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ABSTRACT

A s®udy of the iron(III) photochemical oxidation-
of oxalate and several other carboxyiic,acids has been

carried out and applled to the quantitative measurement of
N _

»

these compounds. In inltial wor; the carbon dloxide
oxidation pfoduct of the photolysié reaction was measured
with a ECO2 elecdtrode in a continuous-flow system using a
sampler, prdportipning pump , reaction cdil and flow-through
QCO2 electrode. fn tg§r}eac£}oﬁ coi%'sélutions of sample,
"iron(III), and acid circulated through quartz or
borosilicate tubihg while beilng 1rradiéted by an
ultraviolet or §isib1e source. Conditions were optimized
for the determinatioﬁ of oxalate and several other
carboxylip acids, such as citric and tartaric. Computer
calculations were used to help 1n seleétingbthe optimum
iron(III) concentration and_aciaity,tand to evaluate the:

Y

effects of the complexing anions, sulfate and chloride.
’/\-—\ .
Several organiq compounds, especially some organic acids

of low molecular weight and aromatic acids, affect the
response of the pCO, electrode. This, and the electrode's
time response behavior, caused someverror in the analysis -

of real samples. ..

L4

A gas chromatographic. method of measuring the

2

carbon dioxide produced upon 6xidation of oxalate with



. .
iron(III) in the plQence of light was ‘also used. After

irradiation the volatile components were stgrﬁped from ,
the reaction solution with a stream of hellium gas, the .
water vapor removed by passage throfigh a column of 'calcium

sulfate (Drierite), and the carbon diloxide separated from

- "

‘other gases on.a column of silica gel and ﬁeasu;ed with a
thermal conductivity detector. A 5-minute irradiation

with a small, low pregsuye mercury lafip in a specially

designed cell gave satisfactory results. Five-ml portions

of solutions containing frém 4x107° M to 1x10”" M oxalate ‘
could\be injected into this system and analyzed with aﬁ i
accuracy on the order of 2% and a relative sﬁandard

deviation of about 0.9%. The method can be'qpplieq to

the determinatfon of tartrate or citrate after appropriate.
changes in reaction conditions. Overail advantages ére

that the proceaure 1's free from many interferences, 1s'
sensitive, and can be used over a wide range of -

~—

concentrations. Disadvantageé include the timeAreqdirqd

’

‘per analysis and the special apparatus réquired. *

' The applicability of the method to ﬁhc
determination of urinary oxalate was stddied ynrefly.A
The péindipal interference seemed to be due to high
absorbance by some urinary components of the-radiafioﬁ

needed for the photolysis .of the iron(III)-oxalate

,comple;. : . f’
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CHAPTER 1
INTRODUCTION

Oxalic acld,

IOOH
OOH

the simplest.cf the dicarboxylic acids, has a Kl of

-2

and K, of 5.3x10-5. It 1s present in many plants

5.36x10

2
nd vegetables, e.g., splnach, rhubarb, beets and parsley,

a metabolic end product in man, being eliminated in
the urine. Normally, 35-44% of'urinary oxalate is derived
from dietary ascorbic acid, while 40% comes ffom glycine via
glyoxylate The remainder is produced from glycolate from
other reactions forming glyoxylate and from dietary sourcesl.
Increased'oxalate excretion can result from oxalate or
ethylene glycol (which 1is oxidized to oxalic acid) poisoniﬁg
and from primary hyperoxalur'ia1 (caused apparently by a
problem in glyoxylic acid metabo&ism which leads to.

excessive production of oxalic acid)

The brewing industry is also interested in axalate
concentfations in beer, .as that ion is preSent in malt and-
hope and.can combine with calcium in the beer to produce
calcium oxalate crystals. These fcrm an unsightly haze and
can act as nuclei‘leading to exqessive formation of carbod

dioxide bubbles1



i

\: 2

Methods Used to Measure Oxalate Cdncenmrations

Numerous direct and indirect meXhods have been
proposed for the analysis of oxalic acid. TheSe cover thL
whole speotrun‘of analytical methodology. As illustrations,
somé of the suggested techniques are presenéed'here. ‘

Oxalate can be quantitatively oxiéized to carbon

dioxide by titration with cerium(IV) or permanganate. In

fact sodium oxalate has been used as a primary standard for

//
— Vi
. —

both cerium(IV) and permanganate solutions C/

-2 U X +3
C2ou | + 2Ce + 2co2 + 2Ce

. -2 - .4‘,'* ' ’ '+2 ,
5C2Ou + 2MnOu *+ 16H lOCO2 + 2Mn + 8H2O

A significant number of methods involve precipita-
tlon of oxalate as the relatlvely insoluble salt, calcium
oxalate. This can then‘be analyzed gravimetrically after
conversion to caleium carbonate2'or the excess calcium in
the filtrate can be determined by an EDTA titration3.

Oxalate can be titrated with calcium chloride using the

Orion calcium ion selective elecgfodeu or with lead

perchlorate in 409% p-dioxane solution using a lead ion
selective electrode to determine the end‘points. After
precipitation of the lead -oxalate salt, excess lead ions
can be titrated with potassium hexacyanoferrate(ll) in the

presence of potassium hexacyanoferrate(lll) and Variamine .

»-



3

Blue6,or with EDTA in_the presence of Pyrocatechol Violet7.
| Dubey and Tandon8 investigated adsorption

‘1ndicators.for the titration of oxalate with lanthanum,

lead and mercury(I)v For the first two titrants they

“suggest Bromopyrogaliol red as indicator and for mercury (1),
bromocresol green. Bismuth has also been used as a titrant,

the oxalate being precipitated as .8120x39*. v

Direct colorimetric methods which have been used
include the formation of a red indole compiex&o énd a
copper-benzidine complexll. Indirect colorimetric methods
used comprise, among others, measurement'of the decrease in
absorbance of the iron(III)—;alicylate complex12 or the red
uranium(IV)—U—(2-pyridylazo)resorcihol complexlB. The faét
‘that oxalate quenches the fluorescence of a 1:1 Zr:flavonol
c flate also has been used as the basis of a method to
'dgkermine the acidlu. Oxalic 3cid ;1elds glycblic acid

when it 1s reduced by powdered magnesium. The deep red

product formed when glycolic a: 1 reracts with
2,7-dihydroxynaphthalene has bw..i. : to measure oxalate
&concentrations indifectlyls.

| J Many chromatographic methc- Ve been suggested
for the separation of oxalic ac.d fr - "o osuustances.,
These include thin-layer chromatogruphv‘l " ~—exchange
chromatographyl7_and gas chromatography ~ “he metnyla.. :
deriQativels.

¥Throughout this thesis, C.0 “2 and Ox will be used

interchangeably for the ~ oxalate 1ion.
: J
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The changevin absorption caused by the formation,
from electrochemically generated‘lanthanum, of a suspension
og/lanthanum oxalatelg, or the turéidity of the silver
oxalate sol in isopropanol medium20 have also been used to
measure.oxalace concentrations.

Amperometryzl, polarography22’23, coulometry2u
and enzymatic methods25 have all been employed to analyzev
oxallc acid. A discussion of a number of methods which

have been used to measure urinary oxalate is presented

in Chapter 6.

Interferences in the Measurement of Oxalate

While all of these‘metnods and others are
applicab?e to pure oxalic acid or to solutions of oxalate
salts,.difficulties frequently arise in the presence of
various matrices and/or low oxalate concentrations There
is np accurate fast, reliable specific method available
for measuring o*plate ner is there a method available for
measuring the analyticall: important ionic, as opposed to
total, concentration”\of the ion. Hence the proliferation
of procedures adapted for various matrices.

Ir oxalate "Is to be determined gravimetrically,
a reprecipitation is often necessary ,in tne presence of

interferences. When a calcium or lead ion selective

electrode is used to follow the titration of oxalate,

N



5
specles which complex with calcium or }ead will cause
interferences. The pH must be carefully controlled so
that coﬁplete pqecipitation occurs, and so ?hat dissolution
of the precipitate does not take place 1f bagk-titration
of excess calcium or lead lons 1s‘to be carried out. ‘

A high chloride 1ion concentration caﬁnot be
tolerated in the direct colorimetric determination with
indole, and the lower limit for this methoa is'only 50 mg/1.

Because absorption spectra of the copper-benzidine complexes

of,related acids such as oxalic, tartaric, malonic, citric,

_lact;c, glycolic, formic and succinic are highl& similar,

the copper-benzidiné method can oniy determine, with lowered
- '

accuracy, large‘amounts of oxallc acid in tpe presence of

smaller amounts of other »ayci'ds..

The presence of alkall metals gives curvature
énd hence poorly defin'ed eﬂd points when oxalate is
determined by turbidimetric titration with lgnthanum.

Of the enzymaﬁic methods‘proposed for the
determination of oxalate, problems owing to nonspecificity
of the enzyme; or, in the case of the specific oxalate

26

decarboxylase, inhibition by sulfate and phosphate ions“ ",

have prgvented'widespread acceptance.

Purpose of this Research

3

Possibilities for a better method to determine

oxalate, espécially in complicated matrices such as urine,
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Qere investigated in this thesis ; After study of the &
methods available, the iron-oxalate photochemical reaction
(discussed in Chapter 2) using a gas sensing electrode or
gas chromatography as a detector for the evolved carbon

dioxide was chosen for detailed study. '

A2



CHAPTER 2

OXALATE ANALYSIS EMPLOYING A BCO2 ELECTRODE
AS A DETECTOR .

INTRODUCTION

Iron-Oxalate Chemistry

A The photochemical degomposition of the iron(III)-
oxalate compiex was selected as the most promising
approach'for the determination 6f oxallic acid or oxélate
'salts 1in solution. With trivalent metals complexe;
containing one, two, or three oxalate 11gand5'are known.
The trivalent complex of 1iron(III) haé been the
most widely studied because 1t has replaced the uranyl
oxalate actihometer for use in-the biue/ultraviolet
" region ofqthe spectrum. Ad&antages'of trioxalatoferrate(III)
as an actinometer reagent include that 1t is hundreds of
tiﬁgs more sensitive than ur;nyl oxélate. It can be used
for polychromatic photometry also, because the gquantum
efficiency increases gradually from about 0.9 at 480nm
to about 1.2 at 254nm. It is stable in the dark for long
periods of time and is simple to:pse. The products of
. 1lrradiation of potassium triqxala{oferrate(III) include
iron(II) and carbon dioxide:v

hv 5

-3 -2 -
2[Fe(C2Ou)3} —»Z[Fe(CzOu)2J + C,0; + 2co2
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The iron(II) can.be measured spectrophotometrically as
the tris(1,10-phenanthroline) complex at 510 nm27.
Industrially, ammonium trioxalatoferrate(III)
is used’with'potassium hexacyanoferrate(III) in the\plue—

print processz8. The iron(M§I) in the oxalate complex

is reduced to iron(II) upon expdsu;? to light and then
reacts with potass lum hexacyanoferrate(III) to.produce
insoluble Turnbull's blue,Fe3IFe(CN)6]2 |
At low pH values and with an excess of iron(III)
the monooxalatoferrate(III) complex 1s.f6rmed; This
species 1s of analytical importance.. The following

sequence has been suggested 29 for 1ts photodecomposition:

s

+3, ) QX
Fe (C2Ou) f— (C Ou)

+2 -
2(c Ou) + Fe'© + C,0,
- +3 -2 +2 -2
C,0, + Fe (C,0,)7° 2C0, +, Fe™ + C,0,
E ) ‘ _2
2(cC Ou) > 2C0, + C,0,7° \vf

The first step involves an electron transfer énd‘a
weakening of the.metal;ligand bond, followed by pong
’breaking in the second step;'Vérious radicals have been
postulated as ihtermediates. However, all schemes

yield carbon dioxide and iron(II) as final products.

!



Early Photochemical Analysis
Rao and Rao30 estimated iron(III) concentration
by employling the photochemlical reaction between~ironkIII)
and oxalate. \The iron(11) that was formed on expc-ure to
sunlight was titrated with sodium vanadate ui%ng diphenyl

31

amine as indicator. In later work~-", they.fodnd the .
sulfuric acid concentrat}on could be varled between 0.1

and 0.8 N without appreéiably altering the speed of the
reaction. When sodiuﬁ citrate or potassium sodium tartrate
was used in place of sodium oxalate the reaction rate was
much slower and was Influenced by acid concentration, “
the rate decreasing with 1increasing acid concenﬁration.

32

Rao and Aravanudan measured the concentration

of oxalic acid 1in solut&on by .adding an excess (4:1 or
greater) of iron(III) alum solution aéd acidifying with
sulfuric acid. The iron(II) that was pfoduced'upon
exposure to sunlight 5} aftificial light was titrated
with sodium vanadate and the oxalate content was
calculated from that. Wﬁgé sunlight was used for -
irradiation ‘the reaction‘Qés complete in 15 to 30
minutes; with a 1000-watt tungsten filament lamp an
éxposure of three hours was.required. With a quartz
mercury vapor lamp six hours was reported as necessary

to complete the oxidation. In further work on deter-

mining the iron(III) concentration by reduction with oxalic

W
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acld, 1t Wits not.ed that as the amount of tron(1171)
~present i}nwwwuuwi,.thv tLime ﬁcccssury for the rceaction

to o to completion also tnereascd.  Lactate could bc!
ugwd tn place of oxalate as the reducling agent in nequaL
or hvukly acldle solutions.

Riggs and ﬂr[ckurxu extended the above ldeds and
cdetermined ({x:il:it(f by ﬁn?zisljr'iluj t.he .;)hc>t(>ck1erni ¢ally
generated fron(ll) by titration with sodlium dichromate
(2 ppt accuracy) or, for smaller amounts of oxaliate, by
spectrophotometric dotormfnatjon with 1,10-phenanithroline
(3% accuracy). A 15-mlnute irradiation in a:deoxygenated

solutlion with a1 100-watt medlum pressuhe mercury vapQPH v

iamp was used In thcj; unalygcs.-'Théy further Invostfgjm'j

the interferences produced by a number of carboxyllc acids.
This chapter discusses an Investigation of tii

analytical utlltty of the iron(TIT)-oxalatc redﬁction

in which a QCOZ* electrode In a continuoun-rlow mode is

,/
used to measurce the carbon dioxide produced.

BCO2 Electrode History

e ——— e~

The Qcozvulectrodc evolved primarily as a
clinical too! - r analysic of blood FAses. Only .
recently has it been uscd for other analyticul

35

used it as an

4

applications. Guilbault and Shu

— _— e

- ‘
In this thesis QCO2 1s uced to designate the partial v

pressure of carbon dloxide.
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enzyme clectrode for urea by immobllizing urease on the

gas pormjﬁblc membrane .

\The first report of an electrical measurement

o% pCO, In blood was that of  Stow and Randa1136

» )

Further
description of the QCO2 electrode was provided by Stow,'
Baer, and Handu]]37 in 1957. Initially, a glass>electrode
‘was sbparaicd from the carbon dioxidé~permeabic bubber
membrane (a.fingcr cot) by a thin film of water (the
internal f11ling solution). The carbon dioxide in the
test solutien diffused across the membrane 1ntovthe film
of watcp where 1t hydrated and dissocfated, causing a

‘pH chS;Zc:

CO, + H,0 « H

2 2 2C05 '

H.CO. — HY + HCcO.™
“— .

2773 3

- = 4. -2
; = H 4

. Hco3 — 003
Calibs .. . 1 of the relectrode was achieved by placing it

in saline solutlons which had Been equilibréted to a
known 9002 by bubﬂling a gas,mixturepof knowq 002
concentration through it. The slope of a Nernst plot
was 30.3 mV and. remained constant. For Meaaurgng the
QCO? of blood ﬁqses, the electrode was thermostatted
at 38 + 0.05°C (near body temperature). Careful

teTperature regulation was necessary because the,

temperature cocefficient of solubility of CO2 is about
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5%‘per degree in this temperature region.
. The following year Gertz and Loeschcke38

‘reported covering the glass electrodé wlith a polyethylene

'

shell 10 to 20 um in thickness and using a lxlO-‘3 M
NaHCO, solutiop instead of water as the internal f1lling

3? showed that the electrode

'solution. Other workers
sensitjvity could be doubled by Paplacement of the water
Internat- Fiiling liquid by a sodium bicarbonate solution.

They defined the sensitivity as

A pH
4 log QCO2

With water as the Internal liquid S 1is about 0.5 whereas
with a°0.01 M NaHCO; solution it doubled to about 1. A
trade off exists, however, in that with water or dilute
bicarbonate solﬁtiwws.thé responée time. 1s faster than
"with more concentruted bicarbonate solutions. “With
:cbncentrated solutions more carbon dioxide must be‘
exchanged as increasinm amounts of carbonate are produced-
in the internal filling solution.

The optimum design of Severinghaus and Bradley39

.
~

comprised a Teflon membrane separated from the glass
electréde by a thin layer of cellophane_whose_purpose
was to hold a film of liquid between the glass and

" Teflon. Alsor, sodiuﬁ chloride was added to the 7.01 M

NaHCO3 Internal filling solution. This system was more
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stable, faster in response and drifted much lgss than
previous designs due to the stabllizing effect of the
chleride ion on the;;ilver—silver chloride reference
electrode and to the greater conductivity ofythis,
solupioﬁ. They observed a linear response between 1.38
and'11:37% Co,,. For a fogr—fold rise in 062 about 2
pinutes was required to reach equilibrium whereas for a
similar decrease in CO2 leveli-the respénse time waSjabout
4 minutes. This t%pé of behavior 1is typical of all gas
sensing electrodes. Faster response could be  achieved
by using thinner films of_Teflon but because of lack of
mechanical.strength these were not satisfactory.

Hertz and Siesys"?,. by utilizing a slightly
concave glass electrode membranevsurface, were able to‘
. omlt the cellophane layer. They also reported increased
stabildity through use of a miniature calomel reference
electrode instead of the silver-silver chloride one.
Most commercial Qcozielectrodes; howevef, 1ﬁcorporate a
comblnation electrode with a silver-silver chloride
reference system. |

- The optimum thickness of the Teflon of
polyethylene{membrane has been reported to be éO umul.
Decreased LYfpknesses Peéulted in faster .response, but
the results were leés reproducible.

Considerable study has been done .on the best
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method of calibrating gas sensing electrodes. Exp?sure
to a stream of gas, heated to the eiectrqde temperatﬁre
and saturated with water vapor, has been wldely useduz.
The_possibility.that carbon dioxide ‘could diffuse'ﬁrom’.
the gas mixture and-cause errors 1n calibratiéh:ied‘ﬁo the
use of acidified godium bicar'bonateu3 or acidified

sodium'carbonatéuu solutions. In addition to the obvious

advantage of ease of preparation and hence ease of

bobtéinihg many callbration points, the use of thes®

solutions as a standard obviates the problems of
igcomplete humidification of the gases and electrode
temperaturé changes due to the fléw;ng gas.
Severinghausus,jin a lafer modificatioh,
replaced the cellophane spacer which was believed‘
responsible for slow electrode response, especially at
low carbon dioxide levels, by a thin piece of
nylon mesh or glass wool . "The nylon layer between the
gas permeable membrane‘and the electrode surface,improved
the respo%se of ‘the electrodé and its linearify. The
glass. wool was thought to catalyzé the reaction of carbon
dioxide "with water but it was not as reliéble as the
nylon layer because the glass wool sometimes cut the
membrane. “ |

A thorough treatment of the theory of

potentiometric gas sensing electrodes has been provided by
° - »
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Rose, Risemen and Kruegeruﬁ. Among the advantages of
gas electrodes listed by them are that.after equlilibrium
between the sample and the internal filling solution has
been established there 1is no further consumption of gas
from the sample™ Ionic scecies do not cross the membrane
;end interfere withvthe measurement. Fufthermore,
electrode calibration is‘independent of the rate of
stirring and membrane thickness, and there 1is no liquld
Junction problem; 'They derived an equation showing the
response time of the electrode as a function of the
geometry, membrane characteristics, internal electrclyte
romposition and experimental conditions. They also
redict that when a series of solutions are measured in
rder of increasing concentration, the time response 1s
ndependent of the magnitude of the concentration chengeﬁ
However, for the reverse process, the time respocse
varies as the ratio of the lower to higher concentration.
The basis of other'gas sensing eiectrodes is also gilven.

47

Ruzicka and Hanseﬁ recently reported on an

air-gap eiecticde in which an alr gap.replaces the gas
-permeable membrane. - The:intefnal f1lling solution 1is
absorbed on the end of a combination\glass electrode.'
;Thisﬂléyer of solution can be renewed between measurements
or can be uéed in an equilibration mode. The:edcantages

of this design are 1its fast response time and the fact

that the electrode does not physicelly contact the sample.



16

Other Methods for Oxalate Analysis whichi
Yield Carbon Dioxide

Many substances other than iros(III) oxidize
oxalate to carbon dioxlde. In these methods either the
reduced specles 1s used as a measure of the oxalate
concentration or the carbon dloxide is‘determined by  a
manometric, volumetric br colbr;metric method. The pCO,
gas electrode could be used for many of these analyses. |

' The enzyme, oxalate decarboxylase, from the

~

wood-rot fﬁngus, Collybia - velutipes, catalyzes the
a ) &

reaction:

H2C2Ou > HCO2H + C02

t

This enzyme 1s most active at pH 3.0 and most stable at
" pH 4.5. Reportedly, it aqfs specffically on oxalic
acld 1n the presence of small amounts‘of oxygen . The\;"
carbon\dioxide evolved through decarboxylation'can be
49

measured by the Warburg technique Work has also been

performéd on the same gpzyme extracted from Aspergillus

50

niger

An -enzyme from the obligate plant parasite,

Tilletia contraversW, oxidizes oxalate to carbon dioxide

NS
and probably hydrogen peroxide.. _ <t
H,C,0, + O, » 2C0, + H,O | B

272"y 2 2 272



‘the beaker had to be covered with a quartz 1id

17

Stimulation by riboflavin and flavine mononucleot#ide (FMN)

was shownSl. Similar findings were reported for an

enzyme in barley seedlsng roots52’53. In 1972, howeyver,

Halliwellsu reported that riboflavin and FMN

\photochemically promoted release of carbon dioxide from

oxalate without any added enzyme. He concluded that
tnere was no net stimulation of the enZyme by these (/
substances.’ ‘ y /
- ' | A
A brief study was made of the use of the pCO,
electrode to measure carbonrdioxide from the oxalate-

oxalate decarboxylase'and_okalate—riboflavin systems.

More extensive work was done on the oxalate-iron(III)

system, where those substances, which interfered in

earlier methods by reducing iron(III)‘Will not be

interferences unless they also produce carbon dioxide.

Also, after automatibn this method is 1less time consuming .

than earlier ones in which the iron(II) was measured by

titration or by spectrophotometry In those methods of

-analysis standard titrants -or a standard iron(1I)

orthophenanthroline solution had to be prepared. In
addition each oxalate analysis re%uired at least two
pipettings. Colored solutions were a problem.  For both
tltﬁlmetrlo and spectrophotometric methods of analysis

oxygen had to be excluded from the reactlon vessel3 or
3. 1r
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this‘were not doné, 1ron(II) was air oxidized to iron(III)
and low fesults were obtained. Thils precaution waé_not
necessary in the CO2 method of analysis. A further
advantage of the proposed method'was that only 10-ml |

samples were required.



EXPERIMENTAL

Apparatus and Chemicals.

Two models of ECO2 electro?es were used through-
out this research.’ The first was a Radiometer pCo,
electrode and the éssociated blood gas apparatus. This

yelectrode is a combination glass pH—inéicating—silver—
chlorlide reference electrode with a slightly convex glass
membrane uéon whiph 1s placed a small piece éf Joseph's
paper (a thin chemically resistant®kind of tissue paper;.’
The glass electrode fits'inside an outer tube with a
gas perﬁeable Teflon mémbrare covering one end. In the
\ ‘ - 0.5M

tube 1s placed a small amoun 3

NaCl'solutibn saturated in sillver ions. This 1s the

of a 0.005 M NaHCO

internal filling solution.

The second QCO2 electrode which was used was

" manufactured. by Instrumentation Laboratory (IL). It

has ﬁhe same basic Severinghaus design but is different
in that netting is subét%tuted for the Joseph's papeg,
Silastic is gsed in place:of the Teflon membfane and -
the internal filling solution is reported35Ato be a
0.02 M NaHCO; solution. Throughout the experimental
work different internal filling solutions were |
substituted. The glass sensitive tip of the IL

electrode 1s more pointed than that of the Radiometer

electrode and in the assembled unit pushes against the

19
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Silastic, causing only a thin film of liquid to be held

between the membrane and the sensing part of the

‘electrode. The Radlometer desigh appears to retain a

— greater volume of liquid in,this reglon,-and because of

.this, the response of this electrode was predicted to e .

slower than that of the IL one.

The plugs on the shielded cables of both
electrodes were replaced with Beckman-type plugs so they
could be used with an Orion 801 pH meter. A Houston

Omni Scribe Model number 5113-5 one pen recorder or a

~Hewlett Packard 7101BM strip chart recorder was connected

to the meter to provide a continuous record of electrode

response.

Irradiation in the visible region was provided
by a General Electric extended service long 1ife tungsten'
1ight bulb (200 watts); in the ultraviolet region 1t was
provided by a Hanovia type 3620 utility ultraviolet
quartz lamp (140 watts).
| All chemicals were reagent grade and were used
as received. Distilled water was used throughout

The automated system employed Sampler II and
Pump I units from a Technicon single channel AutoAnalyzer.
For the'irradiation step two concentric UO—}oot Pyrex

colls, 1.6 mm i.d. and 1 mm wall thickness, were used.

Throughout much of the ahalysis, the sampling motor in
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the Sampler IT was replaced by one half as fast .- This
enabled slower-cam speeds to be used. The'51§ that was
introduced with the sgmples and reagenté in therpump step
was removed by a debubbler prior to the solulion's possage
beneath the electrode. The purpose of the air bubbles
1s to segment the liquid stream SO as to minimiée mixing
of one sample with the next by cleaning the tubing
Circumference after each liquid segment . Without these
bubbles laminar flow 1is more prevalent and cross-
contamihation from adjacent samples is increased. Aé
~shown 1in Figure 1, after passage through a flow-through
compartment of the pCO, electrode, the sample solution
.fécircuiatéd through the pump to promdcte the smooth flow
of sampleb before discharge to waste. !
SinceAa commercial flow-through arrangement .
1s not available for the IL electrode, a compartment
was constructed (Figure 2) of Pl;xiglas in the Department
of Chemistry machine shop at the University of Alberta.
The electrode wos pressure fit. into the container aéd a
~hand-tightened Nylon set screw near the top insured its
_immobility. The bottom of the sample well was machined
fo allow a small volume of solution to flow aqross the
protruding tip of the electrode. A small contact volume

kept the rate and sensitivity of response at a high

level, while minimizing cross contamination. The inlet‘
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Combination
Glass

- Electrode

Electrode
Jacket

O-ring ‘__’l——{_. Membrane

{

Outlet Qutlet

Inlet

Figure 2 Design of Plexiglas Flow-Through
Compartment for an IL QCO2 clectrode.
- , , . -

" -
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and outlet were about 1 mm In dlameter, and Q(frw: placed

0 ‘ .
opposite to each other as shown In Flgure 1, or one inlet
and two outlets at about 90? to the Iinlet were used as
shown in Figure- .. 'finull_] metalllce nipples w<)r:> secured
Into the openings to provide tublng connectlions. To
;)r'c*vi*rlt, 1)111)1; les from becoming entrapped under the
Olcchrodg the fn{oh and outlet channels were angled
slightly upward. 'Ph(‘»Orlbil‘b electrode t'low-through unit
was placed In a 25°C water-jacketed temperature-controlled
contalner. A Brinkmonn Instrument Type K2 clrculating
water bath wuas used to malmntain the temperature. Exact
temperature control wa. not :ll_kcly _maint:lined, however,
because of ‘the large mHSS of Pldxlglas around the
clectrode.

H S .
For the oxalate analysts the plass colls were

lmountcd on a wooden shelf and the irradlation source
placed in the center of the coils. Cool alr, blown
upward L%rough a hole In the wooden shelft:, prevented
excessive hoatizg of the solutions Quring irradiatlion,
The coily wvrelﬁurrdunded by alumirfum foll to avold eye
damage when ultrﬁviolet radiutlon Was Qsoq, and also

to improvg Lhovofficlcncy by reflectling radlatton back
fowurds the colls. Later a more permanent housing was

designed and bullt from stalinless stcel‘by the

Department ot Chemistryvmachine shop. This consisted of
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a large box with a tlltrd top to allow air circulation,
a center shelf wupon which the coils rested, and a fan
compardment, below.  Either lamp cquid bé placed insidp
this box and anchored to a supporting rod.

The ‘sodium bicarbonatevso]utidns used in the
automated mode were prepiared in 0.5 M NaCi while the
'.poLassihm oxalite soluﬁions were prepared in 0.5 M NaCl
and 0.1 M HBSOU unless otherwise noted. Potassium
oxalate wa; chosen rather Lhén sodium oxalate because it
1s more soluble. The purpdse of the sodigm chloride was
to 1ncrease the 1dn1‘ strpngth of the solutiono‘to a
level compdrable to that of the internal filling
solution. Also, 1t provided a more realisttc matrix for
the oxalate analysis,'since-real sampléé rarely”bccur in
pure w&%er The FeNH (SOU>? 12H,0-was prcparod in 1, 2

. «’t’u
or 4 M H bOu or in water. A few drops of a wetting

agent,, Bri] 35, were added to the acld Peapgnt bOlUtiOﬂ :
for bicarbonate analysi ‘or,to the iron( II) solution
for oxalatewanaLysis. Usb o; a wetting gent reduces
gurface tension of the solutions and thggeby improvés )
sample passage through the glass arid plastic tublng og

the continuous-analysis system.



RESULTS AND DISCU("ION s

T

Preliminary Electrode Studies

glgctrode'Calibration. Initial checks and calibration of

the Radlometer - system were done wlth calibration gases
:(Linde 1.99% and 7.85% CO2 in 02) as suggested byvthe
manual accompanying the instrument. Later these gas
mixtures were replaced with solutions of known
concentrations of sodium bicarbonate in 0.5 M sodium
chloride acldified with sulfuric acid. Not only was
this less costly, but many different carbon dioxide levels
could be prepared, allowing the response of the electrode
to be more fully determined. Also, Since the carbon
dioxide evolved from therialate is in .aqueous solution
the bicarbonate samples resemble that medium more closely
than do gaseous samples |

Comparison of the Electrodes A filve-point calibration

piot was run with the IL electrode by pipetting solutions
of b‘(arbonate into a beaker and adding sulfuric aclid. A

. = . -
slope of 56.2 mV was obtalned between 5x10 J and 5x10 E M

NaHCO3 (Figure 3). The ¢' rall absolute standard

deviation for the linear least square fit was 0.75 mV.

‘ A similar Flve point plot with the Radiometer electrode
gave a slope of 49.9 mv between 5xlO_lJ and 1 xlo_glﬂ NaHCO3

and an overall standard .deviation of 1.62 mV after

deletion of the 0.05 M point (Figure 3). .During these
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Miilivolts
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10 . 107 1077
Bicarbonate Concn., M

Figure 3 Calibration Plots for Acldified Bicarbonate
Solutions with IL and Radiometer ECO

Electrodes: o IL; o Radiometer.
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measurements the Radiometer electrode was fitted with a
Silastic membrane. The same internal f11ling solution,
0.01 M NaHCOﬁ, 0.2 M KC1l and saturated with silver lons,
was used for both electrodes. Because of differences"in
the value of E°, experimental millivolt readings differ,
and so absolute voltage values are not given in Figure 3
The results show that, as predicted, the IL electrode is
more precise than the Radiometer one and 1s linear over
a larger rauge of carbon dioxide.concentration;

Time Response. At the SXIO—M M level 5 minutes were

required before the Radiometer electrode was sufffciently
near equilibrium thgt a reading could be recorded,
whereas the IL electrode required only 2 minutes. For
0.01 M concentrations 3 minutes were required to obtain
an equilibrium readingrwith the“Radicmeter, as -opposed to
1.5 minutes for the TIL electrode. This shows that the
rate of equilibration for the Radiometer electrode is
much slower, and also that Severinghaus electrodes, in
general,‘respond faster to more ccncentrated solutions.

. Most of‘the remainder of ﬁhe studiee were

performed with the IL electrode.

Preliminary Iroﬁ(lll)—OxalateuExperiments

Once the .electrode response had been evaluated

1

with_acidified bicarbonate solutions, several qualitative

experiments were done in a manual mode to investigate



29
: ‘ \
the iron(IlI)-oxalate reaction. When a solution containing

iron(III) nitrate and 1x10~° M sodiu; oxalate acidified to
PH 1 was irradiated for 15 minutes, with elther the |
Hanovia ultravioletplamp or with the tungsten light,
readings indicating carbon dioxide production were \
obtained with the BCO2 electrode. .A solution irradiated
"with the’ultravioleb-lamp gave a millivolt reading 29.5 mV
higher than one irradiated with the tungsten lamp. From

. these and other,experiments it became evident’that the
QCO, electrode could be used to follow the carbon dioxide

- generation from the iron- oxalate reaction

&

Similar experiments showed no qualitative
difference between use of iron(III) nitrate or. iron(III)
ammonium sulfate as the sgurce of iron(III) Also, the
slow bubbling of oxygen through the solution did not |
have any apparent effect on the rate of the reaction,

as might be expected if reoxidation of iron(II) were
critical. The reaction even proceeded in the presence

of moderate concentrations of calcium ions A

Interferences. Mannitol,r

. cHoH

. - HO-C-H
HO-C—11

H-C-OH

H-C~OH

CH,OH
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which was an interference in Riggs and Bricker s work3u
was tested as an interference A 10 2 M solution was
prepared in 0.01 M H SOU and iron(III) was added to it.

The resultart solution was Irradiated with the ultraviolet
lamp. No carbon dioxide was detected This, then, is an
example of a substance which can reduce iron(III) but does

not. produce* carbon dioxide.

\

Analysis Time. When the pCo, electrode 1s placed in an
a;idified solution a reading can be obtained in only a few
minutes However 1in the ‘iron-oxalate analysis, carbon
dloxide is generated slowly and the possibility of loss

of carbon dioxide to the atmosphere during the reaction
timé must be considered. Two solutions of 5x1073 M
oxalate were irradiated in the‘presence of iron(IIl) and
acld for 90 minutes, the.first in a 10-ml beaker exposed
to the atmosphere, and the second in a 20-ml beaker with
a. rubber stopper ritted around the electrode. 1In both
cases the millivolt readings increased for ‘the first 40 , ,
minutes and then decreased. The increase was likely the

result of slow production of carbon dioxide from oOxalate,

and the decrease was due to the loss of carbon dioxide

to the atmosphere The second system gave readings

slightly lower than the first, likely due to a decreasedv

area of solution exposed to the radiation.
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Temperature Control. Several modifiéations were undertaken

to try to improye this crude system. Tungsten bulbs
irradiate in the region beginning at about 330 nm and ‘
extending phrough the vislble reéion and into the near
infrared. The qltraviblet lamp, a line as ‘opposed to a
continuous source, prdd;ces radiation at a large number
of wavelengths 1in the’visible and ultraviélet region.
Conslderable heat is emitted by bpthrlamps, especially :
‘the tungsten bulb, and results in a temperature rise iﬁ'
" the soiution under study. Carbdn dloxide 1s 1less soluble‘
at higher temperatures. For optimum fesults, therefore,
all sambles and standards should be kept at the séme A
temperature. To try to accompliéh this, the beaker
containing the irQnmoxalate solution was placed in éf
watermjaéketed temperature;conprolled‘container and
'irradiated througﬁ thé'water. This was of some help
but with the extra glass and_ﬁéter to absorb the light
the irradiatioh reaéhing fhe solution was‘diminished.
Further reduction took_place if any‘iron(IiI) salt
spilled and coated the Qalls of the water Jjacket.
Although tﬁe rate of carbor dioxide p?odﬁction was -slow,
if care was exercised, good Nernstian calibrations could
be obtained (Figure 4) with a éO minﬁte Irradiation time.
The millivolt readings are lower than those obtained for

S

a set 'of similar blcarbonate measurements, because of the
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large amount of iron(III) present. This point will be
discussed more fully in the section on automated oxalate

analysis. -

Multiple Analysis. To Speed the analy$ls a shaker was
‘ o
- employed so that a number of samples could be irradiated

at the same time. Acidified potassium oxaiate solutions 1‘
.containing iron(III) were placed in small glass étoppered
bars and irradiated for Varying times, with gentle shaking.
After 1rradiation each so]ution was stirred in- a 25°C

.~ water bath for U4 minutes and then a reading was taken with
the electrode. For 5x1073 M oxalate solutions, the
readings increased by 12.5 mV as the irraciation time
increased from 38 to 67 minutes, while for a 5x10 " M
oxalate solution, the readings increased by only 5.8 mv
when the irradiation time was increased from 40 to 69
minutes. Thus 1t was'shoﬁn that solutions -of different
cancentrations should either be irradiated so that the
reaction goes to completion or'be.irrédiated for a constant
ti@e period. The easier of these two choices would

appear to be the latter, ‘although this was not as simple
.as 1t would appear. It wWas difficult to arrange the
samples so that each received the same intensity of
irradiation. The solutions should 'all be read at the

same time after irnediation to minimize varlations in

carbon dioxide equilibrium with the atmosphere. This is
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difficuit to accomplish with the Severinghaus eledtrode,

- since the time necessary to read a sample depends on 1ts

concentration.

~

Use of éCO2 Electrode with Other Reagents

for Oxalate Analysis

Cerium(IV) as Oxidizing Agent. Iron(III) is one of

several oxidizing agents capable of oxidizing oxalate to
carbon dioxide. ICerium(IV), addéd as (NHu)2Ce(N03)6,
generated carbon dioxide quickly from oxalate without any
ifradiation. Nernstian results could be obtained;over

the .same range as with the iron(III). However, becahse of
its lower reduction potentiél iron(III) was choéen as the
oxldlzing agent for the majority of the studles (0.77 v
vefsus 1.61 V for Ce(IV)-—Ce(III)). P

Oxalate Decarboxylase Experiments. Several different

types of enZyme electrodes were prepared and investigated
in a qualitative manner. The first was made by
immébiliziﬁg oxaléte decarboxylase No. 0-3500 Grade II
(Sigma Chemical bompany) én nylon mesh in a polymer
matrix. The polymer sheet was then placed over the
TeflonKmembrane of the Radiometer Qcoz'electrode so that
carbon dioxide produced from the oxalate by thé enzyme
could be measured directly. Less than milligram amounts
of the enzyme were added to acrylamide and methylene

acrylamide‘in the presence of catalytic amounts of



e

~- <§\\ f'm

35

riboflavin and potassium persulfate in pH 3.5 citrate
buffer. The polymer was then cured by irradiation witis
a 200-watt tungsten bulb in a nitrogen atmosphere for
ahout an hour. After plécement of the polymer sheet over
the Teflon gas permeable membrane:@ potential could be
obtained in oxalate-containing solufions.

A similar method involved placing dissolved

enzyme on‘Joseph's paper and placing 1t agalnst the Teflon

membrané, belng held in place with a piece of cellulose.
Oxalate could pass through the cellulosevto react with
Lhe enzyme but the enzyme could noﬁ escape 1into the
bulk solution.‘ '

. The third method for ufilizing the enzyme
Involved adding it to a vial containing pH 3.5 buffer and
then adding the 0xalate sample po this solution. After
reaction, e p_CO2 electréde was immersed 1in the solution
and the potential recorded.

| In all of these cases readings could be

obtained in “nlutions that contained at least 1x10 "3 M

oxalate. ”ﬁo»-vér, there were many drawbacks to the
procedurg;.an important one being the high cost of the
enzyme. The reaction was relatively slow, especially
If low enzyme concentrations were used. ‘Since formic
acid, a prod&ct of‘the reaction, was later shown to

interfere with carbon dioxide measurement usiug the pCo,

f
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eleetrode, complexing of the electrode with oxalate
decarboxylase does not appear promising at the present
time as a method for oxalate determination. |

~Riboflavin Experiments. Experiments were conducted 1n

which carbon dioxide evolved from the reaction of oxalate
with riboflavin was sensed by a QCO2 electrode. The acldity
had to be kept in the range of pH 3 to 6, but concentrations
of oxalate as low as 1x10”Y M could be detected by
irradiatipn of a solutlon of oxalate containing

riboflavin. Nevertheless; because of the insolubility df
the riboflavin further experimentation in this area was'
discontinued. Automatlon of a system such as thls, using

a Technicon system, would be impossible as the riboflavin

would plug the small diameter tubing used.

Automated Carbon’'Dioxide Analysis

- One way to eliminate variability in sample
treatment and to minimize carbon dioxide loss to the
atmosphere 1s to convert the system to a continuous flow
mode., l this pseudoclosed system, irradiation time and
temperat..e would be standardized %nd the time between
irradiation and measurement cogig/be made more
reproduclible. The method could be adapted to routine -

use on a large number of samples.

Carbon Dioxide Calibration. A typilcal ealibration plot

for acidified solutions of sodlum bicarbonate utilizing
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the set-up described in the experlmental section and
optimized as outlined below-1s shown in Figure 5.

Samples were Introduced through 0.065 1in.

1.d. tubing and mixed with air, also introduced thr ugh

0.065 in. 1.d. tubing and sulfuric acid, introduce

through 0.020 1in. 1i.d. tubing.

»

A serles of runs using 5);10—3 M NaHCO; and
2 M HqSOu were made to study the effects of sampling
= Hs .

.speed, sample arradgement and presence of wetting agent.

The bicarbonate and acid solutions, mixed in the pump,

flowed through a 40-foot Pyrex coil before being

measured by the 1L p_CO2 electrode. Five runs were made

for each cchdjtion that was tested.

Effect of qampl*np Ttmc. A ¥am on the sampler controlled

the 'rete 0 ralysis by controlli: the time; the sample

+ sample cup and in was!.

nlon, a4 cam equivalent to

’

uced.  This desigﬁation

ligquid. For
the Technilcon

means that the

samj-ila rate s 10 samples/hour and the ratio of time

the probe sperds in the tést solution compared to the

wash liquid Is 2 to 1. When the sampling speed was
increased from 10 samples per hour to 20 and then 30
(with sample) directly following each other) the standard
.deviation for a set of 5 runs increased from 0.32 to o.uq

to 1.80 mV, clearly showing the slower fate of éampling

<
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- to be optimum. At faster rates successive readlings

on a sample of the same concentration Increased,
Indicating that equilibrium was not belng attained 1in the
earlier measurements. Two further samples were aﬁalyzed
to estimate the length of time necessary for the electrode
to reach equilibrium. The results obtained are shown 1n
Table 1. At sampling times of 1.3 or 2.0 minutes, the |
electrode had only 0.67 or 1.0 minutes !n which wash
liquid sepafated the samples. Conseduently, thevelectrode
never came to eduilibrium with either sample or-wash
liquid, resulting in each reading being.slightly higher
thar. the previous one. Since i mlnutes was the longest
sampling time c&nvenicntly obtainable with the Technicon
AutoAnAlyzer, thls time was: adopted thrbughout most of
Lhu'succeedina work. o
Effect_g£“§§mgiiggﬁﬁggg. The'effect of sampling rate on
electrodg response was Investigated by inserting a empty
sample cup be}ween samples in the samplcr>tray. While

the sampler probe was in an empty cup, only air and acid
were being pumped through the system. The extra time

allowed the carvon dioxide which had

Ui

between sample
diffused across the membrane and into the filling

solution of the electrode  to diffuse out again. Tﬁe
absolute standard deviation for a set of five samples,

separated by one empty cup between each sample, wéso.OB,

<
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compared with 0.32 mV for a set in which.thé samples were
run in consecutive cubs. The condition selected for
routine analysis, was to 1nclude two.emﬁty cups Follbwing
each sémplé. Empty cups were found more effgttive than

‘ water-filled ones 1in minimizing sample memory by the
electrode.

o ,
Effect of Wetting Agent. Addition of a wetting agent,

Brij 35, to the acid improved the preclsion, mainly by
o :
decreasing the noise appearing at the sample plateau.

E_ Calculation. Muller55 suggested that one should

always report E_ as opposed to E values at some fraction
of the equiiibrium value. Recognizing that the time
requlred to reach equilibrium is long for many electrodes,
he suggested that E_ values be computéd. A plot of t/E
versus t,“where t is time glves a straight line with a
slope of b and intercept of a. The value of E, 1s 1/b.
Several of these plots were attempted. for the QCO
eiectrode and, as predicted, a stralght line was obtained
if the initial points, where experimental conditions were
i]l-define , were bmitted To perform this calculation
accurateiy,'thc . minutt sampling.time did not yield

enough data, however, and this approach was abandoned.

Inclusion ot a Debubbler, Another parameter that was
Investigated in the use of thd pCO.,, electrode in the

continuous-flow mode was the.need of a debubbler prior
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to tﬁe electrode. For.example, in AutoAnalyzer methods
employing a colorimeter, it Is important that no bubbles (
enter the flowcell because they cause a sharp off—ééalé
movement in the recorder pen. In other automated methods
generatling carbon dioxide for analysis, i1t 1is. the gas
'in the air bubbles that 1s analyzed and hence must be
separated frqm the liquid. The ECO2 electrode is
different from these colorimetric éystems._ Therefore,
five samples pf 1)(10_3 M NaHCO3 were rﬁn, eacﬁ separated
by two empty sample cups in the sampler tray. With no
debubbler. the absolute deviation was 1.7 mV. It
1mpr6ved .1 mv with the 1nsertion 5f the debubbler. »
~Similariy; with four samples each of 1x10‘“ and 1x1073 Mo
NaHCO3 rﬁn alternately the standard deviation was 5.8

and 1.7 mV resp. for the samples without the debubbler,

and 2.4 and 0.9 mV resp. with it. In further wofk, the \_.

-

N
| e

deRubbler was routinely used. Even with 1ts use, some air |
_ ‘ | ‘ A

.passed through the electrode fléw-through compartment \

during those times when alir replaéed the sample, but this

did not,seem to affect the results adversely-.

Effect of Membrane Thiékness. The Silastic material
supplied by IL for the électrode gave better results
than Teflon did. Thé individualfmembrahes, supplied
with bieces of cafdboard backing- for convenience in

assembly, are 0.003 in. thick. Dow Corning' 3
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manufactures Silastic sheeting, with and without Dacron
reinforcement, for the medical profession After a
thorough washing with soap and water to remove the'
"bicarbonate dusting, pieces of 0.00S'in. and Dacron-
reinforced 0.007 in. Silastic sheeting were cut to fit

the electrode Jacket. As can be seen from Figure 6, therea
is little difference between these nembranes arnd the

0.003 in. thick size supplied by IL. !Substitution of
membranes was made throughout the course of these studies.
The Dow Corning membranes were much less expensive than

the IL-supplied ones, and were more sturdy.‘ Medical
Adhesive Silicone Type A cream could be used satisfactorily
to repair smail holes in the membrane.

Composition of gnternal.Fillinglﬁofution. The effect of

variation In internal filling solutions on electrode

response was also Investigated. Bicarbonate concentrations
of 1x107%, 1x1073 and 1x10™" M for the internal solution
were studled. The slope of a calibration plot variled

from 57 to 54 to 49 mV with decreasing NaHCO3
concentration; and the overall standard deuiation for a
least squares plot varied from 0.99 to 0.17 to 0.39 mV.

The lxld—3 M concentration-of NaHCO3 appeared to give

the best compromise between sensitivity, speed of

response, and precision in this.automated system.
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Figure 6 Effect of Membrane Thickness on the IL
ECO2 Electrode Response to Acidified |

Bicarbonate Solutions: o 0.003 in. Silastic;
4 0.005 in. Silastic; o 0.007 in.- -
Dacron-reinforced Silastic. :
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Automated Oxalate Analysis

Oxalate gamples in 10-ml sample cups were
pumped througm a 0.020 in. 1.4. tube; mixed in an H3
caetus with air which was introdueed through 0.065 in.
1.d. tubing and 0.5 M ;ron(III) in sulfuric acid
containing Brij 35 which was-pumped through 0.090 1in.
i.d. tubing. In Initial experimenfs the ultraviolet\
lamp was placed on the bench near the coll or the
tungsten lamp was suspended 1nside the coils, In 1ater
modifications, the UV lamp was placed 1nitially above
the coils, and finally inside the colls after removal of
. the commercial lamp shield:

‘Oxalate samples ranging between 5x10~3 and
1 M’could be analyzed in this sytem using 0.5 M iren(III)
ammonium- sulfate in either 1 or 2 M sulfuric acid with
irradiation or.acidified cerium(IV) ammonium sulfate
without any irradiation. Using the’sizes of pump tubing
described above, the AutoAnalyzer diluted the samples
with iron by approximately 18:1. When Fe: Ox ratlios are
very high, the automated method is unable to detemine
the low concentration samples that could be analyZed
manually. Confistent with the. Severinghaus electrode
.behavior, better and faster plateaus could be ebtained
with the 0.01 M oxalate solution compared to lower
"coneentration sampies. A hystemesis_effect is evident .

7
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with this system. The overall standard deviation
obtained by running samples In decreasing concentration
order increased by about 50% compéred to results -

obtained by running samples in the reverse order.

Effect ofMTemperature. A significanﬁ amount of heat 1is
produced byythe tungsten lamp during the irradiation |
steb. . If the fan is turned offlﬁhile the lamp 1s on,
the'coils become very hot and the tubing carrying
solution from the pump to the coils tends to biow off,
even when anchpfed\with wire. In one run using a 200—watt
tungsten lamp in conjunction with‘the fan, tﬁe
temperature at the tublng outlet of the Pyrex>c§il waé
measured with a chromel-alumel thermocohpie and a\value
of about 33°C’was obtalned. VTo lower thls temperature
prior tobpassage beneath the QCOé elecﬁfbde, the.last
foot 'of tubling carrying tHe sample from the 1rradiation
unit waé‘placed in the water bath surrounding the
electrode so thgt'thé solution cou1d be brough .earer
the electrdde temperature before meésurement.

Effect of Pump and Sampler Speed.- At the pump speeds

employed,.samples were exposed to radiation for about

5 minutes ber céil. Since this was\less than in the
manual mode, the reaction was likely far from complete.
When the ratio of the pump gears was changed to reducé N

“the pumping speed to about 1/3, the resuiting‘increase
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in the irradiatidh time'of‘thé sambles did nét Improve
the detection limit or the precision of the method. The
overall standard deviation for a linear least squares fit
of the data 1ncreased from 1.4 to 1.8 mV with the
decfeased pump speed. Millivolt readings were Slightly
increésed and the slape increased from U9‘to‘5u'mV.

The electrode readings began to;increase
rapldly when exbosed to a carbon dioxide solgtion. va
" possible, 1t is desirablé and more precise to read
.plateau potentials rather than elegtrode pbtentiais priof
to this. For oxalate analysis a cam rate of 10 samples
per hour was used to glve the longest éampling,time easlly
obtainable. |

Sample:Réagent Ratio. A new inlet system was designed to

Increase the ratlo of sample to reagent in the mixed
solution. This consisted of é three-pronged cactﬁs
(JunctionL each prong beﬁng equal in diameter, as
-opposéd to the H3 cactus. By using 0.065»in. i;d.
tubing in the pump, the rate of flow of the samples
,waslincreased from 0.16 ml/min to 1.60 ml/min - a 10-
fold increase. This permitted a corresponding iO-fold
improvement in' the geteétion limit to 5xld_u M oxalate.
When the i.d. of tﬁelpump line introducing the iron(iII)
was reduced from 0.065 in. 1.d. to 0.030 in. 1.d., the

linear‘range of the electrode was extended to‘lxlo_u M.

3



L8
‘The 1.d. of the air line could also be reduced. This
decrease in the lower response limit of the electrode
was accompanied occasionally by a deviation from
‘linearity for the higher concentrations } However sémpleS'
of higher concentration could be accommodated by dilution
oefore analysis or, if desired by increasing the
amount of iron(lIl) uSed' in this way linearity of the
calibratian curve could be provided in the region of
interest.

"Hysteresis Effect. Most of this initial work was

performed at a cam speed of 10 samplés/hour (sampling
time - 4 minutes) with the samples generally arranged in
order of increasihg concentration. If tne samples were
run in the reverse order much higher corresponding
readings were obtained. Thus, as»for thelbicarbonate'
analysis, empty sample cups were placed between oxalate
samples to give the electrode nore time to redach the
baseline between samples. It.can be seen.fron Figure‘7
that the extra time allowed for the electrode to return
to baseline with this arrangement was still not
sufficient. The oxalate samples in Figure 7 were run
with a 0.5 M iron(III) ammonium sulfate solution in 2 M
sulfuric acid in increasing, decreasing and then in
increasing concentration order. The reproducibility is

 poorest at lower concentrations. From this it 1is
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evident that the electrode reading for u giQen oxalate
concentration is significantly affected bx the
concentration ot the previous samples, as predicted in
the response time analyéis for a theoretical gas
electrode. Tg; rate ;f cafbon'dioxide diffusion out

of the Internal .fillihgsoluti“on around the glass
electrode 1is not sufficiently rapid under these
conditions to allow the system to reach equilibrium
"fter a samble of higheh carbon dioxide concentration .,
... passed beneath the electrode.

The possibillty of flushing the internal fiiling
solution of the electrode between samples was 1nvestigated
as a means of 1hcreasing the préciéion and rate of
analysis. The electrode Jackét‘was enlarged and eight
holes were drilled along its le;gth. These éntered the
internal soiution chamber Jjust above the gas permeable
membrane. Half of these channels werebconnectedito a
syringe containing:NaHCO3;NaC] internal fi1lling solution
‘while the other half served as dutlets for the‘spent'
liquid. The protruding tip of the electrode and the
presence of the nylon netting as a spacer bétween the
glass electrode tip and the gas-permeable membrane made
it-difficult to Fuily“reblace the filling solution and
avoid 1ntroducing alr bubbles in this important area.

Thefoutlet tu had to be raised and pinched duging

+
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anélysis to prrvent the solution !from siphoning out.
Furthermore, on injectlng large volumes of solution 1nto
the electrode the Silastic membrane bulged and disrupted
the established AutoAnalyzer flgwApatterﬁ. After no

major 1m§rovément could bg obéerved the idea was abandoned.

Effect of Coil,Lengpﬁ{ The effect of using two 40-foot
[{

: Pyrex coils in serles 1in the 1rradiation‘unit was compared -
with the Qse‘of only one uoefgpt length® Five samples (
varying from ‘leO—5 to lxlO'.-3 M,in oxalateAwere run first
in increasing order and thén ranabmly. .In'every‘cése

the percemtage error for the random rhn was 1es§ with
 on1y.ohé cofl than that for a similar run with two coilsit
For example, at the lxlOfu'M oxalate level and with one
coil the errors for two random samples were 3 and 6%,
whereas with the two coils 1t was 10 apd 15%. The
Righer.errors may beAattributed,to the greater time the
sémples have ton@nteraét in thé extra coil.

\ Since there was considerable shielding of the
outer cbil.by fhe imner cofl, the readings obtained with
two coils>wefe only slightix greater than with only one.
This shielding was evidenced by the fact that the last

.samp1§ run in the ‘two-coll system was often gignifioaﬁtly
' Bigher than expec@éd. The reasé§$§§§ this phenomernaon
,wés that after this stple was 1in the irradiation unit

the pump lines Were~gli placed in water to begin the

s
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cleaning process, Nermally, a :::1111;\in\ In the outer /L“oll
,J:" shietded owlngn to abosorpt ton o radiatton by the
sample In the hn.\vx' coll.  When the Inner coll containdd
only water, the last sample recelved more radiation
whllg In the outer .cn'll than corresponding n‘:n’:lic‘r'
:.‘-hlv.ld{‘d samples.  Thils Z‘.Hxx;lt'h\n-w.a:: I‘omcdl(\.d In later
;m;(1_\-;:(‘;{-whvu two colls \ch%\ used. Howvvéx', renerally:

~

only one cotll war cmployed.
-
Substltutiton of the HY Cactun, '1‘!Mm'mi to be
concentration gradlent at the exit o the three-prongdgn
TooJunction.  Following cach alr bubble the colorless
oxalate sotutton became more and more ‘yellow through

ml\im

o

with-the yellow tron(lID) solutton. Since proper
nilxing of‘ tho sd"lutlbn:: was essential the Inlet system

which had originally been

wis mmﬁ Ifit \i
moditlld cactus, . and a 0.020

: ‘pk*stb 1mxoducv Lho Tron(l11).gand a

-
i

used for If\n‘ -\‘Xlldtt‘ i.(‘- y 4

by

l\ng( Lvolmno .ampl( was belnye diluted by

4 3.\0
rh

L e .
"*i ‘md xmwg‘{hb, w}}h & s WI muoun’i of concentrated tronglil)

o Lut 164&

AR vl : -
*:: \pvﬁ“vd to solve the pradient problem

\“"I':K(‘lﬁil rect the dk_"\(‘t‘l ton 1imiu,

T oi’thn results were

above

o \-1

th’{wib N.ﬁfxotux ned to l_t:“. orly -Lnll speed the detectlon

Tr
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.

Almtt became somewhat poorer., (The sampling-motor

’

speed was not changed.)

The carller result usiﬁg the slow pump speed
. \ el
and three-pronged tnlet Jndlcj‘:d that a single coll
-4
& o ,
with the faster pump speed and the H3 cactus with 1ts

EAve better preciston than two colls. This was conflrmed
hY
|

modified puhp tubding.  As was Yound'éxperimontnlly with

the blearbonate work, inclusion of a debubbler before the

clectrode fmproved the precision of the oxalate naly -

The stralght baseline which was obtainei when

K

. ) -4 -
six oxalate solutions ranging Letween 1x10 and  x10

were mixed with water showed that O&aluto by itselr
3 b}

did not. di ffuse "hrooh the membrane and cause a pH

chanyge.

s

‘ -9
Hystevesis Ef'fect . Many experiments were done over one
a2t R PECH o

decade, tn concentration In which seven oxalate solutions

were run Lt tnereasing order, in decreasing order and,

;1Y1@*u A three-polnt increasing «order callbration, in

o ) WU _ )
randomgzord g dlaually , ‘when the seven solutions were
AT sy T
R b . .

crdar, higher millivolt readings were

run Lh, dqlndad ng

obtalnbd,‘CSpueinlly,au the lower concentration, CLf. gt
N ; e‘ J A ' o

-

N ‘-/ -
seo Fighrv"ﬁﬁy Sometifmes, ‘In the random analysis, all”

the solutlons read hikhﬂn than the Inlitial calibration;

more uften, only those solutions which were pre o eded by
t i > . v

a ‘highetr concentration sample were high whereas those

t

)
:
4
L
*
5
L]
.

v

A
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*pbededed by a lower conéentxation sample were (lusor to
the lnitlal LdlibIdLiOﬂ line Because these elcctrode

ﬁeadin g@roro were due to electrode "memory"
- X

2P arafﬂvri tics and not primérily‘to d}irt or intergttion
bﬁ?ween the ample&: theiﬂormal mctiodx or kOTI(Li[n} for
(“:;rOﬂs.in continuouQ-tlbw ﬁnalysls were of no benefit. iﬂ\\
2 I; one exporimentz?attcr obtainin5 a three point o Q
,caljbxatlon curve bet;eén‘lxlo ! and 1x10 =3 M oxalate,

£ ¥ oo

errors 1n values Ior random samplLu ranged to 8%. Two

L Y

voha;acter‘i tics of thjs system are thaL the major factor
controlling the rate of analysis 1s the response ﬁime

of the eleétrode and that when a lower congentration
sample follows one of hlgheF con~wntrat1on3 the fesponse
time of the electfode‘&aries as L.oe ratio of the lower
to higher concen@ratlon. )

Oxalate Calihration. A typlcal Nernstlan callbration for

oxalatc is shown in Figure 8. The potassium bXalate was -
bprepared, as for most of the work in O 5 M NaCl and

0.1 M H >0, and the iron(TII) agmonium sulfate (0.5 M)

in 4 M H SOU' The‘upper limit gguld be extended elther ¢ .
¥ . .

by diluting the samples prior to analysis or by
increasing the iron(1II) concentration. Methods fox
extending. bhe lower limit of detgction will pe discussed
larer Of ‘the ao ml sa@fle volume 7 to,? ml were used

in each andlysis ) \@?

a

4
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Electrode Responsc. Figure 9 is a reproduction of the
. . 3

chart paper from the measurement of 1x10 M oxalate.

The central four pegks were analyzed atla cam rgté of
10 samples/hour with two blank spaces between each éaﬁple.
\"~kpn elther sidé {s an example O} the results obtained when
.k;>thefhamples Follow each other directly This figure'
§§§” illu:trates the speed with which the electrode responds
to 1ncreasing carbon dioxide levels. It also shows that
the Eo value 1s not attained during the d minutes the
sample'fiows benéath the electrode. The sldwer rate of
- return to baseline 1s evident as are thosé times when

the sampling probe was in an empty sample cup and when

‘ it was 1In the wash liquid.

Effect of Internal Filling Solution. Different internal
filling solutions wére used in'analyzing Qxaléte |
soluﬁions ranging between 1x10‘“ and 0. fiM The 1x1073 M M
NaHCO3 0. 5 M NaCl solution seemed to be the best
compromise compared to either the lxlo—u or 0.01 M

~-NaHCO, 1in 0.5 M NaCl solutions. As expected, the

3
Iowest concentration filling solution performed best for

N
-

lower cogcentratiqn oxalate solutions and the 0.01 MS

NaHCO3 solution was best for higher oxélaig concentrations.

. <.
Since th oclectrode seemed to require some time to

equilibrate when different filling solutions were used,

the 1x1073 M NaHCO;-0.5 M NaCl solution was used unless

.
L3
- .
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all analyzed solutions were knowr to be at one end of the

concentration scale.

Irradiation Conditions. Seven potassium oxalate solutions
3

ranging from lxiO— fo O;Ol M were used to optimize
irradiation conditions. Comparisons were made between the
tungsten and - the ultraviolet lamps and between the Up—foot
gircular Pyrex coll and a U40-foot square quartz céll in
the irradiétion dompartment. The quartez ébil-was prepared
in the.University of Alberta chemistry‘glass shop and
- consisted of about 19 turns of 1.65 mm 1.d., 3.5 mm o.d.
tubing. The héight of ﬁhis finlshed coil uas about 7 cm
compared to 10.5 cm for the Pyrex coll. Tﬁe;iroﬁgé&l)

» ‘ | s
was introduced as a 0.5 M FéNHu(SOu)2 solution in.2 M
v ( .

HaSOu and the oxalate solutions wese prepared as inv |
ea}lier anélysis. Each s@mple was followed by twol empty -«
sample cups. - As shown in %igufe 10,:the‘Pyrex‘coil—
ultraviolet lamp combination gave the lowest ydeld of J
carbon dioxide, while fhe quartz coil—tungsteﬁ light
combination gave the highest;> The necessity of using
more"than'a 10-foot coll was demonstrated by using a
10-foot quartz coil and findihg carbon dioxide levels
‘that were below those obtained with thgxlonger coil.

Using the above optimum conditions, the

relative érror, éxpressed in per cent, for six solutions

of 1x1073 M K,0x was 1.2% which was identical to the

t
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Effect of Irradiation Conditions

on Oxalate Analysis in a Contihuous-
Flow Mode: o quartz coll, tungsten
lamp; O quartz coll, ultraviolet
lamp; w Pyrex coll, tungsten lamp;

® Pyrex coll, ultraviolet lamp,
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-3

value obtained for four acidified solutions of lxlO M

NaHCO A 0.1 mV emyor in reading an electrode potential

3"
of an electrode responding to a uniw¥alent ion leads to a
relative error of 0. 39%, while a 1.0 mV error leads to a
-relative error of 3.9%, i.k., (1 Ah/59 - 1)(100%). Thus,

‘ | .
small millivolt errors "in reading can mean large errors

in concentration. ’

Other tungsten lamps were testedbto investigate
the effect of lamp.wattage on the reaction. Four |
different bulbs, 2UOW 100W, 6OW and 25W were used to
‘analyze the seven oxalate solutions Figure 11 shows
that the amount of carbon ‘dioxide generated from the
oxalate increases .as the lamp wattage increases This
is because of the greater amount of irradiation being
radlated from: the higner wattage bulbs, especially in
the regsion of shorter wavelengths A N'watt General‘
Electric F4T5-CWX 6- inch hanging fluorescent bulb and a
high pressure ultraviolet lamp equipped witn a transformer
and water Jacket were also tested but both were less
efficient than the 200-watt tungsten bulb.

Acidity Effect. To aScertain the effecttof the‘acidityr

of the iron(lll) solution on the system three different
solutions of 0.5 M iron(III) ammonium °ulfate were
prepared, one in distilled water, another in 2 M stou

and a third in 4 M H,50y. By keeping the acidity high,

1
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‘Flgure 11 Effect of Tungsten Lamp Wattage
on the Yield of Carbon Dioxide
from the Iron(IIIl)-Oxalate
Reaction. .
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the hydrolysis of iron(III) was minimized. Seven oxalate
solutions ranging between 1x10—3 and 0.01 M in oxalate,
and contalining 0.5 M NaCl and 0.1 M HQSOU, as all the
analyéed oxaiatestdid, were run with each of the
different‘iron(III) solutions. After mixing.in the H3
cactus, the acidities of theﬂthrée égmple—reagent
solutions were about 0.1, 0.3 and 0.5 M in stou. Frgm‘

Figure 12 1t can be seen that there 1s llttle difference

among the three calibrations.l Thus‘adjustment of the pH

of the iron(III) ammonium sulfate solution is not a
. A 2 o
critical variabl¥ for oxalate analysis. When the

2SOM solution of Fe(III) was

repeated without any wetting agent, Brilj 35, added to

analysis with the 2 M H

the solu®ion the overall standard deviation 1ncreased
: ' S
from 0.36 to 0.98 mV for the seven samplesT

-

Effect ®f Iron Concentration. For practical ~t1ility,

after initial calibration, unknown samples of varying
concentration must be determinable. Although only two

moles of iron(III) are required to oxldize each mole of

. p
oxalate, the 1ron(III) was prepared as a 0.5 M solution

so that there would be sufficient iron(III) for a wide
range of oxalate concentratiops,l With the hysteresis
effect it became apparent that‘sr tions of several

orders of magnitude could not bé analyzed consecutively,

especially 1f a low concentration sample followed one of
1 . .
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Figure 12 Effect bf Sulfuric. Acid Concentration
‘ .of Iron(III) Solution on the .
Iron(I1Tl)-0Oxalate Reaction: oxalate
solutions: prepared in,0.1 M ujsou_ PRt
: ST s, e T e
0.5 M NaCl:iron(ITI) solutions prepurcd‘

in water, &5 2 M 1,80),0 and M nesou,a

to givemrlnalzirod(lll)apxulatn solution
aciditi&s or 0.1 M, s; 0.3 M, 0 and

0.5 M, 0 . O e

2
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higher concentration. Since the samples would have to be
analyzed in narrower concentration ranges the iron:oxalate
ratio became a variable that could be optimized,although
Riggs and Bricker3u state that their results are
independent of the iron(IIT) concentration as long as at
least two iron 1ons are preaent for each oxalate Rao and
Aravamudan}7 maintained a 4:1 or greater iron.oxalate
ratio. To ascertain the effect on the present aystem
three solutions of 1x107 3 M potassium oxalate, each
separated in the sample  tray by two blank cups, were
analyzed witn progressively oecreasing concentrations of
,FeNH“(SOu}é in 2 M H,80,. For one set of data the
’tungsten lamp and.Pyrex coil were use€d while for the
aecond set the experiment was repeated using the medium
pressure Hanovia lamp and quartz coil The results,

shown in Figure 13, indicate that the tungsten lamp gave
higher readings than the - ultraviolet lamp at high
iron(ITI) concentrationa as were used to obtain the

data in Figure lO. However, when the Fe:0x ratio was
lowered to 5:1 or less tne ultraviolet-lamp yielded
higher reddings. The optimum ratio for.irradiation witna
a tungsten lamp was 50:1 to 1:1 while for the ultraviolet
lamp, it was 5:1 to 0. 5'1- Much higher yields of carbon
dioxide LOU]d be obtained from the ultraviolet system

'}

under \1ts optimum cohditions A similar trend was

lar
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-c‘vfdvnt, when the oxalat

(¢

¢ooneent rat Lon was Lowereds to

C -1 p . :
1x10 ’ M oexcept optimum rat Las for the ultraviolet system

visible systen, P TO H00:1 0 FerOx ratios were sat lo-

~ , e
lncr'z‘n:‘\vdgg Golnelude ratio s high as S0:1 whi le for the
! . . 3 H
S
) " v,
: . oo
Ate ratlos, theretore » Jdld not I A

Vrﬂlx‘tox'\'. JThe lron.oxal

coew
seem as crtirical at low
\ N R

contrast, with UV Mo
ratio tor the ultraviol

-

AL rattos higher and Lo

erooxalateconcentreat fons. In
Xalate. the opt Imui tronsoxalate
ctolreadiation system was 0.6 .

i

wors than this, the readings were

markedly lower., Ay high oxalate cuneent rat tona, a corress

bondingly hign soncentrat fon o {reon 11y is required.

“

ALl trongl1d \;-:‘.pg‘\‘[(‘:‘\ abaord stegnltficant Iy In the ultra-

(13 v’ . \
violet vegton, thg SOovause the amount o radiatlion reach-

ng H?g fron(lin).- O.-\";-lx‘l A
thina '-mi\mnn a high ratg
yield oIf carbon \prkldv
than at lower oxalate o
;1\.':111_:“\.10: o trradiat t
\\i tixed; the opt ﬂnum !
Do used to vxﬁ‘nd tho 1

oxatate, ' o

Nernast. T2t Tons,

e e et

te complex to be dimintshed. PFop

SO lron to vxalate gsives g lower

\

/

at hlgh aoxalate con'm_‘ntx:ql-.lor‘i‘.s

oncentrat tons ., Because the t;‘lmé
onotn this cont Inuou:‘--t‘l‘ow‘ system
owéx- fron:oxalat e ratlos should s

swer limttoorp cloctrode response to

s

\

\
R

The photochemtcal decompostition -

of tron(ITl) oxalate vields twe moles of carbon dioxide

Cfor exch mole or oxalate, yvet a flope close to 59 mV-was

s

\

o

t
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Jhis can be explalned by considering. the
Nerpst equat ton Im“‘ the pcQ elcc_t.x‘odo:
2 E o= ET +0.059 log peco 4
\
-A" :) K
But 1 two carbon dloxtdes are evolved from cach oxalate :
. »
< 2[ox] = peo,
T . 73 - o
» “ N ’ .
‘»%\‘m::.x fruting this in the Nernst equation and expanding
X ; . : |
, 5 \ . E
8, B = E°.1 0.059 log 2[0x] ﬂ
HwE = K o+ 0,059 log 2+ 0.0%9 log [ox]-" .
- - e ' o - ﬁ'
’ o b S < 7
] E o= E° +,o.0178,+ 0 059 log [Ox] . )
“THus @ 59 mV slope 1s pr‘mihtui but t%‘?\%olut walue o

-~ R

the readings for «he same Lonu‘ntration of ?aciditined

4

bDicarbonate and lrrndiaroq:1ron(11I).oxalaﬁe ahould

. . o ]
differ by 17.8 mV. Under the above-determined optimum

c_qhdit' lo'n:‘\_, this Is found to be true. Nernstian results

we e sure 8) under non optimum- cohditions

B K]

the electrode potentials were not displaced

abtained (Rt

but from

the bicarbonate plotaby 17.8 mV

Eftect of Oxygen.  Stince oach oxalate ::equiqe?d two
ix*on(lll\ fons Lo fully react, the low' opt,imum x‘atio“

obxcx\'od \\Uh the nltraviolet lamp must mean the 11‘0n(II)

P [

inu the solution s reoxidiced to tron(II1).

S o

|

Oxygen from

-
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e - &
the alr, introduceg, int¢ the pump air line, served as the
oxidizing agent . Herau°e wiie ‘mhiswline~w@§ connected to o

A

a nitrogen stroam, the Jow n:oxalate atioo became
/ less Favordble Puxging the ogalate solutlions with L.
e . ' . e

’
+

nitrogen prior so the&lgzgglygis Furthe reduced the stze
K3 .

of the carbon dioxido peaR¥when less than a 2:14

~ . - . \\ ) ) N - S
.fron:oxalate ratio was used. q B e
| . o : - Y
] Effect of Chlorldesloms. Figure L2 showed that thC‘gﬁm{

aoidity of the rronﬁlll) sgaution w&ubﬂot critioai

ang Bricktl 3 suggested that su11u11L acyd qhouiéjbe us ed' Jiff:

ﬂ.&\ rather than thIOthOPiU auid since Lhe latter ﬂxeventc;‘ %?it’
&he reactio)x S om going to completion in a r‘%&monaﬁle - . ax

périod of time The formation of iron(lIl) chlonige | ;‘

y . M

compLexes in salution was suggebted by them &Ofreaf:
& -3 . ,, 3 . :: s 4
y abgorbtion of a §§gﬂﬂfioant porbidh of the inc-ﬁ'”'

:9 o 30 1
radiation Howe%ag Rao and Rao 3

, whén using oxalate in o

" a photochemical mLthod to ostimate iron(iII} concentration,
f‘ound that hydnocrhlor“ic acld could.b.e s‘ubstitﬁ‘ted“-f‘.ou%u-l—
furic acid without'ony il]_oifoﬁts. In this work, \thbkacid
that was used Was sulfuric but the salt contcnt of the ’

: solutions-was.adjustod with sodiun chlozidc and hence the
‘final iron-oxalate bolutions oontaincd iron—chloridc com-
plexes. To Lest the Ifect of chlovﬁdL ion. concentration uponaﬁr.
‘the reaction, a 1x10v£,m solupiongo{'potassium oxalate‘ o

‘ ) v 1
was prepared.in 0.167 M sodium sulfate -and a 0.012 M
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] . -

‘wsolution of 1$on(IIT) ammonium s»ul,t‘nte W a\ pxepar ed In 2

. ‘Emd 4 M HC1 and 4 and 8 MQE2SO 'A{‘tex‘ passage thx*ough
Y . .
- the H3 cactus the rilnal lron(III) concdentration was {‘nbou‘t
: ' T @ o '
“.‘2'x10_3 M and t;h:( actd concentration 0N or Q,4 M in HCL
. . ' : f R kR Al
br 0.4 or 0.8 M In H,80,. ﬁ]mOsl; ldentical . 'euding“ woere
[} ) . ) & 0” - g »
! obgalned for tho I‘ir‘::t' three solutlons and s Ldeh, ' ﬁh'
u Lf‘ » . e ' '-W
. reaulto wcr'e obtllned wilth the *guore com,ent, e . Awlc
i ) -@ ORI N S “’-. R
- acid qplution This w*lx *1tt;xibutefl to 'its hit,h km)id Y
M N 64
cont;ent Clcm ly undex"‘,,t: e Londltioxm u:;é% h%e n,hlox lde |,

p’ . 'concentr'lt,‘lon \1‘\ !ﬂ% d"l 0.. Y M do not imm ‘fere (‘1@_& g {%;

B2 ., ©

with the I‘oxiqtion of‘ the ix‘On(I«QI) oxalaLc uomple\, or yy,
with the absoxprioﬁﬁ*m radiatﬁon@y th‘lt; comple Sinuc
. chlox ide 1} 4. common \.omponent or many bamples, especially”

] bio]obicll onc: At Is 11_1};)'0‘;-Lant: to know that i B%h a
he - )

Jre,

s

. not 1nt011ev to nu,\' s.ig-ni icant\. efetent. Furthe
: , A - ‘ .
no trends were ovident 1@ eallic‘x“o\pelhnent dp which

. the donle utl" ength was var led L}noubh addition of sodlum { *
. -~ & ) b . ' -.—-.57__-
chlorlide o™ sodium sulf‘atc. This suggcsts that changes
. in ionie. strefgth ot a 'I‘eju tenths wu'e neblibiblo ln the
presence of the Rdsh ¢ onpcntl“ition\ or ivorf(l}l.) ammon lum

_ . o v }
sulfate and sulfuric: acid that were useéd,

‘- Effect of Membrang Thickness. - The effect of replacing

P

, the 0.003 1n. Sila:st;;ic membrane suppliced with the IL
electrode by Dow Corning's 0.005 in. and Dacron

IS

L ) ' : | ]
reinforced 0.007 in. ones wWas tested with the iron-oxalate



-

%conCentration by ahaly- ing the cvolved carbon dioxide

In,thepCO2 electrode determination of oxalate it- did

e

P ‘T:{\‘ i

L} ] R . k.

system. The very simila- rnstlan calibration"g

displayed in Figure 14 5. ﬂﬂthe-independence Oof membranee

thickness on tho tlectrode response This corrohorates

the . eaxli r results obtained on the bicarbonate system
Y ‘ .

(Pigure 6)r -

A
Effect or Other SubstanCes Glycine and L histidine were
' 4
tested as potcntial interferences Solutions of thesee ' .y

substances (1 M) tn 0.1 M H 550, gave no response whén« ‘é
' : 0 , a0

mfixed with iron(lII) and irradiated Similarly, 0. 1 M

creatinine.soluticns in 0.1 M H,S0, and 0.5 M NaCl and” .-
,.. [ N 5 5

—

anine solutions gave'ho response. Many grea

) solutions over a. wide concentratfon range did not interfere.

=y T : ‘f . 0w
,_r, . . hd

Other Carboxylio Ac’ds

;o The advantage of determining the oxalate

v

. .
‘Y

instead of the iron(f&l) generated=-in* the iron oxalate
reaction is that those sﬁpstaaﬁes which are oxidized by \
~;/r‘bn(III) but which do not produde carbon dioxide are a
not.interferences in the Iormer method As an example, :
Riggb and Bricker3u found mannitol to be an interference | f' .

o 1
not interfere// ¥

Iron(III) Citrate and Iron(III) Tartrate Analysis Other .

- carboxylic acids are ‘capable of being oxidized by iron(III)

to carbon dioxide The principal carboxylic acids v=ﬁ hef
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investigated were c%tric acid,

' > CH..-COOH
*, ' 2
- HO-C~-COOH

7 . - ' .

CH,-COOH

and tartaric acid, ' ' -

1

S : « \ S : -,
: ‘ . N C e
In a manual or continuous-flow mode ,these two acﬂi?gcguld

L P AN . L -«
be analyzed in a similar manner to that for oxalic acid

usihﬁfeLther iron(III) or cerium(IV) ag the oxidizing

* N\ ) .
agent. The 0pe‘notab1e difference from the oxalate
) ] _ ;

analysis was the effect of the acid concentration. With “
-

. bx%late there was little influence on the gxtent of -the -

.experiments were repeated,

=

reaction due to acidi igure 12). Whén similar

ith sodium citrate apd '
A . Lo t
potassium sodium tartrate solutions prepared in a O.iJi

4t}

NaCl and 0.1 - 1280 Jmedium, a low pH ih'tHe,1rrad1?ted

v

solution was Lounﬁ“ﬁéignﬁib&ﬁ the readtion'ﬁh&@?&ﬁarh e
' L e . DY o "G R :

less acid results c1osep.to<Nernstian ones cduid,be

-

obtained (Filgures 15 and 16). This in
. X © . 4 '- : g
acidity 1s the key to redpé&ng the 1ﬁ%e ference 1n the

P

cates that proper

'\

.’v‘

C
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- Tortrate Concnqﬁﬂ

Effect of Sulfuric Acid Concentration "
_of Iron(III) Solution on the °
Iron(lII)-Tartrate Reaetion: artrate
solutions prenared in Q.1 M }

0. 5 M NaCl: 1ron(ILI) solntion nrgnaxed

in watex A, 2 H stou,.o and’ 4 bidi SOu o]

to }ive final 1iron(III)- tartray@ solunkon
acidities of 0. 1 !M,4Y 0. 3 M, O, and
0. 5 M o . v e e '.“ ¢ ‘_, - ‘&\. -
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oxalate analysis by these carboxylic acids. However, an
iron(III) solution prepared in distilled watem fq
hydroxide specles on standing. These absorb a larger

amount of irradiation than iron(III) ions. For an analysis

N 1]

between 1x1073 and 0.01 M sodium citrate in 0.5 M NaCi-

0.1 M H SOu the~slope increasod from 45.8 to 54.6 mv when -~

‘a4 freshly pxepaved aqueous iron(III) ammonium sulfate

was substituged for one several months old. ; The slope

improweq to 59. 3 nV when thc sodium citrate ,olutions

were prepared in 0.5 M NaCl medium and freshly prepared Ar

iron(IIT) QPB used | T ‘@,
It is possible to determine citric and tartaric

apids by utilizing the photochemical iron(III) redox

‘method 1f tbe reaction is run at low acidity. Figure 17'

shows calibration plots for sodium citrate and potassium
sodium tartrate analyzed in 0.5 M NaCl. Aqueous‘O.S M
ironQIII) ammonium:sulfate was used. The linéar range'of

[

. these g;aphs could be extended by utiliVing a longer

, irradiation time and/or a more optimum iron(III)

_concantration. The ixon(TII) concentration to be used in
>

the analysis of cl rate was optimized using a liO 3 M
solution of sodium ¢itruve in 0.5 M NaCl while varying
the concentration of aqueous iron(III) ammonium sulfate.
These results are shown in Figure 18 and are similar to

LS

the oxalate results seen in Flgure 13. The highest yields:

_of carbon dioxide were obtained by using the‘u traviolet

ol
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lamp and quartz coil and keeping the iron:citrate ratio
between 5:1 and 1:1. The vislble irradiation unit was’

not :ip"t':imum, except as high‘_iron(l,‘.IIf) c'oncentfations.

?g' If each mole of sodium cltrate decomposed to
Jyled hthree moles of carbon dioxide.,, one would expect a;
Nei‘;tian slope displaced by 28 mV , 59 log(3), .

wh readings are plotted versus the logarithm of. the

wh@n an optimum iron{lIY) concentration and ultravi%let

. ) . L

lrradiation were used.

“m

& 2
F] r' . .

i . . ( K
Other - Iron(III) Carboxylate Analyses Malic agld

HO-CH-COOH -

v y ’ “ " | ) . ‘ ,1." ) ;‘( S ’
/{Q . , 5 “ H2—C—COOH | »
. \ ‘ : L \ *
~ - and pyruvic acid
: '_ ) : \‘ ; ) . .
o | H | o
: S : CH C-COooOH R
, / L 3"
are both highly acid dependeht in their ektent of reaé@ion

'-with ivon(III) Figure 19 shows typlcal calibration cuﬁbes

.

;Tor these aclids when: they are prepaned in O 5 M NaCl and

A

analyted with an agueous O 5 M iron(III) ammonium sulfate

o Ey Lactlc acid® -

e _ R
- | - COOH-CHOH~CH . DR
. \ . . ; > 3 . ‘ o
also seemed to be acid-sensitive in its'extent}ofﬂ

o .
r, " N

o@%rate eoncentration - This was ponfirmed exper mentallﬁy

e
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reaction. However, extensive measurements were not made

as the acid was only avatlable as a 60% syrup solut oy
and the purity and concentration were uncertain.

Maleic acid, -

H-C-COOH

I
' H-C-COOH

in contrast, did not seem to be nearly so acid dependent
~. ’m
in its extent of reag{ion with iron(III).

Malonic agid

COOH-CH , - CORH s

<+

reacted to only a small extent with any of the 0.5 M

’iron(III) solutions, while a 0.1 M cygtelne solution 7 ™
NF2
HS—CH2-CH-COOH

-

yielded carbon dioxide when irradiated with a & M

3

HQSOu solution of iron(III).

Interference in Oxalate_Analysis Due to Other Carboxylic
' Acids

.To confirm the acidity 1ﬁfluence"dn ;he
reaction, a 5)(10—3 M oxalate solutfon and a solution
containing both 5x10° - M oxalate and 5x10 - M citrate
were.analyzedtwith iron(III) solﬁtions of differing pH.
The medium for both carboxylic acid solutions was 0.1 M

HZSOU’ 0.5 M NaCl. Table 2 shows the difference in
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TABLE 2

Citrate Interference 1n Oxalate Armalysis as a
Function of Acidity

*

Iron(III) Millivolt Difference dye AE Sgrror b

‘Medium to Presence of C;tratev (10 -1)(100%)
Hy0 - - b ’ 17.4

1M HéSOu 1.2 4.8

2 M H,S0, 0.4 '\ 1.6

M HZSOM‘ ‘ 0.5 2.0

%The difference between a 5x10 > M oxalate and 5x107 M
citrate solution and one that was ‘leo_3 M in oxalate
only. Both solutions prepared in 0:1 M HéSOu and

0.5 M NaCl.

\

bThis assumes a Nernstian electrode responcs £ 59 mV.
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’,

readings between tﬁe two solutions and confirms that the' -
erfqr due to citra£e interference decreases as the pH is
loﬁéred.‘ The observation that the moﬁt_concentpated

-acid solutlion apparently gave more error in oxalate
analysis than the 2 M H2SOu solution of F‘eNHu(SC')u)2 éan

be explalned as due to the hysteresis effect.

»

In a similar type of experiment groups of

r

aqueous solutions 2.5x107> M in oxalate, 2.5x1073 M in

3 M in both oxalate

both oxalate and citrate, and 2.5x10
and tartrate were tested for interference due to citrate

-and tartrate. ‘A 4 M H,S50, solutionm of 0.5 M Fe(III) was

2
used. The concentration of the interfefing carboxylate
s8alt was raiséd by factors of ten. When the interference
became significant more sulfuric‘acid vwas ‘added to the
solution being analyzed. The results are summarized in
Table 3.. These data assume that the électrode -responded
in a similar Nernstian manner chrdﬁghout the several
days 1t took to obtain all the readings. Errors in .
individual reading: 4ere minimized in tha% averages of
four analyses were used.

Another method to determine interference levels
is to establish an oxalate calibration and then to measure
mixtures containing oxalate and the interferences. This

approach involves an addition error - if the oxalate

calibration were run in increasing concentration order
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and then the interference was analyzed in one of the lowef
concentration solutions an error due to the hysteresis
‘effect would'be édded to any errér due to the interference.
To eliminate‘fhis possibility; after)the seven-point -
calibration was obtained, the initial solution was
measured severélltimes and a line drawn parallel to the
- calibration line through the feading obtained for the
initial solution. Then, using this plot to calculate
interference levels, single solutions of varioﬁs
1nterfgrence ratios were measgged (Table 4) in increasing

*

concentration orde;; QThe carbdxyl?te salt solutions were
prepared in 0.3 M H,80, and 6.5 NaCl and thg,iron(III)
ammonium sulfate was prepared in 4 M H2SOu. The
iInterference level due to malic anq pyruvic acids could,
presumably, be loﬁered if more acid was used, similar to

the citrate system.

Interference with the 9002 Electrpde

While 1t 1is apparent that the reagtion of somé‘
acids with iron(III) can be minimized by adjusting the
pH, other'acidé interfere in a different_manner, i.e.,
by diffusing across the gés permeable membrane into the
internal fiiling solution of the electrode, disSociating
there, and causing a pH change. These acids cannot be
easlly removed from the internal filling'solution.. In
the literature acetic acid is the bnly ﬁolecular specles

35

reported to interfere in this manner.
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TABLE 4
s Interfe €s in Oxalate Analysis due to Tartrate,
: Malate, Pyruvate and Mayggpte.
Interfering. Ratio, Absolute § Error
' Oxalate Carboxylate Oxalate:Carboxylate (Calculated from
Concentration 1 Salt Salt Calibration Plot)
5210~ tartrate . ' 1:1 0.4
5x10—“ tartrate 1:3 3
1x10~3 tartrate 1:4° 0
1.5x10"3 ‘tartrate 1:0.% 0.2
1.5x10"3 tartrate 1:1 0.7
2x10"3 tartrate 1:1.5 0
3x10”3 tartrate ¢ 1:0.67 ]
ax10~3 " tartrate 1:0.25 4
leo-u tartrate 1:5 0
5110-u tartrate 1:8 3 .
5x10~ " tartrate 1:10 10
5x10~" malate 1:0.5 . 7
5110‘“ malate 1:1 8
leo—u malate 1:2 10
5%10™ " malate 1:4 13’
5x20™ 4 ‘malate 1:6 20
5x10~" malate 1:10 21
5x10~" .malate 1:20 ;26
5x10™" pyruvate 1:0.5 y
leo-u pyruvate 1:1 10
5x10‘“ py¥ruvate 1:2 - 34
5x1o'“ pyruvate 1:4 \ - 55
5110‘“ pyruvate 1:6 74
5x10‘" malonate 1:0.5 3
5x10™" ) malonate 1:1 LY 0
leo-u ' malonate 1:2 ' 2
5x10™" malonate 1:4 2
leo-u malonate 1:6 6

»



86
Formic acild,
HCOOH
’pnfpionic acid,
. 9H3-0H2-COOH

and other small carboxylic acids al;o appeared to.diffuse
slowly across the membrane. Pivalic acid

: .

I ¢
CH.,~-C-COOH :
3 ] |

CH3

entered the internal filling solution and caused a

largé changé in the reading, toe. Quantitative measﬁrement
of this rate of diffusion was difficult to obtain. A

more serious problem was provided,bhoweVer, by ringed
compounds~$uch as benzoic acid

COOH
i

BEY

a

or cinnamic acid

- e
H(l:=CH—C]5H

In both cases the milrivo&t reading of the eiectrode

draﬁatiCally increased upon addition of these compounds,
often reaching much higher millivolt readings than were
possible with carbon dioxide solutions. After exposure
to these acids, soaking for several hours in an aqueous

solution failed to achieve baseline readings. The
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’

internal f1lling solution had to be changed many times

’
~and the electrode thopoughly cleaned before it became

serviceable again. Phenol

was another species that was found to diffuse through
the membrane. Howevef, 1t did not cause the pH of the

internal f&lling Solution to change as dramatically as

s
the above two acids (K, for benzoic acid is 6.Ux10—5,

K, for cinnamic acid is 3:5x10-5 and K_ for phenol is
1.0x10710)56,

Another épbstance which seemed capabie of
diffusing into the internal filling solutiop was IC1,
apparently because of 1its hydroiysis in water.

Other gases capable of hydrolysis and causing ’

a pH change, such as ammonia, were not interferences

because of the acid conditions under which the

electrode was used.
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SUMMARY

After a review of the chemistry of the iron(III)-
oialaté system, a ﬁethod was developed to determire -
. oxalate pﬁotochemically using excess 1iron(III) in an
acidic medium. The oxalate was oxldlzed to carbon .
dioxide, which was measured with a pCoO, electrode. A
history of the development of this electrode was
presented. The determination could be carried oqt either
bétch-wise or in a continuous-flow mode. A sampler,
proportioning pump and reaction coil from a Technicon
single-channel AutoAnalyzer were used in combination with
a visible or ultraviolet radiation source and an V
Instrumentation Laboratory QCO2 electrode in the flow-
through system. This experimental deéign provided a

relatively fast and accurate method of analysis for

ot

bxalate concentration. An advantage over previous
methods for oxalate determination using the iron(III)-
oxalate reaction is that'the determination of carbon
dioxide 1is more specific than the‘measurément of the
iron(II) produced upon irradiation.
A rate of analysis of three or four samples
per nour was chosen, primarily because of the slo& time
\
response ofl the electrode. The acidity, ionic strength

and the presence of other anions were not found to be

critical variables for the iron(III)-oxalate analysis.
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%he optimization of the 1ron(lEI)'concentrations was

) disq&ssed. Investigation'into the interference produced
by other carboxylic acidé led to the conclusion that

at 'high acid concentrations the extent of £heir reaction
was usually gfeatly reduced. At low aciditiles, on the
other hand, the concentration ofuiron(III)—carboxylate
formed by many of the carboxylate salts was sufficiently

great that the photochemical reaction could .be used'to

measure their concentration.

Thg 2002 electrode has had only.limited use by
analytical chemists and so a brief study was undertakeﬁ.
of potential 1nterférences. Organic acids of low
molecular weight and aromatic compounds appeared to
diffuse through the membrane rendering'false readings

Ay

for the pCO, of a test solution.

Becdwse'of the slow speed of anélysis necessary
with the ECO2~electrode measurement of the carbon dioxide
e&olved from thg carboxylaﬁF analysis an also because of
the inherent errors in the use of the gas electrode,
furthef investligations of the iron(iII)—oxaiate and
1ron(III)—carboxy1ate'systems were carried out via
computer calculations. The qoncentrations of ionic
speqies preseht in various solutions as a function of
the 1ron(III) concentration, acidigy and ;nion were

evaluated and are presented in the following chapter.



CHAPTER 3

¢

COMPUTER STUDIES OF IRON(III) EQUILIBRIA
WITH CARBOXYLIC ACIDS

INTRODUCTION

For maximum effectiveness of conversion of
oxalate to carbon dioxide by irradiation of the iron(III)
conplex, the fraction of oxalate in the form of the
iron(III) complex myst be maximized. The\Optimization of
.conditions to achieve this is not simple. Thus, the
concentration of iron(III), af acid, and the.concentration
and nature of the counterions that are present must be
‘téken into account. Chloride and sulfate, added with the
iron(III) or acid, or present in the sample, form complexes
that decrease the amount of free iron(III) available %0
complex with the oxalate. Also, when the carboxylic acids
are—oresent as interferences, 1t is necessary toradjust
conditions so as to minimize their effects .- Or, when other
carboxylie acids are measured by irradiation of their
Airpn(IIl)-carboxylateVcomplex, the conditions must be such
as to form the maximum amount of complex. Iron(I1I)
formation and acid diSSOCiatiO@ constants for mamy of the
carboxylic.acids are available but in systems containing
a large number of components, many reactions are

interdependent. Because manual calculation of the

90
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concentration of each species in such systems 1is difficult

and time consuming, a computer was used to aid in the work.

™ ‘ Previous Work

Swinnerton and Miller‘hs_7 used a digital computer
in 1959 to détermine equilibrium icnhconcentrations in
solutions ofhiron(III) ammonium sulfate, ammonium
“trioxalatoferrate(III), oxalie acid, potassium oxalate anq
sulfuric acid. Hydrélysis of‘iron(III) and dmmonium ions
was neglected 1n their system. Figufes showing:£he effect

0

of sulfuric acid concentration (107 3-10 N) on the

distribution of chemical species in 0.01 M ammonium

@ A
trioxalatoferrate(III) and the change in concptration of
the various specles in 0.03 M potassium oxalate and 0.1 N

sulfuric acid over an iron(III) ammonium sulfate

.

concentration range of 10™" to 1073 M were included. The

+ - - .
- specles in their calculations were H s HSOu s SOU ?, H2Ox,

2 +3

HOx™, 0x ¢, Pe”?, Feox?, Fe(Ox),” and Fe dx)Q‘3.

Extension of this Work .

e For this study, Swinnerton and Miller's work was

extended to iﬁifude the hydrolysis ofAiron(III) and

formation of sulfate and‘chloride complexes of iron(III)

14

under a variety of conditions.



* EXPERIMENTAL

‘The Newton-Raphson method of successive‘

ﬁ? approximations used by Swinnerton and Milleg\was employed
here,’but with several modificatioris. In their study, the
. appropriate mass balance and équilibrium constant equations

were first listed and then the initial set of equations

(4 mass balance and 6 formation and acidity equations were
necessary for thelr system) in 10 unknowns were combined
algebraical%y to yield 3 equations in 3 unknpwns. Initial
- guesses were tabulated,for these‘3 unknowns and successively
corrected until the desired precision was - obtained. . From
these data concgntrations for all 10 species then could be
calculated.

> % To appiy this method, computer programs were
written for th® University of Alberta IB£(360/67 computer
by D. Webster éf the University of Alberta Chemistry
Department. Appendix l.contains an example of one program
that was used. Since a versatile brograﬁ was necessary

to allow‘calculations to be perfdrmed'with a variety of
species at differed% concentrationé, the system was
reduced ton equatioﬁs in n unknowns, where n is the
number of mass balance equations used. Initially, four
mass-balance:equations, in iron, su}fate, hydrogen and

-

oxalate, were. employed.

v

,Equilibria‘involving_dissociation of ammonium

ions or formation of ammine complexes wé}e ignored
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throughout this work. ““Formation constant data were

.- v . _ + =
included for HS0, , FeS0 Fe(50,) FeOx”, Fe(ox),”,

+ -

| b > 2’
. - . L 4D .

Fe(Ox) » HOx , H,Ox and FeOH ", Values of the constants

that wnro uscd for tthD specles, along with others later

“;dddcd Lo ghe propr:m are tabulated In Table 5. Stability

"

N v )
constants were chosen, where available, at an lonic

eréﬂgth of one and a témperature of “F 'C as this

‘*bépresented the cxperimental conditions more cl?fsil,{ﬁan

standard conditiohs‘oﬁ'ZGroﬁionic strength and 0%c. Later

\
v

the program was cxtended Loeinclude ch]oride ari1 c.trates

specleu, which increased the number of mass baluarce

equationo and hcnce the number of initial guesses

Pquired. Table 5~contains Lhe formation constants for

) +2 . + - * —2

the .added FeCl ~, FeCl2 R FeClB, FeClu , FeCit , HCit °,
v 9‘ :.

H2Lit- aﬁq H3C%}.

In all Calculaﬁi n: éﬂe contribution to .the
. . . -

« hydrogen masg-bglqncc fromrtﬁe hydrolysis of 1ron(I117)

e
v

was assumed to bgﬁgmallﬁ this amdunt, for simplicity, was
“omitted 1n the leue givcn to the hydrogcn mass balance

., €quation. The validity of this dosumption was conflrmed

for hd;t of the caloulations.f Further gorrecctlons were

not added for thoce cases where the assumption was invalid.

) . . & - . .
(Below pH uﬁhugljrjblw CYror o wan Introo eed, ) Activity

e

coefficient corrections were omitted.

* Cit 1is'used us the Qymbol for cltrate anion throughout

this thesis. .
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TABLE 5
Equilibrium Constant Values Used in Computer Calculations
of Species Concentrations

‘.. b Temperature

a Formation o c 4

Ligand Species” _Constant % c Medium Reference”
Oxalate FeX 3.89x107 25 0.5 LiC10, 58
Fex, U.39x1012 25 0.5 L1C10, 58
PeX, 3.09x10, 25 0.5 LiC10, by
H,X %.37x10 25 1 NaCl0, 59
HX 3.72x103 25 1 Nacl0, 59
Sulfate FeX 1.07x10° . 28 1 H(C10,) 60
FeX, 1.01x10% 28 1 H(C10,) 60
HX 1.29x10% 20 1 (NaC10,) 61
Hydroxide FeX 1.00x10"3 25 3 (NaC10,) 62
Chloride FeX 4,20 6. 1 (H, NaClOu) 63
' FeX, 5.46 1 (H, NaCl0,) 63
FeXy 2.18x107} 1 (H, NaC10,) 63
PeX, 2.29x1073 20 0 corr 64
Citrate FeX 7.08x10%! 25 1 NaCl0, 65
HyX 1.21x10°7 25 1 (KNO,) 66
HX 2.83x10° 25 (KNOJ) 66
HX 2.19x10%? 25 NO) 66

ax 18 the 1ipana- charges on specles omitted for simp

bOverall formation constant,

O 5 LiClOu means a constant concentratlion ( - lof LiClOu has been
used.

1 H(CJOu) means the concentration of H was eld or:tant at 1 mdje/liter
with ClOu as the irnert anion.

1 (NaClOu) means the lonic strepgth was held . =* it at | mole/lite
by the addition of NaClOu

0 corr means constants corrected to zerc ionic strength .

All references from The Chemical Soclety's "Stability Ccnstants of
Metal-Ion Complexcr"GY.
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I'n the Newton-Raphson methoé, values of the
derivatives of the n equations are evaluated with respect
to each of the n unknowns. For each set of conditions,
values of the n x n matrix coefficlents, the right hand
side of the maﬂrix, the corrections to be added to thé
~original estimates and the ggrrected estimates were
printed. In this way, the pumber of times the iteration
had to be repecated and hence the saeed of convergence could
be ascertained eaéily.

Uncertalilnties in some of the results may be
moderately large. .Doub]e précision was used_throughout,
but because concentrations and cons£ants often Qaried widely
in magnitude, some truncation errors w&e introduced.
Further, since ﬁhe equilibrium constants were measured under
a wide range of conditioné and by different workers, the
results may not be completely uniform and'coﬁstant. However,
they w re .seful to indicate trends and aid in selecting
éxperimental conditicns.

In the second part of these computer calculations,
data for the formatlon constants of other iron(TTl)-
carboxylate specles and acldity data for these acids were
sﬁbstituted into the program in place of the iron(II1)-
oxalate formatiqn and acidity constants. Thé carboxylic
acids which were chosen for study, and their.formulag,are -

listed in Table 6, while Table 7 gives their formation and
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TABLE 6

Carboxyiic Acids Chosen for
Equilibrium Study

.

Acid Formula

Formic acld ' H-COOH
Acetic acid : <CH3—COOH
Proplonic acld ) ‘9H3-CH2-COOH
Succinte acid o ~ COOH-CH,,~CH,~COOH

. ‘ ]
Lactic acld - CH3—CHOH;COOH
Malonic acid * COOH-CH ,-COOH
Malic acid o COOH—CHOH—CH2-COOH
Tartaric acid COOH-CHOH-CHOH=-COOH

Mandelic acid ' CgHg-CHOH-COOH



TAB&E 7

Equilibrium Constant Values Used in Computer Calculations of Species

Concentrations for Different Carboxylic Aclids
b Temperature

»

a Formation o ) c d
Ligand Species Constant c Medium~ Reference”

Formate FeX 7.08x101 25 1 68
- PeX, 4.07x103 25 ! 68
FeX, 8.91x103 " - 25 1 68
HX 1.26x103 20 1 Naclo0, 69
Acetate FeX 2.40x103 18-22 0.1 70
FeX, ‘1.26xlog 18-22 0.1 70
FeX, 5.01x10 18-22 0.1 70
ot HX 2.00x10" ‘ 30 1 NaCl0, 71
Proplonate FeX 2.82x103 20 1 NaCl0 72
HX - . u4.57x10" 20 1 NaC10 72
Succinate FeX 7.59x10° 25 0.5 LicIG, 58
H,X 1.51x10° 25, 1 (KNO,) 73
HX 1.58x10° .25 1 (KNOJ) 73
~Lactate’ FeX 2.51x106 - + 0 T4
) HX 5.48x103 20 0.2 (kC1) 75
Malonate . pex 2.88x107 25 0.5 Liclo, 58
H,X 7.10x107 25 1.00 (KNO,) 73
HX 1.29x10° . 25 1.00 (KNO.) 73
Malate PeX 1.26x107 20 0.1 (NaT13,) . 76
HyX a.sleoz 20 0.1 (Nacloy) 77

HX 5.13x10 20 _ 0.1 (NaC10,) - 7

Tartrate FeX  3.09x10° 20 0.1 (NaC10,) 784
FeX, 7.2Ux10;1 20 0.1 (KC10,) 79
H,X 1.48x10 18 1 NaCl 80
HX 4.90x103 .18 1 NaCl 80
Mandelate FeX 5.13x103 25 - 81
HX 1.38x103 s 3 (KNO ) 82

B

8y is the ligand charges on specles omitted for
simplicity {

bOverall formatibn,constant. ‘

cl means an ionic_stfength of 1 mole/liter.

1 NaCl0, mei?s a constant concentration. (1.0 M) of

NaClOu has been used.
1 (XNOB) means the ionic strength was held constant

at-1 mole/liter by the addition of KNO.
+ 0 means extrapolated to zero ionic strength.
All references from The Chemical Society's "Stability
Constants of Metal-Ion Complexes™ 7.
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acidity constahts. Only those acids which had both H+‘and
pet3 stability constants listed in The Chemical Soclety's
"Stability Constants of Metal-Ion Complexes“67 were chosen
for analysis. Thus,‘some intefésting carboxylic acids were
not studied. Of those carboxylic acidé chosen fqr study,
only thoSé iron(III)—carbdxylate species which formed
wi*hnut the displacement of hydrogen ions were included.
“he simplest ifdn(III)—hydroxide specles was included, °

primarily because. inclusion of polynuclear hydroxides

markedly Jincreases. the complexity of the system. Some data

regarding ese specles are included in Chapter 4.

v
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. RESULTS AND DISCUSSION

|
|

Effect of Variation in Iron(I117) Co%centration on
\

Equilibria

. The effect of  the iron(III) concentration oen the }

amonnt‘of iron(IT71) oxalate complex in solution was
investigated by varying the iron(IT1] ) ammonfum ‘sulfate
concentration between 5x10° =3 and lxlO.1 M in a theoretical
solution containing lfh sulfdric acld and lxlo_u M oxalate.
The‘calculation was repeated with the sulfuric acid
‘replaced by hydrochloric acid and the iron(III) added as
the chloride species. A third calculation was performed in
which the interfering counterions sulfate and chloride,
Were deleted The data obtained are_pPesented in log-log ;
‘plots in Figures 20, 21 and 22. The calculated concentration
of the speciles Fe(Ox)3_3 was Below the range covered in all
of these diagrams. |

In all‘three cases the Feri'concentration
increases with increasing iron(1II) concentration, as
expected. Concentrations of the di- and tri—oxalate
complexes and the free oxalate are several orders of
magnitude below that of the monooxalatoferrate(IIl) species.
At moderate to high concentrations of sulfate or chloride,
the fraction of iron(IIl) tied up as sulfate or chloride

complexes 1s more than the amount bound as the iron-

oxalate complex. .



100

. k4
0 7'7’] i T T TTTT' H T T IITIVI T T T II'"L
10 A === e
HSO, o]
ol SO ] 1
]O [ e A A b A 4 A e A >
L
10 " F
-3" .
10 "k -
..4 B —]

Molar Concentration
o
i
N
O
>

0 107 152 10"
Concentration of FeN. 304)2,M

Figure 20 Effect of Iron(III) Ammcaium © o
‘ E Concentration on the Distritu: on of

Chemical Species in 1x10 " M “za.ate
'and 1 M Sulfuric Acid. Ioniz charges
omitted for simplicity.

|



101

Molar Concentration

Concentration of FeCly, M

Lo

Figure 21 Effect of Iron(III) Chlorilde Concentration -
on the Distribution of Chemical Species 1n

1x10~ " M Oxalate and 1 M Hydrochloric Acid.
Ionic charges omitted for simplicity.<
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Al

Effect of Variation in Acid Concentration on Equilibria

A second set of‘calculations was done in which

the concentration of acid added was varied between lxlO—u M

and 10 M. 1In each case, the total concentration of okalate

- -1
was held at 1x10 ! M, and iron(III) at 3x107 ' M. This

iron(I111) concentration was chosen so as to provide an
excess of iron(IiI) relatiﬁe to oxalate (each mole of
oxalate requires tno moles of 1ron(III) for complete
oxldation) and yet to minimize screening of radiation in
the photolysig step due to the absorption by iron(III) or
its sulfate and chloride complexes The first experiment
used sulfuric acid with iron(III) ammonium sulfate; the
second, hydrochloric acid with iron(III) chloride; and the
third, perchloric acid with iron(III)fperchloratei i.e.,
with no interfering counterions present. The data obtained
are shomn on log-log plots in Figures 23, 24 and 25.

» From these calculatiOns, it is- evident _that the,,i

optimum concentration of acid required to produce the
maximum concentration of Fer is generally below 0.1 M.

As expected, with increasing acidity the protonated oxalate
species become more predominant Concen®. . ions of the di-
and tri-oxalatgferrate(XII) species are a factor of ten or
more below that of the monooxalatoferrate(11I) complex.

The concentration of the iron(11T)-hydroxide species in

-4
1x10 M acid is significant; in general, at pH values above
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Molar Concentration

107 10°

Concentration of H,50, . M

102

Filgure 23 Effect of Sulfuric Acid Concentration on the
Distribution of Chemical Speecies in 1x10-u M

Oxalate and 3xlo_u M Iron(III) Ammonium
Sulfate. Ionic charges omitted for simplicity.
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3, thé error duc to the Inftial assumption that the hydroxide
specles can be neglected In the hydrogen mass ba]dnge
cquation 1s appreclabldf However, above pH 3 the system 15
not of practical Importance for the purposc.df this wo;k.
As the acldity is ralsed by the éddition of sulfurlc or
hydrochloric acid, the concontraLLpn of the bounterionu,
sulfate or chloride, fnecreases and thus, also, the
concentration of the 1ron(il!l). complexes formed from them.

Comparing Filgures 20 and.”], and ?3vadd 24, a
slightly greater amount of monooxalatofcrrate(T}I) Is formed
in the presence of chl@ridc counterions Com;ared“to that

formed when sulfate 15 present. Thls confirms the

. [
exrerimental data presciited o Chrapter which showed no
decrease in the amount of carbon dioxide generated from

oxalate analysis when hydrochloric acld was substituted o

sulfuric acid.

fron(11l) Fquilibria with Citrle Acld
Calculations similar Ld Lhosé for oxalate were
“also carried out-WiLh lij—“ M total citrate tn which the
concentration of iron(i!i) ammonium sulfate was varied from
5x10_5 to 0.1 M in 1 M sﬁlfuric acid. An additional set of
calculations wus done In whjéh the sulfuric acja
concentration was varlied bctweoﬂ lxlO—“ and 10 M at-an
iron(!i11) ammoanm‘éulfaLo concentration of 3xlO_uLM and

4
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. ) _
cltrate concentration of 1x10 M. From the results

pPQ{CHLOd in Figurc'PG it can be seen that in 1 M
sulfuric acld, the predomlinant citratc‘spccics Is the
molecular acld at all iron(lll) concentrations although
the fron(lil)-citrate complex Incroasesrin 1ﬁportanco as
the iron(111) concentration 1s ratsed. In Filgures 26, 27

and 28, the calculdated concentration oﬁ Cit_3 was below
the ranges plott:d, Flgure 27 shows that ;bovq lx.l()"2 M
sulfuric arcid the amount of Iron(l11)-citrate complex formed
rapidmf decreases and Lhc protonated forms become more
éfgortnnt. The 1hf1uence of acld concentratton on the
lron(i1})-citrate reaction observed in Chapter 2 can now be.
understood. The bohﬁvioh'of other specje%xsu;h as the
| iron(rll)—sulfato complexes is similar to that observed in
the oxalate calculations.

'\' f further calculatjorx was done of the effect of

l

ac or - tratfon (1x107 to 1 M H,50,) on equilibria 1in

a SOlulion conteliing 1x10;“ M total oxalate and 1x10‘“ M
total citrate. The anafytica] concentration of iron(111)
ammonium sulfate was held at 3x10_u M for thesé calculations.
This igon({ll) concentration 1s insufficlient to prévide the
stojchiometriq amount needed to oxldiue the oxalate and
cltrate to carbon dioxide. 'Thg effect of acid over the
range 5x10-2 to 1 M HESOM was similarly computed in a

solution contalning ahalytical concqukations of lxlOfu M



109

0 H
10t ~ HSO,
" SO,
]O] — A A A A A 4 re e 4

T T

1
w
[ARRERES AR e

| 107 0% w?2 0
Concentration of Fe NJHA(SOA)Z' .M

Figure 26 Effect of Iron(III) Ammonium Sulfate
Concentration on the Distribution of

Chemical Species in 1x10™" M Citrate
and 1 M Sulfuric Acid. Ionic charges
omitted for simplicity.

<~



110

v rvvvrvvl T T VI'VVTI B T T lllrvll T ﬁvTv'vI‘l T

Q\%Ou
103L SOn |
T , - FgSOl1

T M R Ty U S

o
<
P
Fa

A 2l . ' Fe

a2l 4 a1

Molar Concentration

lLAnlx'

®
%
e
>

Concentration of H,50,, M

Figure 27 Effect of Sulfuric Acid Concentration on the
Distribution of Chemical Species 1in lxlO—uvM

Citrate and 3x10-u M Iron(III) Ammonium
Sulfate. Ionic charges omitted for simplicity.
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oxalate and 1x1073 M citrate. The analysis of mixtures of '

the two carboxylic acids resembles the comblnation of the

two separate analyses wlth the exception that the two
: ‘ -

carboxylic aclids must compete for the available iron(111).

The data obtained for:'the 1:1 oxalate:citrate caibulation

aré'shqwn in Filgure 28.

i ‘ : '
Iron(IIT) Equilibria with Other Carboxylic Acids
. as a Function of Acidity '

The: acidity was found to be an important variable
" for many of the carboxylic acids studied in Chapter 2., 'To

-

: ascertain the effect of acidity on a variety. of carboxylate’
salts, individu;l calculations were done on solutions'of “
1310‘“ M carboxylate, 3x10_u M iron(TII) ammoniﬁm-sulfate \
and sulfuric acid varying between lxl-;O—Ll and 1 M; The
effect of acidity on.the 1ron(111)—carboleate épecies igfi
shown 1n Fiéure 29. For~éomparison, theAcorresponding'
results obtained witg oxalate andrcitraté are also 1nciuded.
The importance.of pH-on'the degree of formation of the "i
acbmplex is evident. Because oxalate forms thé‘strongeét
iron(III) complex of all the carboxylic'acidS’studied, the
PH of the #olutions to be analyzed can be lowered tQ.
degFeasé thé extent Qf formation of other iron-carboxylate

complexes while still malntaining a high concentration of

iron(1l1)-oxalate compl&x.
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Effect of Sulfuric Acid Concentration on
the Distribution‘of Chemical Species in
1x107" M Oxalate, 1x10~" M Citrate and
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Ionic
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2 L1ty

.

Flgure 29

10! 0

Concentration of H,50, , M

Effect of

Concentrat.

for a Vari

in 3x10~
oxalate, C
OAc is ace
succinate,

- Mal 1s mal

mandelate.

C s

Sulfuric Acid Céncentration on the
ion of Iron(III)-Carboxylate Species

ety of Carboxylate Salts (1x10™" M)

4 M Iron(III) Ammonium Sulfate. Ox is

it 1is citrate, Form is formate,

tate, Prop 1s propionate, Succ is

Lact i1s lactate, Malon is malonate,

ate, Tart 1is tartrate and Mand is <: ’
Ionic charges omitted for ——

simplicity.
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The data were of limited usefulness in interpreting
the 1on selective electrode data. Because of the
avallability of oxygen in the AutoAnalyzer system, less than
stoichiometric amounts of iron(III) could be used under .

/
optimum conditions. Furthermore, the balculated data are
only valid fo} an initial non-irradiated solution., As
oxalatesis,removed, new eédﬁlibrié are reached.

These data are useful for the gas;chromatographic
method of determining the evolved carbon dioxide as
described 1n Chapter 5. 1In that method, ﬁé oxygen 1is.
present. If the quahtum'éfficiencies of ‘both the
iron(IIl)-oxalate and iron(llI)—interfering carbéxylate
are iaeﬁtical, then useful informatioﬁ could be 6btained

about the amount of interference to be expected. Thié,

however, does not seem to be true.
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SUMMARY

A Newton-Raphson type of calculation was done °
to estimate concentfations of the ;pecies present . in
solutions of: (a) iron(III) ammonium sulfate, sulfuric
acld and potassium oxalate; (b) 1iron(III) chloride,
hydrochloric acid and potassium oxalate; and (c¢) iron(III)
émmonium,sulfate, sulfuric acid and a variety of-
carboxylate salté. Gréphs‘are shown to 11{u$trate‘thé
effect of variation in iron(III) concentration, acid.
concentration and anion on thé degree of formation of the
;monooxalatoferrate(III)'complex. Stﬁdies of the effeét
of acidity on tﬁe extent of iron(III)—carboxylate
formation were undertaken for the fqrmate, acetafe,
propioﬁate, succinate, laqtate, malonate, malaté, citric,
tartrate and mandelate systems. The data obtained
}confirmed thaﬁ of the acids studied, oialéte forms the
strongest iron(III) mono-complex, and also that in all‘
systems, as the acldity 1s raiséd, the gxtent of |
formation of the iron(III)—carboxylapF complexes is
decreased. This confirmed experimental resulté Qh%ch
showed‘the'ihterference from other carboxylic acids on
the iron(III)—o#alate reaction to decrease with

decreasing pH. To aid in further optimizing the

experimental parameters the following chapter will
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spresent spectra for some of .the systems studied in-this
chapter. The differences 1in the spectra as a function of |

acidity, anion, and carboxylate added will be evident.



CHAPTER "4

SPECTROSCOPIC STUDIES OF IRON(III)-CARBOXYLATE
COMPLEXES

' ‘ ' ‘

INTRODUCTION

Nozaki and Kurihara83, in a spectroscopic study,

found ﬁhat 1:1, 1:2 and 1:3 oxalate compléxes of iron(II1Il)
formed in agueous solutlons. They'estimated the\molar
absorptivities at 290 nm‘to'be_l.6x103, 3.2x103,and
U.leOB, respectively. The ultraviolet absorption of
these complexes was used as the basis for a method to
determine iron(III)83, oxallc acid and dalcium(II)8u.v

To determine oxalic acid, irqn(III) was added
to the oxalate solution to form the monooxalatoferrate(III)
cdmplex and the absorbance of the_complex measured in h
perchloric acid solution at 290 nm. Caicium(II) was
determined by précipitation as calcium oxalate, the
precipitate theé dissolved 1n perchloric acid and the -
oxalate measured as above.

The iron(III) complexes of sulfate, chloride,
and hydroxide also absorb in the ultraviolet region. The
radiation emitted by medium and'low pressure mercury
lamps, thike that produced by tungsten lamps, is not

:continuous, but consists predominantly of mercury

emission lines of varying intensities. Both of these

H

117
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factors must be consideréd to obtain the most effective
radlation for decomposition of the iront(ITI)-oxalate
compléx. Since the presence of other absorbing %ron(III)
Species not only aecreases the amount of irﬁn(III)
avallable for complex formation with oxalate, as seen in
Chapter 3, but also diminishes the‘radiation reaching the
oxalate complex,.theoreticai and experimental studies were
Aundertaken to optimize conditions so as to be able to

minimize thelr filtering effects.

14
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EXPERIMENTAL

Spectra were run on a Cary 118 recording
spectrophotometer in the Auto Slit mode, using l-cm
rectangular silica cells. A chart speed of 10 nm/in
and scanning speed of 1 nm/éec were employed, along with

automatic baseline correction.
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{
RESULTS AND DISCUSSION

N
Background Absorbance 1n Iron(IIT)-Oxalate Solutions

Molar absorptivities over limited wavelength
regions are avéilable for each of the sulfate, chloride
and hydroxide compléxes of 1ron(III) discussed 1n
Chapter ing the data;listed in Table 8, togethér
with concentrations of all COmplexes‘present In solutions
containing lxlO"‘u M total oxalate, 1 M H,S0, or HCl, and
iron(III) concentrations ranging between 1x10_u and 0.1 M
as FeNH,(S0,), or FeCl, (data from Figures 20 and 21),
estimates were made of the total}contribution to the
absbrbance of these éolutions from species other than
the 1ron-oxalatecomplexes. Table 9 summarizes the results
at two wavelengths, 300 agd 280 nm. In all cases, the
total abgorption increases markedly with increésing
iron(III) concentration, as expected. However, at these
waveleﬂgths the contribution from the chloridg specles

1s less than that from the sulfate species. When the

-~

concentration of iron(III) to Bb used for the oxalate or
citrate analysis by ion selectlve electrode was optimized
(Chapter 2, Figures 13 and 18), low ratibs of iron(I11)

to oxalate or citrate were preferred because other

- o ‘*,
complexes screened the radiation ¥rom the iron(III)-

n

oxalaté complex at high ironQIII) concentrations. A

related reason could be the presence of absorbing



TABLIL
Molar Absorptivitiecs of "Iron(i1]) Complexes usced to

Calculate Total Absorbance

spectes’ Molar AbsorpLlvities Reference
300 nm 280 _nm

Mo ) 300 800 ’ 64
PoOl 2490 2050 ‘ 60
Feso, 2160 | 1760 ' 60
Fe (50,0, 2910 2450 60
FoCl 650 " 800 6l
FeCl,, : 1150 1280 64
Fecl | - 900 1900 64
PeCl, 6000 6100 . 64
S -

C}Chax'gu:; omitted ror simpl felty. -

r
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TABLE 9

Calculated Total Absorbance of Solutlons Containling
% Complexes of Iron(III)a as a Functlon of Iron(III)

Concentration and Anion

} Total Absorbance Total Absorbance
for , for
Total Fe(I11) FeNH, (S0, ) ,-H 50, FeCl_-HC1
Concentration, M J bregmenh 3 c
v ’ - System System

—_— R R ———

At 300 nm

.y ‘
10" | 0.23 0.087
1073 2.27 . 0.87
10"2 22.8 : 8.7
107! 233. 90.

At 280 nm

%G :

- “ , i )

1077, TN 1 0.19 0.10
1073 « 1.92 ~ 1.02
10°° 7193 ) . 10.2°
w07t 196: .. 104.

v

T e e e e

aExcludinn the iron(Ill)-oxalate complexes.

. N
Pcontains 1x107 'y C,0,, 1 M 11,80,
oy ' )
Contains 1x107" M ¢,0,, 1 M IICL and FeCl

= oYy

and FeNH, (50,) , .

3
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1ron(11T7)-hydroxide species at high 1ron(IIl) concentra-
tlons. In the comthcr calcﬁlations_only one hydroxide
speclos,_FeOH+?, was included. This complex becomes
significant whunevcr the acidiﬁy drops to 0.1 M or lower.
However, otho; specles, such as Fe(OH)2+, Fc2(OH)é+u and
Fe3(OH)“+5,can also form. Thus, at a pH'of 1, ionlic
strength/or I m, and total 1ron(IIl) concentration of

0.1 m, the distribution of specles 1s 35% Fe+3, 5% FeQH+?,

+5 85

!
UB%FQU(OH)Q+' and 15% Fc3(OH)u Under the same

conditions, but with a total iron(II1I) concentration of

1x107° m, the distribution is 85% Fe'3 and 15% reon*?.

’

Since at lower iron(l1I11) concentrations there are fewer
hydroxide .specles (which absorb more strongly than

1
i (which

hydrated Fe(111) at 300.nm) and no F‘e2(OH)2
absorbs more strongly than FCOH+2 at 3@0 nm) this cogld
also have contributed to the better performance seen in
Chapter 2 at lower ratlos of iron(II1) to oxalate or
citrato.

A sdmilar study was made of the effcqt on total
absorbance of varying thg sto“ or HC1 concentrdtions in
a solutlion containing lx]O_“ M total oxalate and 3x10_“ M
FeNHu(SOu)2 or F0813. Data on the concentration of
,sbgcics grosent were obtained from Flgures 23 and 24,

The total absorbances at 300 and 280 nm for all species

but the 1ron(111)-oxaiato specles are presented in .
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Table 10. From the values shown in this tablé, 1t again’
1s seen that at the high\acidities at which the analysis
1s carried out absoyption by chloride cqomplexes of

iron(II1) is less than by sulfate complexes at these jtwo

wavelengths.

Oﬁly 8e1¢cted wavelengthé could be. studied as abave
because .of iack of absorpﬁivity data. To obtailn more-
1nformaﬁion, spectra were obtalned for dron(III) ammonium
sulfate, iron(III) chlorideAand iron(III) perchlorate in -
1 M solutlions of their respective acids (Figure 30). ‘The
.cohcentrations of these Sblutions’wére calctilated to
within 1 to 2% from the weight of salt taken. The sulféte
salt haswabsorbapce maximg at 3QU and 226 nm, the chloride
~at 336 and 222‘ﬁﬁ\and theyperchlorate at 240 nm. Since,
as discusséd preQiously, oxalate ahalysis woﬁld r%rely“be
performed 1n’the‘absence of complexing anions, the sulfate
and chloride spectra were used to calculage molar
absérptivities at selectca waQelpngths. The principal
wavelengths emanating from iow“;nd meqium pressure f
Imercury lamps have been tabulated by Calvert and Pitt586.:
Molar absorptivities of the iron(IiI) solutions at
wavelongths corréspopding to those at which the lgmps
emit more than 15% of the enefgy of'the most

intense line 1in the;350 to 220 nm region are

listed in Table ll.‘A Ffom consideration of

[ W
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TABLE 10

Calculated Total Absorbance of Solutions Contalning
Complexes of Iron(III)? as a Function
of Acidity and Anion

Total Absorbance Total Absorbance

‘ for for
Total Acid FeNH, (50,) ,-H,30, FeCl,-HC1
Concentration, M Systemb SystemC
At 300 nm
-4 L .
10 0.439 . 0.482
107 0.233 0.282
107 0,262 : 0.102
107 0.500 " 0.985
1 0.681 0.260
10 ' 0.698 0.35
At 280 nm
lo_u . 0.380 | ' 0.491
1073 0.258 ; 0.332
1077 0.270 . 0.191
1 0.577 . 0.304

10 0.590 0.44g

‘aExcludipg the iron(III)-oxalate complexes.
b - -4 o2y ‘ . .
Contains 1x10 M CQOQ, 3x10 M IeN}Iu(SQu)2 and ”?SON'

! - :
®Contains 1x107"' M C,0,, 3x10 Yoy FeCl, and, licl.
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this information, together with the spectral data from
Figure 30, 1t was concluded that the results of Tables 9.
and 10 apply, 1n-general,‘to the ultraviolet reglion
employed‘in‘the experimental work. The precisioq of the
absorbances in these calculations was limited by the
uncertainties in the estimatee of the molar absorptivities

of each of the species present. Also, corrections for the
aﬁouht of 1ron(III) complexéd to oxalate were not made,
which caused Somewoat lower results. The data in Table i1
| soow little difference between background obsorptivity
for the iron(III) sulfate and 1ron(III) chloride solutions
for the low pressure lamp. (This is confirmed /
experimentally in Chapter 5.) However, for the medium

pressure lamp, lower abuorptlvities for the chloride

speches result at all wavelengthg except 336 and 254 nm.

Iron(III)—Cafboxylate Spectra

Spectre of the iron(lII) cOmpiexes of three
earboxylic acids were obtalned under conditions where
the presence of other complexeo was minlmlbed For this
purpoee potassium oxalate sodium citrate or potassium
sodium tartrate was added to a solution‘of iron(IIf)
perchlorate in 1 M perchloric acid. Perchlorate was
chosen as the aojon because it -forms only weak iron(I1I)

complexes of low absorbance compared to sulfate or
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_chlcride. Flgure 31 shows the spectra of a solution of
iron(III) perchlorate in perchloric acld with and without
added oxalate. . Some photodecomposition may have taken
placc prior to the 1ron oxalate spectra being ruu,although
- brecautions were taken to protect the solutions from
‘eXposure to light. |

) | Compcter calculations showed that 1in 1 M HClOu.
and 3xlO_u M Fe(ClOu)3 only 18.7% of the total oxalate 1s
present as Fer when the gnalytical oxalate concentration
1s lxldfq M. In Figure 31 the spectrum of the iron(III)
solutionlcontaining lxlO"u M oxalate shows a slightly
higher absor‘;nce in the region‘350 to 270 nm compared to
the solutio; contgining no oxalate. To increase the
amouht of Fer+ formed spectfa were run with lxlO—B'
and lxlO*? M‘oxalate.added In dolng this, the
concentrations of the di- and tri oxalatoferrate(lll)
complexec were also lncreased. lherefor » the absorbance
increases seen are notltotally due to the monooxalato-
ferrate(III). The abscrbance.due to that complex could
be calculated‘iflthe concentrations and molar
absorbances were known for the'Fe(Ox)27 and Fe(Ox)3
complexes. Figure;32 shows the spectra for soluﬁions of
lxlO-A, 1x1073 and 1x107° M pocassium oxalate without
iron(IIT) or acid present. Comparing spectra of tHe

iron(III) perchlorate and potassium oxalate solutions
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with those of the‘mixturcs it 1s evident that the
enhancémont must be due to complex formation. No
attempés were made to subtract the absorbance of the
"backgﬂound species from;the spéctra obtained 1n Figure 31
to obtain molar absorptivities for the F‘eQx+ complex |
because the aaount of complex fofmed was so small.

When 1x10—u M citrate and tartrate solutions
were added to an iron(III) perchiorate solution, litt;e,
ianny, enhancement in the ultraviolet region was évident.
Theréfore the extent to which these compounds 1interfere
by absorbing radiation 1h this wavelength region under
thesé conditions is negligible. |
\ To simulate experimentalvconditions hore
accurateiy, 1x;o‘“ M‘soluﬁions of each of the three
carboxylaﬁe salts were added to .a solution of'iroh(III)
ammonium sulfrte in 1 M sulfuric acld and the spectra
recorded. Very little differer. > in the spectra as
compared to iron(III) ammonium sulfate with no added
carboxylate salt was apparent. This shows that in relatively
high concentrz . ns of acid the formation of theyiron(IIl)
carboxylate speci~s 1s low ‘and hence cannot be detected
easily by.spéétrophotometry.

In an effort to enhénce the absorbance of the
iron(III)-carboxylate complexes, the spectrum of a |

¢

solution of iroﬁ(III) ammonium sulfate in 0.01 M sulfuric
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acid was recorded. Figure 33 presents thls spectrum and
similar ones containing 1x10‘“ and 1x1073 M added oxalate.
Computer calculations predict thai, in a solution containing
3#10_u M 1ron(III) ammonium sulfate, lxlO—u M oxalate and
0.01 M sulfuric acid, 93.0% of the oxalate 1s in the form
of Fer+, but that an increase in the lewel of Hgsou to

i +
l M decreases the fraction of oxalate present as FeOx to

'
s

only 1.65%./ For'similar citrate and tartrate solutions
(3x10—q M iron(III) ammonium sulfate, 1x10 M citrate or
tartrate, and 0.01 M sulfuric acid) the percehtége of
carboxylate compléxed>as the monocarboxylateferrat JIII)
1s 90.1 and 40.2% respectively. While slight enhancement
of the spectra can be seen for added citrate and tartrate
(Figureé 34 and 35) 1t 1is not as significahp as the
oxalate enhancement, lending further evidence to the

applicability of the determination of oxalate in the

presence of other carboxylic acids.
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;

SUMMARY

=

Thé spectra of sold@jons of several 1ron(III)
salts and of solutions contalning mixtufes éf iron(I11),
acld and varlous carboxylate salts were measured. The
importance of optimlzing the Fron(III):oxalatc ratio
and of consjdering the effecté of the kind and
concentration of acid bresent when analyzing for oxalate
is discussed 1In light of the speptral and previous
informétion. Héving optimlzed the theoretical conditions
via cgmbuter lecu]ations In Chapter 3 and spectrai
analysils 1in this chapter, the carborn dioxide evoived
from lrﬂadiated iron(III)-o*alate orﬁ;ron(III)-carboxylate
solutjons‘was.mgasured bygaigas chromatographic means
In Chapter 5 1n an attempt to avoid the drawbdcks

associated with the RCO2 gas ¢lectrode detection system.

o

el



CHAPTER '5

GAS CHROMATOGRAPHIC MEASUREMENT OF CARBON DIOXIDE
EVOLVED IN THE IRON(JIII)-OXALATE.REACTION

P

INTRODUCTION

From the work that wa& performed using the gas
electrode it became evident that the determ}natiqn of the
carbon d%oxide produced\in the 1ron(iII)-oxa15fe reactlon
was a promising approach, but that the 9002 gaévsensiné
electrode had severai drawbacks. Other methods of

analysis for carbon dioxide were therefore evaluated.

o

Methods for Determination of Carbon Dioxide

Many of the méthous discuused below are reviewed

by Charlot and Bezier87.

@1Lraﬁlgﬂ§. Carbon dioxide (carbonic acid) can ?e
titraFed with an alkaline solutlion to a HCOé— endpoint
or‘excess standard base can be added and a back-titration
performed. Care must be exérciséd when titrating thaﬁ no
carbon aioxido 13+ lost to or gained from the atmosphere.
Unless a catalyst such as carbonic anhydrase is added

the titration must be carried out slowly.

Gas Phase Analysis. An 1Indirect method which has been

used to measure carbon dioxidé Involves bubbling the gas

into a solution of sodium hydroxide or of sodium hydrbxide

138
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and’barium chloride and measurlng the resulting oonducFance.
A simp@g, but not 'too accurate, method has been suggested
based on the measurement of the .turbldity of the bgrium
carbonate preclpitate formed when carbon dioxide 1is bubbléd
through a semisaturétcd solutlon of barium chloride.

Carbon dioxide In a gas mixture can be measured .
by passage into an unbuffered solution of knowﬁ initial pH,
such asjzhsodium bicarbonape solution. The pH of the
resultant solutlion 1s then‘measured with a glass eleglrode
and the carbon dioxide concentration 1is calculated from
the pH cha . Alternatively, gas phase carbon dioxlide
can be measurcd colorimetritally after absorption ihto an

alkaline carbonate-bicarbonate buffer contalning

phenolphthalein. |

Alkallmeter Methods. An alkallmeter has been used to

measure the amount of carbon dloxide, blcarbonate and \
\,

carbonate in'a sample by measurement of the decrease in- 1
welght after .purging the carbon dioxlde evolved upon

acidificatlion. Similarly, a dircét welght-galn method

'« in which the carbon dioxide 1s trapped Iin a tube contalning

L J .
solld alkall can be used. : ;

Infrared Analysis. A nondispersive infrared ﬁethod has
’ \

successfully been used 1In an automated mode to measure

gaseous carbon dioxide88. Two paréllel chambers, one of
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which contains the unknown sample and the second of which
containg a carbon dioxide-free’sample, precede two smaller
chambers containing pure carbon dioxide. Infrared radiation
‘passeS through both sets of chémbers. The difference in
the temperature of the two carbon dioxide chambers, which

. \ s
is a measure of the amount of carbon dioxide in the sa$ple,

\

1s detected by the dispfacement of a membrane between the
two. Thisfmethod requifes either separation of the carbon
dioxide Into a gaseous phase; or use of'a liquid matrix
that absorbs no 1nfraréd radiation in the region of

interest.

Manometric and Gas Volume Analyslis. Both manometric and
gas volumetric me;suremehts have been made of the carbon
dioxide evolve%guxnlacidifiéutionﬁof a solution of the:
sample. Neithengf these methods is specific.for carbon

dioxide since both sense the t al amount of gaseous

specles produced.

Gas Chromatographlc Analysis. Gas chromatography has -

been used to measure quantatlvely gases in liquid samples.
Many different experimental designs have beenlproposedag;
A ;iquid samble can be injected onto a pr-column desiccant
which absorbs the solvent but allows the gases to pass"

to and be separated on the chromatographic column. Or;v

the water-in an aqueous sample can be converted to a
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noninterfering substance such as acetylene by neaction
with calcium carbide. These methods are of limited use
because a small concentrated sample 1s required. Other
methods liberate ‘the gas from solution by bolling the
acidified sample, by vacuum extraction, or by passing
carrier gas over the agitated sample. The sample vessel
can be part of the flow system or the analysis can be
performed on the head gas. |

, With the increasing concern over the presence of
organic contaminants in water, many of which are
carcinogenic, environmental laboratories have been using

gas chromatography, often in combination with mass
Ispectroscopy, to analyze tor the volatile constituentsyof
seiected waters. Strippingris preferred over liquid
extraction for removal of these substances because the
reproducibillity 1s better. Furtnermore, stripoing is

more syitable for routine work than liquid extractiongo.
bepending on the kinds of compounds,nnder investigation,

the procedure used for stripping may vary from |
evaporation in a stream of inegt gas at room temperature

to a steam distillationgl. One general method is' to A
pass the carfier gas, after trapping impurities in a cold
trap; over or throhgh the samole, which can be heated if

desired. A salting-out agent such as sodium sulfate can

also be used to aid 4n sample volatilization92. The
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lower the vapor pressure of the compound, the greater the
- time necessary for_its»extraction. Hence, for environmental
analyslis, stripping time is an important variable. This
can be controlled by holding_the stripped gases in a
closed-loop until the extraction 1is completed and then
introducling a portion of the head gas into the gas
Chromatograph. Another technique frequently used 1s'to
~trap the volatiles on-arn adsorbent at a low temperature
and Lhen warm the cold trap to- introduce the gases to the
gas chromatographic column

Molecular specieé in urine have'beeh separated
by the latter procedure using orogrammed—temperature gas
chromatography. One hundred and bevcnty low molecular woight

constituents in urine have been resolved93

-«

Gas Chromatographic Determination of Carbon_Dioxidewhwwame~wm

The method that was chosen for the ahalyéie of
the carbon dioxide evolved from the photochemical iron(III)-
oxalate reaction was a gas chromatographic procedur
based on that described by Swinnerton Linnenbom and

-

VCheekgu They determined carbon dioxide, among other
products, in irradiated solutions ahd further suggested -
the general applicability of their method to routine
oceanographic and water pollution work. A stream of

“hellum, after passage through a fritted glass disc,

stripped the dissolved.gases out of the liquid sample and

7
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into a gas chromatogréphic column. The sample was
introduced inta theXStripping cell by hypodermic syringe
through an injection port fitted to the top of the cellj

A tube of Qrierite between thé cqll‘and gas chrématographic
column removed water vapor prior to thromatographic
separation of the carbon dioxide on a column of 30% HMPA
(hexamethylphosphoramide) on 60~ to 80-mesh Columpak. A
second.columh of 60- éo 80-mesh Columpak followed:by 4o-

to 60-mesh Molecular Sieve 13X was used to separgté 02;

N CHu and ¢O. The second column quantitatively absorbed

2)
the carbon dioxide. A thermal conductivity_deteétor was
used. Other workers’> used this method, modified in: that
only one sllica gel column was used, to measure carbon

dioxide in sea water and reported a repréducibility of

|

_+ 0.7,

l

Séverai different columns are sultable for
separating carbon dioxidegG' A 4 meter long, 4 millimeter
diameter column of UQ/GO mesh silica gel at 30°C w! an
argon carrier g;s flé@ rate of 60 ml/&in will elute
carbon dioxide with a retention’timeJof 15.5 minutes.
Hydrogéﬁ, oxygen and niltrogen aré eluted in less than 2
minutes . Aétivated charcoal (75/100 mesh), 0.35 meters
in length and 4 millimeters in diameter, will elute ‘
:carbon'dioxiae in 5 minutes at 40°C when‘the carrier gas

is nitrogen. Hydrogen is eluted in less than 2 minutes -
. *

~r ’ <
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in‘this system. \Most molecular sieves absorb carbon
dioxide at room temberature and programmed-temperature

gas chfomatography must be used to elute the gas.

The gas chromatographilc mephod of analysis'is
rapid,wespecially for a rélatively volatile,combonent such
as carbon dioxide, Simple,'accurate,-applicable to small
- sample volumes and rélaLively insensitive to the sample
matrix. Selectivity for carbon dioxide over other
'possible interfering Qolaplles‘can be assured by proper

cholce of the chromatographic column and conditions.
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EXPERIMENTAL

Initial Configuration

Because only'carbon~dioxidé was to be measured,
a system simllar to that of Park, Kennedy and Dobson95
could be used. A stream of helium gas was pabsed threugh

a presgsure regulator and then to one side of a thermal
conductivity cell'(GOW—MAC Instrument Co. Model TR 11B)
which was operafeﬁ\at maximum sensitivity and a filament
current of 220 milliamperes Stainless steel tubing,

1/16 in. o.d., was used for most connections, being
-attached to glass with Kovar seals and to metél with
Swagelok fittings. After passage through one side of a
four-way etopcock.the hellum was bubbled through a 10- to
20-um frit in the bottom of an approximately 15-ml sample
compartment (glass blown in the Department of Chemistfy,
glass shop) and purged gases from the liquid sample.

These solutions.were injected into the‘sample compartmen§
through é septum onone end of a Swagelok tee. The other
end of ‘the tee was used as an exit for the helium gas,
which next passed through é l-cm 1. 4., BO—em long

column of. 8B-mesh 1ndica£ing Drierite (W A. Hammond
Drierite Company) with pleces of glass wool at either end.

A ground- glass joint near one end of the column facilitated
replacement of the Drierite. The ends of the column were

reduced to'8—mm openings that were fitted with one-hole
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to the second side of the. ther‘
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31licone rubber stoppers throngh which 1}16 in. stainless
steel tubing was passed. After the Drierite column the
gas was passed through the second hailf ol the four-way

stopcock to a U-shaped 90 x 0.6 om 1.d. silica gel column

- (40~ to 60-mesh, Fisher Chemical) via a one-hole sllicone

rubber stopper. From the sepanam

IR umn the gas passed

.'iVity unit and
- «‘.' e N
thence to, a soap-bubble flOW;:

St

dett Packard
7101BM strip chart recorder L'ét a cﬂirt speed of

15 em/hr, was used: te monitor the re&ﬁings of the

detector. A maximum sensitivity of 1 mv full scale was

ossible with this recorder.
. -The.four—way stobcock' codid be positioned so
that the hellum gas went directly from theAreference slde
of the thermal conductiyity cell to the silica gel column
or so that its path also, included the fritted sample
container and Drierite With this design a continuous'
flow of helium was maintained through the detector so as
to prevent any damage to its filaments. The gas flow rate
dropped sharply when the sample compartment was included
in the flow path because of the reslstance to flow of the
porous glass . frit in the base of the compartment. The
.porosity was selected on the basis of the finest porosity
that, by breaking the gas stream into small bubbles,v
would provide high stripping efficiency without providing
R

.-
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too high a resistance to gas flow.

A 5 in. 20-gauge needle was used‘to Iinject
samples. Attempts to uéé a syringe and needle to withdraw
the samples after analysis were not supéessful because the
high gas pressufe in t;e sample compartment caused the
syringe contents to be éxpelled as soon as the syringe'
needle was withdrawn from the septuh. Therefore the
septum was generally removed and samples withdrawn at

"mospheric preésure. The air introduced during this
sroczdure was dispiace% after the septum was replaced by
purging with helium carrier gas. Several modifications

were made to this initial design; these are discussed

betore a diagram of the final design is included.

Syringe Chaney Adaptor

Because large uncertainties in sample volumes -
are introduced when conventlonal hypodermic syringqs are
used to deliver volumes of 1 to 5 ml, Chaney adaptors
were fitted by the Chemistry Department macﬁine shop to
5-ml and l~m% syringes. | |

-The design chdsen for the 5-ml Chaney adaptor
Qas a flat brass cap which fitted over the top of the
Te?lon covered plunger. }A stainless steel rod used to.
select the delivery voluﬁe passed through thé-cap and
could t. adjusted and then held in place with a set screw.

o : =3
. ks
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The flared end of the barrellef the syringe wes ground
down on one side to allow the rod to pass easily beside‘
1t when the liquid‘in the syringe was discnarged.

A similar design in stainless steel was used
for Lne lwml'syringe Because of 1ts sms.ler size a
stainless steel cap was also placed on the barrel of the+

syringe to provide adequato erea for the rod to. rest upon

while adjusting the samplegvolume A threaded rad of
larger dlametler than that used on Lhe 5-ml syringe was
used to provide more rigidicy.

9 Before each 1njection the syringe was overfilled
with.sample, inverted, tapped lightly’to displate air
bubbles, ana\then adjusped to the correct volume which ‘0
was predetermined Py the position of the set-screw

anchored rod. The»syringe needle wa$ then inserted through

the septum and the liguid delivered.

Initial Configuration Used_ for Iron(III)iOxélatg_ﬁnalysie‘
M Modifiéztions‘were madu-td the sample container

so that a low pressure Pen-Ray lanb, Model llSC—l (Ultra -

Violet Products Inc.)ﬂpquld be placed into a,quurte

finger sealed into the sample container. Aluminum foll

was placed around the container to minimi7e phoLodecom—

position of the. solution prior tq‘f{ﬁ@fFer irradiation,

to reflect ultraviolet light ‘back into the solution and

to prevent eye damage.s, Pen-Ray lampslare°small, low
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pressure, cold cathode mercury gnsqdus dischnth\kamps
n}adv ot double bm‘x‘ qu:-ntt.'z Lub.ing;. These cool burning
lmlnpn‘ emit approximately 90% of thelr output as the 254-nm
nﬁ&cury line with the other 10% coming from lines at 313,

* 365, hos, h3o qnd 5“6 nm. “The emitting portion of the
lamp. ts 2 178 in. lohg with an outslde diameter or 1/4
Inch. ) Although the Iﬁlt&:d out 1it of "the launb 1s only 5.5
wutgs; the lamp was contlined ih.a tube ,during useﬂyand o
minimi{ce possible h ting effects, a slow stream of
ompvcsséd atr was passed across the finger entvancc near
'".‘,:._v;l. .L.l)o base ot the 1:1&11;;? S | .

During irradfation of the sémplc, the hellum

“flow wiis dlverted from the sample chamber. This increased
Lhe \Onux(1V1tV ot tho method by allowing carbon dloxide

to glcgunuxlwto tllxoughOln the entlire irradiation for

i; ig&:oductjwp untq Ppo'uolumn in"a small volume. The volume
of \olntioﬁLT %_2 ‘ﬁ ‘ié & *!J’”rit during a normal |
h could easily be swept
. * flow of helium. 'ﬁf
$ - '
Lo '.yditu thixpv the volume of the cell

;yaﬁ Pelou tho t;&t"' a mintmum, and ‘lplllarv tubinb,

,t
PR
" <‘

s‘ usod to connect the frit to the

&

‘_ S E ; i
» {\\_c\vf}\ ﬁ ‘ _
1th thv stem dtoibped In this manner, a
\
4

Yﬁou{lll) and uoid;yould be introduced into
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the sample chamber, folléwed by a sample‘sol!éion
contalningioxalate. A stream of helium wasythén passed
th;ough the chambek ﬁo displace any barbon dloxide
1nltially prqsent 1nlthe system. The four-way stopcock
was then Lufped 50 tﬁat the gas49'ow bypassed the chamber
while the Péndey‘lnmp was irrgdiating the~sample. Durlng
this time carbon dioxide ucchulated?an the sample cell.
A£ the conclusion of the 1bradiation,,§he four—ﬁay stopc%ck
was turned so that the Flow-of helidmxpasséd through the
fritted sample container carrying the carbon dioxide out
through the Drilerite to the gas chromatographic CO4 .iin.
Although mnﬁy‘experimonts were done with this A
féxperquntal set-up, it still possesspd several"
disadvantages. On: wa that there wés ho'easy way to
‘Eléhn the cell. When urine samples were injeétgd into
fhis sysﬁem, for example, a yellowishkﬁésidue accumul%ted
on the walls, especlally Jﬂst above the liquid lgvel.ﬁ A
variety of cleaning solutlons, 1nclud,l.ng:‘acids, Contr‘ad 70
ahd.dichromate -did not I'emo v.e the materiui It acted )
as a tilhgrwngd %cher Lhe ‘amount or drradiation reag\ing

the s 1mp}é‘ ipg? f\o dUnPd the stripping efficiency to

vary tr@m‘wdmple to qample Thgxeioxe, a new cell was

designed»whi’ ;,W(mld a,ll‘ow disascembly ror clc:min;:;
) &.‘ - ’.", . 4{".

<
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Modiflied Sample Container
1

K ground-glass joint .was incorporated initially

«

into. the semple compartment to permit dissembly for

cleapin&f g:%; er, the pressure.of the -Tlowing helium
t

wasjéof rea” gt an adequate sgal &as‘imp0851blt to 5
. N »
obtainw”TThia was xeplace therefore “with an O-ring
A2 "
Joint and number 3% Llamp Auothvr modification that
Koz ”_ . N

bimpiiiiod disscmbly of* Uheﬁu&mple cell was the inclusion

of Chemiherm’ itttnbs (Chromaeronix Inc. ) to Join the

gas inlet at the bottom of thc samplc container to the

‘fbur -way §tOPCOLk The basic Iitting of the Chemlnert

system 1is a "tube end fitting" consisting of a threaded

polypropylene buShing, rubber spring washer and two

stainless steel washers. Tubing is Inserted through !

these parts and the enq of tgc.tuﬁing flangéd at right
angles. Usihg Cheminert flttings, mall diameter Teflon
tubiné can be Joined to‘bapillary‘glass that has been
modliried witn an gxternul groove to éccopt ﬁhe fitg;pés.
With this arrangement the sample cgll could be rcmo;e%
Pesdily,rrom the system by discongccning Lhc'silicono

‘ ¥
stopper fitting: at the Drieritcvcoldﬂ* Inlet and the
Cheminerf ritting below the sample chamber. 6Uriﬁg

dissembly the hcllum rlow was divcrted from the qamplc

Lell and Dxlotltv

) ’ 4.

«bj‘

™
v
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One further modification was a new method of |

Injection and removal of samples. ;reviously,~it was
' necessary to take off the septum and remo.c th. analyzed

solutions with é.Syw nge. Because of the 2111ty of

incomplete reaction when oxalate was analyzed, each

sample was removed before a ‘new one was 1rradiated 'Thus,

oxalate analyscs were qulte slow since the air had tq be

flushed out prjgr.to each 1rhadiatio$. In the new design

an inlet tube was placed Just above the frit. A cerum cap

fitted over this tube served as the septum for sample
;njection. With>this arrangement a % 1in. 26 gauge needle
could be used.with’thu Chanéy—adaé@éd syringes to
introduce the samples. An 1qjection error occurred 1?
this system when the syringe was withdrawn from the serum
cap after 1njectiun bf the sample. A small drop of
so]ution emerbod on the needle tip, apparently because oﬂ:g
the high pre sure insiu - the cell. Howcver, this” error
was not large. A 1% in~ ?Qéjauge needle epoxyed into a S
plece of rubber tubing wasLused to rémove’samples after
coﬁﬁlotion of cach analyslis. The needle waslinsorted
through the septum to the frit and the internal pressure

in the cell forced the 1iquid ouMt the tube into a waste
éﬁhg&kexn

finger, which was situatéd as close as possible to the

In this new diagram the o.d. of the quartz
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frit, was 1ncreasedﬂto 1.5 ecm. The 1.d. of the sample
contalner remained 2.3 cm. The ipcreased volume of the
quartz tube meant that the volume of the sample chamber
was: decreased. 4As a result, the height‘of_solqtion in the
cell was greater -than before, and the area of solution
expssod so irradiation was iﬁcreased. Thils provid®d more

efficioht ~decomposition of oxalate. Mos t analySts were

. ﬁ%rformed using 5 ml of oxalate sgmple solution and 1 ml

of an acldifled 1ron(III) solution, 1.e., using the % and

1l ml syringes to their maximum capacity to minimize .
injection errors. _
The final design that was used fdr analyslis,

lnoluding & new positlion of the Drierite (discussed in Lhe
4

Results and Discussion Section), is given in Figure 36.
The peaks obtained with this system were very

Bharp and consequently peak heights were measured rather

-than areas. In the diagrams which fo}low the peak heights

wéré obtalned at or corrected to a recovder range of
1 mV per 25%cm.
Regent grade chemicals and distilled water

were used as recelved.

<
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RESULTS AND DISCUSSION

Method of InJéction

The RCO electrode responds to the concentrafion
(partial pressure) of carbon dioxide in a sample and not
to the absolute amount present, as the gas chromatograph
does. Thus, in the latter method of anaiysis thq method
and volume of injection bf the samples-are'criticalny
Initially, the volume between two air bubbles 1in a

V

syringe waé used as' a measure of the amount of solution
1nJected but with thjs technique the air passed through-
the sybtem quickly, emerming as a peak before the carbon
dioxide. Because of the mdgnjtude of the air peak jéy _
obtalned wjth this brocedure, often time was insuffiésint
for a baseline to be "eestablish§d’before the carbon -
‘Qioxide emerged? Another injection tdchnique which was"
tried invoived f1lling the sy};ﬁge ahd needle with solution
without air bubbles present. This method inonved'ab /
large error in adjusting the’syringe volume beforé each
1njectioh.- Fuﬁthef errors aroso 1nbthat the plunger had

to be firmly held while injecting the needle through the
septum becausec of the high pressur inside the samplé
chambor However, 1t it werekheld too . fizmly some

sampl? Mas‘lost from the needle. tip beforeﬁit passed

through the septum. ~Conversely, 1if 1t were not held
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firmly enough, helium from the sample chambor‘entered the
barrdl and caused: a small increase in the volume of %amp]e
injectod due to displacement by hellum of that portion of
the sample which usually remained ih the héédle%
Considerable improvement to the injection
tcchnique was seen on addition of Chaney adapﬁors'to the
syringe. The relative standard deviation for five
measurements of the welght of 5 ml of water dellvered
from one S—ml_syrghgé decreased from 0.254% before t6
| 0.038% after incorporation of fhe Chaney adaptor. For six
. Measurements of the weight of 1 ml of wq}ey delivered with
lthe Chaney-adapted 1-ml syringe the reldti?c qtandard v
“deviation was 0.101%. The improvement in accuracy during
analysis was more significantAbecadse'lbss or gain of

#
-Sample before injection was minimized.

Bicarbonate Analysis

To test the system initially, acidified samples
of bicarbonate were inJe ted without thL use of the Chaney
adaptor Reproducibility of + 5% could be achieved by

introducing acjd to the sample chamber, purging to remove

any air, and then adding a %olution of known concentration-

of bicquonate to generate the carbon dioxide in situ.

In one trial, sets of two or‘three'IXIQTB'ahd 1x10‘u M

blcarbonate samples were run alternately. A relative error.

of 2% for the first and 4.5% for the second concentration -

%
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was observed. Thls indicated that sample cérbyover and
interaction between subsequent samples were not a problem
In this system. v ' /

Linear caliggations over all concentration ranges
could be obtained, Since background carbon dioxide was
not removed fromn ;ﬁc distilled water this did, however,
_restriét ﬁhe lower 1llmit of" the calibrations. This
bacKground was not a brogiem wilth oxalate analysis as
the iron(III) and oxalate solutions codld be introduced
into ﬁhe system and any residual carbon dioxidé dispiaced
by uhe'carrier gas before irradiation. .Since the
bicarbonate reacted immediately with the acid to produce
uérbonvdioxide, an initial purging)of the total solution
in the.cellﬁcould‘not bé done for.the,bicarbonéte analysis.
Althqugh Lﬁe‘distilled water used to p;epare bicarbonate.
Samples could be(made carbon dloxlde-free by boiling or
pﬁvging beforé use, the oxalate method W&S’?till found
to be eas}er and since oxalate waéﬂthe spécies of
anulyticnl interest, time was not spent trying to

perfect the bicarbonate analysis at low concentrations.

Oxalate Analysis

Before the quartz finger was 1ncorporated into
the experdmental design the only way to analyze for low
conpentrations of oxalate was 1in a contiynousfflow mode

using AutoAnalyzer components. The experiment was run as
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described in Chapter 2 except that instead of-fiowing

under a pCO, electrode the irradiated solutions were
collected in small jars, one Jar for each sample, then
injJected 1nto the purging unit for carbon dioxide measure-
ment.. Reproducibilities of + 10% could be obtained for
samples of 1 'ml of an irradlated 5x10~u M oxalate solution or

of + 3.3% for a 2-ml sample of 7.5x10-u M oxalate solution.

Residual Carbon Dioxide Problem. Most oxalate analyses,

however, were performed using the quartz finger and

Pen-Ray lamp. This system worked well except that acidifded
distilled water seemed to contain a relatively constant
residual amount of carbon dio%ide which appeared after

each irradiation and: purginp Similarly, when a dilute
solution of oxglate iron(III) and acid was analyzed,

-apparent carbon. dioxide peaks of about the same size were
‘obtained under three diiferent sets of conditions These
weri; (1) diverting the helium flow sb as to bypass the .
saﬁgigfchamber and Drierite tube for several minutes;

(2) diverting the helium flow for the same length of time
while irradiating the sample; and (3) using the same
sample agaln and.diverting the carrief,gas flow from the
solution for the same length of time. As the time the
‘sample thamber and Driérite were 1solated from the flow

4
was increased; the size of the carbon dioxide peak

increased, 1ndependent of whether the lamp was on or the

.y
1 : P i -0
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sample had been previously cycled.
. ]

Efficienc# of Stripping. One possible explanation for

this behavior was that the stripping of the carbon dioxide
from the solution was not 100% efficlent. To test this
hypotﬁesis a second, nonstripping method of inJection of

cafbon dloxide samples into the system was tried. An

. Aerograph heated gaslchnomatographic inlet équipped with

a Hot Watt 120 Volt-100 watt pencll heater was inserted
Into the system between the sample chamber andlDrierite

°

tube. The inlet temperature was set at about 220°C with

a Varlac-cont®olled resistance heater. With this arrangement
small volumes of comncentrated bicarbona;e solutions could -
be injected Into the heated inlet, the sample plﬁs

sblvent yaporized; and the éarbon dioxiae produced from
bicarbogatg decomposition,

A

. 2N~aHCO3 -+ N§2CO3 f CO2 f.HQO

-

~carried to the chromatographic column. and detcctor.

. Samples of 0.5 and 1.0 M NaHCO3 solutions were
injected into the heated inlet with a 5-pl Unimetrids

syrihge. Similarly a Chaney-adapted 5-ml syriﬁ%e was

. used to inject 2.5x10—u and SXlO_SAM NaHCO, solutions

3
into an acid solution in the stripping chamber. The
total miliimoles of carbun diox ’ roduced in each
o, / ?

. e
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system should be the same 1if both are 100% efficlent in
introducing carbon dioxide to the chromatographic column.

However, the stripping method gaVe slightly higher peaks.

The presence of residual carbon dioxide in the much

larger solution volumes that were used in the stripping

method accounted for this difference. When boiled, then‘
cooledﬂwater was used to prepare the sodium bicarbonate
solutions the results}gf the heating and stripping

experiments were comparable. Thus, the persiStancy~ofL

the carbon dloxide peak was not due to incomplete

stripping

Effect of the Position of the Drierite The only

component -not yet tested, ﬁhe Drierite column was then

.cheoked by moving it so that it was located outside the

Sample cell loop. Heliumfthen flowed continuously -

through the Drierite whether the sample cell was in or

out of the flow stream. With this arrangement the
extraneous peaks disappeared indicating that they could
have been the result of adsorption and desorption of
carbon dioxide on the Drierite. Additional support for
this explanation was provided by the observation that

when acidified iroh(III)-oxalate solutions were
irradiated'for times from’one to. twenty minutes, more
carbon dloxide appeared to be given off as’ the irradiatioh

P

time was.increased. Even: at 20 minutes irradiation tThe
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a-plateaulng of the amount of carbod:dioxide given off was.
not'edident. The primary reason for this was not.because
of lncemplete reaction but because adsorpt}onvand
desorptionjof carbon dloxide on the Drierite produced
- larger peaks as the time the Drierite Qas isolated from
the helium stream increased. ‘

| Another 1ndicator of thisjadsorption/desorption
‘phenomenon was the,éraduel shift of thevbaselihe. : |
throughout a set of experiments. Although beforedahd
after an analysis a streight baseline was obtained, that
after the analysis was slightly higher possibly because
of a conetanoébleeding.of carbon diox}de from ‘the
Drierite Thls was one reason why'peak\beights rather
than peak areas were chosen to analyse the results With
a continuous flow of helium paesing through' the Drierite;
baseline shift was not as scvefe. |

In this new position the Drierite had to be

changedvmore“often and was repleced each déy with

material that had been dried for 1 to 2 days at 200°C.

) . ,
Percentage ReactionX A 5~minute irradiation time was '

chosen for most analyses‘ Although not sufficient for

complete conversion of the oxalate to carbon dioxide it

o

was. selected as a compromise between the extent of reaction

- needed to obtain satisfactory results and analysis time

. This time was chosen after a series of measurements in

sl o
S &

»
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which 5 ml of a 1.01x10™" M potassium oxalate solution

was\irradiated'in the presénce of 1 ml of l.»l3x10"'3 M

-

iron(IITI) ammonium sulfate in 0.6. M HC1 for varying times.

Table 12 gives the percentage reactlion, assuminb that a
20-minute 1rradiation gave 100% conversion of oxalate to
carbon dioxide. From this table it is, evident that the

' v
rate of carbon dioxide generation 1s rapid at the

1
o’

beginning of the reaction, then declines. Thus, after a
A l : .

5 minute irradiation, over 90% of the oxalate has reacted

and the remaininétOxAIate reacts only slowly. Some

' N , .
varlation 1n ir‘x%a‘stion time after 5 minutes will not
lead to large errors in- oxalateaconcentration A
disadvantage of longer 1rradiation times is that the
temperature of the iron—oxalate solutlions 1s increased
due to heating from the Pen-Ray lamp This increases the
- possibllity of seepage of solution below the frit as the

gas 1n the cell expands due to the higher temperature.

-
v

Increase in the Speeo of Analysis. Airp accompaniéd the

introduction of each oxalate sample into the irradiation
cell because the septum was removed and/or because of

,Sbolved gases in the solution Before the posltion of
ne Drierite was changed more reprodutible results were

obtained if the irradiation step was- postponed until the

carbon gloxide from the air. was measured by the detector.

s
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CTABLE 1

v A

Percentage Reactdon or an Iron-Oxalate

N Salution as a Functlon or J'imge
ad
. . ‘ o
T
Tme, tn minates - Percentuge Reaction®
U L_\ b2
1) t
1 ? 7o
) . v : 3
Bl v z <
3 88
o 94 -
-~
10 . 98
1% 39 =
20 . 100
fa ‘. ) ) .
B .

A, . ' : ' : ‘
Based on assumption that a 20-minute Irradiation
'Rivc‘;a'mOi con("ox‘sion ot oxn]a_t.o ta carbon dioxide.

)
. . -4 3 . .
Flve ml o 1.01x10 M potassium oxalute and I ml
=23

of 1.13 077 1 tron(111) ammenium sulfate in 0.6 I\j

hydrochlorte actdywere used., . : : Cow

s

‘ ‘ ' . - .
jw“...lllllll"ﬂ .

1
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In the’ n"ew design .this walting perlod was no longer"

u [

nece arv After sample 1anction, purging with helium

u

T wWas neovsa*ny only untH t,he oxygen and nitr‘ohen peaks

wppo-ued on’ “the xocmdox‘; at this point the helium "low

; 3 :
could be Set to bypass the cell and lrradiation.could be

started. » Durlng this step the. carbon dioxide 'n the
sOrierite and sillea gel columns was purged from the
) . g . T : .
%.svste’m. This procedure increased the speed of' Analysis

o

because the oxyren and nltrogen peaks emerged in a minu
o N L7 N a . K N

s ‘ :
o two but the carbon dioxide peak took dbout 1%
) , ) - ,:‘ - . o ia.
minutens ,&;ic\pond.ing on the flow rate used)., | ° L .
. hR . . . v oo s &
: “. " -
Ef!‘ect: Q Ilelium F R: I\ite Att.er‘ many all‘ll‘)’o(‘\ t,hc
9
1nlt1‘1l seéc Hun S0 s the Dxicz 1te bc‘.nmc hydx“ltc and’ the
- « \w . 7t
.

flow x"lto of helium decreased. when the- W&cx’ite column
ims lodated 1mmodi«nelv behind the sn@x‘lc u‘ll in the s
samplvy .l.oop'”t.his was a pan Lhul'n' pxoblom ‘1\ the
Advsi(‘cn‘nt cnked nppx»‘ocin‘bl_\'. Howv\'m', the final.

procodure adopted relieved this provles, elther Lecause
' »

S

the changtd po:\i‘it.ion of the Dx‘iox‘itc\ allowed the \ontlmml
flow voi‘ holium Lo di tribute thc watcr more o\'cnlv over
the length oI the column or because tm‘sh Dlerite was:
subscit‘.ut:n\d Inte the system each day. The‘s-ex‘iousxess af
3\;\ ‘11111‘1:11 -px‘oh“l(:m can be appx‘e l\\t:ed from Figure 37, d

: graph ol )low rate versus pg.lk héight which@waa

obtalned with the Drierite in its initial position

L3
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immedlately behind the sample compd&tment in the sample

a

L

lpop. w1th deo*easing flow rate the peak height
ihOFEﬂSLd. A flow rate of 28 sec/SO ml or slower wéq

optimum in the %enee that slight changes in f10w rate did
o

not produco major changes 1n.peak height Vlhis Wi s
v‘“‘
confirmed experimentally using Srm% of" lxlO -4 M oxitlate

with 1 ml of 3: luxlo 3 M iron(III) ammonium syl

A ‘

U M Hasou At a flow rate of 21 ﬂec/50 ml th e Y& ¥
% o ~/ ‘o L
st&ndard deviation for 4 anelybes wgs 5. ll% while at a o a

flow Tate of 26 seqy50 hl 3% was 2. 80 and B 35@sec/50 ml
1t was onlx 0 87% Hﬁﬁ%verv most analybes were berfoBheq b
‘- at a f‘aster flfw rate S0 the peaksmould emerge in less ™ ,
time Pertuvbations‘?ﬁ tlow ragé <§uch s’ that introduced - N

when the flo%}path of - the helium was thanged to 1neluQe.

o§~ omit }the sample chamber', were evide_nt on the tjer
But ‘the time necebsary I‘orauilibrfum to be r'ee,sﬁt ‘ ished’
2 e L 5 I ‘ ’

was very short. . T L .Q

Rédiutfonlﬁousag. The gas electrode work was performed n/’ﬁﬁ

,usipg a medium pressure - lUQ-watt Hanovia lamp while the
gae chromatograp;ic experiments used a low pres%ure

5.5 watt Pen-Ray lamp. These lamps differ not only‘in S
‘wattage but in spectral ~output, the low pressure lamp l.‘ ' .
havtng its major wavelength of output at 254 nm, and the

medium pressure lamp atv369 ¥o 366 nm. The effect or

wattage on the amount of carbop dioxide generated was

-



1nveqt1éatcd in,Chapter 2. To ascertain the im,n:-g)ce“ '

’ N a B
of the wavelength.of the ilatlon, a second PerN
Model liSC—lL,,wns obta* d and studled. This lamp was
. < . Y ‘ @
the same as the low pressure mode 1l but contained, 1In

addition, a fluordscent sléeve and filter that absorbed

'visible light and converted the 254 nm radiation to a

& .

theroﬁk because of® greater availabi&ity of replacementb.

band peaking at 366 nm, The diameter of this lamp 3/8

inch, was larper than the 1/4 1nph diameter Sf the low

- ]

-

pYessure "lamp. Table 13 Bhows PGSUltb of a companﬁ.oqgir

the two lampa It 1is see% that at sulfuri@ acld mpfan

1mately the €ame for both lamp 1nd1cating

bélow abfi 5l M the amount of carbon dtoxide produceg
was app

that the waveléngth of radiatl&% was not critical. . The

low pressure lamp ﬁaq uqed throughoub ‘the remainder of
;B

L, t -
A *

Effect of Actdity. Tpa data in. Tablé’i3 were obtained

using 5 ml of oxalatel\l NOxLO -4 M> in water, 1 ml of |
iron(III) ammonium ulfateqé? 1ux10 -3 M) and 1 ml of !
suquric aciad soiu;:;ms of vaxying.concentration After
the nitrpgen and Qxygen~peaks emerged, thé stopceock was
turned’xé.d1Vert the hellum flpw while phe»samples were
1}ragiated'f0r015 minutes each, . As‘p§§q1ctedp1n the

computer gipdies, with increasing pH larger amounts of

carbon dioxide were produced. A final acidity of 0.5 M

4‘

\

or less in sulfuric acid appeared Opﬁxmum from these data.

ieb R

N 1

N



TABLE 13 ‘e
f" : Comparison of Radi«tidn Sources and Effect of
“Acld Concentratton on Oxalate Analysis
Molarity oy oo L
of - addcd Finagl Molgrity L ‘ g
H bou . tn H,S0f Becordeg_Pﬁhg;Heigﬁtc, cm
Wt
Model 11SC-1 ~* Model -11SC-1iL
(254 nm) 4 (366 nm)
“19.10 12.82
: \
o 2huprg e ol 8¢ o
e Yoo R -
8y, Ladt T 25,88 ¢,
’ A B iyom - L .
. . 26.86 & 26:7%08
"" ' - : F' ' - /
Y
A A o y D T
SThe solution cgntnined " ml of NQxlO_ M oxalate, 1" ml
of 2.14x1073 Megron(I11) ammonium bulldttf&nd 1 ml Qf
¢ acid of the indicated concentrwtion ] » e
) Becausc tho samples were analyzed 1n Wye oxdcr in. the_, ,
1ist the fctual acidity may be slightly hi5h r due to
some PGbldUWl_&gid 1n the gcll from the prev usvanalysisf
: . o o . v
®The solutions were irradlated for 15eminutes.
93:‘ B AR ':f;.,',;'*{‘fa’:!x;" oo T % -.r/.-.'(?.'z" P e o
“\
\ /
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-

Temperature Control\“ Although straight line calibrationS,

generally were obtained with this sy% em, the

reproducibility was not as good as desired. The carbon

> i g I )
dlox¥de peak heights usually trended in one direction
-dﬁring the analysis of a serles of oxalate samples of the

same concentration. Furthermore, a sloping baseline that’

© made 1t difficult to estimate the peak height accurately

'Qa‘large cylind&r.or water wasrarr;

R S ' T .
was placed ‘an a magnetic stirrer to provide ciréiéﬁgiOn-‘
V'of water. Heat}ng water circulat@d”through at eGJturn

SN

i"‘

was often evident. Changes igrtemperature of“fhe oo

chromatographic\column%were suspected hs @ht cause do

«thermostatting of the silica gel column by immersion in

D . . s
.. The cylinderv‘ o

copper coil immersed in the cylinder and conn(:ted to a

Haake R20 clrculating thermostat unit, was used to control

Y .

the bath temperature. A temperature of 41 to A2°C was

I'd

chosen, enpugh above room tempexature to'allow adequate ‘5

[
temperature control

but not so hibh that - the -¢arbon 4

dioxide peak was not wel]l separated from the other'gases.

tablished the ¢olumn water bath

d by only a few tenths of a degFée

Once equilibrium was :

-

temperature fluctua

Over many c of m{nitoring A small amount of\Sparkleon
;‘.413‘-'

was added to tpe cylfﬁder wate revent coggesion or

the heating coil and the top ol the cylinder was._

insulated with a layer or Ffbprglas overed with



)

with l ml of 2. lleO -3 M iron(III) emmonium‘sukgate in

170
ggluminum foll to minimlze heat loss and witer evaporation.

Initially, with no auxiliary heat&ng. the ven, crature of

B

he thermal conductivity detector was 41°C. Using a

Variac 1ts temperature was raised above the column l

temperatuxc to about‘Q C. Although thei detf*ector w&s .

&

insulated iwf temporature did not remain as constant as
4 : b
the odlumn The reproducibilﬁtv of succes‘ive runs

“ b
1 " f g o,

improved markedly with these changes, although some ' .
- 2}} % )

baseline dri

\»

rgméon occasion‘ @hgs was attributed
»

primarily ‘ 1t§ in thgvdetector temperature

Ty

Bl

ease in precision prdduced by1~ PRI

IS

thermostattﬁng the column can me appreciated.by comparing S

a set“of experiments done be foré’ and aiter'thc

modification. Filve- minute irradiationsﬂwexe done on 5 ml

of potassium oxalate.sqlutions of concentration -1.4x10" 5,.

{
7. Oxlo"'5 9. 8xlO»5 and l.uxlo -4 M in-combination

3

ﬁﬂ.leO

"A,_,-
\

. 0.01.MH sou Prior‘to tnexmostatt{ng thirteen

-

measurements were made in order of inc1e5§1n5, decreasinb,

then increasing oxalate concentration. A least squares

/

analysis of the .data.gave iag overall absolute’ standard

o R S

.deviation of fit of thelstraight line O{Yiwlu cm chart

. / . N
!

reading. A baseline drift was evident. 1en eleven v
solutions (concentrations used were U.OxlO_S, S.OXLO"S,
Ll - - : -
810x107% anda 1.0x00™" M 1n oxalate and 2.25x107 M
& \ ) . ’ : _.V"‘

e

<&
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<iron(III) ammonium sulfate in 0.1 M H 550,) were similarly
after. thermostatting, the overall absqlute standard
'deyia lon\nad decreased to 0.216 cm chart reading and af&“
points were within 2.2% of the readinge obtained for the
initial four oxalate solutions. Thus no hysteresis effect
o

was observed with the gas chromatographic axperiments and

thermostaLLinQ’tY)e system made a substantlal improvement.
B . . - *

Optimlzation of lron-Oxalato Ratios. The optimum ratio of

iron(III) to oxalate determined for ‘the pCO electrg%e in

avallable to- reoxidige iron(II) to iron(III) and thereby

<
allow recycling of thexiron Ipon(II) 15 oxidlced to

‘ 3

iron(III) in water wuen irradiated with UV radiation 97

however, and so the ratio had to be rcdctérmined ‘For
thrs'purpoqe a sot of seven solutions 0.6 M in HCl .and

m@
ranging from O. 53 to 5. 3xlO u M in FeCl werc prepared.

ro
i

To 1 .ml of eacn solution in turn was added 5 ml of '%

1.0x10° -4 M potassium oxalatef:jﬁb mixture purged of alir

with helium and irradiated for 5 minutes. 'Tne optimum

L

Fe:0x ratio was found to be Y&tween 2:1 and 20:1.
Figure 38 shows the effect o}‘Fe‘Ox ratio on the
™

detector signal it also includes a similar run in which

the FgCl3 1n 0.6 M HCl was replaced by FeNH (Soy)2 in
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06 M HBSOM’ I1t™¢an be seen that the results for the two

acids are similar.

When the oxalate concentration was increased to
9

1x10~ -3 M-In the presence of the ,Same iron(II1) chloride

solutions the 2:1 Fe:0x ratio appeared to give‘larger

readings than the‘f%:l.or-ZO:l Fe:0x ratios (Figure 39),
A similar resultdwas obtained with lxlO'.'2 M oxalate. This
low Fe:0x ratio waslprobably more satisfactory at.higher
oxalate concentrations because of increased screening of
ﬁirradiation by higher concentrations of absorbing species

Whég the expegiment with the 1x10 -3 M oxala@solutio oA
i . 5 L
was repeated with a 10-minute irradiation 1 a%of‘-a. #” )

b

five - an incﬂ’ase in carbon dioxide *volutiondﬁas
robserved under all conditions. Increasing the iron:oxalate
1 .

ratio slightly above 2:1 did not cause such a dramatic

fall in the amount o} carpon_diofide glven off as was

evldent with only a 5-minute irradiation period. . .o ’
- " 5 rrads L
Iron:oxalate ratioy as close as possibde to those fdund /

- /

optimum in the 5= minute irradiation period were used

whenever possdble in subsequent work?

»

Comgarison of Hydrochlpric and §Eifu§§x Acids. A
M- <
comparison was made of hydrochloric nd sulfuric acid &s

Pae

the source of hydrogen ions . In Chapter 2 it was found

* that ‘elther acid could/pe used satisfactority 'To .
} .
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investigate this point 1in the gas chromatographic method

of detection several runs were made using solutions of

b.61x10" 3 M iron(III) ammonium sulfate in hydrochlorio

and sulfuric acids. When the final ac1d’ concentration

i:?a solution containing 5 ml of al. lelO u, 2.02x10° -4

;23 O3xlO M oxalate solution added to 1 ml of iron(III) e
. - onium sulfate was 0.10 M. no difference in carbono.

oxlde production could be detected between’the/tﬁg
itids. But When the- acidity of the final solution was ;..f

ncreased to 0.75 M, more carbon dioxide was. generated .

H‘wrﬁ

#

'kin a S=minute irradiation in a hydrochloric acid 1Olu§}dh W
than in a similar sulfuric acid solution . At higher o |
aciditf%s less of the. oxalate is _present as mhe iron(III) :?{
'complex and conditions for production of carbon dioxide

,/{:é are not optimum Thus, thc ;xperimental 1esults are in’A _Q'H
agreement’with the computer calculations of Chapter 3 and

4. "‘The results obtained are deplcted in Figure 40. At
254 nm ths wavelength of maxﬁmum irradiation intensity'

, for lom,pressure mercury lamp, the absorbance of iron(IIl)

chloride solutions is:leSSethan that of‘iron(III) sﬁufate‘.

» X
solutions; this allows more irradiation to reach the v,

lron -oxalate complex

e

"nMany of the calibratibn plots in this study.
gavé‘a positive intercept In all cases the intercept

became larger under conditions where the iron—oxalate .

-

e
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1
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!
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reacLhm#hms less complete. At 100% reaction a st- tent
line calibration through the origin is predicted. This
positive Intercept leads to an error fﬁ standard additions

are performed on unknown samples,

Effect of Different Salts. An investigatiop was uns-eriaken

of the_cffect of difforenﬁ salts and the correspondling
increase in ioniq strength on the iron-oxalate reaction.
Several 5x10°u M potassium oxalate olutions‘were prepared
containing up to 0.7 M sodium sulfake, sodium chloride

or sodium peréhldratc. A}ter an.initial purge the
tiron—oxa}ate solutions were #rradiated‘for 5 minutes and
then the carbon dioxide peakvheighps measg?ed. Since the
acidity {n the finul solution was held constant at 0.36 M
HZSOu it was the majfor contributor to tﬁe ionic strength,
the added salts causing only a. small perturbation. In ,
each case the readings for the solutions contaiﬁing ’
differing amounts of salt are within 4% of the average
for the set. Not only. was the ionic strength changed
slightly, but also there were different cbmplexes.formed,
each withﬂits own absorptivity. .As there was no trend

in the readings, it was concluded thét random errorc

were the source of the observed diff%rences in readings.
The high acidity (0.36 M) and the high Fe:0x ratio (5:1)

were both Jikely reasons for the large randcm errors, as

nelther condition was optimum.
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Effect of Metal Ions. A number of metal ions, 1n

) <€éd1tioh to 1ron, react with oxalate. Analytical chemists
have long used the Insolubility of calcium pxalate for
gravimetric separation of both calcium and oxalage.
Magneslum oxalate ic also inscluble but tendstto\form
supersaturated solutions. One of the more insgluble
oxalate salts 15 thorfum oxalate. (The lcgarithm of the
solubility product is ;21.3898.) A complex with aluminum
1s also formed by oxalate ions. To.-investigate the

effect of these metal ions on the iror-uxalate reaction a
1.02x10—2 M potassium oxalate solution was preparéd which
was diluted to give a set of solutions 5.30x10"5, 1.02x10""
and 2.04x10"" M 1In oxalate. Stock.solutions of the metal
ion saits to be tested were also prepared. An approximately
8.60x107 3 M solution of CaC12-6H2O was prepared. The
nlitrate sals wés not chosen because of the oxidiéing

power of nfitrate jon in acid'solut;on. Stock magnesium
solution was preparecd as 9;91§10-3 M MgCl2'6H2O and the

. aluminum solution was 5.00x107° M Alé(éou)3~kzsou-2ﬁzo.

The B.D.HT thorium chloride "label did not spe 1:  the '
number of waters of hydration-present, but The Nerck
Index56 says that génerally thorium chloride is hydrated
with 7 to 9 moles of water. Tberefore, 100 ml of

tolution COApaining 0.5085 g of the B.D.H. material was £,

prepared. Assuming a molecular wecight of 500, the
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#,

molarity of this solution 1s 1.02x107° M.\ E§ch metal
fon stock solution was diluted by a fa;tor o} Fen twice
to gilve a fiﬁal solution 100 timesqmore dilute. An
{ron(111) ammonium sulfate solution (1.52x1073 M) in
0.7 M stou was used as- the source of iron(III). A |
standard oxalate oélibratién plot was p;épared b}
injecting into‘the samplé chamber 1 ml of the i;on(III)
solution, 2.5 ﬁl water and then 2.5 ml of the oxalate
solution. After removal of the‘residual gases by
purging with helium, the solution-wai/}rradiated for
5 minutes. To test for interfefence by metal ions 1 ml
of the iron(III) solution was 1nJectoaAiqto the sample
chamber, followed by 2.5 ml of‘metal lion stock soiution
and lastly 2.5 ml of 2.0ux10"" M oxalate solution. The
results obtained are shown in Table 14. An oxalate

\
calibration was repeated between the test for aluminum
and tﬁgrium interference: It showed a slight downward
shift ir carbon di xide slgnal, likely due to oxalat
1nsﬁability. This chan$e was taken i;to account‘whén e
calculating the extent Sf interference. Ffom the table
it can be seem~that céicium‘and magnesium ions presenf no
interference ::\Enncentrations up to approximately 50
- times that of oxalate. At the higher concé

. - ¥
aluminum and thori:? lons cause a decreas?

rations

in the ‘amount

of carbon dioxide asured1 - If these_ions;were in a

L4
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TABLE 14 - .
Effect“pf Fcrelgn Ions on the
Iron(III)-Oxalate Re%ction !
Ratio, a ) ' ,
Mgg§£~£92 Metal Ion:Oxalate 4 Interferen§e
cla+2f'_ | 0.1}.\1-> -~ T« 1
L Al . <1
40:1- \\\\\' o<1,
Mgt 2 0.49:1 o vl
- C. b9: IR
- 49:1 vl
mt3 L 0.49:1 . < 1
T ~—
4.9:1 1.2
‘K 491 22.5
h*H 0.5:1 vl
5:1 Lt
50:1 8.8 .

32.04x10™" M oxalate solution

was used threvughout.
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-~ . ‘ * : ] .
solution to be analyzed a chelating agent to tie them up-

. -
preferentiaMly would likely decrease their intefference.

’ ‘ : ’
Effect of Urea. Urea was also tested as a possible

N > * . < .
interference in the iron-oxalate reaction #s it sometimes
occurs in combination with oxalatg and is an important

dbnstituent_in urihei'.Solutions 1 M“inldéea,wefe
prepared in'WEFE;\épd in 1 M'stou, Five-hinute‘
irradiations of these solutions prodocgd only a small
amount of carbon dioxide Ten minutes of -fur®her
; irradiation 1ncréase5 the amouht of gas given off by a
factor of 2 or 3 only. | Urea can be produced by reaction
between carbon dioxide and ammonla; under the conditions
used here, the back reaction is not observed to any
significant extent.‘

n The urea solutions were theo tested as
interferences in combination with oxalate and iron(III)
and acidln Even at many’hundreds'of timee ﬁhe oxalate

concentration the‘difference in readings when urea‘wae

present could be ‘attributed to random error.. k\

Effect of Other Carboxylic Acids

Investigaﬁibn as Interferences. Because the gas
chromatographic method worked well for‘oxalatevsampies,
the effect of other carboxylic aclds was investigated.

To determine whether any of the molecular carboxylic
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acids would be s‘t out of solution during purging and
sebarated on tQF column or whether they decomposed to \
- ,
-carbon dioxidg'during irfédiatibn, 0.01 M solutions of’
~ sodlum formate, sodium'acétatq, potaséium oxélate,
sodium citrate and potassium sodium ta}tfate wer;
prepared in 1 M HZSOU' Five ml of eé;h of‘these
solutions were 1njeéted, the solutions puﬁééd with
~hellum énd then 1rradia£ed for 5 minutes. Iron(III) was
not added for this run. Only small pe;ks were obtained
so the soiutions were’ifradiated for a furthér 10
minutes. The readings obtained after a total of 15
minutes of irrédiation representedlleés than 1%
decomposition of the acids. No chromg;ogréphic peaks
correspbnding to the molecular acids were éviaent.l
The effect’ of other carboxylic écid§ as |
interferences was 1nvéstigated in a similar manney to the
methdd used to ‘observe the effect‘of metal 1oné on the'
iron-oxalate reaction. Two effects were possible. with
the carboxylic aciés. Firstly, they coﬁld‘complex,with
iron(III), thereby decreasing the aﬁount‘of iron(III)
avallable to complex withvthe oxalate and c%ﬁsing low.
resﬁlts; or, secondly, they could complex wgéh iron(III)

‘ and react.photochemically to produce carbon dioxide and

thus act as_a pos{tive interference.
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To test for Interference 1 ml of a 2.14x10 3 M

»

iron(IIT) ammonium sulfate solution in 0.6 M stou was

inje&ted intb the irradiation dhamben. Then 2.5 ml of

the carboxylate sait or acid to be‘testfd for

linterferénce (or water when the oxalate calibration was .
performe"d) was added followed by 2.‘5 ml of potassium . r
oxalate solution. The carboxylates were added as metal
salts whenever convenient so as to avoid pH changes.
ThreeVO}élate solutiqns of concentrations lxlO—u, 2‘)(10"le
;' and 3xld—u M were used to establish the calib;ation
graph. The 2x10" " M oxalate solution was used in
combination with the carboxylate to be tested. The .
aBsolutg/percentage errors found with the eight different
carboxylates tested are shown in Table ‘15, *“

| The reactivity of sodiuﬁ formate is espeéiaily
great. "Others did.not observe this3u. Several difffrent
lots of Fisher Brand chemicals were tested; all yielded

large interferences. Generally the 1:1 and 10:1 : {

interfering carboxylate:oxalate errors were 10% or less.

[l

Determination of Other Carboxylic Acids. Because the

reactivity of several of the carboxylic acids with
iron(III) on irradiation was appreciable, a brief
preliminary study was Made of the conditions necessary ,

to adapt the method to the determination af tartrate

and citrate. This was done in the followirig way. ‘Five
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Interference in the Iron(III)-Oxalate

Reaction due to the Presence of Other Carboxylates

Carboxylate Added
Sodium citrate

Potassium sodium
" tartrate O
Succinic acid
Sodium propionate
Malic acid

Svdium formate

Sodium acetate

Malonic acid

Ratio,
Carboxylic'a
Acid:Oxalate

1
10:
100:

1:
. 10:
lOO:

10:
100:

10:
100:

110:
100:

10:
100:

10:
100:

10:
100:

R

o

1
1
1

o e e ) o

e

T

Absolute
Percentage
__Error

5

9
60

6
10
85

£ W no
NO o ~Nrn o \O ~3\un O oo R w

[0k ol

#Potassium oxalate was added as 2.5 ml of a 2x10_u M

oxalate'solution

One ml of 2.14x10

-3

M iron(III)

ammonium sulfate in 0.6 M H SOU was used. The'carboxylat

salt or ac1q was added’'in 2.5 ml volume.

+
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ml of the solution to be analyzed was Injected into 1 ml
of 0.20 M FeNHu(SOu)é in 0.06 M H,S0,. After purging the
rgsidual gases.frqm the sdlution, a 5-minute irradiation
generated rcarbon aiox;de which was analyzed'in a similar
" manner to ‘the oxalate exper}ments;‘ Calibrations '
obfgined are shown in Figure 41. A high iron(III)
concentration was c%osen SO0 that one iron(IIl) solution
could be used throughout-the‘ﬁnalysis. ,Tnis, likely,
gave risa to the nonlinearity of the calibn@tion. Over
shorter‘concentratibn rangeé an optimum iron(III)
EonCentration could be chosen and more carbon dioxide
would be evolved for the low concentration samples during
the same S—minute.irradiation. The critical dependence
on the amount of iron(III) present is similar to that

" for oxalate. A low acid concentration was chosen so
formation of the 1r0n(III)-carboxy1ate.complexes, which
are weaker for these acids than for oxalic, would not be
hindered. When the acidity of the iron(III) solution

was 1ncreased to 0.7 M H SOu more scatter was evident,
especially at higher carboxylic acid concentrations and ‘R;,

the amount of carbon dioxide given.off was diminished.
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SUMMARY ]

After a review of the methods available for ’ o
) SN Sy

the determination of carbon dioxide, a gaé chromatogrég%i§ Jr
method of detection of the carbon dioxide produced in{“A}Xﬁ
the iron(IIl)-oxalate reaction is described. The carb;;P -
dioxide is generated in situ &h an 1P§Fdiation cell using

a Pen-Ray low pressure mercury lamp; the resultant gas,

[

urgéd from the.reg?tionvsolution with helium, carried
Chrough a column of‘gélciﬁm sulfate (Drierite) to remove
water vapor, separated on a silica gel column and
measured W£th a thermal cbnductivity detector. This
simple abparatus avolded many of the problems qf the p_CO2
gas eleétrode, éuch as hysteresis and interference from
low molecular weighglorganic acids and aromatic compounds.
The procedure.for.estimatihg oxalate concenffation was?
optimized with respgct to concentration of iron(II11),
kind and concentration of acid, and time'and wavelength

of irradiation. Potential interferences from several 1ons
that interact with oxalate, and from carboxylic acids that
react in é ménner simiiar to oxalate, were assessed. It
was shown that this system. also could be used to analyze

‘ for citrie and tartaric acids. . Advantages include

simple operdtion, the speed with which results can be »

obtained relative to some other methods, freedom from
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many Interferences, a wide range of.applicability and high
sensitivity. Disadvantageslinclude that it 1is non )
automated (qpplicability to continuous.analysis would
be complicatgd), that it requires close temperatﬁre
control and that é]l.operating conditions nust be
carefully cOntr?lléd if 100% efficlency is to be
achieved.

Having optimized the iron(III)-oxalate
réaction for use in simple aqueous 3olutions, some
preliminary data for a ﬁore complex system, oxalate

determination in human urine, are presented in

Chapter 6.



CHAPTER 6 o

3

DETERMINATION‘OF URINARY OXALATE

INTRODUCTION o
N " : \

Background on Kidney Stones '

Kidney stones have beeﬁ known for. centuriés
Most urinary tract calculi in humans are composed of
calcilum bxalate (as the mono or dihydrate), calecium

phosphate (as hydroxyapatite), uric acid,emagnesium

ammonium phosphate, cystine or miytures of these Substances.

Calcium phosphate stones tend to occur in patients with
infected urines, where the pH is elevated. Oxalate
stones, often found in patients with no urinary infection
are particularly important since wholly or partially they
form two thirds of all calcull. Hypercalciwria (high
calcium levels) and hyperoxaluria (high oxalate levels)
are two causes of Oxalate, stones, yet there is often no
satisfactory explanation for their occurrence n otherwise
"normal" patients.

'
.
-

Theories of Stone Formation. The theories of stone

formation and non fbrmation are many and varied. Several
reviews have covered this\subject e)ttensivelygg’loo’lol
and some‘theories will be mentioned here. The
‘precipitation—cpystalliéation theory postulates stone

S )
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fopmation as a result ut salt precipitation rom

supersaturated solution. While 1t 1is generally ag
ﬂhutvmost urlines are supersaturatcd with stone-for

substancéu thi, han nut been proved PXD(PJM(HLd]ly

;1ork(qt:1m d,urrwi total calcelum and oxalate (rnthel
4

. are yore Solublv in urine than in a watc solution.

(&}

Coadc concuntrahlons) and uscdwthese values to cal

o) ) .
f@n products. Raaflaublo‘ developed a method to.

determine free calclumuconcentrations using the dy

LetramethyLmurvxid@f;but'as yet there is no know
i3 Lo ¢ .~

to measure Tanlc oxalate, estimated to be 50% 1

It has been recegnized that various components of

uolubility of cal- ium oxalute in urjn( 15 increase

lons such as citra@e,’whjch complexes with ca lcium,
. /

% . magnesium, which rompleyes wiﬁhmovaatc. If calct

supersaturation ty £2 01"/ could be
: %

oxalatep,lon activities in“ulino C uld ba measured

roved or disprove

A méjdr problem lies In the fact that so

.indivjdual: t:;jm$o_f0rm affew large stomes that, c

Sérlou* problcmu, and -others many small"ones that
passcd at home. It hnas been propo>ed thdt stones

around a forcigp body that actg as @' nucleus. Som

L 4

organi:%maLQPJQl is prcuent in all stonp;, and the

sufrestion has been made thdt this matw“ial plays

role in stone‘formation by providing a.medium in w
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the dissolved ions combine and crystalliz.; or a medium’
which controils cryétallization. Others attribute stone
formatior, to the calclum-binding properties of certain

mucoproteins of the.organic matrix.

An inhibitory thebry suggests that polyphosghate
and/or pyrophosphates and/or polypeptides excreted by.non—
stone formers act as a crystal poison. Accofding to this
thé€ory stone formefs excrete less of this"substahce.

Stiii others‘propose a protect%vc colloid tﬁeory
wﬁjch states thét colizxds can coat crystal micelles arfd .
prevent growth. The absorbed matrix hias also beer ’
suggested as.é_meansvof protecting the crystal phase from
diséolution during periods when the urzhg,is undersaturaped.

There appears to be 1little concrete evidence to. .,

v .

attribute stone formation to only one “heory.

If a better analytical met:od §. - urinary
oxalate were available perhapsAaddit orae vidence could
vbe provided ta prove or disprove”the 5, ;aturatibn

theory. Since oxalate measurement appears to be the
limiting factor, a review was undertaken of the methods

to determine oxalate concentrations in urine.

Methods fog Determining Urinary Oxalute

The basic difficulty in measuring this acid is

1ts lqow level (n 10‘” @) in urine and the abundance of
l* ' .



192

potential Interferences 1in the complex Mrinary matrix.
Because of the low sensitivity of many methods often
oxalato‘must first be concentrated and 1t 1s usually
Separated because of the variety of intetfcrencvs present
in urine which could cause inac{ﬁrate results, The
separatign Step’ causes considerable difficulty. Fey
Qorkers'add 4 correctinn for nonquantitative extraction
or precipitatiorn. It appears that a correction éactor,

~ .
perhaps determined‘by radioisotope measurements, should be -
applied to all resylts. = |

A clascic method for oxtlate involves oxidation

with potassium permangahate. The deéermination can bé
compieted by messuring the evolved carbq‘”ﬁioxidelp3,
perTormjng a Eack titration with sodium thiosulfatelou,

” .
or colorjmetrically detormihing the end pointlosﬁ Various
procedur propbsed to increa;e the specificity of the
/P§actiou irclude preliminary esterification and distillatiqn
Lo separate oxala{e‘from interferences'before pasemetric
détermination of the éarbon dioxjdelo6.

07

Yarbro and Siﬁpdonl fdund that an extraction
time of 18 Bours Was necessary for the complete recovery
-of urinary oxalic acid by diethyl ether extraction. .To
avbid phosphate‘coprec;pitation and obtain 98-100¢% recovery ,

calcium oxaléte Was precipitated at a PH of 4.9 to 45,

The oXalate concenuhation was then measured with a
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-‘permanganate—thiosulrate titration The above procedure
was modified in that after the calcium oxalate was
precipitated at pH 6.0 1t was converted to glycolic acid
‘with zinc and then meaoured colorimetrically with
chromotropfc acid108. Recoveries of 88-94% were reported.
A 98 + l%‘recovery in the diethyl ether ektractibn step
can be obtained if ammonium sulfate 1s added to the

~acidified urine and the extraction carried out for 6 hours

109

‘at 70°C A S-minute extraction with tri-n-butyl

phosphatq was a later_improvementllo. The oxalate was

then precipitated by addition of calcium sulfate,

reduced to glyoxylic acid and treated with resorcinol to

~

. i .
form a colored fluorescent complex. Endolll also used a

reaorcihoi fluordmetric analysis fdr urinary oxalate.
Alternatively oxalate can be' reduced to glycolic acld and
measured with chromotropic acid112 )

» Precipitated calcium oxalate can be determined
by an autoﬁated metlthod involving measurement of the
reduction in the absorbarnce of the red
uranium(iV)—H-(Z—pyridylazo)resorcinol complex. A
~ correptibn_ﬂag applied to take intb’accednt incomplete
precipifation of the oxalate++3. Pernet and Pernetllu’;15
'éodverped urinary oxalate, precipitated as the calcium

~salt, to glyoxylic acid with zinc and hydrochlorie acid

and.added phenylhydrazine, hydrochloric acid und hydrogen
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peroxide so they could estlmate -the oxalate

»colorimetricallyll6. After decarboxylation to formic

acid. urinary oxalate has been measured colorimetrically

using indole’ W7 : . oo

i

Numerous methods’pave béen proposed which use

the oxalate specific:enzyme, oxalate decarboxylase, ,
obtained from Collybla velutipes. 1In the first of thesell8,

A

precipitated calcium oxalate was incubated with the enzyme
and manometric readings of the evolved carbon dgfxide were
used to eomplete the analysis. 'A direct enzymatic
determinationllg:using a Warbufg resplrometer has.been
performed after preconcentration of the urine. In an
automated method26 réquiring special equipment and
chemicals'the evolved carbon dioxide was measured
colofimetrically [ Inhibition of the enzyme‘doe to.

l

sulfate and phosphate was overcome by adding these ions

to the standard solutions. A simpler colorimetric fnethod120

utilized a closed conical riask containing urine, buffer
and enzyme After 18. hours at 37 C the carbon dioxide

present in an alkaline buffer in a cuvette was: measured
! . ) ; N W .
with a glass electrode. ' For small amounts of oxalate the

evolved formate could be measured using: tetrahydrofolate

synthetaselzl. Oxalate deCarboxylase can also be couplecd

+
with the NAD —requiring enzyme formate dehydrogenase and

“the absorbance of NADH measured122u
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Another relatively selective tephnique'which has

*

been used successfully is iSotope dilution. The counting

can be doné on the precipitated calcium oxalate123’¥fu

or after conversion of the oxalate to glycolate125. A

. . . . |
double 1sotope labelling experiment using calcium-45 and

- carbon-14 labelled oxalate has also been used. -

' More unusual methods, such asvpolarography127,

" ha ven tried,while centrirugevtubes have been
developed.that permit washing ofithe calcium oxalate preci—
pitate and-analysis(by cerate oxidimetryl28. In this proce-
-dure radiolsotope~determined factors were used to correct
for,incomplete cipitation. Extracted or separated oxalate,
after convepfion #o the diethyl or methjl_derivative, has
been measured by gas chromatography129’13o’131.

The difference'between the excess calcium ions
present ‘in the urinaryv supernatant at pH. 5 and 2, as
measured by atomic absorption, was used by Menaché132 as
a routine micromethod to determine oxalic acid. The
calcium ln precipitated calcium oxalate &an be measured
by atomic absorptionl33 or complexometricallyl3u
After a tri-n-butyl phosphate extraction and

precipitation of oxalate as calcium oxalate, Dutt and
Mottola135 analyzed the oxalate with a standard addition

technique and observed the effect of oxalate on the rate of
¢
oxidation of tris(l 10 phenanthroline) iron(II) complex by

{
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chromium(VI) in relatively low concentrat\ons of sulfuric acid. -

Discussion of Three Important Methpds of Measuring
' Urinary Oxalate A

|

combination of extraction and precipitation to separate and _

One cliﬁical laboratory in Edmonton uses, a
. { .

concentrate urinary oxa;ate. Their method |involves heating
the acidified samples at 100°C: for 304minutes to hydrofyze
any oxaluric acid thék may be present. The céoled filtehed
solution, an oxalate standard and a blank are then
extracted with diethyl ether., Tﬁe‘ether is added to a
small Qolume of water, then evaporéted.' To the remaihing
solution calcium chloride andyan{ethandl-acetic acid
mixture 'is added.. After 24 hours the solution 1is
'centrifuged and %be supernatant reﬁoved.. The precipitate
1s dissolved in sﬁifuric acigd and titrated with potassium
permanganate at 60°C. o | | j

A second laboratory uses a somewhat different but
equal;y time consuming methodl33. 'Wheréasifhe first
laboratory uses only 25 ml of urine, the second néedé a
100-ml1 sample fby each analysis. Because of the low
_oxalate leQels an oxalate spike is added to each urine
sample. A standard potassium.oxalate In water 1s carried
through the analysis as well. Theldxalaté is precipitéted

as calcium oxalate directly from pH 5.0 urine and the

soluﬂions are. allowed to stand 3 to 7. days at 4°C to form |
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the precipitate. }he supernatant liquid 1is removed and the
precipitate is qashed several times wifh calcium oxalate
.saturated water, then dissolved in sulfuric acid and the
calcium determined by atomic absorption A calibration

Id

curve 1s run on standards prepared from pure calcium

carbonate in acid.

Several sources of error are evident‘in both of -
ithese procedures Koch and Stromg128 state that the
fraction of oxalate precipitated as calcium oxalate
depends both on the amount present in solution and the
length of time allowedrfor the precipitate to form. One
day 1is insufficient for complete formation of the
precipi}ate, and even after 3 days precipitaﬁign is
incomplete. The standards.used in both of these methods,:
pure potassium or sodium oxalate in water, do notxmimic
the complicated urinary matrix. (Recently, the second
procedure has been modified in that~stahdard additions are
nowlused. Although an improvement,the method is still
notlyery reproducible,or~rel£able.1

Hogkinson and Williams1ld de . ‘ned oxalate.in

4

»

urine by adding calcium sulfate and ethe to pH 7 urine
and ;allowing the precipitate to form overr zht. - After
decantatioh the precipitatevwas dissolved i- sulfu ‘ic
~acid, zinc wire added to reduce the oxalate t- glyco.

acid and thelsolutionfheated,in bolding water for 30
. | . ’
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minﬁtes. A spectrophotometric determination with
chromotropic acid in sulfuric acid Qas then'performed.

The method was inveétigated in the laboratory as it
appeared quite promising. Tﬂe procedure was followed -as
outlined,'except that zinc péllets were used pecause of
the unavaiiability of zinc wire. ‘Removal anq:Washing of
the pellet§ with only 0.5 ml of 1% chromotropic acid
’solutioh was difficult, howevér. Also, extremé care had
to be exercised due té the high.concentrations of sulfﬁric
acid used. The precision obtainéd for the method when

| ‘
using oxalate in water was poorer than the 2% claimed for

: 1
the method. An earlier method of Hodgkinson and Zarembski

which4used zinc-dust was also tried. The zinc dust
settléd to the bottom of the tube and a portion of the
supernétant could, be easily transferred for reaction with
the chromdtropic acld. The precision obtainea was no
better than with the zinc pellet method.

After gasessment of the long ana;ysis time and
poor precision of the methods available, an attempt was
made to analyze.urinary oxalate by the ironﬁIII)—oxidation
method preéented in Chabtefsa2 and 5. A method that is
more rapid and that avoids Ehe‘problems-of prior

e

separation of the dxalate i1s greatly needed.

09
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EXPERIMENTAL

]

The analysis of urire for oxalate using both
the pCO electrode and the gas chromatographic stripping
method to measure‘the carbon dioxide produced by the
iron(iII) reduction was investigated. The expe{imental
conditions used are those outlined in Chapters 2 and 5.
’ While the iow oxalate levels.preéent in urine’

are not a problem for the gas chromatographic detector,;‘
. P
' they were below the linear region of the pCODlgas‘

sensing electrode. Furthermore, citrate is present in most
urines at higher concentrations than oxalate; The,normai
citric acid level 1in urine is abOut 800 mg/day while the
normal oxalic acid level is about 30 mg/day HoweVer, the'
citric acid interference can be minimized by decreasing
the pH of the samples, as discussed‘;arlier; Other major
urinary components,isucﬁ as sodium’ and potassium chloride
and urea, did not interfere with the ironCIII)eoxaiate
reaction or with the meaeurement ofAevolved carbon dioxide.
Some carbon dioxide is evolved from urine

samples on acidification; this can be removedvbefore the
samples. are introduced into the analytical procedure.by
Gpurging wlth an inert gas. 1In addition, some background

carbon dioxide appeared to be evolved upon irradiation,

likely from components such as citric acid
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— 4 “ | |

" The only practical way to analyze urine ﬁampTegh"
appeared to be via a standard addition technique. This
procedure will coﬁpensate for ionic strength effects, the
presence\of agents capable of complexing with iron(III)
and the high absorbance of the sqlutibn. The urine was
diluted to the, same to;al{vofume’with either water or
spikes of standard oxaiate se&utioee The standard

’
addityon equation which was used in the gas electrode

determination of the carbon diox1de was derived from the

Nernsf equation: f . J )
B R . ) { ’
- 0 s . - ;]
E), = E + 3 log [c (v /Vt t)]
P
' = O ' -
Ey = E° + 5 log [cxpvx/vtoti POV Vo)

,'gg

where El and E2 are two mllllVOlt readings M thout %nd
with added. spike E° is the\etandard electrode potential,
'S is” the slope, CX and C are the concentrations of the
-unknown and spike solution -Vx ahd VS are the!corresponding

volumes, and Vt t is the total volume. Subtfacting and -

rearranging,

CAE _ log<cx(vx/vtot)~+ Cs(vs/vtot)>
‘cx(vx/vtot)

S
o

1]
=3
|
2]

AE



q?Ol
Taking the antilog of each side and rearranging,

AE/S )

Cx(vx/vtot)(10 ) - Cx(vx/vtot CS(VS/tht)

or , ‘ , ) . ..‘ nw"\

BE/S -1

C, = C (Vo /V )10 1)

X.

L]

The urinary oxalate concentration was obtained from the
x-axis intercept on the standard addition plot forvihe gas
chromatographic method of detection of the evolved carbon -

dioxide.
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RESULTS AND DISCUSSION

QCO2 Electrode as the Detector

A difficulty,encountéred in the use of standard
additions for the determination of carbon dicxide was the
high degree of dependence of the equation on the values of
AE and S. As mentioned in Chapter 2 the 9002 electrode
displayed a memory effect when iower concent}ation samples
followed ones of higher concentration. Thus if a urine
with water added were analyzed .alternatively with
splked urine samples the value.ébtafned, in millivolts,
for the nonspiked sample continually increased.~.The
initial value did not appear to be éhe correct cne to.use
'bécaﬁse 1f this first non-spiked solutién’were run
conSecutivély several times, increasing millivolt
readings were also obtainédﬂ This may be duersto diffusion
of melecular Species in the urine across ﬁhe gas permeable
membrane. In addition, plots of oxalate concentration
against milliyolt readingsAgave varying slopeg, especially
at low cqncentrations where non-llernstian behavior becomes
significaht. In the standard-addition equation small
changes 1in AE and S result in large changes in Cx.

A major problem with urinary oxalate analysis
is knowledge of the "true" vélue of the oxéiate

concentratton. A number of analyzéd samples were

(
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obtalned fromvthé University of Alberta Hospital, but all
had been stored at 4°C for at least a week and usually
- i

much longer. Hence their composition may have changed
through devocposition or precipitation. Because of this,
and becguso of the uncertainties in their method .r
analysis, no confidenco could be plaqed‘in their va;ues.

.;he data obtained with the p_CO2 electrode was
too scattered to determine whether the electrode was
responding in a Nernstian manner because thé Nernst
equation included both C_ and the spiked valges in the
logarithmic term. / . <:?;\ |

In theory, with enough standard additioh spikec,

the three unknowns in the Nerpst equation, EO, S and Cx >

/"

could be evaluated. But because of the  large ﬁifferences
in the magnitude of these .terms -- E° about 100 mvV, S leés

4 to 10,—5 M - this was not

than 60 mV and C_ about 10
practical. Furthermore, this‘method assumes a linear
calibration, Qﬁich may not be va.id.

A bisection method was also investigated. 1In
this approach the Nernst equation is rearranged to yield
a set of equations of the type:

fE3-1/E2-1) C_+C | -

. + . ;
vhere Cx is the unknown concentration, Csl’°cs2 and Cs3

are the concentrations of the three spike solutions used
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-

and Ej—] and k| oare the differences tn millivolt readings
[l

bétwonn those obtalned with spikes three and one and with

Wy

, ‘ .0

two and one, Im derdiving this equation S and K- are

assumed constant.  This assumption may not be valld at the
N .

low concentrations of oxalate present in the urine. The

vaJQe of the exponential term in the above cquaﬁion 1o
critical»also; a Sﬁall error leads to a large error in
oxalate concentration.

Changég in iron(111I) concentration, acidity, type
of lamp and-.-speecd of analysis in thé QCO2 electrode system
‘didvnot Improve the -results. Thus 1t appcars that this
method should be reevaluated 1f a moyc-rcljablexgcog

electrode becomes avallable.

Gas Chromatorraphic Method of Analysis

A bricf preliminary study was made of the gas
chromatographic method gf~Chapter 5 in an attcmpﬂ to
measure urinary oxalate. The addition of several drops of
Antifoam B, a silicohe_emuls}on (J. T. Baker Chemical Co.),
to the urine samples‘was necéssary to reduce 1ts tendency to
foam during helium purging.

- A/syntthiq urine mixture was prepared which
contalined err H
urine. Fpom analysis of this solution ﬁhe optimum
iron(nygf:xalate rdtio was found to be about 20:1. This

174

wenty of the major components preéent in
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15 much higher ﬁhan the 2:1 ratyo found optimum for

aqueous solutlons of oxalate and can be explalned as. due to

the hirgh abosorbance of the urine solution. The spectrum

of 4 urlne cample, diluted by half with water and with no

Iron(1111) added,is shown in Figure 42. ?hc absorbance 1is

significuntly higher at all wavelengths than that for a

purc poLassium oxalqte solution (Figure‘32): Even a

further addition of 10 ml of‘wateg to 1 ml of the‘ubine

mixture ctill recsulted in ﬁigh absorbances for the solution.

To avoid th@ added compllication of the unknowﬁ )

rate of decomposition and/or precipitation of the oxalate

or other substances in freshly collected human urine as well

as variatlon from person to person and day to day )

Hycel N‘PB—OOO dried humén‘ urine' was used as the sour'cé

of T | i vials (lot number 2951AT) whicb

recolr. “-d to !b ml each wefc pur%hased. The urine

is a pooled sample for which the analyzed values of many

companents are avallable. Although an oxalate value was

not 1included, use of thesc samples provided.a reproducib1e

sample for study. , ,

| Wheg 2.5 ml of a Hycel urind sample was mixed

Qith 1 ml of iron(1I1) in 0.6 M HC1 the pH of the
resulting solution was approximaﬁely 1, at thg limit 1t

///;%Lerfcrencp from citrate }s to be minimized. Since th;é

( .
- TTacidity could be attalned from the acid in the iron(III)
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300 320 340
Wavelength, nm

Figure 42 Spectra of a Human Urine Sample:
*recee  urine diluted 1:1 with water;

» urine diluted 1:20 with water.

o

I'3d
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solution, the urine saﬁpie itself was not acidified for
the Fiwstﬂunalysis. Thereforq 2.5 ml of urine, ép equal
volume of watcf and 1 ml of 0.6 M HC1 werc 1rradiated for
) quutcs after the residual rases had Been flushed out
of" the syﬁtcm. Then the water Wdo“replaced by varying
cuncontrdtion) of oxalate upikou‘and the 0.6 M HCl was -
repliaced by 1.5x10 -2 M Iron(11I) in’O.G M HC1. An apparent
oxalate concentraticon of 40 mpg/1 was calquiated for this
sample afﬁcr tékiné the background carbon dioxlde into
account. However, when this Lackground was added to an
agqueous Oxalate calibration a lower urlnary oxalate
concentration was obtalned by‘rnading the vafue of Lhe
urine with WaLeP only added as a spilke. . This discrepancy
1s the rcsult of screening by strongly absorbing components *
in the-urlne. Oxalate in water cannot be used to calibrate
“for urine sampies.

Urine samples spiked With oxa]até.dOenoL react
quantitatively; each additional 5 minupes of" irradiation
. yilelded a significéntly larﬁc peak up po 20 mihutes total
irradiation. 1In Eontrast,individual peaks for each
additional 5 minutes irradiation were small and relatively
constant when no additional oxalate or iron(III) was
present, Thiw,’again shows thc diifcrcnce in bchévior

betwccn urinary oxalate and aqueous oxalate samples.
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A" similar analysis procedure was used on a
second vial ‘of urine control, except that a 20-ml portion:
of the urine was acidified with a few drops of 7 M }{280u
to duplicate the conditions under which urines'are”bften
Péceivéd by clinical laboratories. Although a léwer
urinary oxalate concentration might have been expected for
this‘saﬁple because of ﬁhe hiéher acidity, experimentally
a valle of 63 mg/l was obtalned. No explanation could be
provided for this: ' ' Sj
| | The third vial was analyzed'in a similar manner

!
to the first vial except a 20-minute irradiation was used . "

{ . ; . u~
instead of a 5-minute 1irradiation as it appeared.5 * !
. . [

minutes  was not enough time for a complete‘iroﬁ(III)—oxalate
reaction to occur. Thisyexpefimeﬁt vielded a;?? mg/l
value for the oxaiate cdncéntration of the sample[

The three straight-1line calibrations which wers
obtained are shown in'Figu?e U3l " Since a value fof the

oxalate concentration wés not available thése results

)

could not be compared, and so no further work in this areai
was Eanried out. Once a value for the oxélate
concentration is known, the effect of acid anq irdn(III)
lconcéntréﬁion and bther variables can be Qeterﬁined. It
appcars as if_the dried urine contréls are the best choice

foﬁ dcvelopmént work because - storage and’decomposition

- problems and variation from person to perscon are
S

\n

avolded.
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" Chart Readin

20 | .
' 1 : 1 |

0 0l 02 03
- Oxalate ' Spike Concn., millimolar

Figure 43 Analysis of Oxalate-Spiked Hycel Urine !
- Sample: 1, 2 and 3 refer to results ‘
obtalned for first, second and third
vials of urine.. ,
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SUMMARY

After a survey of the meghods availaale'fof the
determination of oxalate in urine,_a brief investigation
was made of 1ts measurement using the iron(III) oxalate
reaction and determinationsof the evolved carbon dioxide
with.either a QCO2 electroqe qr in a gas ebromatogrephic
method;' While.the oxalate concentratien aepeared to be
lin the non~Ne;nstiaﬁ rénge of the QCO electrode, the
gasrchromatographic method is sufficiently sengitive to -
be able to measure the carbon dioxide evolved Because
of the high background absorbance 1n'urine,'hig5er_
concentrafionsiof iron(IiI) andvlonéer irradiation:times
must be used than was found optimﬁm for simple aqueous 
- solutions. Assessment of the accuracy of the method 1is.
hampered by lack of a refefenCe method with whilch to ’

compare results.

@
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APPENDIX 1

COMPUTER PROGKAM USED TO CALCULATE IONIC CONCENTRATIONS

THIS FRCGRAY TS A SPECIALLIZED IMPLPNMEMNTATICN OF

THE KELTON RADHZON KETHOND TO CALCULATEL CONCENTRATIOES
OF ICHIC GPECIES BY VARYING THE CHEMICANL FCUTLIBRIUNM
AND FMASS BALANCIHN. . .

NUKFRICALLY THI PRODLENM TO SCLVE IS THE FCLLOWING-

1-- ‘ R |
| Dy D'F DY: [ BN |
1 - ---- ---- 1 | -DF )
| DX DY D2 1 |
1 1 L
i D*aG DG Dre I 1
i - - -==- 1 1 -bS |
! DY DY D2 [
] 1 I
| Dl D'H D'H i 1
* I - -t === 1 1 -pB
| DY oy’ D% I |
1-- - ==

THE ABOVI “ATRIX OUTAINEC 3Y A TAYLOR'S EXPANSION
Ir 3 UNKNOINS IS SOLVED USING THE GAUSSIAN ELIMATION
METHOD

<

“ PROGHAM WRITTEN - JANUARY 1976

O5ER - JEAN CCOOLEY

REFERENCT - JOURNAL OF CHEMICAL EDUCATION 36(10) 485 1959

nnnnnnonnnnnnnnnnncnnnnnonr‘.nnmn

* Dtttii‘tiﬂiu"““"‘ﬂlt“",“10““Ot“““‘t‘..“t“““"t‘

SUBROUTINE SOLVE (NR,10K)

IKCLICIT RoNF%B (£-H,0-2) :

RELL®S PX(15),X¥ (20),DT(60),%,4,C0(20,20),B3(20),A(20),

.*ICEGRY : . ’

COKMCH s¥1/ PX,%X,DT,H,M,CO,E8,A, IDEGRE .
u REAL®Y MULT(30) , 04 % - :
Cee#¢GAUSSTIAY ELTHINATIONMLGCRITHN N
Ce#s*NR IS CIMENSION OF SQUARE MATRIX '
Ces¥sCC IS COLFFYCIENT BATRIX, B RIGHT HAND $IDE OF EQUATIONS

C#*se¢p IS SOLLTICN VECTOR % ¢
D01 =1, N1 e
C*#s+*+PERIORY ALGORITHN POD ALL ROWS J
NAX=0.0 S R
11=J
Ce+#*+#]1 1S ROW IDENTIPIER POR 4AX ELEMENT
DO2 I=J,ER

CevssMAXINUY ELENENT IN COLUMN PCUND
CerP=DANS (GO (I,J)) o
TF (CCHMP.GT.NAX)II=1 :
IF(CCHP.GT.NAX) EAX=COMP
2 CONTIHUJT
CoexeR0OW EXCiiANGE PERFORFPD
TERP=ED (J)
Ry =B (IT)
EX(II)=TEND.
DO 3 JJ=1,%R
EULT (JJ) =CC (J, JJ)
CO(J,JJ)=CG{1I,dd)
3 CO(1I,J0J)=NULT(JJ})

219



-~ CCcrucy

220

4

DO 4 I=g,un

C*##&STORF MULTIPLIERS

4 NOLT(I)=CO(I,Jd)
DO S 1=J,NR
DO 9 JJ=J,NR . ) -y
IF ( DFBS(NULT(J)).LT.1.0B-7)'GOTO 99 -

CuseeSE FULTIPLICNS CN CIFFERZNT RONS
IF(I.EQ.J)CO(J,JJ)=CQ(J,JJ)/HULT(J)
IF(I.GT.J)CO(I,JJ)ECO(I,JJ)-HULT(I)'CO(J,JJ)

9 CONTINUE

CH**4U5F MULTIPLIEZRS ON- RHS
IF(I.EC.J) 3B (1)=DBB (I} /MULT(J)

- IF(I.GT.J)BB(I)=HB(I)-HULT(I)*BB(J)
S5 CONTINUE
1 CONTINUE

C#*#*BACK SUESTITUTE IN TRIANGULAR MATRIX
DC.7 I=1,NR
II=HR=T+1
SUM=0.0" “

IF(II.EQ.NR)GO TO 7 '
K=IT+1 ’ Lo

" DO 8 JJ=K,NR
SUM=S04+4C0(1T,3J) %A (JJ)

8 CONTTNUE

7T A(II)=BB(II)-SUH
I0K=1
BETURYN

99  WPITE(6,6C9)MULT(J) - A
609 FORUAT ('0 PIVOT ELLMTHT TOO SMALL = SINGULAR NATRIX?',D20.10)

10K=0 . . , .
RETORN . . .
EiD ‘ :
DCUBLE PRECISICN FUNCTION F1(ITER)
IEPLICIT QREAL®E (L-H,0-2) ’
CONMCN /HR/A?,AB,A?,AIO,A11,A21,A22,523,\2U,A25,A26,A27,A28
ccuseN /HJ/S,T,V,X,Y,Z,CI,CJ,C1,CL,C20,C]1,A29,A30,A31,A32
ccrvry /nu/rz,TJ,vz,VJ,xz,xl,Yz,xj,zz,zs,zu
F1=T'T‘Y'h7ff‘v*di16T'V2'A21fT‘Z‘AZZ*T‘ZZ*AZJ#T'Z3‘A2“
¢ ‘T*AZ&/X-C1#T'Y23A270T‘YJ'A280T'ZU‘A250T'S'A}0
RETULN )
END
DOUBLE PRECISTON PUNCTION P2 (ITER)

. INPLICIT REAL*O (A-H,0-7)

CCEMCN /uz/a7,Aa,A9,A1o,111,521,A22,A23,Azu,hzs,Azé,A27,A2e

[ofoR NAAH /HJ/S,T,V,I,Y,Z,C1,C2,C3,CU,C20,C]],A29,A30,A31,A32

coLrcy /nu/?z,rj,vz,v3,x2,x3,r2,v3,22,23,zu J

F2;VOX‘V'ABOT*V‘A1102‘T'V2'A21rc2. o,

RITURY

¥ND . .

DCUBLE PRECISTON FUNCTION P3(ITER)

IEFLICIT CEAL*Y(h-H,0-2)

CCHu.iCN /él/A7,AU,h9,A10,A11,A21,A22,A23,A2U,A25,A26,A27,A28
/.J/S,T,V,X,Y,Z,C1,CZ,CJ;CU,C20,C31,A29,AJO,AJI,A}Z'

CCINCN SNA/T2,T3,V2,73,%2,X3,Y2,¥3,22,23,24 . .

PJ=X¢X‘V‘A80X'Y'A1002‘x2‘¥'&9-c303‘x3'5'k3102‘x2'S'A32‘ S*A29

RETURN A

ELD

DOUBLE pPRFiCISION PUNCTION FU (ITER)

IEPLICIT LEAL®8(A-H,0-2) . : .

CCEMON /N2/A7,48,A9, AIO,A11,A21,'A22,A2J,A2u,A2S,A26,A27,A28
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123
124
125

126 -

127
128
129
130
11
132
133
134

136
137
138
119
140
141

w2

143
LR
145
146

147

143
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165-
166
167
168
169
170
1
172
173
174
175
176
177
173
179
180
181
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.

comnen /u3/s,T,v,x,Y,2,C1,02,C3,Cu, 20,C)1,029,A30,A31,A32

corvcn NU/T2,TI, V2, V3, X2,X3,12,Y3,720, 23, 24

FOY e 2eyengexayspn10sTayopnT=-CusnTay *A27+ JuTey)ep2y

RETURY .

END

DOUBLZ PRECISION FUNCTION PS(ITEN)

INPLICIT RERLSG (h-1i,0-2) . : o

COAHCH AN2/NT RO A9, A0, A1, A2, 022,020 M2U,R25,A20,A27,A24

cenney /NJ/S,T,V,X,Y,A,C1,C2,CJ,Cu,C)O,CJ1,A29,A}0,A31,A32

CernIN INGZT, T, V2,V X2,X3,¥2,Y),22, 23, 24

P5=20T'2-A21oz'rbzz-nzaththJ-Ayu-czoou-T-zutAzs

RETURN

END

DOUBLE PRECISIGCH FUNCTION F6 (ITER)

IEPLICIT REAL®8(A-H,0-2) - .

CONACN /N2/A7,A8,A9,A10,A11,A21,A22lA23,A2u,A25,A26,127,A23

CC U MON /N]/S,T,V,x,Y,Z,C1,C2,CJ,CH,C20,C)1,A29,A30,A3',AJ2

coMreH INUSTE, T, V2, V3,X2,%3,Y2,Y3,22,%3, 7.4 :

FO=XI®50RA3 14y 265an320Xa50A29¢Tn50R30-C 1

RETURN : :

END , ~ ;

DCUBLE PRECISION PUNCTION DF15 (ITFR)

IFPLICIT REAL®8(A=H,0-2) ' ‘ v

cornch /N2/A7,Au,A0,A1o,A11,A21,A22,A21,A2Q,A25,Agb,A27,Aza

COYMCY /HJ/S,T,V,X,Y,Z,C1,C2,C3,CU,C20,C31,A20,AJO,AJ1,A32

DP1S=T#r30 . S ) :

RETURN - .

EED . i

DOUDBLE PRECISIOM FUNCTINY DPIT(ITER)

IMPLICIT REALSH (A-H,0-2) ‘ : .

COMNCN /N2/A7,AH,A9,A10,AlI,A21,A22,A23,Azu,Azs,Azo,A27,A28

corMey /HJ/S,T,V,X,Y,Z,Cl,C:,GJ,CU,CZO,CJ1,A29,AJO,AJ1,A32

cermoN /HQ/TJ,TJ,VZ,V),XZ,XJ,Y;,YJ,ZZ,ZJ,ZU .

DP17=10¥*A7on-A1lvwztnz1oztazZozzquJon-Azquzs/x
*Y2%A270 Y39 A 284244 A254 50430

RETURN '

END . ;

DOUBLE PRECTSION FUNCTION DFIV (ITER)

IFPLICIT RUAL®H(A-11,0-2) ,

Corxoy /H2/A7,Au,Aq,A1o,A11,Azt,Azz,AzJ,Azu,Aﬁs;Azb,AZT;nza

coMYIY /ul/s,?,v,x,Y,z,CI,c2,c3,cu,czo,c31,A29,A30,AJ1,A32

DFIV:ToAY 14 20TayR 21

RETURN :

END J

DOUBLE PRECISION PUNCTION DPI1X (ITER)

INPLICIT KEAL®B(A~11,0-2) , » .

COFMON /H2/A7,A0,A9,A10,A11,A21,Azz,Ai&,A2U,A25,A20,A27,A28

COrMON /uj/s,T,v,x,Y,z,c1,c2,c3,cu,c20,c31,A29,A30,A31,A32

£CmyoN /NM/TJ,TJ;VszJ,XZ,XJ,YZ,YJ,Zz,ZJ,Zu

DE1X==T#A26/(2
RETORR

ELD ‘ :

DCUBLE PRECISICH PUNCTION DFIY (I™%R)

IFPLICIT REAL®S (2-1§,0-17) '

cecruoy /h?/A?,AB,AO,AlO,A11,A21,A22,A23,A2%,A25,A26[A27,A28
€O NON /NJ/S,T,V,X,Y,Z,CI,CQ,CJ,CU,CZOLCJ1,AZQ,AJO,AJl,AJZ

-ccauch 74T, T, V2,3, %2,X3,¥2,¥3,22,23, 24 : ,

DPIY=T‘)7'2‘T‘Y‘A2701‘T‘Y2‘A28
RETURN . .
END ‘ « -
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185
186
187
188
189
190
19)
192
193
194
195
196
197
198
199
200
20)
202
203
204
205
206
207
208
209
210
211
212

213

214
215
216
217
218
219
220
22
222
223
224
225
226
221
228
229
210
211
232
231
234
2135
236
.23
- 233
239
240
241
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DOUBLE - PREC’SION FUNCTION DF1% (ITER)
IAPLICIT REAL®B(A~1,0-2)

COMNCN /N2/87,Ad,A3,A00,A11,A21,A22,423, K24, A25, 26,427,128
comrsH s¥3/s,T,v,X,¥,2,01,02,C3,C4,C20,C31,A29, AJO,A31 A32
CCNMCH /N4 T2,7T3, vz v3,X2,%3,Y2,¥3,22, LJ 24

DP1Z= T'AZZOZ‘T‘Z‘AZJ'?‘T'LZ*\ZUOQ'T'ZJ‘PZS

RETURN
END ; ‘ ‘
DOUBLE PRECISICH FUNCTION DF2T {(ITER) -

IEPLICIT RLAL*3 (P -H,0n7)
CCMMON /N2/A7,13,09,A10,411,421, h22,323,024,R025,A26,A27,128
corrcy /N3/5,7,V,%,¥,2,C1,C2,C3,Cu, CZO c3), A29 AJO,AJI 132

COMKECN /NU/7T2,73, vz VJ X2,x3,v2,13,22, 23 Zu .
D12*=V~A11»2tvz-A21 - ' y
PETUBN .

END

DCYBLE PRFCISICN PUNC%ION DPZV('TER)

aPLICIT REAL*Y (A~Ul,0- Z)

CCrHON /N2/47,48,A9,K10,A11,A21,3422,823,A24,A25,A26,427,A28
COMNON /N3/5,T,V,X,Y,2, c1 cz c3,cu4,c20, c31 A29,K30,A31, 132
Dv2v=1or-A11ox-Aaou-T-v~Azl . .

RETUEN

END :

DOUBLE PRECISIOK FUNCTION DP2X (ITER)

INPLICIT REAL®8(A-H,0-2)

CCHMON /N2/A7,A8,R9,A10,A11,A21,A22,A23;A24, A25,A26,A27,A28
CO¥MON sN3/S,T,V,X, y 2,C1,C2,C3,cC4, czo c31, A29 A30,A31,A32
DF2X=V*A8

Rn*nnu

EN _
pou PRECISION FUNCTION DP2Y(ITER) _ \
IMPLICIT REAL¥B(A-H,0-2)

coMMaN /N2/0\7,A8,A9,A10,A11,A21,A22,A23, AZu A25,h26,A27,028
ccuron sNI/S,T, v,x Y,2,C1, cz c3,cu, czo c31 A29 A30,A31, A32

DF2Y=0 p
RETUERN .
END : -Jd’ ‘ ‘ :
POUDBLE PRECISION FUNCTION DF22(ITER) . Y
INPLICIT RLCANL*8 (A-H,0-7)
+COLNON /N2/M7,A8,A9,A10,A01,A21,422,A23,A24,A25,A26,A27,A28
COMNON /N3/S,T,V,X, y 2, CI c2 c3, ctzfzo c31 A29,A30, AJ) 232
'DF2230 .
RETURN ‘ o
END
DOUDLE PRECISION FUNCTION DF3S{ITER)
INPLICIT REAL*B (A-H,0-2)
COMHMIN /N2/X7,A8,A9,A10,A11,K21,K22,A23,A24,A25,226,A27,A28
COMNON /K3/5,7,V,X,Y,2, a .C2,C3,C4,C20, C]l A29,A30, 531 232
COMNCN /N4/T2,T3,V2,\2 ,x2 X3,Y2,Y3,22, 23 zu P
DF3s= J‘XJ‘A1102‘X"A320!'A29 ’
RETURN
END
DCUBL’ PRECISION FURCTION DF3T(ITER)

YPLICIT REXL*8(A-k,0-2)
conwcn /N2/37,88,49,A100,A11,A21,222,123, 424, 125,A26,A27,A28
CCUMON /N3/S,T,¥,X,Y,2,C1,C2,C3,C4, czo c31,n29 A3O 131 A32
DEST=0
RETUGN \ , ,
END .
DOUBLET PRECISION FUMCTION DF3V (ITER)

-
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IMPLICIT RUAL*8 (A-H,0-7) o

ccyncy /N2/ﬂ7,A8,A9,AlO,A11,A21,A22,A23,AZU,AZS,A26,A27,A28
CCr¥ON /SJ/S,T,V,X,Y,%,C1,C2,C3,CU,C20,CJl,ﬂZ?,RJO,AJl,AJE
DF3Iv=x#29

RETURAN

END

-DOUBLE PRECISICN FUNCT LON DFIX(ITLR)

INPLICIT REAL®3 (A-H,0-2). [ ‘ .
COotMCN /N2/A7,AU,A9,AIO,AIJ,AZ1,AZZ,AZJ,AZU,A25,A26,A27,A28
coye /H]/S,T,V,X,Y,L,C],CZ,CJ,EQ,CZO,C31,A29,A30,A31,A32
CorNou /NU/TZ,TJ,VZ,VJ,XZ,XJ,Y2,YJ,ZZ,Z3,ZU
QF3X=IOV‘AHOY‘A1004‘X‘Y'A9f9‘X2?S'AJ1'U'X‘S‘A3205‘A29
RETURN ' '

END

DCUBL® PRECISION FUNCTION DP3Y(ITER)

IMPLICIT REAL%B (£ -H,0-2)

COMMON /N2/A7,A5,A9,A10,A11,A21,A22,A23,A2u,A25,A26,Ab7,A28
conman /N}/S,T,V,X,Y,Z,C1,C2,C3,CM,C20,C31,A29,A30,A31,A32
CO1iCN /HU/TZ,T],V2,V3,X2,x3,Y2,JJ,ZZ,23,ZU -
DF3Y=X*A10+2%(2%29 . ‘

RETURN :

END 4

DOUBLE -PRECISION FUNCTION DF32 (ITCR)

IMPLICIT REAL*8 (A-H,0-7) : . o ‘
CO“MON /HZ/A7,A8,A9,A10,A11,A21,A22,A23,A2U,A25,A26,A27,A28
conuox./NJ/S,T,V,x,v,z,cx,cz,ca,cu,czo,cs1,529,A30,A31,A32
DF32=0 - : : ' .

RETURYN ’
END | - }‘ )

DOUBLE PRECISION PUNCIION DP4T (ITER)

INPLICIT RLAL*8 (A-H,0-2)

COMMCN /N2/A7,A8,A9,A410,411,A 1,422,A23,524,025,226,427,A28
COUMCN /NB/S,?,V;x,Y,Z,C1,C2,31,CU,C20,C31,A29,A30,A31,A32
COLHOY /HU/TQ,TB,VZ,V3,X2,XJ,Y2,Y3,ZZ,ZJ,ZU
DFUT=Y®AT+ 2%y 20027 ¢3y Jup28

RETURN’ -

END . 1

COUBLE PRECISION PUNCTION DFU4V- (ITER)

IMPLICIT PEAL®B (A-H,0+2) . .
CCNMON /N2/A7,A8,A9,A10,A11,A21,A22,A23,A20}A25,A26,A27,A28
CCrMON /NJ/s,T,v,x;y,z,c1,c2,c3,cu,c20,c31,A29,A30,A31,A32
DF4vs= ' . :
RETURH

END

DOUBLE PRLCCISION FUNCTICN DP4 X (ITER)

IMPLICIT RLAL®8(A-H,0-2) - -

COMMCN /N2/A7,A8,A9,A10,A11,Azg,A22,A23,A2u,A25,A26,A27,A28
CO"HON /NJ/S,T,V,X,Y,2,C1,C2,C3,CU,C20,C31,A29,A30,A31,A32
DFUX=2%Xsyupjeyer10 : ‘ .
KETURN s .

END ’ o ‘

DCUBLE PRECISION FUNCTION DF4Y (ITER) . >
IMPLICIT PEAL®B (A-H,0-2) . ;
cernon /N2/A7,A8,A9,A10,A11,A21,AZZ,AZJ,AZU,A2S,A26,A27,A28
coMyeN /NJ/S,T,v,x,Y,z,cl,cz,c3,cu,czo,c31,A29,A30,A31,A32
CeAHCN /HU/TZ,TJ,V2,V3,x2,x3,¥2,Y3,22,23,2u
DFUY=T4X26AT+XmA10¢THAT o4 uT Y*A27¢9%7%Y28228

RETURN . o

END . . o }

DOUBLE PRECISION 'PUNCTION DF4Z (ITER)

! : !
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INPLICIT QEuL‘B(A H,0-2)

COMAON /N2/XT,AB,A9,A10,A11,A21,122, A23 A24,A25,026,727,228
CCHEON /N3/s,T,V,4,Y,2,C1,C2,C3,Cu, C20 C31 A29 AJO AJI AJ2
DF4Z=0 .

BETURN

END

DOUBLE PRECISION PINCTION DFS5T(ITER)
IAPLICIT PIAL*A(A-4,0-2) .

CCHMCN sN2/37,33,A3,A10,211,A21,A22,423,824,025,A26,A27, A28
CoMM2N /NJ/S,.,V X, \,,,C1 CZ,bJ ca, C20 C31 l29,n30,A31,A32
CQuNECHN /N4 /T2, T3,V2,V3,%2,X%3, Y2,v3,z22, ZJ 24
DFSL—Z‘AZZOZ*LZ'AZJO3‘ZJ‘A2MOU‘LU‘AZS

RETURN { .

END \ -

COCUBLE PRRECI3ICN VULCLION DPSY (LTER) - '

IMPLICIT REAL®8(A-H,0-2)

CCXMNCN /h2/A7 A3,A9,A10,A11,A21,A22,223, 224,125,126, A27,A28
cerson /N3/s, Tay, X, Y,zﬂCl C2,-3 cy, C20 C31,A29 A30,A31, A3Z
DESV=0

RFTURN ,
EXD . : |
DOUBLEZ PRECTSION FUNCTION DF5X (ITER) .

IMPLIEIT REAL*B (A-H,0-2) ' |

CCHUON /N2/4T7,A8,A9,810,A11,A21,122,A23,A24,A25,A26,A27,A28
COrMON /N3/5,7,V,X,Y,2,C1, C2 €3,C4,C20,C31,A29,A30,A31,A32
DF5X=0 ,
RETUSRN
END

\

- DCUBLE" PRrC’gICN FUNCTTON DFS!(I”ER)

IHPLIC T REAL*8 (h-1,0-2)

CCMBON /N2/1.7,A8,A9,A10,A1,A21,A22,423,A24,425,A26, A27, A28
CCMHDN /NJ/J,l'v X, ¥,2,C1, C2 C3 cu, C20 c31, A29 A30 A31 A32
DESY=0

RETURN

END _ ‘

DOUBLE PRECISION PUNCTICN DF5Z (ITFR)

IMILICIT REAL*8(A~H,0-2) a ,

CCHMON /N2/AT7,A3,A9,A10,A11,A21,A22,023,A24,A25,226,127,A28
cexnow sn3/s,T,v,X,Y,2,C1,C02,63,C4,C20,C31,A29,230,A31,A32
COCKMMCN /N4/T2,T3,V2, L, X2,X3,Y2,Y3,22, 43 24

DFSZ=14T%A 22w aXT 2 %A, 3+ 9* T3 24024+ 68Tz 34828

RETURN ' P

END

DOUBLE PRZCISICN PUNCTICN LEGS (ITER)

INPLICIT REAL®8 (A-H,0-%) °

CCHMCN /N2/37,h8,39,A10,A11,221,A22,123,1324,425,A26,A27,A28
CC¥¥CN /N3/5,T,V.X.Y,2,C1,C2,C3, cu, czo din, 529 A30,A31, 232
CO%%ON /Nu/T2,T3, vz v3,x2,x3,Y2,Y3,22,23,24

DFAS= x3‘\310X2‘A320X'A290T'A30

RETURN |

END

DOUBLE PRZCISION FUNCTION Drsr(ztrm

IMPLICIT REIAL®*8 (A-1{,0-2) :

COMMTN /¥2/)7,58,A9,A10,A11,A21,422, A23 A24,K25,526,427, A28
COLEON 4N3/S,T,V.X,Y,2,C1,C2,C3, C4,C20,C31,A29,A30,A31,1A32
CCREON /NU/T2, 13 v2, v3 X2,X3,¥2,¥3,22,23,24 ‘ ,
DP6T=5*230 . \

RETURN ‘

EED

DOUBLE PRECISION FUNCTION CP6X (ITER)
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INPLICIT HEZAL®3(A-H,0~27)

CCh oK /N2/A7,AB;A9,A10,AI1,A21,A22,AZJ,A20,A25,A26,A27,A28
ccaNen /NJ/S,T,V,X;Y,Z,CI,CZ,C],CU,Czo,CJ1,A29,A30,A31,A32
CCHACN /HU/T2, T3, V2,V3,X2,X3,¥Y2,Y3,22,23, 24 :
DEGX=3%X29Se 431420 sSep}245u29

RETURN '

END . \

IAPLICIT REAL*B (h-#,C~2)

REAL*3 YX(1S),XX(ZO),DT(60),N,K,CO(ZO,ZO),EB(20),D(20),
*ICEGKE ,

CCENN /N1/ FX,XX,DT,N,%,CO,LB,D, IDRGRE ]

CCYXCN /N2/A7,AB,A0,A10,A11,A21,A22,A23,Azu,Azs,Aze,A27,%28
corxou /ns/s,r,v,x,Y,z,c1,C2,C3,c4,c20,¢31,A29,A30,A31,A32
covmMcn SNR/T2,T8,92,V3,X2,%3,¥2,Y3,22,23,24

INTEGER DUYY

REAL*3 MULT (50) ,MAX

DF6Y (CUMNY)=0.0D0

DF2S(CU¥MY) =0.0D0.

DF4S (DUMMY)=0.000

DF5S (DUMAY) =0.0D0

DFG6V (DUK Y, :0.0D0 o

REWINDS : C !
READ(M,SOZ,END=999)A7,38,A9,A10,A11,A21,h22,A23,A2“,A25,A26,N27,
] A26,129,A30,031,232 ) : .
KRITE(6,610) A7,A8,A9,A10,A11,A21,A22,A23,A20,A25,A26,A27,

] A28,429,430,A31,432

610 FCRNAT (* GCM3TANTS A7.1.A32',/, (2D16.5))

502
608

1
501
2

~

FCREAT (12D2).10) ' ,
FCRNAT ('1',?5,'C1',T-u,'C2',T15,'C3',T20,‘CU',T25,'C20',
X, T30,'FE',735,4S04",T40, " HY,T45,10%*,7TS0, *CL*),
READ (5,501, TND=959) ¢1,c2,c3,c4,c20,C31,1,9,X,Y,2,5 ‘

-BLAKK=C1¢C2eC3+CU+C204C31 7 i .

|IF (BLAKK.EC.0)GOTO 11 :

FORMAT (12D20.10)
ITER=0 t
T2:T*T ;
T3=T2»T

V2=y*y

Vi=y2wy

X2=x%X , ) )
x3=x2~x‘ . o .
Y2=Y%Y . .
Y3=Y2+y

22=2%2

23=22%2 : ‘

ZU4=22%22 ; ' -

BE (1) =-F1(ITER) :

BB {2)=~F2 (ITER) . :

BB(3)=-F3(ITin) : ‘
BB (4)=-F4 (IT:q) }
EB(5)=~FS(ITZi)

BB (6)=~F6 (ITZR)

CO (1g1)=CF 1T (ITER)

C0(1,2)=CEF17(IT23) '
CC(1,3)=D71% (ITER)

CO({1,4)=DE1Y (ITLR)

€O (1,5)=DF1Z(ITER)

CO(1,6)=DF15(ITEx) '

€O (2,1)=DF27 (ITER) .



226

429 CC(2,2)=DF27 (1TER)
430 CC(2,3)=DF24 (ITEX)
431 CC(2,4)=DF2Y(ITER)
432 €0(2,5)=DF2Z (ITER}
433 €C0(2,6)=DF25(ITER)
634 CC(3,1)=D?3T(ITER)
435 CC(3,2)=DF3Y (ITER)
436 . C0(3.3)=DEIK(ITER) A\
437 CC(3,4)=DF3Y (ITER)
438 CC(3,5)=DF3Z(ITER)
439 CO(3,6)=DF3S (ITER)
440 Co(4,1)=DPUT (ITER)
441 CO(4,2)=DFUV (ITER)
442 .. CO(4,))=DFUX (ITER)
443 CC (4,4)=DFuY (ITER)
4uy CO(4,5)=DFUZ (ITER)
445 CO(4,6)=DF4 3 (ITER)
446 CC(5,1)=DP5ST (ITER)
uyz C0(5,2)=DP5V (ITER) ‘
448 C6(5,3)=DF5X (ITER)
4u9 CO(5,4)=DFSY (ITER)
450 ‘ C0(5,5)=DFSI(ITER)
451 CO(5,56)=DE55 (IT2R) ¢
452 CO(5,1)=DFAT (ITEX)
453 CO(6,2)=DFCV (ITER)
4SSy . C0(6,3)=DP6X (ITER) ; .
455 o CO(6,4)=DF6Y (ITER) ) ; Y
456 C0(6,5)=DF6Z (ITER)
457 " CO(6,6)=DF65(ITZR) N
458 CWRITE(6,665) : _
459 666" FORMAT('0',! COEF. MAYTRIX ... R.H.S*)
460 Do 3 1=1,6 , -
461 - 3 WRITE(6,602) {CO(I,d),Jd=1,6),B3(I)
462 CALL SCLVE (4,I0K)
463 : IF (I0K.EC.0) GOTO 99
364 ITER=ITER+1 | :
465 WRITE(G,602) (D(I),I=%,6),T,¥5X,Y,2,S
466 T=T+D (1) _ ﬁ
467 © V=YL (2) Pt
468 X=X+D(3)
469 TY=YeD (4)
470 2=2+D (5)
47 S=S+¢D(6) -
472 TF (ITER.GT.100) GOTO 99
473 IP ((DABS(D(1)}.GT.1.0E-8).0R. (DADS(D(2)).GT.1.0E-8§)
474 ¢ .CR. (DABS(D(3)).GT.1.0E~8).OR. (DABS{L (4)).5T.1.0E~8) .
475 # .CR. (DABS(D(5)J2GT.1.0D-8).0R. (DA3S (D(6)).5T.1.0E-8)) GOTO 2
476 : FECL4=T*2y%r25 ) '
4717 FEOX2=TeY2%127
478 ~ FEOX3=TeY3%r28
479 FESCU=T*V*p 1
uB8o HSOU=Xsy=}3
481 FESQU2=Talywym321
4y2 ERCX=T#y* A7
483 HOX=X%Y*210
. 43y H2CX=Xxex*Y*Ay
485 FECL=T#2%)22
486 ‘ FPECL2=T*#2%2%A23
487 FECLI=T®Z%Z2%Z3%424
488 " FEOH=T*A26/X
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489 : HICTT=X3*54A31
490 H2CTT=X2#5~A 32
491 HCIT=X*SeA29 .
492 FECIT=T=S*L310 . T
493 WRTITE (6,607).
49y 607 ° FORMAT('0',T4,'C1',T16,°C2',T2H,'C3", ruo,'cu-,rgz 'C20¢,T6Y,
495 X 176,'V',TR8,*X',T100,'Y", T112,'Z')
496 . WpiTE(b,602)C1,CZ2,C3,C4,C20,T,V,X,Y,2,S .
497 . WRITE(6,60}) : ‘
498 603 FORMAT (*0°, 74, 'FESO4',T16, "HS04" ,T28, ' FE (SOL) 2", T80, 'FEOX' ,T52, ’ ‘
499 X 'FECL',TGl,'FRCL2*,T76,'FECL3Y,TA3,*FECH',T100, 'H20X",T112, HOX")
500 WRITE(6,602) FESOU, iS04, FESC42,FE0X,FECL
501 X . 4FECL2,FECL3, rzoa nzox HOX :
502 WRITE (6,605)
5013 605 FCRYAT.(' 0',fﬁy\FE(CL)U',T16 'FE (0X) 2',T28, 'rr(ox)3'
sS04 - X T40,*FECIT',TS2,'HCIT',T64, "N2CIT',T76, HICIT')
505 HPITE(6 602)FPCLU FEOX2,PEOX3,FECIT ,dCIT,H2CIT,H3CIT
506 602 PORWAT (* ',12D12.5) ) : v
507 GCTO 1 -
508 99 WRITE (6,60Y) T,VY,X,Y,Z,S T
509 601 ° FORMAT (10!, '#*®&NO couvzncsuczot-t(x\xT)' 6020. 10)
510 ~ GO0TO 1
511 999 STOP
512 . END

END OF FILE



