths
nsed herein to check Jor clefinic int erferon"e.
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APPENDIX B
SPECTROPHOTOMETRIC PURITY TESTING

In comnection with ultraviolet spectrophotometric analysis for
aromatics, the problem of determining the relative purity of an aro-
matic hydrocarbon when no abgsolutely pure sample is avallable is
comon, Physical constants of the pure compound, such as boiling
point, Ireezing point, density, and index of refraction, are often
useful for this purpose, hiese properties of some isomers, which
may occur in mixtures, are so similar, however, that they are
inadequate, Ultraviolet absorption spectra constitute another type
of physical data that may be most helpful for some cases.

In order to appraise the usefulness of such data the spectro-
photometric extinctions of seven binary mixtures of m-xylene and

- p~xylene, obtained during purification of p-xylene by crystalliza-

tlon, were measured at threec selected wavelengths, The compositions
of these mixtures had previously been estimated by referring their
freezing points to a fréezing point-composition diagram, The data
plotted in figure 10 show the extinctions of the mixtures as func-
tions of the estimated composition., The important features of this
figure are the linearity of the graphs and the magnitude of the
variation of the extinction at each wavelength with composition.

As a criterion of composition, the line in figure 10 for the prin-
cipal peak of p-xylene at 2744 A appears to be preferable to the
freezing-point diagram in the range from 5 to 95 percent, The
slope of this line is 0,04 unit of extinction for each l-percent
change of composition. Measurement of extinctions accurate to

0.0l would, therefore, make possible the detection of 0,25-percent
variation in composition,

When several unknown impurities are present, the difficulty
of spectroscopic determination of purity is considerably increased,
but spectrophotometric data are often desirable even in this case.
Knowledge of the extinction value at 100 percent, however, is usual-
1y dependent upon the availability of a sample that is absolutely
pure or of two or more mixtures whose compositions are accurately
known.
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TABLE I - PHYSTCAL FROTER

‘!‘J
RS

. OF

refraction at

AROMATIC EYDROCARRONS

20

© g for sodium light,

nzo; gpecific gravity at 20° € relaetive to water at 4° ¢ taken as unity, 4 20 ‘)
Distil- Boiling | Freezing :
lation Hydrocarbon point at | point,®C ne0 d420 n20
frac- 750 r,°C (a) (a) (a) (v)
tion (a) /
1 l Benzene 80.09 5,511 1.8012 0.87893 1.5003
2 Tolusne 110,85 -95,0 ] 1.48685 .3669 1.4967
3 Ethylbenzene 136,15 -94.658 1,49587 0,86690 1,49561
4 p-Xylene 138.4 13,21 1.4953 , 8610 1.4859
2 5 m-Xylene 13¢.2 47.8 | 1.4971 .86416  |=-em- --
6 o-Xylene 144.,5 -25,0 1 1,5054 .8801 1.5052
3 7 Isopropylbenzcne (152,4 -08,1 1 1,4012 0.,8515 1,49107
8 Propyltencene 15¢,18 ; -10C.1 1.4919 0.,8618 1.,4918
9 1l-Methyl-4-ethyl- 1162.5 -33,7 1 1,4852 .8518  |emee---
4 benzense
10 1-Methyl-3-ethyl- |101.5 £0 ke-mmm=n- 1,a06L7-9 8590 1.498
. benzene 182.5
11 1,3,5-Trimsthyl- |164.0 ~44,7 ¢ 1,4991 ,8553 1.49991
benzene
12 1-Methyl-2-ethyi~ |164,8 ~83,1 7 1.5041 8810 ———————
benzene
13 tert-Butylbenzene |167.0 ~£8.1 | ©1,490585 1°0.8623%5  |1.49240
14 1,2,4~Trimethyl- [1589.18 -44.,09 1.5048 B782 jemmmmea
benzene .
5  [15 1-Methyl-2-tert- [170.0  j=---=n-=- ©1.,494231 7| ccmmceeeee PR
butyloenzense
138 Iscbutylbenzene 170.0 -52 1,493 .8626 = Joc| T
17 sec-Butylbenzene |171,0 -82,7 | 1.488C ¢ ,857725/25]1, 48988
18 1-Methyl-4- 175.0 -63,8 | 1.4933 0.8544 11.49000
isopropylbenzene
1S 1-Msthyl-2- .
iscpropylbenzens| 175 to -73.5 11 1,5003 876 | em—e- -
6 176
20 1-Methyl-3-isc- 175.6 to -75.0 1.4920 ,3606 @ |mmmem—--
propylbenzene 175.8 -
21 1,2,3-Trimethyl- 75,1 -25.4 | ®1,51072° L8951 | ememea-
benzene 3
22 1,2-Diethyl- 175 to 20,0 | ©1.5025722] ©,879522 | 1.50257
benzene 177
8yglues are from reference S,

Values for compounds furnished by the AERL Fuel Synthesls Section,

CNumerical exponents denote temperatures that differ from the specified

standard values.

Watlonal Advisory Committee
for Aeronautics
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Spectrogram
1
2
3
4
5
6
7
8
9
ol | ] } I I )
2700 2650 2600 2550 2500 2450 2400
Wavelength, X\, A Prs oM
Spectrogram  Substance in cell Exposure Concen-
(sec) trotion
in cell
(eroms/iiter)
1 1,3, 5-Trimethyl/benzene 200 0.69
2 Diethylbenzene mixture 200 .34
3 Xylene mixture 200 .26
4 1-Methyl-4-isopropylbenzene 200 .17
] Isopropylbenzene 200 .43
6 Propylbenzene 200 .43
7 Ethylbenzene 200 .43
8 Benzene 200 o I7
9 Isooctane solvent 25 690

Figure 1. - Positive enlargement of nine spectrogroms.
X2. SIIt width, 0.10 millimeter; cell thickness,
1.00 centimeter. ,
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Figure 10, -~ Variation of specific extinction with percentage
composition of a mixture of m-xylene and p-xylene., Solvent,
isooctane; slit widths, 0,50 millimeter, :
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