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ABSTRJ,CT 

This report gives the essential details in the design of a 
depend e.ble i nstrument for the analysis of dissolved oxygen in boiler 
feedwater s by means of a spectrophotometric met hod. The operation of 
the indicator, result s of a test period, and the exper imental wor k in
volved in its des i gn ar e given. Because of the repidity of its indica
t i on, portability, ease of mani pulati on, overall compactness and accuracy, 
recommendations include its further development and use in routine and 
survey testing in the Navel Se.-vice . 
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WTRODUCT ION 

Authorization 

1. This problem was authorized by 

(a) BuEng. let ter S87 (3-13-Ds) of 20 Tuilrch 1937. 

Statement of Problem 

2. The object of this problem was to develop an i ndicator which 
could be used on shipboard for the determination of the dissolved oxygen 
in ooiler feedwe.ter. 

3. By the nature of the limiti:.tions of its use , compactness i n 
size, speed and range of indication, ease of manipule.tion. portability . 
e.nd accuracy are fundamental restriction~ in i ts design. 

Mown Facts Bearing on the Problem 

4. The deaeration of boiler feedwater has become a necessity 
due to the celerity of attack of dissolved oxygen on clean boiler metal 
at the high temperRtures and pressures now used in the Navel Service. 
Obviousl y, the indication of the extent of deaeration is of prime im
portance, since this indicates the efficiency of operation of t he deaer 
ation system under any set of conditions. 

5. Until the present time, there have been only two methods of 
analysis for dissolved oxygen applicable to any extended practical use. 
Only one of these, a method based on the difference in thermal conduc 
t ivity of a pure g;as from ttiat of the gas when diluted with any oxygen 
displaced from the water under analysis, operates continuously. The 
ot her, ~he basic Winkl er method, requires careful manipulat ion in 
sampling and intricate chemical analysis. The time f actor i nvolved in 
both of these methods is of a considere.ble magnitude. In the thermal 
conductivity apparatus, equilibrium of indicetion with actual oxy£en 
content is only attained after repeated flushin; of gas through the 
water under analysis, this process sometimes requiring upwards of 
twenty minute s to give a true analysis. The Winkler method requires 
a period of sampling of fifteen minutes or more, depending on the rate 
of flow of the we.tar, length of sampling line, and other factors. The 
ac t ual chemical analysis of the sample requires an additional 5 to 10 
minutes depending on the skill of the operator and the cype of indica
tion of the t itration endpoint in use. Also, i t should be remembered 
that any result obta ined with the Hinkler test represe.nts only e.n 
average of the oxygen concentration encountered during the period of 
sampling. This may be satisfactory in the case of a deaera t or operat
ing at an equilibrium condition, but sampling at two or more different 
intervals is necessRry when the e£ficiency of t he deaeration unit is 
changing. 
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6. These methods may be easily adapted t o the space l imitations 
of shipboard use. However, the glass equipment needed i n the Winkler 
analysis is subject to the danger of breakage and subsequent loss of 
time and material. 

7. Recently there has been developed to a limit ed ext ent a con-
tinuous flow analyzer which depends on the photometric measurement of 
light transmi tted through a section of the w&ter to be analyzed to which 
certain reagents have been added which generate a color, the depth of 
the color being dependent on the amount of oxygen present. This appar
atus is in part based on U.S. ?a.tent hos. 1,919,858 and 2,019 , 871, and 
uses a gravity flow supply of a ti.vo solution rea6ent. Constructed largely 
from glass, i ts size entl intricacy of operation r equire the services 
of trained and special ized personnel . 

8. From wh?.t meager information available on this method, ,it 
does not appe?r at all adaptable to the Naval Se:,:-vice. 

Theoretical Considerations 

9. Bearing in mind the restrictions applicable to the design 
of the instrument, careful consideretion of the methods avflilable for 
this purpose resulted in the selection of a col orimetric pr.incipl~ com
bi ned with t he photoelectric indice.tion of spectral trnnsmission. Thi s 
principle gave promise of the best performance for use in the Naval Ser
v i ce. 

10. The spectrophotQJP.etri-0 type of ana lysis, with certa~ vari-
a t ioni; in arrangement. af:f'ords the analyst with an excellent tool in the 
quantitative determim1tion of many different substances. This is accom
pl ished with speed and acc~acy. 

ll. The principle of operetion of all such methods is based on 
t he Lambert-Beer Law : 

where 

T = Transmission factor of the solution 

t = Transmission factor of the solution of 
unit concentration and thickness 

C = Concentration of the solution 

£ = Thickness of the solution (or depth) 
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12. Thus the concentration of any given substance in solution 
having a fixed depth will be directly proportional to the negative lo
garithm of the transmitted light through the solution. 

13. However. as it will be shown later, this law is very seldom 
completely fulfilled in ectual practice because of t he precticnl diffi
cul t ies in obtaining a "match" between the spectral absorption of the 
fil t er interposed in the light source and the spectral transmission of 
the colored solution under analysis. 

14. Careful control of all possible v~riables is necessary in 
accurate spectrophotometry. Among these is the repeated compensation 
or setting of the output of the photoelectric cell at a point which 
represents true one hundred per cent absorption or trMsmission. thus 
allowing for any change in c:,aracteristics of the photoelectric cell or 
fluctuations in the optical condition of the solvent medi um used in 
producing the color reaction. 

15. The equivalence of" light transmitting ability of any 
system of two or more absorption cells is also necessary, as is the con
stancy of addition of any solutions or reagents differing i n density or 
light absorption from that of the solvent medium. 

METHODS 

Explanation of Report 

16. An attempt has been ma.de in the construction of this report 
to provide the reader with the information sought at a minimum expendi
ture of time and energy. -

17. To that end,.the ar rangement of the material presented, is 
such that the main body of the report contains text, data and curves 
d irectly applicable to the oxygen indicator of tr..(:' p!"esent model and 
design. with no thought or consideration to the e~rlier expe~imental 
wor k necessary to achieve these results. In this section will be found 
a detailed description of the indicator with its fundamente l principles 
of operetion, the r e sults of a test per iod to which it was applied and 
a conclusion consisting of a critical summary of the advantages and dis
advant ages of the ma.chine with appropriate recommendations for the future 
progress of the problem. 

18. The appendix has been chosen to contain a r~ther detailed 
recapitulation of the experimental progress of the design of each com
ponent part of the finished e.ppare.tus. This treatment was undertaken 
because of a need of combining into a for m readily available for future 
reference and record --~ should the occasion arise --- the results of 
the stepwise evolution of this type of an instrument. The sequence of 
each topic in the appendix begins with the earliest form of the unit 
in question, proceeding through its experimental and developmental 
stages to the final form incorporated in the present model. 



Description of Model IV N.R.L. Dissolved Oxygen Indicator 

19. Principles of Operation and Features of Design. The opera-
tion of this indicator depends upon the color produced by the contact 
of wat er containing dissolved oxygen with a mixture of solutions of 
potassium hydroxide and pyrogallic acid containing a smal l a.mount of a 
sensitive orthoquinone compound. The color developed is a measure of 
the amount of dissolved oxygen present in the water and may be determine~ 
by comparing the light absorption of the water before and after the 
reagents have been added by means of a photoelectric cell connected to 
e suitable microammeter. The absorption cells containing the water and 
depth of color to be measured are mounted in a fixed position and in such 
a manner that t he light source and photoelectric cell may be placed in 
line with either cell, With the light source and photoelectric .cell in 
line with the absorption cell containing the we.te:- alone, a:r.. iris diaphragm 
is adjusted so as to give a full scale deflection on the microammeter. 
With the iris diaphragm at th~s setting. the light source and photoelec
tric cell are placed in line with the other absorption cell containing 
the water, reagents and color due to any oxygen present. The reading 
obtained on the microarmneter is referred to a calibration curve for 
translation to milliliters oxy~en per liter of water. 

20, Provision is made for fluctuations in rate of flow of the 
water being analyzed by the use of a constant head device maintaining 
a flow of 100 cc. per minute and venting any occluded air bubbles in 
the water. 

21, Turbidity of the water is automatically compensated for 
by the double absorption cell design. 

22. The instrument is provided with a double range selector 
giving a good sensitivity throug~out the ordir.ary ranGe of dissolved 
oxygen concentration found in such waters, 

23. Levels or solution in the reagent tanks are easily visible 
and. may be equipped with electrical circuits automatically stopping the 
operation of the indicator in case of exhaustion of solution. 

24. Inspection of the absorption cells for the presence of 
foreibn matter is provided for by sight holes on one side of the case 
and a light aperture in front of the instrument for their illumination. 
The slight constant increment of absorption due to the reagents alone 
is cancelled by means of an off- scale zer.o setting. 

25. Changes in line voltage from the 110 v •• 60 cycle A.C. 
supplied to the instrument are without effect on its operation by the 
use of a constant-wattage transformer. 

26. Replacement of the automobile headlamp type tungsten-
bulb light source is mnde simple and quick and is without effect on the 
calibration of the instrument. 
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27. Should recalibration become necessEry or advisable it may 
be easily accomplished i f water of zero or known OX'Jsen content is avail
able . This is done by means of a small electrolysis cell inserted in 
the system which liberates any desired amount of oxycen premee.sured by 
a mi 11 ie.rnme ter. 

28. Should the absorption cell windows become dirty. mnking a 
zero balence impossible they may be easily removed and cleaned on both 
surfaces. 

29. Rate of addition of reagents is controlled within the neces-
sary limits by means of metering pumps, requirin~ no adjustment or atten
tion. 

30. Continuous or intermittent operation of the indicator is 
provided for and its only attention is that of repl enishing reagents 
upon exhaustion, this l ength of time being about six hours with the 
present model. 

31. The makeup of yea.gents is done with a 2inimum of manipu-
lation and fragile glassw&re. Measured amounts of dry reagents are 
supplied, and sealed ampoules containing t he sensitizer solution are 
ma.de up with distilled water without contact with the operator, only 
one volume measurement being required with each solution prepared . 

32. Details of Construction of the Indicator. An inspection 
of the flow sheet of the apparatus as sketched on Plate 1 will serve 
to clarify the following sequence of the water flow in the instrument: 

The water to be analyzed is passed into a constant - heed 
device which allows a part of it to overflow at all times. The 
main portion. however I enters the indic0tor throush an emergency 
adjustment valve et (A) pe.s&ing through the rotP.meter (B) which 
is graduated at one point, indicating a correct flow of water of 
100 cc. per minute. ?>y means of a copper tube the water then 
passes into the zero absorptlon cell (C). Irt ·p~ssing into t his 
cell the water is caused to flow through an orifice (~) which 
creates a turbulence,forcing any suspendeJ particles in the water 
away from the surface of the glass window in the end of the cell . 
In this cell the zero absorption of the water is obtained by the 
transmission of the light beam originating at (E) and controlled 
by the lens and iris diaphragm (F). The spectrum of this light 
beam is rendered selective by the filter (G) before it impinges 
on the photoelectric cell (H) givi ng rise to a minute current 
registered on the microammeter (I). The water then is passed 
into a glass unit containing the inlet for the basic reagent, 
potassium hydroxide, at (J). This is mixed thoroughly with the 
water by the zig-zag convolutions (K) of the glass tubing. and 
flows into the calibrating electrolysis cell (L) v,here oxygen 
may be added to it in measured amounts if recalibration of the 
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instrument should be necessary. 

Following this step the other reagent, pyrogallic acid and 
sensiti zer solution, is addeJ a.t (M.) and mixel by means of anot her 
zig-zag portion of tubing in connection with a final mixer (N) 
which serves as a ballast. preventing too rapid a fluctuation in 
light absorption when the colored water reaches the color cell at 
(0). 

In this cell its absorption is compared wi th that obtained 
from the water alone by shifting the litht source and photoelectric 
cell i n a position indicated by the dotted lines . 

If the t ransmission of the light in this color cell is 
lower than a basic value (indicated on the calibration curve) a 
shift of filters at (P) may be accomplished giving a range bett er 
suited for ane.J.ysis at this conc<:lntra. tion. 

Translat ion of meter readings to r.Lilliliters oxygen per 
liter vmter is accomplished by means of a calibrat ion curve 
similar to that on Curve 17. 

The water flows to waste from this cell t hrough a water 
trap (not shown) which prevents drainin0 of the system when not 
operating. 

33. The arrangement of the component parts of the i ndicator 
is best seen by the photographs on Plates 2, 3, 4, 5, 6, 7 and 8 which 
are self-explanatory. Plate 9 shov,s the equipment for makeup of re-
agents in~ luding volumetric flasks, special funnels, reagents and · 
sensitizer solution ampoules adequatel y marked A and B, the latter 
markings being in red as an additional safety factor. 

DATA OBTAINED 

Tests of t he Preliminary r.bdel Indicator at the Naval Engineering 
Experiment Station 

34. Due to the large proportion of experimental work on this 
problem before it was possible to perform any large scale tests on a 
deaerator setup~ only one opportunity has existed to apply the indicetor 
to conditions simile.r to those found aboard ship. 

35. The occasion of this test was in connection with the de -
aerator experimentation being conducted at the Naval Engineering Experi
ment Station. 

36. During February and March of 1939 a pr eliminary model of 
the Indicator was set up at the E.E.S. by Laboratory personnel and 
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connected to a sampling line from the Booster Pump LJischarge . The water 
being used in the deaerator at this tiUJe had been in use for a long 
period and results in the Indicator showed the calibretion curve to be 
not applicable to the conditions encountered. A recalibration of the 
instrument was performed in about twenty minutes by means of the 
electrolytic calibrator and using as a base line the results of ;1inkler 
analysis of the water by the staff of the E.B.S. 

37. Using the resulting calibration curve oxy~en analysis of 
the water was made at one-minute intervals and plotted as a continuous 
curve. Results of t hese tests are shown by Curves 1, 2, 3, 4, and 5. 
Curve 1 shows the oxygen content after the deaerator had reached an 
equilibrium value and the rise in oxygen content when the steam was 
turned off. Curve 2 gives the 0:~y;en content as the deaerator was 
startei up. Curv~ 3 ;ives tha results of a run on the station deaerator 
~sit was started up and during the time of a valve test and after it 
had settled down to regtilar operation. Curves 4 and 5 show the resul ts 
of experimental changes in deaerator conditions. 

38. The followin1; correlation is given of \"iinkler analy"sis 
results (both the average of a 500 ml. and 250 ml. sample and the 
Schwartz and Gurney difference are given) at intervals during the tests 
covered by the above curves: 

Winkler Analisis ml. per Liter Analysis by 
Date Average s.& G. Difference the Indicator 

27is/39 .021 .038 .027 
2 15/39 .015 .033 .019 
2/15/39 .OH . 028 .019 
2/15/39 .016 .025 .019 
2/16/259 .1.13 ,122 ,126 
2/16/39 .llO .106 .120 
2/is/39 ,061 .062 .065 
2/15/39 .046 .041 .047 
2/15/39 .214 .218 
2/16/39 .025 .025 .025 

Discussion of Results of the Anna.polis Test 

39. Unfortunately this one and only test of the oxygen indicator 
was carried out with a very rudimentary model of the indicf<.tor so that 
any result s of its mechanical operation are not necessr.rily applicable to 
the present model due to the many changes made in its construction and 
operation. 

40. llowever, the speed of response of the indicator is evident 
by the time - oxygen content curves. This is strikingly illustrated by 
Curve 5 where the time lag varied from one minute to a three minute 
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r maximum for any change in steam or we.ter flow·. The time lag of any such 
instrument would, of course, be influenced by the length of the sampling 
line tapped f r om the supply of water. 111 of the above tests were made 
with a sampl ing line length of about thirty feet. The advantage of a 
continuous analysis in an experimental set- up such as this ma.de possible 
the changing of many variables within the space of an eight-hour run 
to ascertain their effect on the deaeration without the necessity of 
waiti ng for equilibrium conditions to maintain after each change before 
sampling for i'iinkler analysis. Any Winkler analysis results obtained 
when an equilibriu.~ condition does not exist really represent an average 
value over the length of time of sampling. The recalibrati on of the 
instrument, performed twice whil~ conducting these tests, provides a 
simple quick check on the entire curve at any desired t ime. It ci,es 
the Indicator a flexibility of use which coul d be of oonsiderable ad
vantage when changing from one install~tion or wa.t&r supply to another, 
or when highly questionable results are obtained durins an analysis. 

CO:t:JCLUSIONS b.ND RECOr.::.ZND.l'.Timrn 

Facts Zstsblished 

41. The use of a spectrophotometric principle employi ng organic 
reducing agents for the analysis of the dissolved oxygen in we. ter has 
been shown to be an entirely practical method and readily applicable 
within the Naval Service. 

42. The apparatus for accomplishing this has be en designed to 
meet the following restrictive conditions: 

(a) Size and fortability: The outside dimensions of the 
present model instrument are 13 inches x 17- 1/2 in~hes x 12 inches 
deep. Heighing about 45. lbs., it is easily transported by means 
of two handles on each side of the case. Hook- up ready for opera
tion requires only the insertion of an electrical plug and a rubber 
or copper tubing connectiQn to the source of water to be analyzed, 

(b) Ease and Simplicity of Operation: A total number of three 
individual steps are necessary for obtaining a re~ding during the 
running operation of t he present indicator. The starting opera
tion is likewise very simple and easily performed. In fact, 
the principles of the analysis are quite evident to an operator 
after a thorough inspection of the instrument. 

(c) Accuracy of Indication: Repeated efforts during the de
velopment of the indicator have led to an increased accuracy. 
Unfortunately, the period of actual testing under compsrable 
Service conditions has been too short to base any claims upon 
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as to i t s overall accuracy. However, laboratory results show 
an agreement with Winkler analyses of about . 005 ml. per liter 
in ranges up to .15 ml. per liter oxygen and about .02 ml. per 
liter in ranges up to .5 ml. per liter. The great variability 
of the Winkler analysis results is also a point of issue when con
sidering it as a standard for such an instrument. 

(d) Speed of Indication: Here also a comparative va l ue must be 
agreed upon, but tests show an immediate response of t he indicator 
to change in oxygen concentration with a three minute :maximum lag 
in time which could be very easily changed depending on the method 
of sampl ing used. 

(e) Continuous Operation ~ithout Attention: The pre sent model 
indicator is designed for continuous running with these limitations: 
F'or an accurate ana-lysis, rebalance· of the zero of the photoelectric 
cell circuit is necessary at about ten minute intervals. This is 
necessary because of a minute drift in sensitivity of the photocell 
with time exposed and also by the possibility ~f inclusion of any 
suspended matte~ in the water durir,g analysis. The reagerit tanks 
must not be ~llowed to ruri dry as this would cause pumpi ng of air 
into the system. 

(f ) M:lchanical Stability: 1' he optical system has been designed 
to consi st of a one~piece casting supporting the photocell and 
light source integrally in one unit. Distortion is t hus impossible. 
The pumping mechanism is enclosed from any possibility of dirt or 
corrosive liquids entering the genr or cam chambers. The indicator 
is completely encl osed in an aluminum box so that any t amper ing of 
the more accurate permanent adjustments cannot occur . Two units 
of glass fabrication were found necessary i n this mode l . One of 
th6se. t he reagent t anks, are protected by paper cradle s in which 
the t anks rest. The other. the reagent mixing unit is well pro
tected by being sunken· into a wooden block which both supports and 
shields the glass tubing. 

(g) Chemical Stabilit-J : If the operatio'n of the ind icator is 
carried out as recommended, no interference will be found from the 
oxi dation of the reagents . Interference due to any large amounts 
of foreign salts dissolved in the sample water has not been sub
stantiated as ye t due to the limited testing period undergone by 
the indicator. rt is to be expected, however, that only considerable 
concentrations of materials will cause any effect on the accuracy of 
the calibr&tion curve. 

(h) liinipulation of Reagents : The make-up of individual reabents 
has been simplified t o such an extent that no skill other than the 
routine following of a sequence of instructions should be necessary. 
The pre-weighing of solid materials and transfer of the sensitizer 
solution to the f inal reasent is as foolproof as any chemical analysis 
procedure can be made. The use of glassware f or t hese operations is 



necessery only as far as the volumizing of the solutions is con
cerned. It is hoped that me.terials will be procured in the future 
to eliminate e.11 other glass equipment. 

(i) Provision for Adjustment and Recalibration of the Indicator: 
In spi te of the compactness of the arrangement of the component 
parts of the indicator, accessibility for adjustment is provided 
for by the "uni tized11 method of assembly. Removal of the top and 
front of the indicator case makes possible the adjustment of all 
units of the apparatus and their disconnection and removal if this 
should be necessary. If the analysis results should be questioned 
at any time during its operation.or inspection and checking of the 
fuact i onin6 of the indicator be nece~sary, the external calibration 
unit makes recalibration simple and conclusive. 

Recommendations 

43. The success of the tests on the P.nnapolis deaerator se t-up 
indicate the many possibilities of this I~dicator for boiler feed~~ter 
oxygen analysis. 

44. Vihile the- present model of the apparatus is a satisfactory 
one for current testing purposes, work should be initiated immediately 
on an improved model fabricated by the Laboratory machine shop with a 
viaw toward mechanical perfection not possibl e with the equipment used 
to construct the present model. This would lead to a 6reater ease of 
manipulat ion of the instrument. 

45. Many small problems inherent to the present model need 
further attention for their ultimate solution. Among these, the 
possibil i t;y of increased stability of the reagent requires study, as 
does the use of corrosi~n-proof metals in lieu of parts now constructed 
of glass . 

46. Redesign of parts of the indfoat or in order to provide e. 
continuous recordin6 of oxygen analyses should also be undertaken. 

47. However, the most important objective for the near future 
is an increased opportunity for testing the Indicator, concomitant with 
shipboard conditions of use. 

48. It would seem possible that the type of results produced 
by this i nstrument would be of inestimable value in the present program 
of Naval ship construction, where the factor of decreasing of time neces
sary to place additional vessels in the fleets with complete records of 
the performance of their vital units of operation is of great importance 
and even a tactical advantage. 
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APPENDIX 

EXPERIMENT.AL WORK INVOLVED IN THE DiSIGN OF THE C01ieONENT PA .. ~TS OF THE 
INDICATOR 

Selection of Ree.gents and Experimentation Leading to Their Stabilization 

In the early stages of the research on this problem it was con
cluded that. in order to escape the difficulties inherent in existing 
practical methods of d issolved oxygen analysis, namely, the la<;:k of 
compactness, durability. speed and accuracy and variabi lities in sampling, 
the spectrophotomet~ic method of analysis was the most _promisine; at this 
tiioo for adaptation to the Naval Service. 

The question then remained as to what chemical reactions result
ing in the production of color due to oxidation would be sensitive enough 
~nd usable in the range desired. Necessar ily the reaction would require 
a two or more component re~gen.t producing a color of suffici~nt intensity 
to be measurable by p11otoelectric or visual methods, 

An attempt to use the standard Uinkler reagents to produce a 
depth of color of iodine set free in proportion to the amount of dis
solved oxygen, the entire renct ion occurring under oxygen-free conditions 
in a close-1 mixing chamber as illustrated in Plate 10, r-esulted in the 
conclusion that oxygen present in amounts less t han .1 ml. per liter 
would require too long an absorption cell for practical use. 

·Binder and Wieland (2) recommend the use of an alkaline solution 
of catechol wi th traces of Feso4 pr~sent for the detection of small amounts 
of dissolved oxygen. This was tried u5ing two sol~tions, one slightly 
acidic, contai ning the Feso4~ cateohol and dilute H2S04, and the other a 
dilute solution of KOH. Mixing of these solutions in contact with oxygen
free wa~er was unsuccessful in obtaining a colorles: solution. dae to the 
very small a:nounts of oxygen dissolved in the reagents. The red color 
produced became very dense upon even the slightest exposure to air. 

The method describel by Frankforter, Vle.lker and Wilhoit (3) 
using the blue color of the complex ion, [Cu(NH3 )4]++r that is formed 
when Cu2ct 2 is oxidized by oxygen to CuC(2 in the presence of NH4on 
was also found to be insensitive to small amounts of oxygen. 

A two solution reagent consisting of a saturated solution of 
pyrogallic·acid in acidulated water and a 50% solution of KOH was added 
to oxygen-free water confined under nitrogen and a color-free solution 
resulted which was remarkably sensitive to very small amounts of oxygen. 
Because of several promising results with this type of reducing agent 
many tests were made with compounds of the same class in combination vrith 
solutions of varying concentr~tion of the following bases : KOH, KzCO3, 
NaOH, Na2co3, LiOH, triethe.nolamine, monoethanolamine, ethylenediamine, 
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and NJ40H. The fol l owing reducin6 agents were tested: hydroquinone, 
chlorohydroquinone,bromohydroquinone, paramidophenol hydrochloride (Kodelon), 
m-methoxy-p- hydroxy aniline sulfate (Edinol). monomethyl para amido phenol 
sulfate (Elon), and 2, 4, die.rninophenol hydrochloride (!..midol). The leuco 
bases of Indigo carmine and methylene blue were tested also but these showed 
such a poor stability when kept in two-solution form t hat they were con
sidered out of the question. 

The reactions of these mnterials all showed possibilities f or 
their use as oxygen ·indicators in certain ranges but t he pyrogallol-KOH 
mixture was selected from point of view of obt ainability and sensitivity 
to the range of concentrations necessary for the widest scope of the 
instrument. 

Subsequent to the early use of pyrogallol compara t ive tests 
indic8tei that a solution of pyrogallol became exceedingly sensitive after 
a short period of aging. The displacement of the calibration curve was 
very marked even ~fter 24 hours elapsed time ~ir.ce making up t he reagent. 
Concurrent with this froduction of sensitivjty .was a pronounced deepening 
of the color of the solution f~om weter-whlte to a brownish-black wit!, · 
smal l particles of suspended matter. This occurrel i n aci dic solution and 
i t was concluded that a partial oxidation was occurring whi ch produced a 
compound even more desirable in the production of color than the original 
pyrogallol. 

An effort was ma.de to stabilize the· soluti on wi t h a weak reduc
ing agent such as oxalic acid. This was only successful af ter the oxida
tion had proceeded to a certain stage as may be seen by a comparison of 
Curves 6, 1, e.nd 8. Curve 6 also illustrates t he increase in sensi tivity 
of the curve when partial oxidation of the reagen~ occurs. 

A search of the literature revealed the existence of purpuro
gallin, the end-product of the oxide tion of pyr ogallol in acid solution. 
This mater ial was synthesized but proved to be inferior to the· effect 
noted ~bove and it wa s finally established_ that some intermediate quinone 
compound or pyroballol was responsible for the tremendous sensitivity to 
oxygen when in a basic medium. 

The oxidF1tion of pyrogallol has been postul ated by 17illstatter 
a,nd Heiss (1) to occur in the manner represented by the following: 
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Thus the probable mechanism or oxidation in acid solution is 
the oxidation of pyrogallol to an orthoquinone which then condenses with 
pyrogallol to form a bi- pyrogallol which oxidizes further to an ortho
quinone-pyrogallol. This undergoes a rearrangement and addition,forming 
a pyrogallol- cyclopentene which further oxidizes to an orange colored 
substanceJpurpurogallin. difficultly soluble in water. and which only is 
susceptible to further oxidation in basic solution, in which medium a 
deep brown colored material is produced, to whi.ch the name purpurogallone 
is affixed. If the above oxidation is interrupted at a point before its 
completion in acid solution, a pinkish crystalline material is obtained, 
very soluble in water and somewhat unstable on exposure to a ir. 

By purely empiricai methods this partial oxidation product of 
pyr ogallol was produced in solution using hydrogen peroxide solutions and 
timing the reaction, stopping it at the desired point by the addition of 
oxalic acid. The following is a typical oxidation which gave very satis
factory results: 

240 cc. dist. UzO ) 
130 g. CP, ?yrogallol) 
.5 cc. cone. H2so4 ) 

s 98" 100 "c. 
(we. t er bath) 

To this mixture 10 cc. 10% H202 was added and the solution was 
held at 1oo"c. After a reaction time of exactly 10 minutes 26 g. oxalic 
acid was added and the solution cooled immediate ly. 

The above resulted in a fairly concentrated solution of the 
qu inone compound which was measured out with a pipette and diluted for 
use. 

This compound when added in varying amounts to fresh solutions 
of pyroGallol showed very interesting effects on the s lope of the cali
bration curve. Ref5renca to Curve 9 illustrates the i ncrease in sensi
t i vity obtained with increase i n amount of compound present. The. approach 
to linearity of the curve with increasa in pyrogallol is also apparent. 
The use of the quinone compound only (which we will ~ereinafter call 
" sensitizer solution11

) with no pyrogallol pre sent, resulted in a curve 
of very erratic appearance and no explanation of i ts f luctuations could 
be advanced. 

The production of this sensitizing compound in amounts suffi cient 
to give the sensitivity desired was shown to be possible by merely boiling 
a newly made solution of the pure pyrogallol. This was not accurately 
duplicatable however, and as a result proved of no practical use. 

The stock sensitizer solution made with the use of hydrogen 
peroxide a s described on a previous page was kept in a rubber-stoppered 
flask from which it was removed by means of a pipette. P.fter a consider
able length of time. varying from four to eight weeks,depending on the 
frequency of use of the solution, the color of t he solution changed from 
a deep red to a ·black and was accomp~nied by a noticeable increase in 
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sensitivity of the calibration curve. This same increase in sensitivity 
was noticed with the final solutions of pyrogallol me.de up ready for use 
in the instrument, the effect appearing in much less time, being in the 
order of 3 to 5 days . 

For this reason the more powerful inorganic sulfite reducing 
agents were tried as possible antioxidants, it being established by a 
previous test that this type of reducing agent did not affect the reaction 
of the production of color in the presence of oxygen. 

Sodium sulfite, bisulfite and hydrosulfite present in proportions 
ranging from 0.5% of the total amount of pyrogal lol to 8.% of the pyro
gallol was t ried. These salts or course liberoted sulfur dioxide from the 
acid media in which the pyrogallol was ma.de up. t'reservation of color and 
appearance of the solutions was marked with the use of any of these but 
another effect occurred which obviated their incor poration in solutions 
necessary to be protected for any length of time. This effect was that 
of reduction of t.~e orthoquinone compound which was present as a sensi
tizer. After a period of 9-10 days the reduction in sensitivity was quite 
noticeable in its effect on .t he cnlibration curve. · 

With the failure of these antioxidants the remaining method of 
preservation of the sensitizer solution was that of sealing immediately 
after synthesis in an ampoule which was opened and exposed to oxygen 
only at the time of use. This was done by the use of glass ampoules with 
a thin glass diaphragm in the lower end protected against breakage by 
beinc countersunk into the width of the tube. Tips of thin glass on t he 
ampoules with a file mark placed thereon for easy breakage and also a 
specially constructed funnel with a piercer mounted within it is provided 
so that by merely dropping the ampoule into the ~unnel the glass diaphragm 
is punctured and the contents allowed to flow into a volumetric flask. 
These details are more clearly defined by an inspection of Plate 9. An 
elapsad time test of ~lmost eight months has shown this method of pro
tection to be very satisfaetory. 

The oxidation of the ready- to-use pyrosallol reagent, however, 
is not as easily prevented. The inclusion of • 2;~ Na.2S03 of the total 
amount of pyrogallol present has lengthened the time of reliability of 
the solution from 24 hours to 120 hours, but results obtained with solu
tions older than this are not dependable. 

Absorption Cells and Comparator Mounting 

The spectrophotometric method of analysis requires the use of 
a double absor ption cell comparison scheme in any continuous flow system. 
This gives, for a basic reading, a zero,' automatically compensated for 
any change in absorption of the medium used, which is in this case, water. 
Turbidity and initial color is thus cancelled from any effect of the re
sults obtained. However, this leads to complications involved in the 
matching of the light absorption of the two cells. This must be exactly 
the seme for both cells or a constant error will be present. The poss i 
bility of deposition of a cloud, or film of foreign matter on the window 
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of one cell and not the other must be carefully guarded against or obvi
ated. With these restrictions in m...nd the design of ebsorption cells was 
changeJ from an all glass fabrication to one of brass with removable glsss 
windows very early in this research. This was then urgent because of the 
formation of deposits of silica present in the boiler water on the inside 
of the cell wi ndow. The des ign of the cell is apparent by the sketch on 
Plate 11. 

This cell, as first designed, was w:ithout any provision for de
creasing the possibility of deposits of foreign matter on the windows. 
By the insert i on of the nozzle in the inlet tube as in the sketch, a 
turbulence is created that sweeps any suspended particles down the length 
of the tube away from the window where they will either drop down in the 
comparatively slower moving water or will be swept out of the tube, thus 
keeping the windows free from foreign matter. 

The use of a fixed mounting containing the light source end 
photoelectric cell makes it unnecessary to employ two matched photoelectric 
cells but yet corrects for any variation in the li£ht source or changes in 
the light-sensitive surface of the cell. Being absolutely r i gid it me.y 
be rotated from one position to another with continuously duplicrtin5 re
sults. 

Light Source , Spectral Filters end Photoelectric Cell Circuit 

Tests ma.de ee.rly in the experimentation on this problem sub
stantiated the necessity of an ede4uate length of absorption cell so that 
sufficient sensitivity be obtained in the lower concentrations of oxygen . 
It was also found necessary to employ a spectral f ilter in the light beam 
to increase the effective range and. selectivity of the instrument. To 
cope with these restrictions the light source of the system must be very 
intense end of a small area . The most satisfactory end practical of the 
many incandescent sources tried was that incorporated in the final model, 
a 5Q c.p. automobile headlemp-typ~ bulb. This bulb is supplied with a 
current source consisting of a constant wattage transformer, operating 
from 110 volts A. C., designed for the bulb and giving constant output, 
t~ouble-free operation. 

The intensity and size of the beam of light is fixed by the 
focal lengths of the double-convex lenses placed in front of the light 
source and this was found to be the most satisfactory when an image of 
the filament after passing through the absorpti on cells was focused on 
the photoelectric cell. 

A trial was made using a mercury-ere light source, with and 
without the filter. The resulting curves were widely dissimilar, and, 
although the curve resulting from the combination of mercury-arc source 
and green filter showed a noticeable invrovement over that obtained when 
a tungsten filament was used, complicBtions of a mechanical nature 
rendered its inclusion ih the instrument impractical. 
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The "ma tching11 of the spectral absorption of the pyrogallic 
acid-KOH-oxygen color with that of a filter in order to provide the 
greatest extent in selectivity and range' was found to be practically im
possible. A rough spectrobraphic analysis was made of the color de
veloped in the absorption tube when dissolved oxygen was present. On 
the basis of this knowledge the following filters were tried in an at
tempt to cause a more close agreement of the absorption curve with that 
predictable by Beer's Law, 

Wrattan gelatine filter No. 63 
II 11 11 " 66 
II II II II 67 
II " II II 68 
" II 11 II 69 
" It ti II 75 

Corning Signal Green 
II " Red 

Cenco glass filter No. l -- Blue 
11 II II u 2 Green 
ll ll " II 4 Orange 

The Cenco #2 glass filter (green) was found to give the closest match 
possible within the limits of the available illumination and the departure 
from monochromaticity of the color produced in the reaction . This filter 
absorbs strongly in the violet and the red orange (See Curve 10) and al
though not being monochromatic causes the calibration curve to ap?roach 
linearity to a fair extent as ma.y be seen by a comparison of the curves 
with and without a filter (See Curve 11) . In order to pr0vide for an in
crease iri range of the indicator a lift knob is mounted on the top of the 
cabinet whereby the Cenco =j;:2 filter me.y be removed from the pr•i,h of the 
light beam traversing the c·olor cell and replacel with a filter of simil.ar 
spectral characteristics but absorbing less total light. Thus the range 
is extended by the difference in t~ansmission of the two fi l ters, which is 
about a factor of 3.8 in the present model . 

The choice of a photoelectric cell was the subject of much pre
liminary testing until a combination of cell and low-internal resistance 
microammeter was found which responded accurately to a percentage change 
in illumination within the levels in use in the instrument. The sensi
tivity of the photoelectric cell selected, the G. E. Blocking Layer Type~ 
Cat. if88x565 is given in Curve 12. It also possesses the advantage of 
being easily mounted and adjusted. 

This cell was used in conjunction with a 15 micr oe.mpere Weston 
meter roodel 440 with an internal resistance of only 175 ohms. This meter 
is protected from undamped oscillations of the pointer during transit by 
a shorting switch. 
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In order to adjust the beam of light for a deflection of 100 
divisions or a zero which compensates for the initial color of the reagents 
it was necessary to place an iris diaphragm in the parallel beam which 
could be easily adjusted by a rotating knob. This diaphragm does not 
affect the size of the pencil of light falling on the phot ocell but rather 
its intensity. 

In the early stages of development of this instrument, the com
pensation for the color of the reagents alone wo.s proceeded with by the 
use of an absorption ,:edge placed in the path of the light traversing the 
zero cell but this was later discarded in favor of an off- scale zero 
marking on the microammeter accurately placed to obviate this constant 
error. 

The use of a comparison method and alternation in position of 
photocell and light source from one absorption cell to another possessed 
many acvante.ges as has been pointed out befor e. The electrical circuit 
could obviously be of only the one type. By the inclusion of two photo
cells of matched characteristics many possible circuits may be used. Some 
of these arrangements ar~ ahovm on Plate 12. 

Trials of these different circuits were ma.de and it was found 
that in the type of balancing hook- up desirable for the apparatus only 
#1, #4, and 7f5 were usable. Calibration curves were made using these 
three circuits and were found to closely agree with the curve taken by 
the single photocell method. (See Curve 13.) However, Circuit i-5 was dis• 
covered to be a very flexible one and possessej the advantage of beins 
preset to any desired oxygen concentration level by means of the control 
resistances and suitably placed diaphragms. Thus it would be possible to 
select any range of oxygen concentration for obtaining a curve of Oto 100 
division readings and an initial calibration would be all that is neces
sary. '!'hi.s method is clarified by an inspection of Curve 14. 

Reagent Pumps 

One of the most funda~ental difficulties of an instrument of this 
type using a two-solution reagent of concentrateJ chemic~ls is that of 
deliverin6 these corrosive liquids at a constant rate within a minimum of 
space and equipment. This was early realized by the testing of a set-up 
using the gravity flow of rea;ents metered by a capillary to give the 
correct rate of addition of each reagent as experimentelly established 
for the maximum t,>roduction of color. The method was very unsatisfactory, 
being subject to changes in temperature and head. 

Then the use of a gas displ acement method of injecting reagents 
was tried by employing small elect rolysis cells to pr oduce Gases to be led 
into the closed reagent tanks, thus displaci?lf; a volume of liquid equal to 
the volume of ge.s generated. This was very sensitive to changes in tempera
ture on the outside walls of the reagent tanks and was in addition subject 
to any small variation in the water flow of the system. 
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Several t-Jpes of commerc ial pumps were tested during the course 
of this experin:entetion but all were found to be subject to corrosion. 
One model, the Zenith pump, was very satisfactory f r om t he mechanical 
point of view, however, and it is possible that, v1ere this :_Jump made from 
corrosion resistant materials, it would be perfectly acceptable to our 
use. This is a gear pump, valveless and accurately machined to be closely 
fitting and leakproof. As test i!i1ony of the latter, the Zenith pump was 
tested at 1.02 r.p.m. and gave a constant flow of .587 cc/min with changes 
in head up to 12 inches. 

r11e decision to fabricate a twin injection pump in our own 
shop and from corrosion-proof materials came af ter the successful trial 
of a small pump designed by Mr. E. L. Luke of the Laboratory personnel. 
This design is very suitable to our restricting needs. It requires no 
valves or bal l check ports, but operates on the principle of a rotating 
notched piston which displaces a volume of the reagent solution by a 
reciprocati~ motion, th6 notch acting as the valve, rotating into a 
position openi ng the inlet part on the start of the intake stroke and then 
into a position opening the exhaust port on the clo~ed stroke of the 
pis t on. Details of the design necessary to produce this . action are evident · 
f r om an inspection of Plate 13. It will be noted that the piston and 
cylinder in contact with the reagent solutions is easily interchan~eable. 
This design facilitated the testin6 of materials for corrosion and abrasion 
resistance. · The initial pistons and cylinders were constructed from stain
less steel, giving a life of only about 40 hours before leakace and pitting 
occurred. This was f ollowed by a tightly fitting pyrex c lass fabrication 
which proved to be too delicate. Since the major amount of diff iculty 
was due to a corrosion of the metal in contact with the reagent solution 
an immersion test was devised for corrosion resistance of any me.ter-ials 
available for inclusion in the pump. The tabulated results of this test 
follow; 

rbiterial 

Coin Silver 
Illium Alloy 

Koroseal comp. 
Hard Rubber 
Ni-Resis t Alloy 
Monel ~tel 
Durimet Alloy 
18-8 Moly . Stee 1 
Monel Metal 
Hard Rubber 
Coin Silver 

Rea6ent. Time of 
in Conte.ct Exposure 

12% Pyrogallol 4 days 
II 11 20 days 

l1 II 3 days 
II 11 3 days 
II 11 2 days 
II II 2 days 
II II 22 days 
II II 20 days 

25% KOH 30 days 
It II 3 days 
ti II 2 days 
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Rasul ts 

Blackened after l day. 
Slight blackening at air in-

terface & surface etched. 
No action. 
No act ion. 
Blackened in 2 hours. 
Blackened in 2 hours. 
lfo action. 
No action. 
No act ion. 
No action. 
Greenish discolor. 



r A piston and cylinder machined from the !'1onel Metal was placed 
in the aOH pump e.nd one machined from 0urimet Alloy was used in the pyro
ge. llol side of the pumps. No corrosion was evi4ent in these even after a 
total of 160 hours' running time and a 50-day length of exposure period. 
Slight wear, however , occurred with the Durimet piston causing a very 
slow leakage past the pump . The 18- 8 Moly. Steel piston and cylinder 
also give excellent protection age.inst corrosion in contact with the 12% 
pyrogallol and are at present in use in the indicator. 

Mixing Unit 

The complete mixing of the reagents with the ~\rater f low before 
entry into the color cell is a definite necessity e.nd e.t first this we.s 
accomplished entirely by the closed me.gnetic -mechani.cal mixer e.s illus
trated in Plate 10. Requiring too much space this was displaced by a 
mixing unit which depended on the turbulence created within e. small di
ameter tube when water and compare.ti vely heavy rea_sent were forced through 
it. By forming the tube in the shape of a· zig- zag curve with sharp 
turns, the reagents and t he. water were very efficiently mixed in a sme.il 
space. The design of this mixer· i s evident by inspection of the sketch 
on Plate 14. Three fabrications of this mixing unit in ni ckel, copper and 
Monel metal were unsuccessful because of a minute corrosion effect which 
displaced the calibration curve erratically. Glass is at thi s time the 
only material which does not affect the reaction which takes place when the 
reagents oome in contact with dissolved oxygen. 

Deaerator Unit 

The supply of oxygen- free water for testing earlier models of the 
indicator was obtained by the batch method of boiling vigorously 12 liters 
of tap water for 15 minutes, then allowing e. por.tion for testing to flow 
through a cooler to the appe.r~tus while keeping the temperature of· the re
sidual water in the boiler at the boiling point. Wi nkler analysis of this 
water on several different occasions 6ave fairly consistent results varying 
betv,een .004 m • o2 per l: ter and .008 m • o2 per liter. 

It soon became necessary, however, to expand this deaerator 
into one giving a continuous flow of oxygen-free wat er for use in calibra
tions. This v.ras done by the use of two 10 gallon riestine;house domestic 
hot-water heaters as boilers. The design of the set-up including the 
water-cooler is explained in more detail on Plate 15 and t he photograph of 
the unit on Plate 16. This unit has operated with no difficulty for about 
12 months, the only care it has re<:.!uired is that of occasional ly cleaning 
the spray jet in Stage 2 and draini ng the entire system once eaoh wee~. 
Winkler analysis of the water shows a maximum of .OOo ml. • Oz per liter 
under extreme conditions of rapid flow, and continuous analysis over 
eight hour periods by means of the indicator show an extremely minute 
variat ion i n residual oxygen content. 
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Calibrating Unit and Winkler Tests 

Early in the testing procedure it was found necessary to obtain 
water of differing concentrations of dissolved OA-y;en. This ~~s accom
plished by the insertion in the known rate of water flow of a supply of 
water kept saturated by bubbling air through it, this saturated water 
being measured on its addition to .the oxygen free water by the use of a 
precalibrated dropping tube controlled by a pinchcock. Knowing the 
accurate volume per drop of saturete.i water and its temperature it was then 
only necess~ry to time the rate of addition of saturated water and rate of 
oxygen free water and, using a curve similar to Curve 15 giving the solu
bility of oxygen in water at various temperutures, the final concentration 
could be easily determined and varied by changing the rate of flow of 
saturated water, the other factors remaining the same. The following data. 
illustrate the agreement of results of this method of producing differing 
oxygen concentrations when correlated with the actual Winkler analysis of 
the mixtures of saturated and oxygen-free waters: 

Winkler Analysis 
(average of 2 de;termina.1:ions) 

m. 02/L. -

.054 

.175 

.259 

.281 

Calculated Oxygen Cone. 
(Using Curve II and 

rates of flow of water) 
m _- 02/ L 

.049 

.160 

.290 

.282 

The .basic Winkler :method of analysis was adapted to our use by 
ve.rious improvements and time-saving changes in the procedure. It was 
found that the method of reagent addition to the sample was e. source of 
frequent entrain.Tient of minute e.ir bubbles. This was obviated by attach
ing to t he sampling flask a short length of glass tubin; graduated in 
milliliters as sketched on Plate 17. Thus the reacent is in direct 
liquid contact from the beginning of its addition to the sample until the 
proper amount has been added and the stopcock closed . Obviously~ careful 
rinsing of this graduated tube was necessar y following the use of each 
reagent. The Schwartz and Gurney method (4) of compensating for the blank 
due to the reagents by the use of two different sized samples was em
ployed with a change in the method of discerning the end-point of t he 
titration with thiosulfate. Th~ method used was that advocated by Foulk 
and Bawden (5) and more recently, Hewson and Rees (o) where a galvanometer 
is used to indicate the presence of any excess thiosulfate in the titretion 
by means of the polarization of the cathode of two bright platinum elec
trodes immersed in the solution across which a small potential is applied. 
The details of the circuit are apparent in the sketch on Plate 18 and the 
photograph on Plat e 19. Back titrRtion was resorted to, as in the method 
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of Hewson and Rees, and this was found to be exceedingly simple and useful. 

Electrochemical means for the production of oxygen was tried and 
found to be very successful, displacing the sature.tel wa ter method of 
adding oxygen. This consisted of an electrolysis cell in the form of a 
double walled 6lass tube with platinum electrodes in contact ~~th the 
flowing water. The details of its des i gn are made evident by the sketch 
on ?late 20. Difficulties of reduction due to the hydrogen evolved were 
only apparent when the cell was placed in the flow e.t such a point that 
the mixed reagents came into direct contact with the electrodes themse l ves. 
~hen the generation of oxygen and hydrogen took place at a point where 
only the water and the KOH reagent were present the gases dissolved im
mediately and by the use of suitable resistances and a milliammeter in 
the current supply to the cell, control and measurement of the oxygen 
concentration (at constan~. knovm rates of water flow throubh the instru
ment) becomes simpl e , immediate and precise. By the utilization of Fara
day's Law i n an apparatus such e.s this, with a water flow ·of 100 ml. per 
minute, one milliampere will liberate oxygen sufficient to cause a final 
conc~ntr ation of .035 ml. dissolved 02 per liter at standard condi tions· 
of t emper atur e and pressure. The calibrator unit which is used ~n the 
present model is illustrated by Plate 8, e.pplice.ble to two ranges of 
oxygen concentration. 

A comparison of t he two nethods of addition of oxygen for cali
bration may be seen by Curve 16, one curve being t aken by the use of the 
saturated water method, the other by the electrolytic cell calibrator. 
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