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CHAPTER I
INTRODUCTION

The goal of this research has been to find an analytical method
of good selectivity and moderate to good sensitivity for the determina-
tion of carbon dioxide in the atmosphere and bicarbonate ions in
aqueous solutions.

Carbon dioxide has a boiling point of -78.5°C. A carbon dioxide
saturated solution of water at 20°C and one atmosphere of pressure is
0.0366 molar in carbonic acid. The dissociation constants of carbonic

acid are: K1 = 4.3 x 10-7 11.

, and K, = 5.6 x 10-

Carbon dioxide is a normal constituent of air and is of wvital
importance for the flora. Because of its ability to absorb infrared
rays from sunlight, carbon dioxide plays a significant role in the
heat balance of atmospheric air,

The CO,-level in unpolluted air is not completely uniform. It

2
has increased from about 290 ppm to about 320 ppm on the average since
1900, due to the consumption of fossil fuels. Heating, traffic, and
industry can cause local 002-1evels which exceed the average level in
the open air.

The human respiratory functions are to a large extend independent
of variations in thelccz-level in the atmosphere. In the open atmosphere,
hazardous concentrations (5000 ppm) are almost never reached and,
consequently, such air is rarely analyzed for its CO2 content. On the
other hand, the 002—1eve1 of the air, especially in the microclimate,
is of interest to the plant physiologist. In enclosed spaces, COZ

poisoning due to the accumulation of carbon dioxide is possible. As

CO2 is 1.5 times as dense as air, CO2 accumulates on the floor of
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enclosed spaces. Combustion gases can contain up to 20% CO,, depending

2!
upon the Oz—content of the air. In mines, COz—rich gas eruptions may

cause lethal poisoning. A Coz-rich atmosphere is usually indicated by

the failure of a candle to burn when the COz—content exceeds 8%, For concen-

trations of CO, exceeding 2%, a candle flame has a reddish light.

2
Dangerous levels of 002 may also be reached in enclosed spaces due to
the presence of a large number of people. An adult person, at rest,
exhales about 300 liters of air containing 4 - 5% CO2 each hour. In
living spaces of limited size, for example in submarines or manned
satellites, the removal of exhaled 002 is important.
In the plant kingdom, COZ-rich air (less than 1%) is not harmful

but leads to increasing assimilation and hence to an increase in growth

rate.



CHAPTER II

SURVEY OF ANALYTICAL METHODS FOR CO2
Present methods of analysis for carbon dioxide can be characterized
by seven classifications: acid-base titration, both aqueousln7, and

non-aqueous 3 volumetrylo; differential conductivityll;,non—dispersive

12; and colcrimetryl3.

infrared spectrophotometry; turbidimetry

The most accurate of these metheds is the acid-base titration, but
this method is far from foolproof. With good techqique and about an
hour per determination, the investigator can expect a standard error of
+ 5%. Also, great care must be exercised to exclude any other acidic
or basic substances.,

Volumetric analysis has the advantage of being rapid, simple, and
adaptable to field operations. Again écidic gases may interfere, and
accuracy is not good, usually + 15%.

Differential conductivity analysis affords good precision, + 17,
but its accuracy is only about + 10%. Also, this method requires an
experienced technician and specialized equipment which requires regular
calibration against a more accurate method. Again, acidic or basic
substances interfere.

Non-dispersive infrared spectroscopy affords ease of operation and
isradaptable to rapid and repetitive analysis. However, this method
requires specialized equipment, and it is not specific for COZ.

Turbidimetric analysis may be either visual or instrumental, but
neither has good accuracy, + 10%. Again, acidic or basic substances
interfere.

The colorometric method involves drawing an air sample through

a tube containing silica gel impregnated with a colorless basic



fuchsine~hydrazine hydrate. A rose color forms in response to

CO2 in the air. The length of the stain in conjunction with the volume
of air sampled is a measure of the amount of carbon dioxide present.
The accuracy is not good, + 15%, and acidic gases interfere.

To avoid interferences from acidic and basic substances, it was
decided to base any new method on some chemical property of carbon
dioxide or bicarbonate ion other than their acid-base properties.

In an attempt to achieve the objectives of simplicity, adaptability,
and accuracy, it was decided to attempt to develop a colorometric method
of analysis.

The useful chemical properties of the COz-bicarbonate—carbonate
system are few. Two properties seemed to show some promise. One was -
the ability of carbonate to precipitate a number of divalent metal
ions. The other was the formation of a stable complex with uranyl

ion14, U02+2.



CHAPTER III
SURVEY OF LIGAND PROPERTIES
Uranyl was the first choi;e as an analytical reagent, as its
carbonate complexes are soluble. A search for a chromogenic agent

for uranyl indicated 1--(2'-pyridylazo)—Z—naphtholl5 (6

~PAN) as a
promising ligand. However, extensive work proved futile in develop-
ing a suitable method with these reagents due to the instability

of the U02+2-PAN complex.

It was then decided to attempt the development of a method based
upon the carbonate reaction with divalent metal ions. The very
rlimited solubility of lead carbonate led to the iﬁvestigation of
Pb(II) comﬁlexes as analytical reagents. The search for a suitable
chromogenic agent to be used with Pb(II) encompassed five likely
azo dyes: o-PAN; 2-(4'-hydroxy-6'-methyl-2'-pyrimidylazo)-1-
naphthol (HMPmAN); l-(2'-thiazolyl;zo)-2*uaphthol (TAN); 2-(2'-
pyrimidylazo)-1l-naphthol (PmAN); and 2-(2'-quinolylazo)-l-naphthol
(QAN). 2—(2'-Quino;ylazo)—3,4,5,6wtetrachlorophenol was found to
display no chromogenic activity with Pb(II). 2-(2'-Pyrimidylazo)-
3,4,5,6-tetrachlorophenol was also investigated, but no satisfactory
synthetic procedure for this dye was found.

o~PAN, purchased from the Fisher Scientific Company, was found
to form a 1:1 complex with Pb(II) in 50% aqueous ethanol and a 4:1
complex in 95% ethanol. The dye in 50% aqueous 2-propanol has an
absorbance maximum at 474 nm, and the 1l:1 complex has an absorbance

maximum at 555 nm (e = 6.06 x 103), a bathochromic shift of 95

nm. The overall stability constant for the 4:1 complex was found



to be 103'47.

[Pb(Bye) ]

K b =
Sta  Ipb][Dye]™

The stability constant was calculated from data obtained from isobestic
point plots of the complex. The equations used for these calculations
may be found in Appendix A. The optimum wavelength for observation
of the system was taken as the wavelength at which the dye had an
absorbance less than 1% of its absorbance at its absorbance maximum.
For the o-PAN - Pb(II):PAN system, this was found toc be 565 nm, at
which the complex has a molar absorptivity of 6,030 liter mole_lcmul.
HMPmAN was synthesized by condensing 2-hydrazine-4-hydroxy-6-
methyl-pyrimidine with 1,2-naphthaleng diquinone. The pyrimidine was
purchased from the Aldrich Chemical Company, Inc.. The naphthalene
diquinone was prepared from 2-naphthol by the method of Fieserls.
Ihe dye was found to form a 1:1 complex with Pb(II) in 50% aqueous

ethanol and a 2:1 complex in 95% ethanol. The dye has an absorbance

maximum at 480 nm, (¢ = 9,800). The 2:1 complex has an absorbance

maximum at 551 om, (¢ = 25,200), a bathochromic shift of 71 mm.

The stability constant for the 2:1 complex was found to be 105'81.
The optimum wavelength for this system was found to be 578 nm
(e = 20,100).

PmAN was synthesized by condensing 2-hydrazinopyrimidine with
. 1,2-naphthalene diquinone. 2-Hydrazinopyrimidine was prepared from
2-chloropyrimidine and anhydrous hydrazine by the method of Shirakawa,
Ban, and Yoneda17; The dye was found to form a 1:1 complex with Pb(II)

in 50% aqueous ethanol and a 2:1 complex in 95% ethancl. The dye has

absorbance maxima at 352 nm (e = 8,150) and at 472 nm (e = 6,700).



The 2:1 complex has an absorbance maximum at 570 nm (e = 22,600), a
bathochromic shift of 98 nm. The optimum wavelength for this system
was found to be 610 nm (¢ = 16,400). The stability constant for the
2:1 complex was found to be 105'88.

TAN was synthesized via the diazotization of 2-aminothiazole and
coupling with 2-naphthol. The dye was found to form a 1:1 complex

with Pb(II) in 50% aqueous ethanol and a 4:1 complex in 95% ethanol.

2,880). The 4:1

The dye has an absorbance maximum at 483 nm (e

complex has an absorbance maximum at 560 nm (e = 11,200), a bathochromic
shift of 77 nm. The optimum wavelength for this system was found to be
605 nm (¢ = 8,650), The stability constant for the 4:1 complex was

found to be 104'16.

QAN was synthesized by condensing 2-hydrazinoquinoline with
1,2-naphthalene diquinone. 2-Hydrazinoquinoline was prepared from
2-chloroquinoline aﬁd anhydrous hydrazine in a manner analogous to the
method of Shirakawa17. The dye was found to form a 2:1 complex with
Pb(II) in both 50% aqueous ethanol and 95% ethanol. The dye has an
absorbance maximum at 487 nm (¢ = 5,730). The complex has an absorbance
maximum at 598 nm (¢ = 17,900), a bathochromic shift of 111 nm. The
optimum wavelength for this system was found to be 640 nm. In 95%
ethanol, the complex has a molar absorptivity of 17,400 at 640 nm.

‘In 50% aqueous ethanol, the molar absorptivity at 640 mm is 16,400.
The stability constant for the complex was found to be 105'92.
Ali of these dyes and complexes exhibit an expected pH dependence.

15

0-PAN has a pKl of 1.6 and a pKz of 12.27" in 50% alcohol. 1In 50%

aqueous ethanol, HMPmAN was found to have a pK of 7.27; PmAN, 10.34;



TAN, 9.59; and QAN, 10.70. All of the complexes displayed the
greatest stability in the pH range of 6.5 to 7.5. This is to be
expected since the complex is unstable with a protonated napﬁthol.
Also at higher pH values thé stability of the complexes is not
sufficiently large to compete successfully with the formation of
Pb(OH), or [Pb(OH)4]—2.

QAN was selected as the best ligand for five reasons. It exhibits
the largest stability constant. It exhibits the largest bathochromic
shift. It alone exhibits only one stoichiometry for complex formationm.
It has one of the larger molar absorbtivities at the optimum wave-

" length. Also, it exhibits the simplest and most symmetrical absorb-

tivity curve (see Appendix B).



CHAPTER IV

A Pb(QAN)2 METHOD FOR 002

' It was expected to use the Pb(QAN)2 complex as a colorometric
agent for the determination of 002 or bicarbonate ion by ligand
displacement, the absorbance at 640 nm being inversely proportional
to the amount of bicarbonate or CO2 added. However, this was found to
be true only over a very narrow concentration range for bicarbonate
ion (see Plate One). Use is made of this property for determining
both C02 in the atmosphere and bicarbonate ion in aqueous solution.

To determine bicarbonate ion concentration in an aqueous sample,

the pH of the sample is adjusted to 7.5 with dilute pefchloric acid
or potassium hydroxide, the sample is diluted with an equal volume of
957 ethanol and is used to titrate a standard volume of Pb(QAN)2 in
50% ethanol (see Plate Two). The titration must be carried out slowly

under an atmosphere free of CO The end point is indicated by a color

2
change of blue to reddish orange. However, this end point is slow
in developing. Thus, with the appearance of a violet color, it is
recommended to halt the titration for five minutes and then proceed
at a rate not to exceed one drop every thirty seconds. Admittedly,
this method does not have either good precision or good aCCUrac}.
As an analytical method itrdOes not compete successfully with either
good precision or good accuracy. As an analytical method it does not
compete successfully uitb‘e;the: acid-base titration or gravimetrie
methods.

To determine 802 in the atmosphere, 25 milliliters of 10-4 molar

Pb(QAN), in 50% ethanol is combined with 0.3 ml of 10"2M bicarbonate

in 50% ethanol. The solution is allowed to equilibrate for 10 to 15
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Explanation of Plate One

One milliliter aliquots of NaHCO3 solutions of varying concentrations
were indiéidually pipeted into a series of 10-ml volumetric flasks. The

4M Pb(QAN)2 in 507 aqueous

flasks were then filled to the mark with 1 x 10
ethanol. After 30 minutes for equilibration, the absorbance of each
solution was measured at 640 nm and 487 nm.

Plate One 1is a graphical representation of the results of this
experiment. It was expected that the absorbance at 640 nm (blﬁe) would
decrease linearly and the absorbance at 487 nm (red) would increase
linearly with increasing NaHCO3 concentration until equivalence point
is reached,rat which point both lines should achieve nearly zero slope.
The exact slopes of the two lines prior to the equivalence point would‘
depend upon the molar absorbtivities of the colored species present.

The overall reaction is believed to be: NaHCO3 + Pb(QAN)2 -+
[PbHCOS]+ + 2QAN_ + Na+. The results of the experiment indicate the
reaction has a high activation energy requiring a large concentration

of NaHCO., to effect a measurable reaction. Once reaction is started,

3
it proceeds mnearly to completion without further addition of NaHCO3.
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minutes. The absorbance of the solution is measured at 640 nm with

a Spectronic 20 spectrophotometer. A known volume of air is then
bubbled through the solution at a rate of 20 to 30 milliliters per
minute through a fritted glass disc. The absorbance of the solution
is again measured at 640 nm. The decrease in absorbancelis a measure

of the CO,-content of the air (see plate three). This method is both

2
accurate and precise for an air sample of one liter having a COz-content
in the range of 100 ppm to 9,000 ppm, which spans the most commonly
encountered concentrations. However, if higher coﬁcentrations are
encountered, the useful range of this metﬁod may be extended by either
increasing the volume of the 1liquid reagent used or decreasing the
volume of sampled air. The former is recommended as the latter
introduces greater uncertainty. The reason for the non-linearity at
higher concentrations is that the concentration in solution exceeds the
range for which the reagent response is linear. The good agreement between
experiments with different concentrations and volumes is good evidence
for the complete absorption of the coz from the air stream.

There are few interferences with this method. These include
fluoride ion, cyanide ion, and hydroxide ion. However, these are
rarely encountered in atmospheric samples. Sulfate in water doesn't
interfere.

For these reasons, this method is believed to be an improvement
over any previous method. It 1s simpler, more accurate, and requires
no sophisticated equipment.

Much more work 1s required to determine the exact mechanism of the
displacement reaction, to determine the role of solvent participation in
the complex formation, and to determine whether the reacting species

is H2003, HCO3 ’ CO3 or coz.
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Appendix A

Figure 1 represents the superimposed absorbance curves for three
solutions, each containing the same concentration of the azo dye, one
containing no metal ion (1), one containing an excess of the metal
ion (3), and one contalning less than the stoichiometric amount of the
metal ion (2). The complex, as presented, represents a bathochromic
shift.

The basic equation to be solved is:

[M(Dye) ]

Kstab = n a
[M] [Dye]

but: ¢, = [M] + [M(Dye) ]

or: [M] = Cy ~ [M(DYe)n]

also: Sy = [Dye] + n[M(Dye) ]

or: [Dye] = Cave " n[M(Dye) ]

therefore:

[M(Dye) ]

K'stab = 2

(e = M(Dye) 1) (ey , - niM(Dye) 1"

for a wavelength shorter than that of the isobestic point, such as 11,
from the law of additive absorbances;

A2 = gM(Dye)n'b[M(Dye)n] + Edye b[Dyel

but: EM(Dye)n =n A3/b C4ye

and € - ™ Alfb 4

dy ye

substitution and simplification yilelds:

[M(Dye)n] = cdye (Az - Al)/ n (As - A].) (3
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substitution of equation (3 into equation (2 and simplification yields:

1
Ay -8y (4 - AY)
stab
nel o, - A" [nc, (A - A) - A, - )] (4
Caye ‘P2 = A3) MGy W8y = 840 = Chue W T Ay

For a wavelength longer than the iscbestic point, such as 32’

a similar treatment yields:

n
I (Ag = Ag) (A, - Ag) 5
stab n-1 . .
Caye By = A5) Doy (B = Ag) - cg (A5 - Ag)]

FEquations 4 and 5 were used on a series of six solutions for
each complex. The arithmetic mean of these results was reported as the

stability constant for that complex.



APPENDIX B

The following is a serles of absorbance curves for the dyes
and complexes studied. Fach is a representation of the absorbing

species in 50% aqueous ethanol at a pH in the range of 6.5 to 7.5.
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Senéitive, new, selective, colorimetric reagents for the
quantitative determination of carbon dioiide in the atmosphere
are described. Based on 0-PAN (1-(2'-pyridylazo)-2-naphthol) as
a model, these include the lead complexes in 50% aqueous ethanol of:
0-PAN, HMPmAN (2-(4'-hydroxy-6'-methyl-2'-pyrimidylazo)-l-naphthol),
PmAN (2-(2'-pyrimidylazo)-l-naphthol), TAN (1-2'-thiazolylazo)-2-
naphthol), and QAN (2-(2'-quinolylazo)-l-naphthol). These ligands
can be displaced from the lead complex by carbonate or bicarbonate
under neutral pH conditions.

0f these ligands, QAN has the largest stability constant and the.
largest bathochromic shift. For these and other reasons, QAN is the
ligand of choice.

A method using Pb(II)(QAN)2 for the determination of atmospheric
carbon dioxide is presented and shown to be simple, selective, and
accurate;

A method using the same reagent as a titrimetric indicator
for aqueous bicarbonate ion 1s presented. However, this method has

little analytical utility.



