- e g—— =

AD7T355750

OFFICE OF NAVAL RESEARCH
Contraot N00014-67-A~0467-0023
Project No. NR 056-515

TECHNICAL REPORT NO. 4

Quantitative Analysis of Aqueous NOz-—NO,' solutions
by Infrared Internal Reflecticn Spectroscopy

by
R. T. Yang and M. J. D, Low
Prepared for Publication
in )

Analytical Chemistry (L faits P

January 30, 1973

Reproduced by

NATIONAL TECHNICAL :
INFORMATION SERVICE

D tment of Commerce
U e otield VA 2213}

Reproduction in whole or in part is permitted for
any purpose of the United States Government.

Approvad for Public Release: Distribution Unlimited.

%




- - -

~loclassified !

Secunty Classification

DOCUMENT CONTROL DATA - R&D

(Security clansilication of title, sodv of abutract and indexing annuiafion myst be entwred «hen the oversl' *esrl 1i - tasaliod)

! QRIGINATING ACTIVITY (Compcrate suthor) 2@ NrOORT SECUR,°* - LASSIEICA TION
Department ?f Chgmxstry o Unclagsifie _
New York University (v 12b Gwoue "

L _New York, N. Y. 10483

3 REPORT TITLE

Quantjtative Analysis of Aqueous N02-~NO3- Solutions by Infrared
Internal Reflection Spectroscopy

4 DESCRIPYIVE NOTES (Type of report and inclusive dates)

Technical Report

S AUTHOR(S) (Last name. Hrat name, initisl)

Yang, R. T. and Low, M. J. D.

6. REPORT DATE . 7@ TOTAL NO OF PAGES 7b NO T FEFS
1/30/73 23 13
8a CONTRACT O GRANT NO. {98 ORIGINATOR'S REPORT NUMBER(S! © .
N00014~67~A~0467-0023
b PROJECT NO ONR -~ 4
NR-056-515
¢. 9b 3::;'5;075“” NO(S) (Any other numbe-s thet may be assigned

‘ |

10. AVASLABILITY/LIMITATION KOTICES
Approved for Publication Release; Distribution Unlimited

11. SUPPL EMENTARY NOTES 12 SPONSORING MILITARY ACTIVITY

Department of the Navy

Office of Naval Research
Arlington, Vir 2

13 ABSTRACT - -

Infrared spectra of aqueous NO, and NO; solutions, and of
binary mixtures, were recorded using internal reflection techniques
and a Fourier transform spectrometer. NO, could be detected at a
concentration of 0.02 M, and NO; at 0.001 M. However, NO; also _
became adsorbed on the Ge prism. After making corrections for NO,
adsorption and for overlapping of NO, and NO. bands, it was
possible to analyze blnary mixtures with concentrations as low as
{NO; } = 0.03 M and [NO, ] = 0.05 M. By adjusting the optics so thaj
the usually totally absorbing water stretching band hac a trans-
mittance of about 50%, it was possible to observe N-H and C-H
stretching bands of solutes. Dissolved materials cause the water
structure and consequently the water absorption to change, causing
distortions of the background of ratioed spectra of aguecus
solutions. These distortions may influence qualitative and
quantitative observations.

-

DD . %% 1473 T

Inclassified

Secunt, Clasaification




-

Infrared spectra of water solutions
Internal reflection Spectroscopy
Fourier transform Spectroscopy

Nitrate solutions
Nitrite solutions
Water, infrared spectra of

Quz-titat.ve analysis of aqueous solutions

Aqueous solutions, infrared analysis of

Water solutions, infrared spectra of

L. ORIGINATING ACTIVITY: Enter the name and sddress
of the contractor, subcontractor, grantee, Department of De-
fense activity or other organization (corporate author) issuing
the report.

2». REPORT SECUNITY CLASSIFICATION: Enter the over
all security classification of the report. Indicate whether
“Restricted Data" is included Marking is to be in accord-
ance with appropriste security regulations.

35, GROUP: Automatic downgrading is specitied in DoD Di-
rective 5200, 10 and Armed Forces Industricl Manual. Enter
the group number. Also, when spplicable, show that optional
mh\n bave been used for Group 3 and Group 4 as author-

& RIPORT TITLE: Enter the complete seport title in all

capital letters, Titles in all cases should be uaclassified.
¥ & meaningful title cannot be selected without classifice-

ton, show title classification in all capitals in parenthesis
immediately following the title,

4. DESCRIPTIVE NOTES: 1If sppropriste, enter the type of
report, e.g., interim, progress, summary, annual, or final.
Give the inclusive dates when 8 specific reporting period is
covered.

S. AUTHOR(S): Enter the name(s) of author(s) as shown on
ot in the report. Ente: lust name, first name, middle initial.
If military, show rank and branch of service, The name of
the principal aythor 18 an ahsolute minimum requirement.

6. REPORT DATE. Enter the date of the report as day,
month, year; or month, year. If more than one date appears
on the report, use date of publication.

7a. TOTAL NUMBER OF PAGES: The total page count
should follow normal pagination procedures, i.e,, enter the
number of pages containing information

7b. NUMBER OF REFERENCES: Enter the total number of
references cited in the report.

8a. CONTRACT OR GRANT NUMBER: If sppropriate, enter
the applicable number of the contract or grant under which
the report was written

8b, &, & 84. PROJECT NUMBER: Enter the appropriate
military department identification, such as project number,
subproject number, system numbers, task number, etc.

9s. ORIGINATOR'S REPORT NUMBER(S): Enter the offi-
ci1al report number by which the document will be identif1ed

and controlled by the originating sctivity, This number must
be unique to this report.

95, OTHER REPORT NUMBER(S): If the report has been
assigned any other report numbers (either by the originator

or by the sponsor), 2180 enter thus number(s).

10. AVAILABILITY /LIMITATION NOTICES: Enter any lim
itstions on further dissemination of the report, other than those

INSTRUCTIONS

lmpgsed by security classification, using standard stateiménts
such as:

(1) *‘Qualified requesters may obtain copies of this
report from DDC."’

(2) “Foreign announcement and dissemination of this
report by DDC is not authorized.”

(3) '“U. S. Government agencies may obtain copjes of _
this report directly from DDC. Other qualified DDC
ugers shall request through

"
.

(4) *U. S. nlitary agencies may obtain cop:es of this
report directly from DDC. Other qualified users
shall request through

”
.

(5) **All distribusion of this report 18 controlled Qual-
ified DDC users shall request through

If the report has been furnished to the Office of Technical
Services, Department of Commerce. fur snie to the public, indie
cate this fact and enter the price, M known

11, SUPPLEMENTARY NOTES. Use for additional explane
tory notes.

12, SPONSORING MILITARY ACTIVITY' Enter the name of
the departmental project office or laboratory sponsoring (pay-
ing for) the research and developTent. Inciude address.

13 ABSTRACT: Enter an sbstract giving a brief and factual
summary of the document indicatsve of the report, even though
1t may also appear elsewhere 1n the body of the technical re-
port. If additionsl space is required a continuation sheet shel}
be attached.

It 1s highly desirable that the abstract of classified reports
be unclassified. Each paragraph of the abstract shall end with
an indication of the military secunty classification of the in-
formation 1n the paragraph, represented as (I'S). (5), (C). or (U)

There is no limitation on the sength of the abstract. How-
ever, the suggested length 13 from 150 t2 225 words.

14 KEY WORDS: Key words are technically meaningful terms
or short phrases that charactenze a report and may be used as
index entries for cataloging the report. Key words must be
selected so that no securny classification is required. ldeati-
fiers, such es equipment mode! designation, trade name, military
project code name, geogrsphic location, mey be used as key
words but will be followed by an :ndication of technical con-
text  The assignment of links, reles, and weights is optienal.

g/

cL ]
Securnity Classification

“ e

- . h . T T — Y WR
Security Classification
Ty LINK A LINK @ LINK €
KEY WORDS ROLE T ROLE LAl L -19% § T




QUANTITATIVE ANALYSIS OF AQUEOUS I€02--N03- SOLUTIONS BY
INFRARED INTERNAL REFLECTION SPECTROSCOPY

R. T, Yang and H. J. D. Low
Department of Chenmistry

Hew York University
N’e"t York, Nc Yo 10“'53

Abstract

Infrared spectra of aqueous 0, and H03' solutions, and of
binary mixtures, were recorded using internal reflection techniques
and a Fourier transform spectrometer. N0, could be detected at a
concentration of 0.02 ii, and 1’0, at 0.001 ii. However, N03" also

3
became adsorbed on the Ge prisma. After making corrections for N03

adsorption and for overlapping of NOZ- and NOj- bands, it was
possible to analyze binary mixtures wvith concentrations as low as
{No3‘] = 0.03 If and [NO, ] = 0.05 ii. By adjusting the opties so that
the usually totally absorbing water stretching band had a {rans-
mittance of about 50, it was possible to observe N-H and C-H
stretchins bands of solutes. Dissolved materials cause the water
structure and consequently the vater absorption to change, causing
distortions of the background of ratioed spectra of aqueous
solutions. These distortions may inf%uence qualitative and

quantitative observations.

The utility of infrared internal reflection spectroscopy (IRS)
in providing information about adsorption from organic solvent at
the liquid-solid interface (1) led us to attempt to study adsorption
from aqueous solution, using a Ge IRS prism as adsorbent as well as
for opticai porposes. It vas found that NO3- became adsorbed on Ge,

prompting us to examine the quantitative aspects of the infrared
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analysis of aqueous solutions of N03', M0, , and of N03'-E02'
mixtures.

IRS analysis of aqueous NaHO3 solutions has been described by
Katlafsky and Keller (2), who found a linear variation, [HO3'] =
aANO3-, of the 1335-cm'1 N03' absorbance over the 5-207 concentration
range. Am3- is the :-103" absorbance. 'filhite and Ellis (3), using
IRS, reported a similar linear variation for the 0.1-1 i NO3" range,
but another linear relation, [i037] = b + cAyp 4=+ for the 0.01-0.1 M
N03- range. Ahlijah and liooney (&) used IRS to analyze aqueous
NaN03-NaH02 solutions; their calibration plots were linear but their
graphs (5) shov them to be [H03"] =4 + eAH03_ and [057] =
£+ gAHOQ‘ . Values of 4 and £ are near 0.08 and 0.1 absorbance.

As our observations differ somewhat from those made earlier, and the
method is of potential utility, we describe our IRS study of aqueous
03", 1037, and No3™-NO,” solutions.

EXPERIIENTAL

A Ge single-pass plate, 1 mm thick, vas used in conjunction
with a suitable variable-angle attachment described elsewhere (1).

1 vere recorded with a

Spectra having a constant resolution of 8 em”
modified Dizilab, Inc. liodel FIS-1t Fourier transform spectrometer
(6). 4ll single-beam spectra vere obtained by summing 400 inter-
ferograms. After the cell containing the Ge plate vvas installed,
the sanpling compartment was flushed with dry air. The cell
remained in place throughout a series of measurements so that its
transmission remained constant; small changes in cell position can
cause transiiission changes iiich can affect the results obtained
then two single-beam spectra are ratioed. Pure water or solutions
of various NH4N02,~NHhHO3, HaNO3, I'aNO,, or NaNO3 + Nali0, concentra-

tions, prepared from distilled water and reagent-grade chemicals,
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were placed into the cell or were withdrawn from it by means of
syringes and Teflon tubing permanently attached to the cell.
RESULTS AI'D DISCUSSION

Only single-beam spectra were measured. These vere stored by
the instrument's disc memory, retrievea, and ratioed by computation
as required, using the instrument's digital computer. Some examples
of single-beam spectra are shown in Fig. 1. The equivalent penetra-
tion depth (7), computed by taking the molar extinction coefficient
of liquid water to be 81 at 3450 emt (8), was 3.1 _A¢ at 3450 om™+
and about 8 A at 1600 cn L. Spectrum A is the "background" of the
Ge plate in air. There vere proninent CO, bands, and some water
vapor bahds in the 1900-1400 cm—l region, caused by residual water
vapor in the spectrometer. l/hen vater was in contact with the Ge
plate, the prominent OH stretching and deformation bands vere
superimposed on the background (B, Fig. 1). The single-beam spectra
of dilute solutions (C,D, Fig. 1) are similar to the spectrum of
vater; the bands of the solute are not prominent. The instrument
function was removed vhen tvo such single-beam spectra vere ratioed.
If the empty cell was used as reference, the ratioed spectra had the
appearance of spectra obtained by the usual double-beam operation,
e.g. 4, B, Fig. 2. Using vater as the reference, the ratioed
spectra had the appearance of double-beam, solvent-compensated
spectra (C,D, Fig. 2). The slight CO, bands vhich appeared in sone
spectra vere brought about by changes in the efficiency of the air
dryer. The noise above 3000 em™ and belov 1000 em™t in spectra C
and D of Fiz. 2 was the result of ratioing spectra in regions where
the transnission was very low. In spectru: C, the negative OH
stretching band, the negative OH deformation band, and the increase

in absorption belov 1000 cm’l, vhich are barely detectable in
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spectrum D, are not artifacts. These changes were caused by varia-
tions in the absorptivity of the water present in the solution, the
vater structure being affected by the solutes.

The absorptions of N03- and N0, , barely detectable in the
single-beam spectra, became more recognizable in the ratioed spectra
(A,B, Fig. 2); computer-produced scale expansion then made the bands
usable. Examples are shown in Fig. 3. Trace A of that flgure was
obtained by recording two single-beam spectra of water and ratioing
them against one another, in order to obtain an estimate of the noise
level; it can be taken as a "100% line." Spectrum B shows the No3'

and NOZ- bands. Spectrum C is a highly scale-expanded segment of

spectrum D of Fig. 2, plotted to the same scale »s spectrum C of
Fig. 33 the noise level is consequently higher.
The ratioing and scale-expansion techniques outlined were used

to examine single and binary solutions of verious concentrations.

Some segments of spectra of NH4N02 solutions are shovn in Fig. k.

Similar results vere obtained with NalD, solutions, the intensity of

the 1237-cm-1 No,~ band decreasing progressively with decreasing 10,

concentration. A reasonably linear relation between the absorbance

of the 1237--cm'l band and Noz" concentration was obtained (Fig. 5).

The lowvest concentration yielding a usable spectrum was 0.02 li.
Similar measurements vere carried out vith N03“ solutions., Some

results obtained vith NaN03 are shown in Fig. 6. The intensity of

the 303- band decreased progressively as the N03- decreased, but

remained constant at concentrations less than 0.001 I (Fig. 6A). «
With relatively concentrated solutions the N03" band was broad

and had a maximum at 1352 em™! and a shoulder near 1400 et (Fig.

6B). (The weak symmetric stretching band of N03- could also be ,

observed near 1050 cm * vith 1 if N03' solutions.) ‘'/hen the NO3"

concentration declined, the llfoo--cm"l absorption diminished and the
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maximum of the residual, sharp band shifted to 1350 cm . The N0y~
band of the more concentrated solutions is more like that of solid
NallO;, for which the asymmetric stretching band is at 1374 em™ (9).

The sharp residual NO,~ band, which could not be diminished by
extensive flushiing with vater but which could be removed by treating
the Ge plate with hot chromic acid cleaning solution, is attributed
to an N03" species fairly strongly bound to the Ge surface. Using
the absorbance of the residual peak, and assuming that the species
causing the band was NOB-’ and that the area of the Ge plate vas
20 cmz, leads to an estimate of one adsorbed unit per 5-10 X of
surface.

The total N03~ absorbance gt 1352 cm"l could be corrected by
subtracting the absorbance of the residual band of the adsorbed
material. ‘'hen this was done, the absorbance of NO3" in solution
was found, and a reasonably linear relation between the corrected
absorbance values and Lm3' concentration was obtained (Fig. 5).

From . * plot, the absorbance of the residual band (0.0111) is
equivalent to the absorbance of ~0.05 1I ND3' solution. Using the
extinetion coefficient of N03' for the adsorbed specles and esti-
mating an equivalent penetration depth of about 7_Af at 1350 cm“l
leads to an estimate that the absorbance of the adsorbed species was
equivalent to the absorbance of a solution of about 0.06 iI NO3', in
fair agreement with the value obtained from the N03" calibration
curve.

However, the calibration plots of Fig. § cannot be used
directly for estimating the concentrations of N03"-N02- mixtures.
The 1237-cm ™+ NO,” band (asymmetric stretching) has a shoulder at
1340 cm'llksymmetric stretching) vhich, as shown clearly by Fig. 7,

overlapped the 135?_-01:1"1 NO3- band. The latter does not cause the

- . w®
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absorbance of the 1237--cm."1 N02' band to change significantly. The
ratio of the absorbance at the 13‘+0--cm"1 shoulder and that of the
1237-cm™! band 1s about %:21. Taking the ratioc of the absorbances

of the M0, asymmetric and symmetric stretching bands to be constant
then gives

[absorbance at 1352 cm"l} [total absorbance] [absorbance at1237 cm"}l
1 -

due to No3“ at 1352 cm™

5.25 A

Some results obtained with dilute solutions are summarized in Table 1.
The correction for mos“ has been made. The agreement between"actual"
and 'found"values is not unreasonable. If the correction for the band
overlapping had not been made, the HDB' concentration values would
have been too high by about 1/5°® of the concentration of N0,". It
is pertinent to note that the lowest concentrations reported earlier
(4) for a binary mixture were [iv,"] = 0.7 N, (r057] = 0.5 M, 14 and
17 times as great as the lowest values in Table 1.

There are considerable differences in the frequencies of the
N03" and N02" absorptions which have been reported; a summary is
given in Table 2. The dispersion of the index of pefraction in the
infrared region is known (7N i.e., in the vicinity of an absorption
band, the index of refraction first decreases, then increases
sharply, and decreases again to approach the normal value after the
absorption has been passed, Consequently, with IRS, the penetration
depth reaches a maximum vhen the index of refraction reaches a
maximum. When the sine of the incident angle is very close to the
ratio of the refractive indices, tie absorption band maximum is
distorted toward lower frequency.

In the present experiments, Ge and an average angle of incidence

more than 60° were employed. The sine of the incident angle and the

e
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refractive index ratio of the Ge and liquid are far apart (0.87 and
0.33), The effect of the dispersion of the refractive index of the
aqueous solution on the absorption band positions was therefore
negligible. However, Katlafsky and Keller (2) used an Irtran-2 plate
with an incident angle of 40°. The critical angle for the system
ZnS(Irtran-2)-H,0 in the infrared range 1s 37.5°. Consequently, the
incident angle was quite close to the critical angle, and any
dispersion of the refractive index would cause a shift of absorption
band maxima. Similarly, Ahlijah and Mooney (4, 10) used a KRS-5
plate and stated that the incident angle vas 300. However, the
eritical angle for the KRS-5-H,0 system is 33.7°, the refractive
index of KiS-5 and H,0 being taken as 2.4 (7) and 1.33, respectively.
Their measurements must have been made with the incident angle close
to the critical angle, so that, again, band distortions occurred.
The low values of band positions reported by Katlafsky and Keller
and by Ahlijah and Mooney can be attributed to band distorticns
caused by improper IRS techniques.

It was of interest to determine how well spectral features of
dissolved materials could be discerned in the vieinity of the
intense water stretching band. Consequently, the incident angle was
adjusted to decrease the penetration depth to about 0.8 A at 3400
en™t. The spectra of Fig. 8 were then recorded.

The water stretching band (A, Fig. 8), obtained at about 50%
maximum transmittance, has the same contour as the band observed by
transmission measurements by Thompson et al. (13). Two broad
absorptions due to NHu+ (8) appear on the low-wavenumber side of the
OH band in the 3100-2600 cm-l region when HH4N03 is dissolved in the

vater (B, Fig. 8), and these become more prominent when the spectra

are solvent-compensated (C,D, Fig. 8) and then scale-expanded
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(Fig. 9). There is, hovever, some distortion of the 3050~cm™ band
because of the negative OH band. The distortion decreases as the
solute concentration is decreased, but this also decreases the solute
bands. Consequently, as the liquid layer is necessarily thin as well
as dilute, the signal-to-noise ratio decreases. With the present
technique the lowest concentrations at vhich N-H and C-H bands
(similar experiments were made with aqueous methanol, Na citrate,
etc,) vere observed were near 0.1 M.

The results thus shov that it is feasible to obtain spectral
information near or even at the position of one of the strong water
absorptions. It must be kept in mind, hovever, that the presence of
solutes causes the water bands to change in absorption, so that
distortions result. Such distortions may also affect quantitative
results by causing base lines to fluctuate. The distortions decrease
in intensity with decreasing solute concentration. However, because
their intensities and frequencies are a function of the nature of the

solute, they cannot be precisely compensated.
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Table 1
Analysis of NaNO3-NaN02 Solutions

M NO,” M 105 M N0y~ M N0y
actual actual four:d found?®
0.20 0.20 0.20 0.2l
0,050 0.050 0.059 0.058
0.050 0.150 0.06% 0.18
0.15 0.050 0.14 0.06
0.050 0.030 0.0kl 0.033

3Corrected for adsorption and band overlapping.
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Table 2
Absorptions of NaN02 and NaNO3
IRS Transmission
Katlafsky Ahlijah
This
and and (11) (9,12) Assignment
Work
' Keller (2) Mooney ()
1352 1335 1333 1370 138y - asym, stretch
2047 1045 1050 1049 3 sym. stretch

1340 1316 1335 . asym. stretch
1237 1225 1220 1240

sym. stretch




Figures
Fig. 1. Single-Beam Spectra
A: dry Ge plate in empty cell. B: water. C: aqueous
solution 0.2 M in NaN03 and 0.2 ¥ in NaNO,. D: aqueous solution
0.03 M in NaNO, and 0.05 M in HaN03.
Fig. 2. Ratioed Spectra
Each spectrum shown was obtained by ratioing two of the spectra
of Fig. 1. A: water (B, Fig. 1/A, Fig. 1). B: 0.2 M ReNO, +
0+2 M NaNOj solution (C, Fig. 1/A, Fig. 1). C: 0.2 M NaNO, +
0.2 M NaNO, solution (C, Fig. 1/B, Fig. 1). D: 0.03 M NaNO, +
0.05 M NaNO; solution (D, Fig. 1/B, Fig. 1).
Flg. 3. Scale-Expanded Spectra
A: "100%Z line"; see text. B: 0.2 M NaNO, + 0.2 M NalO,
solution; scale-expanded segment of spectrum B of Fig, 2.
C: 0.03 M NaNO, + 0.05 M NaNO3 solution; scale~expanded segment
of spectrum D of Fig. 2,
Fig. 4. Spectra of NH, MO, Solutions
The numbers next to each trace indicate the molar concentraticns.
Fig. 9. Calibration Curves
Fig. 6. Spectra of NaNO3 Solutions
The numbers next to each trace indicate [N03'] in M. ALl
spectra are scale-expanded, Part A shows segments taken fron a
series of spectra, all spectra of the series being scale~expanded
by the same factor; band intensity 1s consequently proportional to
concentration. The same segments are shown again in Part B. In
order to make changes in band contour more detectable, only the
absorption in the 1550-1000 cm™t range was expanded., For each
segment, the lowest absorption within that range was placed at the
bottom of the chart and the highest absorption at the top of the
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chart, sc that the peak heights are the same. The expansion
factor 1s different for each segment and is supplied by the
computer,

Fig. 7. Spectra of N03' and NO,~
Fig. 8. Spectra of Hy0 and NHLNO3 Solutions
A: water. B: 2 M HH4N03 solution. The reference used for
the ratioed spectra A and B was the single~beam spectrum of ths
dry Ge. C: 2 M NHMND3 solution, the ratio of spectra B and A.
D: 1M NHQNO3 solution, the ratio of a spectrum (of 1 M NH§N03
solution similar to spectrum C) and spectrum A.
Fig. 9. 8pectra of NHu+
Scale-expanded segments of spectra C and D of Fig. 8.
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