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PREFACE

Because of the difference in chemistry, instrumental setup, and
procedure, the two methods of determination investigated in these stu-
dies are presented in separate parts, each complete with its own intro-
duction, experimental apparatus and procedure, results and discussion,

and bibliography.
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STUDIES IN UNSEGMENTED CONTINUOUS-FLOW ANALYSIS
PART I. REPETITIVE DETERMINATIONS OF

Cu(II) CATALYST



CHAPTER 'I
INTRODUCTION

In continuous-flow analysis the sample is introduced as a plug into
a carrier stream. As it is being transported to the detection zone, a
chemical reaction may take place between the analyte and the reagents in
the stream, and the reaction is monitored either before or after it
reaches equilibrium. In some cases, the sample is transported by the
flow without any chemical reaction to the detection point. This type of
analysis has brought about a renaissance in, the application of wet-
chemical methods to analytical methodology. The reasons for the wide—'
spread use and popularity of this kinetic~based method are its high
sample throughput, ease of automation, accuracy, and reproducibility.

The credit for conception of continuous-flow analysis goes to
Skeggs (1). In 1957, he suggested the use of air segmentation to prevent
carryover and to preserve the identity of individual samples. The need
to introduce and remove air bubbles is a disadvantage of the segmented-
flow analysis, and good reproducibility and the absence of sample carry-
over were demonstrated to be possible in unsegmented flow streams (2).
The absence of air segmentation, moreover, has been shown to provide
a higher sample throughput. Both segmented- and unsegmented-flow ana-
lyses operate as open systems in which the unreacted reagents, and pro-
ducts are sent to waste after detection. On the other hand, the contin-

uous, unsegmented closed-loop flow systems (3, 4) make use of a con-



tinuously circulated reservoir solution with a concurrent step for the
regeneration of the main reagents. Such regeneration in the closed sys-
tems is made possible by adjusting the rates of chemical reactions in
the reservoir or by maintaining the reagent at a constant concentration
level fhrough additions to the reservoir. This technique greatly mini-
mizes the problems of increased operating cost (due to the expensive
reagents) and time, encountered in the repetitive determinations but
still retains all the advantages of the unsegmented open-flow systems
and also minimizes wastage handling.

Kinetic methods for the determination of catalysts are of interest
in trace analysis since they possess a high sensitivity, reasonable
selectivity, and low limit of detection. Consequently, the incorpora-
tion of a catalytic reaction in the continuous closed-flow system should
pro&ide an anélytical procedure that has the advantages of both. 1In the
open systems, no technical difficulties can be expected for such a com-
bination. The accumulation of injected catalyst in the closed-flow
systems will result, however, in fasﬁ consumption of reservoir solution
and thus render the use of such systems unsuitable. Therefore, physi-
cal removal or chemical inhibition of the catalyst after signal detec-
tion is necessary for the successful determinations of catalyst by
sample injection into unsegmented closed-flow systems.

The present study illustrates the determination of copper(II)
catalyst in an unsegmented, continuous, closed-flow system. The method
is based on the cataiytic effect of Cu(XI) ions on the oxidation of
thiosulfate by iron(III) in acidic medium. Electrochemical oxidation
of the reaction product, iron(II), to iron(III) regenerates the moni-

. +
tored species (the red [Fe(HZO)SSCN]Z complex). A simultaneous



electrochemical reduction of the catalyst, taking place at the cathode,
permits the use of a closed-flow loop for catalyst determination. Such
a method has been applied to the determination of copper in human blood
serum which ranges from 0.70 to1.40 ppm in male subjects and 0.85 to
1.55 ppm in female subjects (5).

The determination of copper in blood serum is clinically signifi-
cant. A decrease in the total serum copper content is noted in cases
of Wilson's disease and hypoproteinemias, while elevated copper values
are associated with leukemia, cirrhosis, hemochromatosis, and various
infections (6). In the absorptiometric determination of copper in blood
serum, sensitive chromogenic reagents such as 1,S—diphenylcarbohydrazide,
bicyclohexanone oxalyldihydrazone (cuprizone), and oxalyldihydrazide
are employed but these methods need more than 1 mL of sample for deter-
mination and about 15 to 30 min fof color development. Samples of
smaller sizes can be analyzed with more sensitive but also more expen-
sive techniques such as neutron activation (7), atomic absorption (8),
flame emission (9), and x-ray fluorescence (10). Determinations with
air-segmented continuous-flow systems using expensive chromogenic re-
agents are also available (11-13). Applications of catalytic‘methods
to real samples (14-18) require small sample volumes but these pro-
cedures, being basically fixed-time, and variable-signal in nature in
non-flow systems, require about 30 min per determination. The present
method, although it employs the fixed-time, variable-signal procedure,
being a continuous-flow approach, permits processing’as many as 325
samples per hour, as a result of the optimization of experimental para-

meters.



CHAPTER II
GENERAL BACKGROUND

2.1 Kinetic Methods for Catalyst

Determinations

The measurement of rates of catalyzed reactions for quantitative
determinations of trace amounts of single species have been the most
popular approach among kinetic methods of analyses. The increasing
interest and use of catalytic determinations in analytical chemistry
arises from the fact that they are highly sensitive and selective. The
low limits of detection attainable by the use of relatively simple
experimental apparaﬁus and the availability of a large number of indica-
tor reactions for single-species determination are also responsible for
the popularity (19).

In homogeneous catalytic reactions, the rate of reaction is propor-
tional, under certain conditions, to the concentration of the catalyst.
Thus, the rate of the reaction can be used for the catalytic determi-
nation. In such reactions the catalysts are not consumed during the
reaction but participate in a catalytic cycle which provides high sen-
sitivity to the catalytic determination. Moreover, since these re-
actions are selective (fairly specific in enzyme-catalyzed reactions)
in forming a catalyst-substrate complex, they are employed for the in

situ determination of sought-for-species in the presence of other



species which, in other methods, would interfere unless previously sepa-
rated (14). The selectivity of catalytic reactions arises from the sui-
tability of size and charge of the species involved in forming the inter-
mediate catalyst-substrate complex. A discussion of the basic princi-
ples. and methods of the catalytic determination other than with enzymes
is given below. More detailed treatments can be also found (20,21).

A general mechanism for the catalytic cycle involving the formation

of a catalyst-substrate complex and regeneration of the catalyst is

given by
k
c+s:écs (1)
t
_ . |
CS+R—>P+Y+C (2)

where C represents the catalyst, S the substrate, CS the intermediate
catalyst complex, R another reagent, and P and Y are products. The
reverse of equation 2 is assumed to be negligible. The indicator re-
action or the uncatalyzed reaction is S + R=> P + Y.

. Mathematical treatment of this mechanism as a pre-equilibrium
case (for which the reaction of equation 2 is rate-determining) or a
steady-state case (for which the reaction corresponding to equation 1
is the rate-determining step) results in the following rate expressions,

respectively:

- [5]

dt

k, [R][C]O (3)

-d k.k S
L et [R1[c], (4)
dt k, ( [s] . +[C]O)+k2 [r]




when the rate is measured near initial reaction time or under conditions

where neither side reactions nor the back reactions (of the indicator

reaction) affect the rate of the catalyzed reaction, i.e., [S] = [s] -
o

[cs]; [€] = [C]o - [cs] and ﬁ]o >> [C]O, where the subscript "o' desig-

nates initial concentrations and others are the instantaneous ones.
Under such an initial rate condition (e.g., at 1% of the overall re-

action), [R] = [R]o. Therefore, equations 3 and 4 reduce to :

-d[s]

dt

= kC[C]o (5)

The above equation represents the proportionality between the concen-
tration of catalyst and rate that is used in catalytic determinations.
In almost all catalyzed reactions, the reaction between S and R

proceeds in the absence of the catalyst:

kg
S+R —P+Y

The rate of this reaction, which occurs simultaneously with the cata-

lyzed reaction, is given by

- d[s](uncat)

= k, [S]O[R] (6)
dt

when [S]O >> [R]o. Again, very early in the reaction, [R] = [R]O.
Therefore,

- d[s](uncat)

dt

Thus the total reaction rate is the sum of the rates of catalyzed and



and uncatalyzed reactions. When R is the monitored species, the rate is:

- d[Rr]
—— =%k [c] +k (8)
dt C (o] u

Equation 8 forms the basis of two different kinetic techniques for deter-

mining the catalyst concentration.
2.2 Derivative Technique

The derivative technique is a straightforward approach in which the
measured initial rate is related to the catalyst concentration. The
measurement of the rate of the catalyzed reaction in the.initial stages
ensures that the entire reaction becomes zero order in all reactants and
obeys equation 8, and complications resulting from the backward reaction
of the products and also the side reactions are minimal. Such a measure-
ment, however, needs a very sensitive device to monitor the small change

in concentration of the monitored species in the initial stages.

2.2.(a) Direct Evaluation Procedure

Measurement of the rate of change of concentration of the moni-
tored species, or the rate of signal change, when the measured concen-
tration is linearly related to the signal, allows direct calculation of
the catalyst concentration from equation 8. The values of k, gnd k.
can be ascertained from the known concentration of the catalyst and the
corresponding initial rate. A calibration plot of the initial rate

against the catalyst concentration can also be used.



2.2.(b) Variable-Time Procedure

For the variable-time procedure, equation 8 can be written as

1 kC[C]o * ku

= : (9)
At AR

Measurement of the At, necessary for a finite but short A[R] close to

[R]o, permits obtaining a working curve by plotting 1/At against the

catalyst concentration.

2.2.(c) Fixed-Time Procedure

For the fixed-time procedure, equation 8 can be modified as
AR = (k [c] + k) At . (10)
: c o u

Hence, a plot of measured AR at a finite but short At close to t = 0
against catalyst concentration is a calibration éurve that can be used
for the determination of the catalyst.

These derivative procedures, as pointed out earlier, are based on
the measurement of rate under initial stages and hence require sensitive
monitoring devices to detect small changes. In these cases, analysis
time is relatively short, especially when a calibration plot is readily
available. For noisy signals, however, these are not as reliable as
the integral procedures discussed below. Except for the variable-time
procedure, a linear signal response with the concentration of the moni-

tored species is a necessary condition.
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2.3 Integral Technique

The integral technique is next in choice to the derivative tech-
nique, to make use of less sensitive monitqring devices and to deal with
noisy signals in the.determination of the catalyst. In this technique,
as in the derivative technique, the back- and side-reactions are mini-
mized with the use of a high ratio of substrate to reagent concentra-

tion.

2.3.(a) Variable-Time Procedure

On integration of equation 8
ln([R]l/[R]Z) = (kc[c]0 + ku)(tz—tl) (11)

The ratio of [R]l/[R]2 is set at some conmstant value, and the time t_
that is required to attain the constant reagent ratio is measured. Then

equation 11 becomes
/e, = (kc[c]0 + ku)/ln([le/[R]z) (12)

So the plot of 1/tC against the concentration of catalyst yields a cali-

bration curve, useful for quantitative determination of the catalyst.

2.3.(b) Fixed-Time Procedure

From equation 11, by fixing a finite, constant time interval, tz-t1

(t1 may be zero), 1ln @Jl/ Eﬂz becomes a function of the catalyst con-
centration. If Eﬂl is also held constant, a plot of log Eﬂz against Bﬂ()

constitutes a working curve. Within limited ranges of catalyst concen-

tration, approximate straight line plots of B{b against [C]o can be
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used for catalyst determination.

Of these two, 2.2.(a) and 2.2.(b), the fixed-time procedure can be
used for the determination of catalyst concentration only under pseudo-'
zero—-order conditions’(as in the initial rate measurements)‘eo.asitéf'
obtain  linear calibration curves. In the variable-time proeeduregitheeé
relationship between [C]O and 1/tC is independent of the lineenityﬂbfe;nvn
the instrumental response and measurements need not be made duringnthe

initial stages of the reaction.

2.3.(c) Kinetic-Plot Procedure

Another integral technique used almost exclusively by Russian che-
mists for determination of the catalyst is the kinetic-plot procedure.
In this case, the type of kinetic-plot used depends on the reaction
order on the monitored species. For first-order dependence, plots of
1n([R]1/[R]2) against time give a set of straight lines whose slope
(called pseudo-first-order rate constant, K*) is linearly related to
[c] :

;o 1n([R]l/[R]2)

= + 13
6, - k [C]l + k. (13)

ol

As all the reaction conditions are kept constant, K is a function only
of [C]o and therefore a plot of K* against [C]o results in a calibration
curve. In a similar procedure known as the method of tangents, the
angles between the first-order plots and that for the blank are measured.
A plot of tangent values of these angles against [C]O provides the work-
ing curve for the catalyst determination.

Reactions wherein an induction period exists are also used to

ascertain the catalyst concentration: the induction period, ti or its
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square, is inversely proportional to Eﬂo. Working curves are obtained

from the plot of 1/ti or 1/ti2 against Kﬂo.
2.4 Sensitivity and Limit of Detection

The salient features that make the catalytic method of determina-
tions comparablé with other instrumental methods such as neutron activa-
tion analysis, atomic absorption, and x-ray fluorescence are its low
limit of detection and high sensitivity. The limit of detection is
defined here as the smallest quantity of material that can be detected
with certainty. The statistical evaluation of the fluctuation in the
rate of uncatalyzed reaction permits an estimation of the limit of

detection, L.O.D.
L.0.D. = x + 3s (14)

where x is the mean value of the signals corresponding to the uncata-
lyzed reaction (at least 30 determinations) and s is the standard devia-
tion of the mean of these determinations. Similarly, the limit of quan-

titation, L.0.Q. (22), is given by
L.0.Q. = x + 10s. (15)

The sensitivity of the method is given by the value of the slope of the
working curve.

It is possible to derive appropriate theoretical expressions for
the limit of detection and sensitivity from the corresponding equations
for these procedures, and these are given in Table I. These expressions
are helpful in designing the optimum experimental conditions to reach a

lower limit of detection and higher sensitivity. For example, in the
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derivative procedures, a larger concentration of R provides a higher
sensitivity at the cost of an increased limit of detection. Similar
compromises are needed in At in the fixed-time (integral) and in the
ratio of [R]l/[R]2 in the variable-time (integral) progedurés. In all
cases, however, a larger ké and a smaller ku are preferred since the
ratio ku/kC is critical in determining the limits of detection (20,23).
The limit of detection, which depends on the relative rates of the
catalyzed and uncatalyzed reactions and on the reproducibility in measur-
ing the rate of uncatalyzed reaction, can be increased by choosing the
reaction conditions such as temperature, so that there is a maximum dif-
ference in these rate constants and by controlling the uncatalyzed re-
action, so that the standard deviations in equation 14 is minimum.
Reviews of the applications of kinetic methods of analysis are

being published biennially in Analytical Chemistry, for example (19).

These provide a concise account of new catalytic reactions and novel
monitoring methods, and a critical evaluation of limits of detection,
sensitivity, and selectivity, developed in every two-year period. Other
reviews (23, 24), books (20, 25, 26), and a monograph (21) which deal with
the theoretical aspects of the kinetic approach and discuss numerous
examples of systems to which these techniques have been applied, are

available.



TABLE I

MATHEMATICAL EXPRESSIONS FOR THE LIMIT OF DETECTION AND SENSITIVITY IN THE
KINETIC PROCEDURES USED IN THE DETERMINATION OF CATALYST CONCENTRATIONS

Method Basic Equation Plot ‘Limit’ of Sensitivity
detection

Initial Rate

. . - -d
(derivative) ——%%BJ = ku[RJo + kc[RJo[Cl —_E{B] vs. ku[R]o kC[R]o
[cl,
Variable Time 1 ku[R]o +DKJ R o[C]o 1 c ku'[R]o kc[R]o
(derivative) At AR AR ae vor [0, AR AR
Fixed Time AR = k_[R] At + k [R] [c] At AR vs. [c] k [R] At k [R] At
(derivative) u- o ¢ °o ° v © ¢ o0
Variable Time 1 ku + kc[C]o 1 vs. [c] ku kc
(Integral) €. (1n [R]l/[R]z) In[R ll/ |:R:]2 £, ) o (1n [R]t_l /[R]Z) (lnl.RJ1 7[R]2)
Fixed Time (In[R],/[R]) = k At + k _[c] At (In[R]./[R].)) k At k At
(Integral) 1 [ ]2 u c o : 1 2 u c
vs. [C]0
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CHAPTER III
EXPERIMENTAL APPARATUS AND PROCEDURE

3.1 Apparatus

The spectrophotometric flow system used in this study was custom-

assembled and is illustrated in Figure 1. The spectrophotometric unit

consisted of the following parts:

(a)

(b)

(c)

(d)

(e)

(£)

A six-volt light source (MP 1021) (McKee-Pederson Instru-
ments, Danville, CA) operated from a six-volt lead storage
battery; |

A Jarrell-Ash, % meter monochromator covering the 180 to
860 nm wavelength range, with an aperture of £/3.5;

A cell holder housing, designed to accommodate standard
and flow-through cells, with built-in connections for
temperature control of cells, magnetic stirring and
external cell-flow circulation;

A UDI silicone photodiode (UD 500) detector (United
Detector Technology, Inc., Santa Monica, CA);

A differential amplifier, Tektronix AM502 with Tektro-
nix PS501-1 power supply (Tektronix, Inc., Beavertom, OR);

A strip-chart recorder, Sargent SRL.

In studies to extract rate proportionality constants, the strip-chart

readout was replaced by a Nicolet 1090A Explorer digital oscilloscope

15
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Figure 1. Diagram of Closed-flow System for Cu(II) Determinations
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with a 94A plug-in and model D amplifier (Nicolet Instrument Corp.,

Madison, WI).

The

(a)

(b)

()

(d)

(e)

(£)

closed-flow system was made up of the following components:

A tall beaker (500 mL) used as a reservoir of the flow solu-
tion and also as an electrolytic cell;

A potentiostat-regulated power supply (MP1026) operating

in the potentiostatic mode (Pacific Precision Instruments,

Concord, CA) was employed for the controlled-potential

electrolysis maintaining the anode potential at 0.60 V

with respect to a saturated calomel electrode (SCE);

Two platinum gauze cylinders were used as cathode and anode,
each 3.2 cm in diameter and 3.1 cm tall;

A peristaltic pump (Masterflux with SCR 7020 speed con-—
troller and 7014 pump head);

A delay-mixing coil constructed with Teflon tubing of given
length and 1.32 mm in inner diameter. Tubing of the same
size was also used in all other parts of the closéd;flow
system;

A flow-through cell (E-178-Q-10) of 10 mm path length with
a chamber volume of 80 pL (Markson Science, Inc., Del Mar,

caA).

In experiments in which injection took place directly in the detec-—

tion zone, the delay-mixing coil and the above micro flow-through cell

were replaced by a standard flow-through cell of 2.50 mL capacity with

a path length of 10 mm, as shown as an insert in Figure 1. The reacting

mixture in the standard cell was constantly stirred with a Model 19

heatless~submersible magnetic stirrer (Technilab Instruments Inc.,
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Pequannock, NJ) and spectrophotometer cell spin-bar (Bel-Art Products,
Pequannock, N. J.).

Injection of sample containing the sought-for-species and the thio-
sulfate reactant was accomplished by means of Hamilton gas-tight syrin-
ges and a Hamilton PB 600-1 repeating dispenser (Hamilfon Co., Reno,
Nev.) modified to drive two syringes simultaneously.

The reservoir solution was magnetically stirred and maintained at
constant temperatures by circulating water from a Lauda/Brinkman Model
K-2/R thermostat through the water jacket of the reservoir. The current
during electrolysis varied from 5 to 10 mA depending on the concentra-

tion of electroactive species in the system.
3.2 Reagents and Solutions

All reagents were AR grade. The water used for solution preparation was
deionized and double distilled. Typical reservoir solutions consisted

4

of 500 mL containing 8.3 x 10 M Fe(III) added as nitrate, 1.6 ><'10_2 M

SCN " added as the potassium salt, and 0.20 M KNO, and having the pH

3

ad justed to 3.00 with HC1O Thiosulfate reagent (0.10 M) was prepared

4
with previously boiled, cold distilled water and 3 drops of chloroform
were added to improve the stability of the solution. It was stored in
the dark and used within a week, during which its concentration was
checked periodically by standardizing against potassium dichromate solu-

tion. A stock solution of copper(II) sulfate (1000 ppm) was prepared

with acidified distilled water (pH 3-4) and diluted as required.
3.3 Procedure

The reservoir solution was subjected to controlled-potential
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electrolysis for about one hour, so that thermal and concentration equi-
libria between Fe(III) and Fe(II) were reached and as a consequence a
smooth baseline without drift was obtained. Typical size of the sample
injected was 20.0 uL. The simultaneously injected 0.10 M thiosulfate
reagent was also of the same volume. The.red complex of iron(iII) and
thiocyanate was monitored at 480 nm. The output voltage from the photo-
diode was linear with concentration (27). Since the reaction under
study involves a degrease in concentration of Fe(III)-thiocyanate com-
plex, the detector output increases. With a suitable back-up potential

(~0.3 V), the signal was differentially amplified 100 times and recorded.



CHAPTER IV
RESULTS AND DISCUSSION

4.1 Kinetics of Uncatalyzed and

Catalyzed Reactions

For the determination of copper(II) catalyst, using the indicator
. . . 2= .
reaction involving Fe(III) and 5203 , the overall uncatalyzed reaction

can be written as:

2- 2~
2 Fe(III) + 2 5203—-—+ 2 Fe(II) + 5406 . (16)

In spite of its wide analytical use (14, 28, 29), the mechanism of this
reaction has not been well-characterized. Feigl (30) in 1957 suggested

the following mechanism for the uncatalyzed reaction:

2- fast T
Fe(III) + 2 5,0, —— [Fe(SZOB)Z] , (17)
[F'e(szo3)2]' v Fe(11D) 1%, 2 Fe(11) + 3402' (18)

The catalytic activity of copper(II) was ascribed to the catalytic cycle

which accelerates reaction 18 and therefore speeds up the total reaction:

[Fe(5203)2]— + Cu%\II) ——» Cu(I) + Fe(II) + 8402_ (19)
1
Cu(1) + Fe(III) — Cu(II) + Fe(II) (20)

Page (31) in 1960 found no spectrophotometric evidence for the existence

. - +
of the complex ion [Fe(8203)2] and proposed that [Fe(5203)] instead

20
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was involved in the uncatalyzed reaction. His mechanism, shown below,

is also based on the assumption of the existence of (S 03)_ and an un-

2
charged complex, [Fe(3203)1°

Fe(III) + szog_ *_ii__ [Fe(SZO3)]+ e
+ 2- 5 -
[Fe(SZOB)] + 8,05 —= [Fe(S203)] + 8,0, (22)
+ - Ky 2-
[Fe(8203)] + 8,05 —yo—> Fe(II) + 8,0 (23)
K, -
[Fe(5203)] + Fe(II) ,[Fe(5203)] + Fe(II) (24)
2- X
Fe(I1) + 8,05 —=> [Fe(5,0,)] (25)

From a pre-equilibrium treatment of the initial stages of the reaction,

it has been shown that
rate = k- [Fe(S,0 )+]-[s 02'] (26)
u 2°3 273

Patnaik et al. (32) reported a similar expression for the initial rate
of reaction. A catalyst lowers the free energy of activation of a spon-
taneous reaction by following through a reaction path by which the cata-
lyst is constantly regenerated so that the initial concentration- of
catalyst remains constant. In accordance with the mechanism proposed

by Page (31), the following mechanism for the catalyzed reaction is

postulated:
szog_ + Cu(II) ::::Z[Cu(5203)] (27)
[0u(3203)] + [Fe(8203)]i—4rFe(II) + Cu(1) + 3402— (28)
Cu(I) + Fe(III) —> Cu(II) + Fe(II) (29)

Copper(II) ions are known to form a series of thiosulfate complexes (33)
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such as [bu(8203)] and [bu(SZOB)Z]z— (34), and therefore, reaction 27

is quite probable. It is also known (34) that S reduces Cu(II) to

2—
273
Cu(I) and forms a soluble complex, [Cu(8203)]_. The reaction between
[Cu(SZOB)] and [Fe(5203)]+ spécies is accompanied by the simultapeous
reduction of Fe(III) and Cu(II) to Fe(II) and Cu(I) respectively. This
reaction is facilitated by the stabilization of Cu(I) by the thiosulfate
ion in forming [CU(SZOB)]- species which is reported to have a high for-
mation constant (~ 2.2 x 1010) (35). The selectivity in the catalytic
action of Cu on this indicator reaction arises presumably from the for-
mation of an intermediate between the reactants in reaction 28.

+

S 0 0 S
Cuk/’ \ﬁiFe

~Ng o ~g
07 No—o0" So

Though only speculative, this intermediate can be used to account for

the products in reaction 28.

On the basis of the prequilibrium treatment, the rate of the cata-

lyzed reaction is‘given by
- *1s. 0%
rate = k_ [Fe(8203) ][3203 ][Cu(II)]o (30)
Therefore, the total rate is given by
rate = k [Fe(S 0 )+] [(S 0 )2—]
u 2°3 23
+ 2-
+ k_ [Fe(s,071[(s,0)7 ] [cu(zr)] (31)

In the initial stages of the reaction, the instantaneous concentrations
of reactants are close to their initial values. Therefor, equation (31)

becomes:
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_d[Fe(xin)] _ + 2-
K [Fe(SZO3) ]O[(szo3) ]O

dt

+ 2-
+ kg [Fe(8203) ]O[(szo3) ]O[Cu(II)]o (32)

In this study, the same initial concentrations of reactants are used
from run to run and the change of Fe(III) is measured at a finite but
short At, close to t = 0. Thus equation 32 becomes similar to 10, which
represents the relationship between the signal change and the catalyst
concentration, under fi#ed.time (derivative)bprocedural conditions.

Therefore,
AlFe(1ID] = k,  +k_ [ca(1D]_ (33)

The decrease in [Fe(III)] is photometrically followed with a detector

whose response is found to be linear with the monitored species. Hence,
A(signal) = k + k [cu(iD)] (34)
u c o)

Thus, the catalytic cycle provides an instantaneous regeneration of the
catalytic species and the concentrations of the main reagents are such
that the over all reaction is considered to proceed through a pseudo-
zero—order process. This forms the basis of the determination of the

catalyst under the fixed-time, variable-signal procedure.
4.2 Choice of Experimental Conditions

The rate constants for the uncatalyzed and catalyzed reactions, ku
and kc, are reported (21) as 1l.44 ><104 sec-1 M_1 and 2.10 ><109 sec—‘1 M-1

respectively., The large value of k precludes the use of the reactants,
P y g u

namely Fe(III) and thiosulfate, in the reservoir solution. In fact,
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a mixture of 8.30><10_4 M Fe(III) and 8.30 X 10—4 M 8203— in presence
of SCN becomes colorless within 30 min and so fast a reaction causes a
continuous drift in the baseline,

In order to provide long-range baseline stability, one of the re-
agents, in this instance thiosulfate, is simultaneously injected with
the sample, instead of being incorporated in the reservoir solution.
Injection of the thiosulfate iﬁ a small volume (20 YL) and in relatively
high concentration (0.10 M) into the flow solution of Fe(III) creates
a temporarily high concentration within the plug so that the uncatalyzed
reaction takes place at a reasonably faster rate. When the plug reaches
the rgservoir, however, the concentration of 82032~ decreases by about
2500 fold due to the dilution, and this keeps the uncatalyzed reaction
from proceding at a noticeable rate.

The rates of uncatalyzed and catalyzed reactions are followed
absorptiometrically by treating Fe(III) with a large excess of SCN—,
(1:20), so that only éne of the various possible complexes of the for-
mula [Fe(SCN)n(H20)6_n]3_n,where n can be 1 through 6 (36), exists in
the flow solution. It has been shown (37) that the [Fe(HZO)S(SCN)]2+
species predominates below [SCN—] = 0.032 M at zero ionic strength and
0.056 M at ionic strengths betweenl and 2. Under the experimental con-
ditions used in this study, the concentrations of Fe(III) and SCN are
such that the predominant species is the |}e(H20)5(SCN)]2+ complex ionm,
and therefore it is the monitored species.

The use of more sensitive chromogenic agents such as salicylate,
thiosalicylate, Eriochrome Cyanine R, and Chromazurol S (29) could
improve the sensitivity of the determination due to high molar absorp-

tivities of their Fe(III) complexes, but they cannot be used in closed-
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flow systems, owing to their large formation constants (38). 1In these
complexes, the concentration of uncomplexed Fe(III) decreases and con-
sequently the rate of reaction 16 is found to diminish considerably.
The choice of SCN as a chromogen, in spite of a lower molar absorpti-
vity for [Fe(HZO)S(SCN)]2+ (~ 311 L/M. cm), is advantageous in two res-
pects. The low formation constant of the ferriccomplex (~ 200) (38)
allows a high proportion of Fe(III) ions to take part in the catalytic
reaction. A much lower formation constant of the ferrous complex (~ 10)
permits the existence of sufficient free Fe(II) for successful anodic
oxidation of this species under controlled-potential conditions, and
thus the regeneration of Fe(III) and of monitored species. A common
difficulty encountered with the use of [Fe(HZO)S(SCN)]2+ is the fading
of the color, especially in daylight. This is attributed to the reduc-
tion of iron(III) by thiocyanate (39). In the present study, electro-
lytic regeneration of Fe(III) enables maintenance of a constant concen-
tration of the monitored species. Also, the reservoir vessel was pain-
ted black to minimize photochemical degradation.

The electrochemical regeneration of the main reagent and the simul-
taneous removal of the catalyst were made possible, as already noted,
with the use of controlled-potential electrolysis at the two electrodes.
The anodic oxidation of Fe(II) to Fe(III) was performed by setting the
anode potential at +0.60 V vs. SCE. At this potential a thiocyanate
solution of Fe(II) was oxidized to the red-colored ferric thiocyanate
complex, the absorbance of which remained constant within 15 min. Simi-
larly the absorbance of a fresh ferric-thiocyanate solution was found to
decrease as the electrolysis proceeded and became constant within the

same period. This suggests that the electrolysis forces the attainment
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of equilibrium between the concentrations of Fe(III) and Fe(II) and any
imbalance from this ratio is restored by the electrolysis. There is an -
uncertainty in measuring the anode potential due to the iR drop between
the SCE and the anode, which makes the calculation of the above ratio

in the reservoir difficult. The cathode potential is also incidentally
controlled at -0.50 V vs. SCE in this set-up and this is more than re-
commended (-0.40 vs. SCE) for the controlled-potential reduction of
Cu(II) in acid medium (40). 1In this study, a red deposit of Cu(0) was
visible on the cathode when 20 YL of a solution containing more than

100 ppm of Cu(II) were injected. Injections of Cu(II) solutions con-—
taining below 100 ppm produced a blue film on the cathode, which on sub-
sequent analysis showed the presence of copper. Thus, in a single,
unique operation, tﬁe catalyst was removed from the system and the main
reagent in the indicator reaction was regenerated. These two.electro-
chemical processes are slow enough to cause a drift in the baseline and
a cumulative catalytic effect in a rapid repetitive determination proce-
dure if the volume of the reservoir solution is small. But the use of
500 mL of reservoir solution overcomes these effects by reducing the
concentration of the plug components when it reaches the reservoir.
Electrolysis also helps in diminishing the rate of the uncatalyzed re-

action since the S was found to undergo decomposition in the elec-

2-
2°3

trolysis cell with the evolution of SO The current passed through

2(g)”
the cell varied from 5 to 10 mA depending on the concentration of elec-
troactive species in a given instant. The pH of the injected sample
was adjusted to 2 - 4. At a pH lower than 2, distorted peaks were ob-

tained because of the formation of colloidal sulfur and at a pH greater

than 4 the catalytic action became very slow.
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4.3 Direct Injection into the

Detection Chamber

The direct injection of a sample into the detector chamber contain-
ing the flowing reagent mixture has been used (3, 41) ‘in those casés
- wherein the chemiéal reaction between the sample and the flowing reagent
‘reaches equilibrium in a time interval smaller thanAthe response time of
the instrumental set-up used in the measurement step. Such a direct
203f and Cu(II) into the detection zone generated transient

signals only when the concentration of Cu(II) injected was above 100 ppm.

injection of S

The flow rate used was 15 mL/min at 25°C. Obviously, the reaction is
slow and so it does not proceed to any significant extent before the re-
action mixture in the chamber is mechanically carried over by the im-—
posed flow. The use of a slower floQ of reagent could lower the limit
of detection but it would cut down the number of determinations per unit
time because of an increase in the time for the signal to return to base-
line. The working curve in the range of 100 to 250 ppm of Cu(II) for
the direct injection into the detector zone with a flow rate of 15 mL/
min i~ shown in Figure 2. A sbectrophotemetric cell with less chamber
volume than that presently used (2.5 mL) would increase the concentra-
tion of the reactants in the plug and as a result, accelerate the reac-

tion and decrease the limit of detection.
4.4 Injection into Delay-Mixing Coil

In order to increase the extent of reaction and achieve maximum sen-
sitivity, a delay-mixing coil (teflon tubing of desired length wound
around a glass tube) was interposed between the injection point and the

photometric cell. The diameter of the tubing in the delay-mixing coil is
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is critical because in larger tubing the mixing of the reactants in the
plug would be maximum and would increase the rate of the reaction but
dispersion of the plug, on the other hand, would increase the time for

the signal to return to baseline, t Among the available tubings, one

bas”
with an inner diameter of 1.32 mm was chosen for construction of the
delay-mixing coil and used throughout the study. Such large tubing
allows maximum mixing of the reagents and, therefore, increases the ex-
tent of the reaction. The experimental observations about the length of
the coil which controls the reaction time at a given flow rate are sum-
marized in Table II. In the selection of thevoptimUm length of the coil,
again a compromise was neeaed between the residence time of the plug in-
side the coil and the extent of dispersion. As illustrated in Table II,
increase of coil length increases the signal height up to a point but
also increases the time needed for return to baseline. At and above 5
meters coil length, dispersioﬁ is so large as to cancel the usefulness

of the corresponding increase in the extent of reaction. A coil length
of 4 meters was adopted as the one providing maximum signal height with-

out significant change in t when compared with shorter coils.

bas

4.5 Effect of Flow Rate

Flow rate, by controlling the mean residence time of the plug in
the delay-mixing cpil, influences signal height, Smax’ and sensitivity
as well as tbas' The same compromise indicated earlier for the mixing
coil length is_requirgd in choosing the optimum flow rate. It has been
shown (42) that the signal development with time, i.e., a transient sig-
nal as obtained in this study, can be regarded as the resultant of two

first-order series processes, one describing signal growth and the other
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describing signal disappearance; the rate proportionality constants, k1
and k2’ characterizing the processes of appearance and disappearance of
the signal, can be extracted from the peak profile and used for method

optimization.. The kinetic model of the transient signal and methods of

calculation of k1 and k2 are given in Appendix B.

TABLE II
EFFECT OF DELAY-MIXING COIL LENGTH

ON S AND t
max bas

Coil Length Signal Sensitivity bas
(m) : (mV/ppm) (sec)
1.0 0.2 _ 14.2
2.0 0.4 19.8
3.0 0.6 21.6
4.0 1.2 23.4
5.0 1.2 28.4

4,6 Computation of k., and k2 for the Transient

1

Signal and Optimization of Flow Rate

The procedure adopted for the extraction of the rate proportionali-
ty constants from the parameters of the transient signal can be summari-
zed as follows: the decrease in concentration of the monitored species

at peak maximum, [C]max’ is calculated using Beer's law from the value
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of S ax obtained by injecting a known concentration of Cu(II), [B]O at

a given flow rate. The method i, discussed in Appendix B, was then

1 2

The maximum decrease in concentration of the monitored reactant in this

employed to calculate the value of k., and k_-at various flow rates.

case represents[C]max which stands for the maximum increase in concen-
tration of the product in Appendix B. Table III summarizes the various
steps in the calculative procedure. Since the value of Bmax in this
study is above 1.0, the use of method II (Appendix B) gave negative

values for k1 and k2 and hence they are not considered.

TABLE III

CALCULATION OF RATE PROPORTIONALITY CONSTANTS
FROM THE SIGNAL PARAMETERS - METHOD I

[B]o for 5.0 ppm of Cu(II) = 7.85 x 10_6 M

Flow Rate S___~ C_ - 10% B 1070 k10 t . Ky k2-105

mL/min  (mm) ) - _ (sec) (sec ) (sec™h)
4,20 102 8.67 11.00  3.05 18.89  5.50 1.68
6.82 92 7.82 9.96  3.05 10.87 9.56 2.92
9.15 83 7.06 8.99 3.05 8.03 1.29 3.95
11.92 79 6.72 ~ 8.55 3.05 6.14 1.69 5.16
14.77 80 6.80 8.66  3.05 3.76  2.76 8.44
18.11 82 6.97 8.88  3.05 2.98  3.49 10.64
21.81 94 7.99 10.01 3.05 2.50  4.16 12.70

25.44 95 8.08 10.29 3.05 2.36 4.40 13.40




32

The absorbance values of the flow solution as such and of its dilu-
ted solutions (1 cm path length) were measured with a Beckman 25 UV-
visible spectrophotometer. The slope of the plot of the absorbance
against the concentration of the iron(III) complex, from Beer's law,
gives the molar absorptivity, € of the monitored species. It was found
to be 310 L.M-l.cm—l. A decrease of 0,321 absorbance units of the flow
solution gave a peak height of 117 mm with 100X amplification and 100 mV

span in the recorder. Therefore, [c] for any other S value under
max ' max

the identical experimental conditions is given by:

Aleb = s (mm) 2321 /310 Lowl el

nax max 117 (mm)

fcl

(8.85 x10 %5 ) M
max -

The concentration of Cu(II) in the plug was calculated as follows:
Injection of 20 WL of 0.01M HCl into a flow solution of 0.01M NaOH con-
taining phenolphthalein produced a plug of volume 1.0 mL. This volume
was taken as that of the plug produced when 20 UL of Cu(II) was injected

into the flow solution. Therefore,

ppm of Cu(II) (mg/L) 20 % 10—3(mL)

[B] =
° 1000(mg/g) 63.54(g/M) 1.0(mL)

(1.57 x 10°° ppm of Cu(II)) M.

The time required to reach the maximum signal value, tmax’ was measured
with a digital oscilloscope and was used in further calculations. A
sample calculation of the rate proportionality constants from the signal
parameters is given in Table III. The values of k, and k2 calculated

1

for the injection of 10 and 20 ppm of Cu(Il) are in agreement with those
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obtained for 5 ppm of Cu(Il). Figure 3 shows the dependence of k1 and

k2 on flow rate; both rate proportionality constants increase with in-

creasing flow rate in such a way that the ratio of k1 and k2 remains

practically constant. The signal height also remains more or less con-
stant since its value depends on the ratio of the rate proportionality

constants (42). The plot of the values of Smax against the average flow
rate, shown in Figure 4, also corroborates this trend. The increase in
both constants indicates a continuous decrease in both the time to reach

the peak maximum, tméx’ and the time to return to baseline, t This

bas’

is further supported by the experimental t and tmaX presented in

bas

Figure 5. The concomitant increase in k1 and k

effect on signal parameters-is mostly produced by the dynamics of flow

9 also suggests that the
of the plug and the rates of chemical changes have minimal impact on the

values of Smax and t, . Because of the constancy in K, the ratio of k

bas 2

and k over the range of flow rates studied, a rate of 20 mL/min was

1°
chosen with the instrument set—ﬁp used in this study. Higher flow rates
should increase the value of 8 ax (and therefore the method sensitivity),
through less dispersion and the rate of determinations per unit time,
with a shorter tbas' Attempfs to use such a high rate showed such a
trend but the results were not reproducible because of intermittent
leakage of the flow solution through the connecting joints of the tubing.
In spite of thié, at a flow rate of 20 mL/min, as many as 325 injections
per houf are possible, a rate that is higher than needed in actual situa-
tions and is competitive with that of other methods. In comparison, at

10 mL/min, the sampling rate is only 150/hour with about the same sensi-

tivity.
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4.7 Effect of Temperature

The limit of detection of the method by injecting the analyte and
the reagent into the flow solution at 25°¢C is 1.0 ppm. However, a bet-
ter limit is needed in trace analysis. Khalifa et al. (14) made use of
the same catalytic reaction at elevated temperature fo.determiné sub-ppm
levels of Cu(II). Therefore, the determinations were c;rried out with a
flow solution at 40°C. Figure 6 shows typical working curves obtained
" at two different temperatures and with different concentrations of Cu(II)
in 20.0 pL aliquots. Increase in temperature from 25°c to 40°C impro-
ved not only the method sensitivity from 1.2 to 2.8 mV/ppm but also dec-
reased the limit of detection from 1.0 ppm to 0.25 ppm. The ratio of
S ax (40°C) to S ax (25°C) for both uncatalyzed and catalyzed reactions
at various concentrations of Cu(II) was found to remain constant. This
indicates that the effect of temperature is mainly due to an increase
in the difference of rates of uncatalyzed and catalyzed reactions.

Table IV summarizes the data for direcf injection and injection into the

mixing coil at two different temperatures.
4.8 Determinations in Real Samples

4.8,(a) Interferences

Iu applying this method to determine the copper content in real
samples, two types of interferences can be expected from other metal ion
species: interferences with the catalytic effect of Cu(II) on the re-~
action and interferences with the monitoring of [Fe(HzO)S(SCN)]2+.

Table V gives a summary of interference studies along with some cation

levels in human blood serum (average normal values). Thiourea, cysteine
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and dipyridyl ligands are capable of stabilizing Cu(I) formed in the
catalytic cycle. These substances, however, when added at levels up to
10 mg/L in the reservoir solution, failed to show any activating or in-
hibiting effect. In higher concentrations, they complexed with Fe(III)
and decolorized the reservoir solution almost immediately. A concen-
tration of Fe(III) in the injected sample of about 25 ppm can be tole-
rated. Higher concentrations of Fe(III) either decreased the peak
height or created a negative peak due to the formation of excess of the
monitored species in the plug. Yatsimirskii (43) determined Cd(ITI)

by using its inhibitory effect on this catalytic reaction. No such
effect was observed in this study because.the thiosulfate concentration
was sufficiently high to cause the catalytic reaction even after com-

plexation with Cd(II).

TABLE IV

COMPARISON OF DATA FOR DIRECT INJECTION AND
INJECTION INTO THE DELAY-MIXING COIL

Injection

Mixing Coil

Direct S 5
25°C 40°C

Rate of determination per hour 100 - 150 325

(F:15mL/min) (F:15mL/min) (F:20mL/min)

Range (ppm) ' 100-250 1.0-30.0 0.25-20.0
Limit of detection (ppm)1 100 1.0 0.25
Sensitivity (mV/ppm)2 0.8 1.2 2.80

Standard deviation (%) (n=30) 5.8 1.8 2.00




TABLE IV (Continued)
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liimit of detection

= Average signal for the uncatalyzed reaction
+ 3 (standard deviation of 30 measurements of the uncatalyzed reaction)

251ope of the calibration plot.

TABLE V

EFFECT OF SOME METALLIC SPECIES IN THE
CATALYTIC DETERMINATION OF COPPER

Normal Level Interferent
Element in Serum Level
ppm

Na 3200

K 120-214

Ca 90-100 > 1000
Mg 36-58 > 1000
Zn 1.2 | 50
Cu 0.7-1.6

Fe(II) 0.8-1.6 100
pPb(II) 0.3-0.4 25
A1(III) 0.13-0.17 100
Cr(III) 0.03 50
Mn(II) 0.01-0.02 100
cd(11) 0.001-0.005 50
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4.8.(b) Determinations in Blood Serum

Although the metal ion concentrations of human blood serum (Table V)
are much below the interferent level of this method, the direct injec-
tion of whole serum samples generated distorted peaks, probably because
of complexation of either Cu(II) or Fe(III), or both, by ligands present
in the proteins of the sample and also due to pH gradients. Typical
signals obtained by.injecting aqueous Cu(II) samples as well as the
whole blood serum are illustrated in Figure 7. Deproteinized serum,
however, gave well-defined and reproducible peaks. Following the proce-
dure of Gubler et al. (44), the protein-bound copper in the serum was
liberated by treatment with HCl: and then the proteins were precipitated
with trichloroacetic acid.

For this purpose, 0.50 mL of whole blood serum was treated with 0.25
mL of distilled water and then 0.50 mL of 2M HCl. The solution was stir-
red well and allowed to stand for 10 min. Then 0.50 mL of 20% trichloro-
acetic acid solution was added and the mixture allowed to standlanother
10 min after stirring. The resulting solution was centrifuged (Clay-
Adams Co. Inc., N. Y.) for 30 min. The pH of the supernatant was adjus-
ted to 3-4 by the addition of 5M NaOH, the total volume was made to 3.0
mL with distilled water, and catalytic determination was carried out.

To minimize the matrix effect in the determination of Cu(II), the method
of standard additions was used. Known amounts of Cu(II) were added to
the whole blood serum before treatment with HCl and proceeded as des-
cribed earlier. From the values of Smax corresponding to the injections
of the extract and the extract containing the added Cu(II) into the flow
solution at 4000, the concentration of Cu(II) in the serum was calcu-

lated.
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Direct comparison of the results of 35 samples was made with atomic
absorption measurements (6) (Perkin Elmer Model 290B). Figure 8 illus-
trates graphically the observed results. The Pearson correlation coeffi-
cient between results obtained by the two methods was found to be
r = 0.983. The linear regression analysis providesva value of 1,008 #*
0.18 for the slope and 0.061 + 0.29 for the intercept. The correlation
can be considered good, the slope shows no bias toward either method of
determination, and the intercept is quite below the limit of detection

of this catalytic, continuous-flow method.

4.8.(c) Determinations in an EPA Water Sample

The quality-control check sample of water obtained from U.S. En-
vironmental Protection Agency contained 37.4 ppm of Cu(II), 79.6 ppm‘of
Fe(iII), and 13 other metal ions. An aliquot‘of this sample, after
suitable dilution and treatment with hydroxylamine hydrochloride to
reduce Fe(III) to Fe(II), produced a signal corresponding to 96.3% of
Cu(II). The error of 3.7% in this determination may be due to the in-
complete reduction of Fe(III). A similar trend was noticed in the deter-—
mination of Cu(II) in ore samples supplied by Thorn Smith Laboratories,
Beulah, Michigan;' The amount of reducing agent should be just suffici-
ént to reduce Fe(III) in the samples; any excess of the reductant increa-
ses the peak height by reducing Fe(III) in the flow solution and any
deficiency leaves unreacted Fe(III), which causes a negative error in
the determinétion. This method can be appliéd to any sample containing
less than 25 ppm of Fe(III). If a higher concentration of Fe(III) is
suspected in the sample, it musﬁ be reduced. Any excess of reducing
agent remaining after reduction of Fe(III) should be destroyed with

bisulfite before injection into the flow solution.
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CHAPTER V
CONCLUSIONS

fhe study described in this part of the thesis demonstrates that-a
catalytic method of determination can be successfully used for trace
analysis in the unsegmented, continuous, closed-flow analysis. Simul-
taneous regeneration of the main reagent in the flow solution and remo-
val of the analyte after éignal detection are made possible in a single
electrolytic step. This makes the method sensitive, economical, and
free from the problem of waste disposal. Regeneration of reagents in
the closed-flow systems is possible by adjusting the rates of chemical
reactions in the reservoir, by maintaining the reagent at a constant
concentration level through additions to the reservoir, or by removal of
the reagents through physical or chemical methods. Implementation of
such techniques in the open—-flow systems, wherever possible, could lead
to the deve%opment of new closed-flow systems.

The method development presented in this study involved the optimi-
zation of the length of a delay-mixing coil and the flow rate towards
a higher sensitivity and lower limit of detection. The instrumental
set-up needed for this determination can be easily assembled and is
simple; yet it affords a limit of detection and sensitivity competitive
with techniques such as atomic absorption measurements. The high deter-
mination rate attained in this method is more than needed in actual

analysis. The pre-treatment of real samples may be time-consuming but
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it is so in most methods of determination. The real advantage of this
method is that it takes less than a minute to complete the determina-
tion while the equilibrium-based determinations require more than 10
min. This method, moreover, has the potential to develop into one with
a completely automated procedure, so that unattended determinations are

possible.
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CHAPTER I
INTRODUCTION

Unsegmented continuous-flow analysis, also known as flow injection
analysis (1), is increasingly employed in clinical, industrial quality
control, and pollution studies where a large number of samples of simi-
lar nature have to be analyzed for a single species. I£ is used large-
ly because of less cost per analysis, shorter analysis time, simpler
manifolds as compared to those for segmented continuous-flow analysis
(2) and capability to process many samples with acceptable precision
and accuracy by statistical treatment of daga (3). Procedures employed
in this technique have the common feature of introducing the analyte by
means of either injection or intercalation into a continuously flowing,
unsegmented stream of aqueous solution. While the sample reacts with the
reagencs in the flow solution, the carrier stream transports the sample to
the detection area. In most cases, the analytical signal is acquired
before the reaction (between the sample and the reagents) reaches equi-
librium. Therefore this amalytical technique belongs to the category
of kincvic-based determinations.

The method presented in this study possesses all these characteris-
tics with the uniaue feature that both sample and carrier stream are
gases. The sample intercalated into the carrier stream is transported
onto a solid mixture of a chromogenic reagent and a reducing agent.

The analyte participates with the reagent in a very rapid adsorption
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process. As a result, the concentration of the monitored species is
quickly increased. A simultaneous but slower reaction involving the
reducing agent and the monitored species regenerates the reagent to its
original céncentration. The course of these two consecutive reactions
provides a transient signal whose height is directly proportional to the
concentration of the analyte in the sample. The evaluation of kinetic
parameters of the signal profile aré exploited for method development
and optimization. The present study demonstrates the application of
traﬁsient signals generated at a mixture of o-naphthoflavone and arse-
nic(III) on filter paper to the repetitive determinations of bromine and
chlorine gases in air.

Solid reagents deposited or immobilized on solid supports have been
used for kinetic and equilibrium-based determinations of analytes in
aqueous samples (4). This method demonstrateé a novel kinetic determi-
nation at a solid-gas interface and is the first of its kind in flow-
injection analysis.

Chlorine and bromine, as they occur as gaseous contaminants in air,
are commonly determined spectrophotometrically after trapping them in
appropriate aqueous absorbents (5). The presentmethod requires no such
aqueous absorbents since the gaseous sample, as such, is used in the
determination. Consequently, errors due to the inefficiency of the ab-
sorbent in retaining the sample, evapdration of the absorbent, and in-
stability of'analyte in the trapping solution are overcome.. The method
retains the simplicity of spectrophotometric monitoring and offers com-
petitive limits of detection‘and sensitivity, high determination rate,

good reproducibility, and accuracy. Though this method is meant for the
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determination of halogens in discrete samples, it can be easily adapted

for continuous monitoring by appending a suitable sampling device.



CHAPTER II

A LITERATURE REVIEW OF ANALYTICAL METHODS
FOR THElDETERMINATION OF HALOGENS IN

:GASEOUS SAMPLES

Halégens (fluorine, chlorine, bromine, and iodine) are used in
halogenation processes in chemical industries, in fuel cells and propel-
lent systems (fluorine), in water treatment plants (chlorine), and they
are produced as byproducts in many industrial plants. Elemental halo-
gens in gaseous samples are potential air pollutants causing serious
health hazards. They are deleterious to many devices manufactured in
the electrical and electronic industries and they damage vegetation.
Radioactive iodine 1271, produced up to an extent of 1% in spent nuclear
reactor fuels and in nuclear explosions, is readily volatile in elemen-
tal torm. Since it has a long half-life (1.7 x 107 years) and concen-
trates in the thyroid glands (causing more harm to children than adults),
iodine can be a serious air pollutant. Therefore the determination of
halogens in gaseous samples is of importance in air pollution control
as weli as quality control in industries. Moreover, a continuous deter-
mination of unused fluorine, especially in some fluoriﬁatioﬁ processes,
is used to ascertain the extent of reaction. As 3 resuit, a large num-
ber of methods are being employed for this purpose. A comparison of
such methods, which have been used in the determination of halogens in

gaseous samples, is therefore of interest.
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In this review, nine methods of determination of halogens in gase-
ous samples, published during the past eighteen years, are compared.
Papers that are not included in this review are given in Appendix A.

The methods reviewed are: UV and visible absorptiometry, emission
spectroscopy, Raman spectroscopy, x—-ray fluorescence, radiochemistry .
gas chromatography, thermal conductivity, electrochemistry, and titri-

metry.

2.1 UV and Visible Absorptiometric

Determinations

2.1.(a) Spectrophotometric Determinations

Colorimetric determinations are widely used in determining traces
of the halogens because they employ well-characterized procedures, are
sensitive, and utilize comparatively inexpensive instruments. The deter-
mination is based on absorption of the halogen in a liquid reagent with
subsequent formation of a colored reaction product. Absorbance of the
reaction product is used to estimaté the concentration of the halogen
from ¢ calibration plot. The various methods differ mostly in the re-
agents and in the scrubbers where the gas reacts with the absorbent to
form the measurable reaction product. They suffer, however, from pro-
blems of interferences, reagent stability, efficiency of the scrubber
to tiap the halogen, and an inherent delay in development of color when
the halogen is mixed with the reagent (6).

Commonly used absorbers of gaseous samples are continuous bubblers,
countercurrent flow columns, co-current flow columns, and spray chambers.

Characteristics of these absorbers are listed in Table I.
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ABSORBERS FOR AIR SAMPLING

Tvpe of Absorbent  Sampling
Azzorber Capacity Rate Remarks
(mL) (Litres/min)
Simple Bubbler 10-100 1-30 General purpose; short con-
tact between gas and liquid
Standard 50-100 28 or Useful for readily soluble
Impinger "less gases and vapors
Midget 10- 25 2.8 Useful for readily soluble
Impinger
gases and vapors
Scrubber with 25-100 0.5-20 Good gas-liquid contact,
fritted-glass but diffuser has a tenden-
or other cy to plug
diffuser
Spiral 10-100 0.04-0.5 Effective only at low flow
Scrubber rates
Packed Tower 5- 50 0.5-2.0 Variable resistance; effi-
cient only at low flow rates
Spray absorber 50-100 1-30 Capacity of absorbent depends
on design and size of absor-
ber; useful for large-volume
sampling
Countercurrent 2.5-4 5-20 High gas flow, low liquid
Gas-Liquid flow

Flow Contact

2.1.(a).1

Determination of Fluorine

All the available colorimetric methods for the determination of

reagent and a cation which can be complexed by fluoride ion.

fluorine are indirect; a colored compound is formed by an appropriate

Addition
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of fluoride ions to the solution causes the partial destruction of the
colored compound and consequently an attenuation of the color. The
change in absorbance of the solution permits the amount of fluorine
added to be determined. Essentially they follow a general reaction

pattern:

Table II illustrates the nature of species.

TABLE II

NATURE OF SPECIES IN THE DETERMINATION
OF FLUORINE

i

Method MR MF R

1. Zirconium-Eriochrome ZrO(EcR) ZrOF2 EcR
Cyanine R (red) (colorless)

2. Lanthanum-alizarin  La(i,0) AL La(H,0) (F)AL }130+
complexan (red) (blue)

3. Thorium-thorin Th(TH)2 ThF4 TH

(violet) (colorless) (orange)

4. Titanium-chromotro- Ti(CTA)4 TiF4 _ CTA

pic acid (red) (colorless) (yellow)

2.1.(a).1.1 Zirconium-Eriochrome Cyanine R. This reagent has

been selected as the one most suited for the colorimetric determination

of fluoride ion. This choice is based on the following advantages:
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it is very sensitive to small fluoride concentration differences in the
range of 0.05 to 1.2 ppm. The color formation is immediate and does not
require any time interval before measurement. The reagent is stable
over a long period of time.

Zirconyl ion forms both mononuclear and dinuclear coiored complexes
with Eriochrome R in acid solution. The complexes have identical absorp-
tion spectra. When a limited quantity of fluoride is added, the zirco-

nyl ion reacts preferentially to form ZrOF This reaction withdraws

5"
the zirconyl ion from the colored complex and results in a decrease in
the absorbance of the solution (7). Otey et at. (8) passed fluorine-
air sample through a scrubber containing sodium hydroxide solution at a
flow rate of 8.5 L/min. fhe fluoride ion content in the trapping solu-
tion was determined spectrophotometrically by this method. They were
able to reach a limit of detection of 3 ppb. The precision at 95% con-
fidence level was 5 to 15% for the fluoride levels at 650 and 50 ug res-—
pectively. The scrubbing efficiency was found to be more than 987% and
was not affected by CO, in air. Other acidic gases like H

2

were found to decrease the efficiency of the scrubber. Sulfate ion, if

S, NO,, etc.,

2 2

present as an impurity in the reagents or formed from atmospheric SO3,

interferes with the determination.

2.1.(a).1.2 Thorium-Thorin. Horton et al. (9) developed a colori-

metric procedure to determine fluoride ioms, based on the decrease in
absorbance of a violet-colored, 1:2 complex of thorium(IV) and thorin
reagent, 1-(o-arsenophenylazo)-2-naphthol- 3,6 ~disulfonic acid, caused
by the presence of the fluoride ions. The total time required for
color development and decay is 15 min. Though the calibration curve

does not obey Beer's law, its shape allows the determination of fluoride
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in the range of 0.01 to 50 Hg. The color of the reaction mixture is
stable for three hours and the sensitivity is about 0.08 absorbance

units/uUg. Chlorine is found to interfere.

2.1.(a).2 Determination of Chlorine

2.1.(a).2.1. o-Tolidine. Chlorine in acidic solution oxidizes

o-tolidine to form an intense yellow color. This well known reaction
furnishes the most sensitive colorimetric method for the determination
of Clz. Absorbance of the solgtion reaches a maximum almost immediately
and decreases thereafter at a moderate rate (10). Nicols (11) modified
a commercial SO, meter, for the determination of 012 in air. The sam-

2

ple of Cl, is passed through a countercurrent absorption column through

2
which is flowing an acidified o-tolidine reagent at a rate of 3 mL/min.
The reaction is monitored photometrically. The limit of detection is
0.01 ppm and the sampling frequency is 20 determinations per hour. 1In
this continuous—flow analysis, the time required for color development
is kept constant by maintaining steady flow rates of the sample and the
reagent. Thus the problem of a decrease in absorbance with time usu-
ally associated with this reagent is overcome. Meador et al. (12)
employed a syringe sample technique to trap Cl2 in air. A Clz—contain~
ing sample (47 mL), flowing in a gas line was slowly withdrawn into

3 mL of acidified o-tolidine reagent held in a disposable 50-mL poly-
propylene syringe and the absorbance was immediately measured. Adsorp-
tion of 012 on the walls of the syringe was found to be minimum, compared
to such loss in glass syringes, Moreover, reproducible results were

obtained by holding the syringe perpendicular to the gas line. In this

way,Cl2 was bubbled through the reagent and immediately absorbed,
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without appreciable loss by way of adsorption on the walls. The rela-
tive error was found to be 1.4% (38.4 ppm) to 3.4%Z (4.0 ppm), in the
range of 0.12 to 50.0 ppm. A disadvantage of the syringe sample tech-
nique is a higher value of the limit of detection, which arises from a
low ratio of gas volume to reagent volume (47:3). Ratios of 3000 and
higher are commonly used in bubblers and continuous analyzers'to achieve
a still lower limit of detection. Bethea (13) extended the syringe

technique to determine 50 to 300 ppm Cl,, usually present in stack gas,

2
using 3 mL of 0.1% o-tolidine. In this case, the color was stable for

two hours and the relative analysis error was 3 to 5% over the entire

working range.

2.1.(a).2.2 Methyl Orange."Chlorination—oxidation of methyl

orange leads to a colorless prodﬁct. Consequent decrease in absorbance
is the basis of the method of determination of 012' Sensitivity of the
method is affected by the manner in which the reagents are brought to-
gether. Slow addition of chlorine to methyl orange with vigorous stir—
ring causes a larger decrease in absorbance than a rapid addition with-
out stirring. This effect is probably due to a secondary reaction of
the reaction product. The sensitivity of this reagent is 70% that of
o-tolidine. The working range with this reagent is reported as 0.05 to
1.0 ppm (10).

A visual color comparator method to determine trace amounts of Cl2
in aquous samples developed by Taras (14) was modofied by Thompson
et al. (15) for the spectrophotometic determination of 012 in air. 1In

/

this method, 30 L of sample containing 012 was bubbled with the aid of

of fritted bubblers through an acidic solution of 3 X 10~4% methyl
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orange and the absorbance of the bleached solution was then measured.

The optimum Cl, concentration that can be determined is 0.05 to 1.0 ppm

2
in ambient air, with an average error of less than 5%. By increasing
the volume of air'saﬁpled and diluting the methyl orange solution, the
limit of detection can be extended, but not by very much since about
50 L of Clz—free air produce the same effect as about 0.01 ppm of 012

owing to the presence of trace amounts of NH, and other gases in Clz—

3
free air. Brz, 03, HZS’ and NO2 present in the sample interfere posi-

tively while SO, does negatively.

2
The American Public Health Association Intersociety Committee (16)

and the National Institute for Occupational Safety and Health (17) re-

commended the methyl orange method for the determination of free 012

content in working environments. In their technique, the Cl_ sample is

2
directly drawn into methyl orange solution. At a flow rate of 1 L/min,
and an ambient 012 concentration of 1 ppm, the maximum sampling period
is limited to 30 min. If during this period there is a peak concentra-
tion of 5 ppm for 5 min, the methyl orange solution would be bleached
within 10 min. Dharmarajan et al. (18) modified the above procedure,
using fritted midget impingers containing sodium hydroxide solution to
trap the 012 sample. By adding incremental aliquots of the sample solu- ‘
tion to the methyl orange solution, the absorbance of the final solution

is controlled to the optimum range (minimum error) of the calibration

plot. This procedure extends the sampling period to an 8-hour work shift.

2.1.(a).2.3 p-Nitroaniline. Another spectrophotometric method is

based on the reaction between free Cl2 and p-nitroaniline in alkaline

solution to give a stable colored product of undetermined composition.
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Gabbay et al. (19) employed a chromic acid scrubber to remove most of
the interfering gases. An air sample was then bubbled through impingers
containing the alkaline reagent. The sampling volume was adjusted so as
to give a 012 concentration of 052—50 ppm. After an interval of 3 min,
the absorbance of the solution was measured. Samples that produced
readings corresponding to the nonlinear portion of the caiibration plot
were diluted with the reagent. Results were reproduciBle within 1% and
and collection efficiency of the reagent was 99%. Though this reagént
is less sensitive than o-tolidine, the color developed is more stable.

The chromic acid scrubber used in this technique oxidizes SO NOX, NH

2° 3’
and H202, and prevents their interference. Br2, HC1l and 12, however,

interfere in the determination.

2.1.(a).2.4 Potassium Iodide. Another frequently used method for

the determination of 012 and Br2 in gaseous products of chemical reac-
tions is to pass the gas through bubblers containing potassium iodide
solution. The halogen liberates 12 from the iodide. Most of this is
fixed by the iodide in the form of triiodide but any 12 carried out in
the effluent air is trapped by a second bubbler. The solutions are
mixed and the triiodide ion is colorimetrically monitored.

Noweir (20) used this method to determine 012 in the decomposition
products of carbon tetrachloride. Chlorine and chlorine dioxide were
trapped in 30% potassium iodide buffered to pH 7 and the liberated I2
was measured under neutral and acid conditions. One mole of Cl2 relea-
ses one mole of 12 under both neutral and acid conditions while one mole

of chlorine dioxide releases a total of 2.5 moles of I 1/5 of it under

2’

neutral conditions and 4/5 of it under acid conditions. On the basis

of this stoichiometry, concentrations of Cl2 and chlorine dioxide were
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determined. Low concentrations of oxidizing and reducing agents present

in the sampled air did not interfere. ' The limit of detection for 012

was 0.02 ppm with an error of 0.2 ppm.

. Some of the difficulties encountered with the colorimetric deter-
mination of 012 are fading of colour (o-tolidine), and felatively iﬁcon—
venient procedures (methyl orange). Also, the results obtained are
iﬁfluenced by the rate of sampling and lack of reproducibility (methyl

orange). The interference from oxidizing agents such as NO H202, and

2?
03, and reducing agents like SOz, HZS’ and thiols, occurs in all these
methods. A comparison (20) of sensitivity, precision, range, limit of
detection, selectivity, and reagent stability (215 showed that o-toli-

dine and methyl orange are the more suitable reagents for the colori-

metric determination of Clz.

2.1.(a).3 Determination of Bromine

There are no colorimetric reagents for Br_, that are specific as

‘ 2
well as satisfactory in other respects. Some of the most sensitive re-
agents respond to 012 as well as Brz. Among these are methyl orange,
o-tolidine, rosaniline, and the Konig reagent. The use of these re-
agents, therefore, requires a complete separation from free Clz. Other
reagents such as Phenol red or fluorescein can be used in the presence
of traces of free Clz. But they are less sensitive or suffer from

other defects; for example, fluorescein is capable of forming eosin and

other bromination products.
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2.1.(b) UV Absorptiometric Determinations

2.1.(b).1 Displacement Reaction with

Sodium Chloride

Weber and Howard (22) used a photometric analyzer for the continu-
ous determination of fluorine in gas mixtures. The sample stream is
passed through hot (250°C) sodium chloride where the fluorine quénti-
tatively liberates C12; this is cooled and then measured at 360 nm in a

pressure-controlled flow colorimeter.
F + 2NaCl -+ 2NaF + 012 (g)

The analyzer consists of the hot sodium chloride reactor, a flow photo-
meter pressure control system, a flow limiter, a vacuum pump for drawing
a continuous sample through the analyzer, and a recorder. The range of
the analyzer, calibrated with standard fluorine-nitrogen mixtures 1is
0.05 to 15 mole Z of fluorine. The limit of detection is 0.05 mole %
fluorine with a relative standard deviation of 1.5%. This method is

free from interferences due to HF, other gases (such as Br_, nitrogen

2
dioxide, and UF6) which do not absorb radiation near 360 nm and still

other gases (such as 0_,, CLlF_, and Brz) which do not liberate 012 from

3° 3

sodium chloride. One charge of 100 g NaCl in the reactor is sufficient
for 30 hours of operation at an average fluorine content of 1% and a
sample flow rate of 100 mL/min. With a shorter path length and/or
lower pressure the range could be increased. Conversely, a longer path
length and/or~ high pressure would provide a lower limit of detectionm.

The absorbance of fluorine for l-cm path length at 0°C and 760 Torr is

0.3 while that of Cl2 is 3.0 at 330 nm. It is apparent, therefore, that
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a photometric filter with transmission peak at 330 would provide a

higher sensitivity.

2.1.(c) Reflectance Determinations

This is based on the measurement of light reflected from a stain
produced on materials impregnated with reagents for specific gases. One
of the techniques of this kind uses a tape sampler which operates by
passing a gaseous sample through a chemically impregnated filter tape,
advanced at a constant speed from a supply reel to a take-up reel.
During the sampling period, which can be varied, the tépe is sealed from
both sides. These tapes are examined by either light transmission or by
light reflectance from the sampler. The degree of filter-staining is
related to the concentration of the halogen.

Denenberg and Kriesel (23) used such a continuously moving chemi-
cally impregnated paper tape specific to 012 (the name of the reagent is
not disclosed by the authors). As the paper moves at a speed of 10
cm/hr past the orifice, a sample of air is aspirated through the top
half of the tape at a flow rate of 500 mL/min. After exposure, the tape
moves to the readout section where both halves of the tape are illumi-
nated from a common light source through a matched fiber optics system.
Two photodetectors, positioned at 45° to the tape surface, measure the
reflected light from the two tracks of the tape. The difference in the
intensities of the reflected light between them, related to the Cl2 con-
centration, is recorded. The output from this continuous monitor cor-
responds to the real time/concentration profile. This technique allows
monitoring peak values in excess of the allowable limit and extended

exposures above 1 ppm. Denenberg, Kriesel and Miller (24) used a
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similar modified, battery-operated, continuous monitoring device to
determine Cl2 in chemical industries. Gelman and Young (25) suggest

monitoring Cl,_, by the use of 4,4'-bisdimethyl-aminobenzophenone, which

2
turns from yellow to blue, and determining Clz+Br2+I2 with fluorescein,

which undergoes a color change from yellow to red.
2.2 Emission Spectroscopic Determinations

Emission spectroscopic analysis is‘a method which utilizes the
emission spectrum. When a sample is energized by heating or discharge,
it is atomized at high temperature and then electronically excited.
During the return to a stable low energy level, the sample emits charac-—
teristic radiation; the spectrum is developed on a photographic plate
or measured with a photomultiplier tube. The major defects of this
technique are: higher limit of detection, poor reproducibility, longer

analysis time and the need for a high technical skill,

2.2.(a) Spectrographic Determinations

Grove and Loske (26) used an iiert gas(He—Ar)shielded.tungsten
arc to detect and monitor F2 and 012 in inert gases. Known concentra-
tions of Freon-12 and Freon-14 were used as the source of F2—C12 and FZ’
respectively. Concentrations of 0.25 and 0.5% of argon were the inter-
nal standards. The basic equipment was a Jarrel-Ash spectrograph fitted
with a quartz dome which served as the shield gas atmosphere chamber.
Electrodes were tungsten containing thorium with cone-shaped tips. The
shield gas flow rate was 10 L/min. The analytical lines selected were

6856 A° and 7398.7 A° (fluorine), and 8376.0 A° (chlorine). The argon

lines selected as the internal reference lines were 6965.4 Ao, 7384.0A9,
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and 8624.5 A°. The plot of the ratio of the intensities of the halogen
.and argon lines against the concentration of the halogen, was linear up
to 1000 ppm with a limit of detection of 20 ppm.

Burrows and Horwood (27) applied an acetylene—oxygeﬁ flame to
detect airborne flurine by formation and excitation of SrF molecular ion.
At a given flo@ rate of air sample of 100 L/min and with 5 min exposure
time for the"fecording of spectra, the limit of defection, determined
from the SrF band head/background ratio of 0.3, was 47 ppb. Air samples
were mixed with a spray solution of Sr(NO3)2 produced by an atomizer.
The mixture of air and solution apray was passed into the acetylene-
oxygen flame. Molecular spectra of SrF were recorded om a photographic
plate and the absorbances at the SrF band maxima at 5772 A° and 5780 A°

were measured with a microphotometer.
2.3 Laser Raman Spectroscopic Determinations

A laser beam, being highly monochromatic and intense, is widely
used as excitation source in Raman spectroscopy. Laane and Krishnan
(28) have used an argon laser (514.5 nm, 16 W).with multipass optics
and a phototube detector to determine low concentrations of chlorine in
air. The sample is contained in a quartz cell of 3 cm path. The inten-
sities of vibrational bands of chlorine in the 500-600 cm—1 range were
monitored at 770, 180, 44, 11 and 3 Torr of chlorine in air. The plot
of log P(Torr) vs. log I (intensity in counts per sec.) for the 554 p—
Raman line was linear with an intercept at a gas pressure of 0.01 Torr.
This corresponds to a limit of detection of 0.3 ppm. The rotational
Raman spectrum of chlorine is found to be sensitive to concentration of

chlorine, but interference due to overlap of bands prohibits its use for
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quantitative determination.

2.4 X-ray Fluorescence Spectroscopic

Determinations

X-ray fluorescence spectroscopy is the widely used x-ray technique
for quantitative determination of halogens in gaseous samples. Charac-
teristic x-rays, generated by bombarding a sample with either high-
energy particles such as electrons or alpha pérticles or with X-ray
photons, arise from the transition of an electron from a higher energy
shell to a vacant inner shell of the atom of the sample. Owing to a
limited number of possible inner shell transitions, the x-ray spectrum
is much simpler than the optical spectrum that results from the removal
or transition of valence electrons. The intensity and wavelength of
x-rays are essentially independent of the chemical or physical state
of the element emitting them. As a result, this technique does not dis-
tinguish the halogens from halides present in the gaseous samples. The
spectrometer consists of an excitation source, a multisample chamber
that.can be evacuated, and a high-resolution frequency-sensitive semi-
conductor coupled to a multi-channel analyzer. This method, inherently
very precise, rivals the accuracy of wet chemical techniques in analysis
for elements with atomic number > 12. It serves as a complementary
procedure to optical emission spectrography because the sample need not
be an electrical conductor. 1It, however, suffers from matrix effects.

Lorenzen (29) used a filter cartridge made of four filters. The
first filter collects particulate matter from air; the second, Whatman
#41 filter paper impregnated with o-tolidine, collects 012; the
third, AgNO

-impregnated paper, collects H,S, and the fourth, NaOH-

3 2
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" impregnated paper, collects SO, and any other remaining acidic gases.

2
The individual filters are analyzed by x-ray fluorescence with a low
power x-ray power supply (50 KV @ 5 mA), a rhodium target tube and
Si(Li) detector with approximately 150 eV resolution at 5.9 KeV. The
concentration of chlorine in the unknown sample is determined from a
calibration plot. The detection limit for Cl2 is 0.17 Ug/cmz. The
measurable range of 012 for a 96-Hour air sample collected at a flow
rate ofbi L/min is 0.3 to 13 ppm. Each determination takes less than

1 min per filter. The factors which affect the precision of these
results are the temperature and the humidity of the sample. It was also
observed that as much as 25% of the chlorine present on the filter paper
disappeared within two weeks, probably due to the evaporation of HCl
present along with Cl2 in the air sample.

Tanner, Young, and Cooperl(30) compared the results obtained from
neutron activation analysis with those of x-ray fluorescence analysis,
for the determination of Cl2 and Br2 along with other 33 elements
present in aerosol samples. Cellulose filter papers were used to col-
lect the samples using high-volume air pumps. Each sample was analyzed,
first by the x~ray fluorescence method and then by the neutron activa-
tion technique. The concentration of the elements in the sample were
determined by direct comparison of the sample x-ray counting rate with
the counting rate obtained from vacuum—-deposited thin-film standards of
known concentrations in ng/cmz. The neutron activation analysis scheme
for the aerosol sample consisted of two irradiation periods and three
and nine

counting periods. In the first irradiation period, Cl_, Br

2’ 2’

other elements were determined by direct comparison to irradiated

standards. 1In the second irradiation stage and after a decay period of
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7 days, Br2 was determined. Finally a decay period of 30 days allowed
the determination of other elements.

The error (> 10%) in the quantitative determination of bromine by
the x-ray fluorescence method is ascribed to the self-absorption of
x-rays in the particulate deposit and the collection substrate.  The
largest errors in the determination of elemental content per unit volume
of air in both methods are ascribed to uncertainties in the filtration
process itself, such as air volume measurement, filter efficiency, and
filter loading effects. The authors reported that the results of these
two techniques agree but no correlation between them was given.

Hammerle et al. (31) compared the results obtained with x-ray
fluorescence ahd neutron activation analyses and found that the two
methods agreed with each other within 20% in the determination of Br2
and nine other elements in aerosol samples. They used Mo-K as the exci-
tation soruce in the x-ray fluorescence determination. They suggested
that the limit of detection could be further improved by increasing the
flow rate of air through the filter (> 16 L/min) and by increasing the
collection time (> 24 hours).

Artz and Chessin (32) applied this technique to determine the Br2
concentration in aerosols, using.a calibration plot obtained with known
concentrations of bromine deposited on Whatman # 41 filter paper. The
use of a chromium x-ray tube (50 KV and 30 mA) and a sample holder of
2 cm radius in this technique yielded a sensitivity of 4.3 + 0.5 cps/ug,
with a limit of detection of 0.88 pg of bromine. In this determinationm,
LiF was used as the analyzing crystal in the wavelength dispersion of
X-Tays

Stoeppler et al. (33) used a portable continuous gas analyzer
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based on x-ray fluorescence to monitor SOZ’ HC1l, and 012 in the exhaust
gases of industrial furnaces and chemical production plants. The sample
of air to be analyzed was mixed with a stream of HZ’ which acted as a
carrier gas, and flushed into the spéce between two windows édjoining a
proportional counter and a lead-shielded radiation source.

For the 3H—Ti source having radioactivity of 2.5 Ci, the detection
limit was of the order of 0.1%Z. These authors recommend the use of a
radioactive source containing more 3H and larger windows on the propor-
tional counter to improve the detection limit and to shorten the measure-
ment time.

Bozai et al. (34) collected a sample of bromine in air on Whatman
# 42 filter paper by passing air at a flow rate of 7-9 L/min over a
period of 7-14 days. Thé sample was then enclosed in Mylar and sealed,
to avoid evaporation. The analytical method used was based on the
detection of characteristic K and L x-rays induced by the K x-rays of
241Am--I source target assembly. A Si(Li) diode with a Be window was
used for detection. They found that samples collected at atmospheric
heights of 1.5 and 15 m had the sawe¢ elemental composition, whereas sam-
ples collected on consecutive filters showed sharp elemental fractiona-
tion. Though these authors did mot report the sensitivity and limit of
detection, they suggest a more powerful radiation source and a longer
sampling period to improve the limit of detection.

Verbeke et al. (35) used energy-dispersive x-ray fluorescence ana-
lysis for S, Clz, K, and Ca in aerosols. In this multi-element deter-
mination, the sample collected on Whatman # 41 filters was analyzed
with Ti-K alpha x-rays as the excitation source and a multichannel ana-

lyzer. The net peak intensity of each element was calculated by two
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methods: (1) subtracting from the counts at the peak maximuﬁ of each
element, a contribution from the background and another from the influ-
ence of other spectral components, and (2) assuming the peaks are appro-
ximately gaussian in shape, use of iterative>1east-squares-fitting of
data to obtain nmet peak intensities. The latter provided more precise
results, with a sensifivity of 6.6 counts/ug of chlorine. The chlorine
content of the filter by this method was found to be lower than that
obtained by neutron activation analysis of the same filter, due mainly

to the gaseous diffusion of chlorine.
2.5 Radiochemical Determinations

2.5.(a) Measurement of the Natural Radio-

activity of the Sample

Among the halogens, the radioactive isotopes of iodine are by far
the most common radioactive air pollutants. The principal isotope en-
countered is 1311. Since iodine is readily volatile in elemental form,
it is released continuously in nuclear reactors, during the processing
of spent reactor fuels and in explosions of nuclear devices. The most
widely used method for the collection of iodine from air is by adsorp-
tion on activated charcoal. The samples are then analyzed by placing
the adsorber directly on a scintillation crystal for beta counting or
in a well counter for gamma counting

Fukuda et al. (36) reported obtaining a collection efficiency of
75% on activated charcoal during a sampling period of 24 hours even

under high-humidity conditions. Using a Geiger-Muller (GM) counter

tube detector-collector assembly, Block et al. (37) detected a minimum
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activity of 9 x 1077 pCi/cm3 of 1311 in air after a collection period of

10 min.
Brauer and Kaye (38) were able to reach a limit of detection of

0.02 disintegrations per minute (d.p.m.)'forI in air, using beta-gated

2
gamma ray spectrometry. Adams (39) employing a GM counter tube assembly
was able to determine iodine in air with an error of 15% over the range
of 10 to 106 dpm (30 mCi to 200 Ci), with a collection efficiency of
99.99% of 1311 on charcoal. |
Goldstein et al. (40) used a Ge(Li) detector to achieve a limit
15

of detection of 3 x 10 UCi of 1311 in air with a standard deviation

of 7%.

2.5.(b) Instrumental Neutron Activation

Analysis

This type of radioactivity-based analysis is performed by measuring
the activity (beta and gamma rays) of a sample that has been irradiated
with thermal neutrons. The quantitative relation for an isotope nuclide

. that is made radioactive is given by
A = N.f.g.s

where A is the amount of radioactivity in disintegrations per second

(dps), N is the number of atoms on the target nuclide, f is the neutron

-2 S .
flux ( n-cm “+sec "), 0 is the thermal neutron cross—-section for the

4

. -2 2 . .
nuclear reaction (barn (10 cm )) and s is the saturation factor.
Radiocactive elements begin to disintegrate immediately after they are

formed. Therefore, the apparent amount of the product is related to

the half-1ife of the nuclide formed. This is given by the saturation
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factor, s.

where )\ is the disintegration constant for the radionuclide formed and
ti is the irradiation time (sec). As the irradiation becomes longer, s
increases and approaches unity. Short-lived halogen nuclides are formed
efficiently by short irradiation and decay quickly. In these nuclides,
high analytical sensitivity is obtained by measuring the activity after
a short time of irradiation. The types of counting eduipment generally
used are: (1) scintillation counters, (2) NaI (Tl1) crystal, and (3)
semiconductor detectors (e.g., Ge(Li) detector). Though the scintilla-
tion counters are more sensitive than the semiconductor detectors, they
lack resolution. The latter are commonly employed in multi-element
analysis.

In general, 3701, 80Br, and 1271 isotopes in the samples are irra-
diated with thermal neutrons for 5 min and cooled for 15 min, and their
activities are measured for 1000 sec. Fluorine is not determined with
this technique since 16N and 20F produced have véry short half-lives.

This technique is found to be useful for the non-destructive deter-
mination of elements at the sub-ppm level, with reliable accuracy and
precision. A fundamental limitation of this method, like other nuclear
ones, is its inability to distinguish among different oxidation states
of an element. It also suffers from possible interferences and matrix
effects.

Rahn, Borys, and Duce (41) developed a sampling scheme for deter-
mination of gaseous and particulate halogens in air. Halogens associa-

ted with particulate matter are first removed from an air stream by
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filtration with Nucleopore (cellulose ester) filters. Next, inorganic
gases containing halogens are removed with three Whatman # 41 filters
impregnated with a 1072 (W/W) solution of tetrabutylammonium hydroxide
(TBAH) in a 10% (v/v) glycerol-water mixture; this is followed by seve-
ral beds of activated charcoal to absorb organic halogen gases. The
impregnating agent in the filter paper reacts with the halogens and

retains the products:
X, + 206 = X + 0X +H)O0

The filter paper is then irradiated with thermal neutrons (flux:

4 % 1012 n-cm—z-Seg_l) for about 20 min. After the sample is sét to
cool for 6 min, the decay is monitored for 800 sec with a Ge(Li)-gamma
ray detector coupled to a multichannel analyzer. The amount of halogens
in fhe sample is calculated by comparing with irradiations of standard
halogen mixtures spotted onto Whatman filters. Photopeaks used for cal-
culations are 1643 KeV for 38C1, 617 KeV for 8OBr, and 443 KeV for 1281.
Obviously, this type of determination of halogens could not give accu-

rate results for the free elements since TBAH would also retain hydrogen

halides present in the sample:

HX + OH

i
>
+
jaz}
o

Hendryx, and Dams (42) evaluated the error distribution in the
determination of chlorine, bromine, iodine, and eight other elements in
air samples. Aerosols were collected simultaneously on four identical
Whatman # 41 filters in one location, using two different high-volume
air pumps. The four filters were quartered and the concentrations of

the elements determined in triplicate on all 16 quarters by neutron
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activation analysis. For this purpose the sample was irradiated with a
neutron flux of 1012 n-cm—z'secn1 for 5 minutes. After 3 min decay, the
activity was counted for 6 minutes with a Ge(Li) detector. Fifteen
minutes after the end of the irradiatiop, the sample was again counted
for 20 min. They observed that variations in reading the flow rate and
computing the total volume of air contributed significantly to the un-
certainty of the results.

Gray et al. (43) collected the halogens in air on Millipore filters

and analyzed for chlorine and bromine with a neutron flux of 5 X 1013

n°cm 'sec—1 and a Ge(Li) detector. Gamma rays of 1642 KeV energy from

3801 (from 1 min irradiation and 15 min decay) and 554.3 KeV energy from

82Br (from 1 hr irradiation and 20 hrs decay) were monitored.

Pillay and Thomas (44), Bogen (45), and Obrusnik et aL.(46) deter-
mined the halogens in air with similar procedures and with an error of
25%. Janssens (47) determined bromine along with uranium? cobalt,

indium, and antimony collected from air with Whatman 41 filter paper,

with a standard deviation of 2.8% for bromine.

2.5.(¢c) Radiochemical Neutron Activation

Analysis (R.N.A.A.)

In this technique, a chemical manipulation is performed on the sam-
ple between the stages of (i) irradiation and cooling, and (ii) count-
ing. A.precipitant or a carrier for the element to be determined is
added to the sample after irradiation. The carrier is equilibrated
with the element in the sample by fusing the latter with NaZO2 or

treating with strong acid or alkali. Then the element of interest is

separated along with the carrier and the radioactivity is measured.
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This technique is employed to measure the radiocactivity of the required
element free from the interferences of other radioactive nuclides pre-
sent in thevsample.

1291 emitted from nuclear fuel processing plants (t%:1.7 X 107 yrs)
is much too weak a beta énd gamma emitter to permit its radioactivity

to be méasured; Hence the radiochemical neutron activatién analyzes

have been performed by McFarland et al. (48). 1Iodine adsorbed on char-
coal was irradiated for 15 min with a neutron flux of 8 x 1012 n-cm-z'
sec—l. Following the irradiation, the charcoal was leached with concen-
trated ammonium hydroxide for 15 min. Iodine in solution was then preci-

pitated as PdI_, and this was washed and mounted for counting. Compari-

2?
son to a known standard (1-12 ug‘of iodine) processed in the same way
allowed a quantitative determination of 129I. The error in this proce-

dure due to incomplete leaching and counting statistics was estimated as
20% and the limit of detection as 10 ng of iodine.

Iodine, bromine, and chlorine were simultaneously determined by
Duce et al. (49), using RNAA, in aqueous atmospheric samples. About 8
mL of an aqueous sample was irradiated with slow neutrons for 20 min.
Short-lived isotopes of the halogens were separated using carriers,
selective oxidation and reduction, and CCl4 extraction. The beta acti-~
vity was counted for solid silver halide sources with a gas flow propor-
tional counter. Seven samples could be analyzed per day with this tech-
nique, with an accuracy of 57 and a relative standard deviation of Cl2
4.3%, Br2 4.5%, and 12 4.27%.

Moyers et al., (50) developed a procedure which allows for the iso-

lation, collection, and analysis of atmospheric gaseous bromine and

iodine. Particulate matter is removed from the air stream to be sampled
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by electrostatic precipitation. The gaseous halogen species are adsor-
bed on activated charcoal. After irradiation of the charcoal sample
with thermal neutrons (flux: 5><1012 n-cm—z-sec—l) for 20 min, bromine
and iodine are selectively oxidized (with ﬁaOCl), reduced (with Na2820 ),
egtracted (with CClA), and precipitated as silver halides. The amount

of halogens is then determined from the measurement of beta activity of

the halide with a gas flow proportional counter. The relative standard

deviation of this procedure is 5.3% for bromine, and 3.4%Z for iodine.

2.5.(d) Radiorelease Method

This approach is based on the chemical reaction of the constituent
of interest with a radiolabeled reagent. The labeled component is then
released either as é gas or in some readily extractable form. From a
measurement of the amount of radioactivity released and the stoichio-
metry of the reaction, the quantity of constituent of interest can be
determined. The chief advantage of this approach is its sensitivity,
siﬁce highly radioactive reagents are available. However, it suffers
from all the limitations inherent ia the paricular chemical reaction in-
volved, such as interference from other species. Furthermore, at trace
levels quantitative extraction of the released species becomes critical
for success.

The chemical displacement reaction,

has been used by Eggebraaten and Miller (51) to measure free fluorine

in the atmosphere. A sample of air is drawn through alkali iodide

columns tagged with radioactive 1311. Fluorine in air displaces 13112.
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131

The released I, is captured in a Na solution. The activity of I

2 25903

in Na28203 solution was measured with a Nal scintillation counter. The

limit of detection of this technique was 30 ppb fluorine, which is with-

in the 100 ppb maximum atmospheric contamination limit. Analysis time

was 10 min. Discrimination of F2 from HF can be made by using a NaF

column to absorb HF. In addition to interferences from other oxidizing
131

gases, the K" "I present on the column is itself a radiation hazard and

needs periodic replacement since 1311 has a t, of 8 days.
2
2.6 Chromatographic Determinations

Bethea and Meador (52) reviewed the literature for GC columns that
had been used for the separation and determination of reactive gases

Br,, HC1l, and HF) in air.

(viz., NO,, 80,, Cl,, F,, Br,

2 2°

2.6.(a) Determination of Fluorine

De Grazio and Auge (53) determined fluorine and oxygen in mixtures
by making use of the selectivity of a macroreticular resin towards fluo-

rine. A known volume of F2-O2 mixture is split into 2 parts. One part

is sent through a chlorofluorocarbon packing which does not retain F2

or O So the elution peak corresponds to both F, and O, in the mix-—

2° 2 2

ture. The other part is sent through a macroreticular resin which
retains F2 and therefore the peak gives the concentration of 02. The
difference in the two peak areas gives the amount of FZ' This method

is only useful fdr batch analysis since continuous flow causes the resin
to discolor and evolve undesirable volatiles. Another technique re-

ported to be successful for the continuous analysis of this mixture by

the above authors involves the quantitative conversion of F2 to Cl2 by
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reaction with NaCl.

2NaCl + F2 -+ 2NaF + _Cl2

The mixture of C12 and 02 is then sent through a column of Teflon resin

coated with 50% Halocarbon 0il, for separation and suﬁsequent detection.
This simple and reliable method has a dynamic range of 8 to 100% of F2.
The sensitivity is 0.04 inch peak height/% F2 with a relative standard
deviation of 1 to 8%. Since fluorine aftacks tungsten, a nickel fila-
ment is used in the thermal conductivity detector, with a loss in sensi-

tivity; therefore it could not be used to determine low concentrations

of FZ'

2,6.(b) Determination of Chlorine

Bethea and Meador (52) found from a study of 21 different GC

columns that a mixture of HZS’ Clz, and SO2 could be analyzed with

either of two columns identified as columns 1 and 2 in Table TIT.

These columns were also effective in making an air—COz—NH separation.

3

The specifications of the columns are given in Table III. The reten-
tion times are given in Table IV and the peaks in order of elution are
given in Table V.

The same authors recommended a three-column system for the analysis

of samples containing air and eight acidic gases, NO, CO_., N_O, HZS’

2° 2
HC1, SOZ’ Clz, and NOZ. The sample would be first sent to column 3,
The first peak eluted from the column would be a composite peak of air,

No, Co,, N,0, H,
of SO2 and Clz. The third peak would be N02, which could be determined

on this column. The first and second composite peaks would be sent to

S, and HCl. The second peak eluted would be a composite



column 1 for the separation of H
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d .
2S, SOZ’ an Cl2

TABLE III

SPECIFICATION OF GC COLUMNS

Liquid Length

Col., Partitioning Solid . _
No. Agent Support Mesh Lo?g;ng_ (£e)
1 Silicone oil SF96 Chromosorb T 40/60 10 10
2 Triacetin Chromosorb T  40/60 10 10
3 Kel F 90 grease - Chromosorb W 60/80 10 10
AW, DMCS
TABLE IV
RETENTION TIME (MIN) OF HALOGENS IN GC COLUMNS
Flow Inlet .
Col. Temp. (uLHe/ Pressure Alir CO2 N20 NO HZS 802 C12 NH3
No. (°C) ) .
min) (psig)
1 32 10 20 2.22 2.60 2.73 2.28 3.25 4.13 6,01 2.83
2 32 10 20 0.73 0.94 0.92 0.73 1.47 9.30 2.34 1.99




82

TABLE V

PEAKS IN ORDER OR GC ELUTION

Col. ,. I II I1I "IV Vv VI
No Peaks '

1 air + NO 002 + NZO NH3 HZS 302 Cl2
2 air + NO CO2 + NZO HZS NH3 Cl2 SO2

The detection limit obtained for chlorine in the separation of a
mixture of gases (height to width ratio of 10/1 and 90% or more of base-
line resolution) was 300 ppm when using thermal conductivity detection
with 1-mL samples. The.use of the electron capture detector in place of
thermal conductivity detector not only decreased the limit of detection
to 0.3 ppm but also increased the amplitude of the signal from 0.51 to

0.8 inch/ppm. Furthermore, the use of a scavenger N, flow, which joins

2

the carrier gas between the column and the detector, doubled the sensi-

tivity for Cl The relative analysis error was 10%Z for Cl, for this

2° 2

chromatographic system,

2.6.(c) Determination of Iodine

Sunderman, Howes, and Rosenberg (54) determined atmospheric iodine
by passing the sample through a column of NaHSO3 on Chromosorb which is
coated with dodecéne. Iodine and organic iodides are absorbed and
retained by dissolution in the organic film on the particles. Iodine

diffuses to the interface between the liquid and the solid phase, reacts

with the solid phase to form iodide, and is thus separated from the
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organic iodides which remain in the dodecane liquid phase. Organic
iodides are obtained by the extraction of the organic phase into a sol-
vent. The NaHSO3 particles on dissolution in water give up the iodide

. e e 4. . 131 ] . .
they contain. Atmospheric iodine, being mostly I, is monitored with
a radioactive counter. The separation of iodine from organic iodides is

distinct and quantitative since it is based on chemical reactivity

rather than adsorptive properties.
2.7 Thermal Conductimetric Determinations

Bresler (55) used a thermal conductivity method to determine the.

chlorine content in gas mixtures. It has a range of 80-100% 012. This
system consists of two Wheatstone bridges (working bridge and comparison
bridge). The working bridge consists of two open sensing elements made
of Pt (30 ohms) over which the analyte gas flows and two resistances in

sealed tubes containing pure Cl The comparison bridge glso has two

9t
resistances in sealed tubes containing a mixture of 80% 012 and 207 N2
and two other resistances in‘sealed tubes with pure Clz. Comparison of
the potentials of the diagonals of the bridges takes place by automatic
balancing carried out on the slidewire of the recording device. The
error in measurements is 2%. The measurement range can be varied by
altering the composition of the gas mixtures in the sealed tubes and by
selecting appropriate current strengths in the two bridges. A flow
rate of the sample of more than 100 mL/min is necessary for the steady

reading. Sensing elements are immersed in water to ensure uniform tem-

perature of the glass tubes surrounding the resistors.
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2.8 Electrochemical Determinations

Electrochemical techniques frequently employed in the determina-
tions of halogens in gaseous samples are coulometry, amperometry, poten-
.tiometry, and voltammetry. In most casesithe sample is directly trapped
in an electrolytic solution; in this manner, fhe error érising ffom the
inefficiency of a scrubber is eliminated. In some of these techniques,
the reagent is.regenerated by electrolysis so that the reagent replace-
ment is relatively infrequent. A limitatién of this method is that
other reducing or oxidizing agents can react in the electrolyte and
cause a direct interference. This requires an efficient scrubbing sys-
tem at the inlet in order to remove the interfering contaminants in the
sample. By‘using the correct scrubbing apparatus and electrolyte, the

method can be made very selective to the desired halogen.

2.8.(a) Potentiometric Determinations

Lewis (56) employed a galvanic cell to determine C12 in air. The
sensor is designed in such a way that an electrolyte containing 207 NaCl
and 0.1% NaHCO3 permeates through an alumina extraction thimble. A sil~
ver electrode is immeréed in the electrolyte, while a Pt wire electrode
is wound about the external surface of the thimble. As the electrolyte
moves through the walls of the thimble, a thin electrolyte film is in
contact with the Pt electrode on its external surface. Chlorine in air
comes into contact with the electrolyte film and dissolves reversibly,

establishing quickly an equilibrium concentration, which determines the

current measured with a microammeter:

1, + 2e. + 2Cc1
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The galvanic cell Pt, Clz(g) |NaC1(aq)| Ag(s), coupled with the flowing
electrolyte, can be used to monitor 012 continuously for more than two
months. The cell output is linear up to 3 ppm 012 in air. The 012 sam-
ple is drawn through the cell with an aspirating pump at a rate of 200
mL/min. |

ft is observed that the slower the electrolyte flow, the less res-
‘ponsive the cell to recovery. Since this device is used to monitbr
unacceptable levels of 012 gas concentrations in air, a faster flow rate
of electrolyte is not employed. Used electrolyte from the sensor that
gets collected in the sealing reservoir may be pumped to the header

reservoir. Thus this device could be converted into a closed-flow ana-

lyzer.

2.8.(b) Determinations Based on Electrolysis

Kaye and Grigg (57) used constant-potential couloﬁetry to determine
fluorine in air. The apﬁaratus consisted of a bubbler reaching down to
a Ag wire cathode at the bottom of the cell and a Pt anode at the top.

A 0.1M LiCl is used as the electrolyte. The sensing element is a galva-

nic cell:

Ag(q) IAgCl(S),LiCI(aq),I 012(g),1>t

It has a spontaneous emf of 0.25 V and is balanced by an external emf of
the same magnitude so that no current flows in the absence of fluorine.
When a sample containing fluorine is passed into the cell at a flow rate

of 70 mL/min, fluorine displaces chlorine from LiCl.

F, = 2LiF +

2LiCl(aq)+ 9 (aq) ClZ(g)
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Chlorine formed is reduced at the silver cathode:

L,  + 2¢ =+ 201

Insoluble AgCl is produced on the cathode so that the chloride is re-~
moved from the reaction. Thus, for every molecule of fluorine, two
electrons flow through the coulometric circuit. The concentration of
fluorine is determined by the Faraday's law: one g equivalent of chlo-~
rine is reduced by one Faraday of electricity. The use of chloride ion
in the electrolyte achieves a specificity for the determination of
fluorine and avoids interferences from 03 and NOZ' The output is found
to be linear for fluorine concentrations up to 1000 ppm.

Kuempel and Shults (58) described two analyticai procedures invol-
ving a thin-layer electrochemical cell for monitoring chlorine in air:
controlled-potential coulometry and stripping analysis. A thin layer of
electrolytic solution containing 0.2 M NaZSO4, 0.05 M NaZHPO4, and 0.01

M NaH2P04 is used to impregnate a circular piece of filter paper. One
side of the filter paper is exposed to the sample and the other side to
a Hg pool electrode. A saturated calomel electrode (SCE) and Pt auxi-
liary electrode are in contact with the solution through the top of the
cell. The potenﬁial of the mercury electrode is controlled at 0.05 Vs,
SCE with a 3~electrode voltammetric set-up. Fresh electrolyte solu-
tion is slowly drawn through the filter. An air stream containing chlo-
rine is directed through a hole in the top of the cell. Chlorine is
reduced at the Hg electrode and a current—time plot is obtained.

In the stripping analysis mode, the external potential applied to

the Hg electrode is switched off. Then an air stream containing 012 is

passed through the cell so that Cl2 reacts directly with Hg:
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. ZHg(l) + Cl -+ Hg201

2(g) 2(s)

After a measured period of time, the gas stream is cut off, and the

potential of llg electrode is scanned from 0.175 to 0.050 V vs. SCE.

- ; -
HgZCIZ(s) + 2e > 2Hg(1) 2C1

Typical current-voltage curves are obtained with this procedure. The
area under the voltage-current curve (which is not well definedAin the
reported (58) figure) was used to determine the amount of chlorine in
the sample. The reproducibility of the current responses is about 5%
and the limit of detection is 20 ppb. This type of thin-layer cell has
the same advantage as the membrane cell in selectivity, and in addition,
it also possesses enhanced sensitivity and response time (of 15 sec)

owing to the continuous flow of electrolyte solutionm.

Kane and Young (59) observed that the membrane-type polarographic
probe used in the determination of oxygen was less sensitive and slow
in response to chlorine gas because of slow diffusion through the mem-
brane. Nevertheless it has beén used (59) for semiquantitative determi-
nation of chlorine in a mixture of HCl and benzene vapor. The electro-
lyte used is 157% NaCl solution with fluorinated ethylene-propylene film
as the membrane. The 3-electrode cell is found to lose its sensitivity
for chlorine after prolonged use (> 96 hrs). To determine low levels
of chlorine in HCl and in the atmosphere of a chlorine production plant
the same authors (59) used a galvanic probe, in which a silver gauze
anode was separated from a Pt cathode by means of a cellulose pad. The
probe was soaked in a solution of calcium chloride which being hygro-
scopic, prevented the electrolyte from drying out. Each determination

took about 1 min with a limit of detection of 0.01 ppm. Though this
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probe responded to O, and oxides of nitrogen, it could be used to moni-

3
tor C12 where the concentration of the interfering gases remained
constant.

Dailey (60) developed an amperometric détector for chlorine gas
employing a semipermanent'elecﬁrolyte. It consists of two identicall
platinum electrodes immersed in 1-2 mL of a nonvolatile solution of KBr
in glycerin; this eliminates the evaporation of electrolyté. The elec-
trodes are polarized by means of an applied d.c. potential of 0.6 V.,
When the sample containing chlorine comes into contact with potassium
bromide, it displaces bromine. At the applied potential bromine is
reduced, the electrodes are depolariied and an electrical current pro-
portional to the chlorine concentration flows through the external cir-
cuit, When the sampled air contains chlorine at or above 1 ppm, the
current developed in the measuring coil exceeds a predetermined value
and triggers an alarm. When this occurs, the alarm light flashes and
relay contacts are closed‘to activate fans. The use of a glycerin
solution of KBr makes it necessary to change it only once a year. It
has a limit of detection of less thun 1 ppm of 012 in air. The sensiti-
vity was 1 pA/ppm. Though the detector was designed specifically for

chlorine detection, it was found to respond to other oxidizing gases

such as ozone, bromine, and chlorine dioxide.
2.9 Titrimetric Determinations

Free iodine is determined titrimetrically with thiosulfate solu-
tion, using starch, o-naphthoflavone, or Variamine blue as indicators.
Bromine and chlorine are determined indirectly by treating them with

excess of KI and titrating the liberated iodine. Iodine and bromine in
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the presence of one another are determined by utilizing the difference
in their reactivity towards formic acid. Bromine readily oxidizes for-

mic acid while iodine does not (61).

+ -> +
HCOZH Br2 CO2 2HBr

2.10 Summary of Observations on the Methods

of Determinations

Among the sixteen methods of determinations of halogens in gaseous
samples, emission spectroscopy, phosphorescence, chemiluminescence, mass
spectrometry, manometry, and ionometry are less frequently employed.
Table VI presents a general summarizing comparison of the limits of
detecfion, the precision of measurement, the analysis time, the advan-

tages and the limitations of all these methods.

2.11 Air Sampling for Halogen Analysis and

Its Analytical Difficulties

Sampling of air for halogens determination, as for that of other
gases,needs careful attention to avoid the subjecting a modified sample
to analysis.. A major portion of error observed in the determination of
halogens in trace levels is ascribed to three parts of the air sampling
procedure: (i) preliminary steps before the collection of air sample,
(ii) method of collection and storage of the sample, and (iii) measure-

ment of volume of air sampled.

2.11.(a) Precautions in Air Sampling

Some of the important difficulties encountered in the preliminary



TABLE VI

SUMMARY OF METHODS OF DETERMINATION OF HALOGENS IN GASEOUS

SAMPLES

Accuracy Precision Detection Analysis Time - .
M
Method " prs Limi tie (per sample) Advantages Limitations
1. UV and Visible Absorptiometry
a. Colorimetry 4 % 5 % 1 ppb 3-5 min Fast, simple, and accurate Reagent instability; inter-
ferences
b. UV Absorptiometry Not 10 2 0.05 mole % Continuous Fast, simple, and accurate Reagent instability; inter-
available ferences
c. Reflectance Not Not 0.1 ppm Continuous Fast and simple Less sensitive; inter-
available available ’ farences
2. Emission Spectroscopy 15 2 10 X 5.0 ppm 30 min Free from interferences Time-consuming and nceds
skill
3. Raman $pectroscopy Not Not 0.3 ppm 30 win Selective Time-consuming and neecds
available available wkill
4. X-ray Fluorescence 10 2 12 % 0.1 ppm 15 min Sensitive; milti-element Expensive instrumentation
analysis
5. Radiochemistry
.. in~15 . . . .
a. Natural Radioactivity 15 % 77% 3%10 10 min Fast and simple Applicable only to radio-
UCi/gm isotopes
b. lnstrumental Neutron 25 % 3% 0.1 ppb 30 min Sensitive; multi-element Expensive instrumentation
Activation Analysis analysis
c. Radiochemical Neutron 20 % 5% 10 ng 30 min Sensitive; free from Expensive instrumentation
Activation Analysis interferences
d. Radiorclease Not Not 30 ppb 10 min Sensitive Interference from similar
available available species
6. Gas Chromatogzraphy 10 % 8% 1 ppt 1 min Fast and simple Less sensitive for trace
analysis
7. Thermal Conductivity 2% 10 2 80 vol Z 1 min Fast and simple Nonselective
8. Electrochemistry
a. Potentiometric 7% 4 % 0.1 ppm 1 min Sensitive and continuous Nonselective
b. Electrolytic 5% 5% - 20 ppb 15 sec Sensitive and continuous Nonselective
9. Titrimetry 12 2 10 % 0.2 ppm 5 min Fast and simple Less sensitive for trace
analysis
* Relative X error ** Relative % %%k Signal . . = Av. Signal +3s
with respect to average deviation Limit N A 51:“k a B;‘:k . £ th
scandards from the mean where s is the standard deviation of the

blank signal

06
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steps of air sampling and the relevant remedial measures are listed in

Table VII (62, 63).

TABLE VII

PRECAUTIONS IN AIR SAMPLING

Difficulties

Remedies

1.

A density differential between the
halogens and air may result in uneven
distribution within a stagnant or
slow-moving air mass.

Halogens, being highly energetic, may
react with the sampling system, espe-
cially particulate filters and mois-
ture traps, or get adsorbed on the
walls of tubing.

. Halogens diffuse through rubber,

neoprene, and plasticized PVC tubing

. Pressure and temperature fluctua-

tions in the sampling system may
affect the halogen content of the
sample.

Halogens are photochemically active
and undergo changes within the
sampling system, if they are exposed
to light over a long period of time.

In continuous monitoring devices,
the sampling system must draw con-
tinuously a fresh sample of air;
i.e., it must not allow the re-
sampling of air which has passed
through the system.

Inward and outward leakage of sto-
red samples and collection of halo-
gens on the sealing lubricants may
modify the sample.

Sampling from a turbulent
flow or a well mixed air mass.

These pretreatment units
should also be analyzed if
possible, or evaluated with
standard samples.

Tubing should be evaluated
when the sample is stored
for long time.

Calibration must be done
under identical conditionms.

Light-sealed containers in
the sampling system would
eliminate this problem.

An extended exhaust line to
a location remote from the
sample intake prevents
resampling.

Self-lubricating Teflon
joints and stopcocks provide
air-tight seals.
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2.11.(b) Methods for the Collection of the

Air Sample

. 2.11.(b).1 Adsorption

Adsorption is useful in collecting halogens in air beéause of its
ability to concentrate trace amounts from large volume of air. Commonly
~used adsorbents are activated charcoal, filter paper, alumina and gas
chromatographic‘support phases such as Chromosorb 102.

Activated charcoal is nonpolar and therefore selective towards
halogens and organic compounds and shows little affinity for polar gases
such as water vapor. It has moderately large surface area per unit mass
and is chemically inert. Its adsorption of.halogens is rapid initially
but after its small retention capacity has been reached, the gases will
be incompletely adsorbed until the carbon becomes saturated and no fur-
ther adsorption takes place. It is also difficult to desorb the gases
quantitatively (47). It is relatively unselective and as such is use-
ful for monitoring some selective nonpolar constituents in air. On the
other hand, charcoal does not form radioisotopes to any appreciable
extent on irradiation with thermal neutrons and this property makes it
suitable for neutron activation analysis for halogens and other elements
adsorbed on it (50), in spite of its low collecting efficiency.

Filters are also suited, like charcoal, for determination of the
total mass of halogens (gaseous and particulate). Due to the porous
nature of the filter, they offer less resistance to air flow than char-
coal (30), so that large volumes of air can be sarpled for each analysis.
They are not affected by humidity changes. Cellulose, glass fibre, and

polystyrene (Microsorban) (32) filters collect the halogens mostly in
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- their pores while membrane (cellulose esters) (31) and poiycarbénate
(Nuclepore) (43) filters collect them predominantly on the surface. As
a result, the 1atfer are more efficient by virtue of high retention
capacity and desorptive property. In addition, they offer less resist-
ance to air flow and have low levels of hackground impurities and hence
are suitable for trace level (sub-ppm) determinations with neutron acti-
vation analysis (43) and x-ray fluorescence (48). The use of these fil-
ters, in general, produces an error of 10 to 20%, mostly due to the
overloading effect. Their collection efficiency ranges from 80 to 100%.
Collection of the halogens from air with charcoal or filters is
preferred only when the sample can be subjected to the anélysis step
without removal, since a complete desorption is nearly impossible.
Chémisorption of halogens on adsorbents such as cellulose filters
is made possible by impregnating them with suitable reagents like
4,4'-bisdimethylaminobenzophenone, o-tolidine, and tetrabutylammonium
hydroxide (23, 24, 29, 36, 41). Some of these reagents are affected by

humidity changes in the sampled air and show an overloading effect.

2.11.(b).2 Absorption

Halogens, being less soluble in water than in non-aqueous solvents,
are collected with aqueous solutions of suitable absorbents. The col-
lection efficiency of the absorbent is increased by transforming the
air stream into small, finely dispersed bubbles with a relatively long
contact time through the absorbent. Commonly used absorbers and their
characteristics are listed in Table I. Most of these absorbers concen-
trate the halogens into a small volume of the absorbing solution so that

less sensitive analytical techniques can be employed for the determina-—
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tion. The evaporation of the solvent in the absorber over a period of
24 hours contributes about 5% error (15). It can be eliminated by cali-
brating the analytical method with standard samples under identical con-
ditions. The absorbents used in the collection of halogens in air are

given in Table VIII

TABLE VIII

AQUEOUS ABSORBENTS USED IN THE COLLECTION OF HALOGENS IN AIR

o

Halogen Absorbent Efficiency Error Comments
Fluorine NaOH(aq) 93 - 99% 5-15% 1
Cﬁlorine Methyl orange(aq) - 5% 2

NaOH(aq) 0 99% 2% 1

p-Nitroaniline 997% 1% 3
Chlorine, Water - 5% 4
bromine,

and iodine

* 1. Efficiency decreases with time because of absorption of
atmospheric carbon dioxide.

2. The color fades slowly after 24 hours, perhaps owing to
photochemical decomposition.

3. Interferences from ozone, chloramines, nitrogen dioxide
and ammonia.

4, Suitable only for low concentrations of halogens.

2.11.(b).3 Syringe Sampling

This is useful for rapid and convenient sampling of air for halogens
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halogens with sensitive analytical techniques or high copcentrations of
the halogens. Several types of glass and plastic barrel syringes can be
used to store gases without significant loss for more than a week.
Losses occur, generally from leakage through pinholes and by passage of
the gas thréugh interstices on the sealing surfaces. Meador and Bethea
(12, 13) used polypropylene syringes to sample chlorine and other gases.
However, these syringes require preconditioning with high concentrations
of halogens in order to control or minimize the effects of adsorption
and reaction with samples. The method offers a simple sampling tech-
nique but applications are limited to specific small-volume requirements.
Among other methods of collection, the important ones are: grab
sampling and condensation methods. In grab sampling methods, the sample
is not concentrated and hence it is more sensitive to contamination by
leaks. Again preconditioning is necessary to prevent adsorption losses.
The sample is affected by pressure and temperature changes. However,
in this method the volume of air sampled need not be known. Condensa-
tion methods are complicated by deposition of water vapor and are effec-

tive only at low flow rates of air.

2.11.(¢) Measurement of the Volume of Air

Sampled

The volume-measuring components of an air—sampling system are
either volume meters or rate meters. Volume meters, such as the dry
test gas meter, measure the total integrated volume that has passed
through them for a given period of time by mechanical displacement of
an internal bellows by the air flow. The displacement is recorded con-

tinuously on a mechanical counter via a series of levers (62). Such
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meters are accurate to 1% but need proper maintenance and periodic cali-
bration.

Rate meters measure the instantaneous volume flow rate through the
sampling system and therefore, have the disadvantage that frequenf
checks are required to ensure accurate calculation of the total volume
sampled. However, they are smaller in size than the dry test gas meter.
The common types of rate meters are Venturi meters, prifice meters, flow
nozzlé meters, and rotameters. In Venturi, orifice, and flor nozzle
meters, the measurement of static pressure of an air stream flowing
through a constriction allows the calculation of volume of air sampled.
The rotameter allows the calculation of flow rate from the position of
a float which is acted on by the downward gravitational force and the
upward air flow. All these ratemeters, being instantaneous, do not
indicate the extent of fluctuation in the air flow and so contribute to
the error in volume measurement (42).

Thus, the sampling of air for halogen analysis is as importﬁnt as
the method of analysis itself. In many cases, the error arising from
the air sampling is greater than tliat in the analytical procedure. This
can be overcome, at least in part, by calibrating the instrument with
standard samples under the same conditions with which the test samples

are run.
2.12 Conclusion

Of the several methods available to determine the halogens in gase-
ous samples, the colorimetric and the electrochemical methods are widely
used because of their sensitivity and the need for the use of less expen-
sive instruments, in spite of their susceptibility to interferences from

other species. The x-ray fluorescence and the neutron activation
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analyses are the methods of choice in determining trace amounts (< 1 ppm)
of halogens. The potential for multi-element analysis in these two
methods makes them useful for monitoring of pollutants, even though they
require more time and expensive instrumentation. Titrimetry is pre-
ferred for the determination of the halogens present in fathgr large
concentrations (> 100 ppm). It gives fast and reliable results with
simple apparatus. Reflectance measurements, being less sensitive, can
be used to monitor the halogen contents in gaseous samples where the
absolute concentration is not critical. Spectroscopic methods involving
lasers as the source of the radiant power find applications in open-path
determinations in which the halogens are determined directly, without
absorbing them in reagent solutions. This éliminates error arising from
the inefficiency of the absorbers and also shortens the analysis time.
However, such methods are, at present, complex and expensive. Chemi-
luminescent determinations are specific, sensitive, and rapid but the
reactions ipvolved are not stoichiometric so that careful and regular
calibrations are needed. Methods based on thermal conductivity, elec-
trical conductivity, manometry, and ionometry are not selective and
hence, only useful to determine the halogens in the absence of other
interferences. For the separation and the determination of constituents
above 1 ppm level in gaseous samples, the gas chromatographic approach
is suitable. Mass spectrometry coupled with gas chromatography is
very useful for the quantitative analysis of gascous samples. The
measurement of radioactivity of halogens is the only recourse to monitor
radioactive isotopes. This technique is very sensitive and free from
chemical interferences.

In short, these methods differ in selectivity, sensitivity, simpli-
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city, and equipment requirements. The selection of the most appropriate
method for a given situation depends on the analytical requirements such

as the range, sensitivity, overall accuracy, analysis time, and budget

for instrumentation.



CHAPTER IIT
EXPERIMENTAL METHODS AND PROCEDURE
3.1 Appafatus

The spectrophotometric unit used in these studies was a custom-
assembled one, a photograph of which is shown in Figure 1. The basic
components are:

Light source: 1020-WS tungsten-halogen illumination system

(Instrument SA, Inc., Metuchen, NJ), 100-W (24V) Osram
lamp.

Monochromator: H-10, Jobin-Yvon concave holographic grating
(Instrument SA, Inc., Metuchen, NJ).

Cell chamber and rotary-valve assembly: Custom-made (details
are given in Figures 2.1 and 2.2).

Detector: UDT-500 pin silicon photodiode (United Technology,
Inc., Santa Monica, CA).

Differential amplifier: Tekt.onix AM 502 with Tektronix
PS 501-1 power supply.

Recorder (Strip-Chart): Sargent SRL.
Interconnection of optical units was accomplished by use of optical
outlet-inlet (Cannon) connectors (Pacific Precision Instruments, Concord,
CA). The IR photoacoustic spectra were recorded with a Digilab FTS-20C
spectrometer (Digilab Inc., Cambridge, MA) and a custom-made cell sys-
tem. Spectra of samples in solution in the UV-vis region of the spec-—
trum were recorded with a Beckman Model 25 spectrophotometer with Beck-
man Recorder/Controller (Beckman Inc., Fillerton, CA). In studies to

extract rate proportionality constants, the strip-chart recorder was re-

99
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Figure 1. Photograph of Spectrophotometric Unit

Figure 2.1 Photograph of Cell Chamber and Rotary Valve
Assembly
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placed by a Nicolet 1090A Explorer digital oscilloscope with 94A plugin

and Model D amplifier (Nicolet Instrument Corp., Madison, WI).
3.2 Reagents and Solution

A stock solution of 1.00 M arsenic(III) chloride was prepared from
99.8% pure arsenic(iII) chloride liquid (Alfa Products, Denvers, MA) and
1.8 x 10_.2 M o-naphthoflavone (Aldrich Chem. Co., Milwaukee, WI) in 95%
reagent grade ethanol. Required dilutions were made with 1.8 x 10—2 M
o-naphthoflavone in 957 ethanol. For Cl2 determinations 1.00 M arsenic-
(1II) bromide was prepared from arsenic(III) bromide crystals (Alfa
Products, Denvers, MA) and 1.8 X 10—2 M o-naphthoflavone in 95% ethanol.
Dissolving the arsenic(III) salts in the flavone solution in ethanol
resulted in a flocculent preciﬁitate which was then dispersed with the
aid of ultrasonic waves (Ultrasonic Cleaner, Cole-Parmer, Chicago, IL)
until a clear, yellowish liquid was obtained.

Stock solutions of bromine in air were prepared from liquid bromine
(reagent grade, Mallinckrodt, St. Louis, MO) and that of chlorine in air
from a lecture bottle (Matheson, East Rutherford, NJ). Both of them
were standardized aéainst sodium thiosulfate (64) and used in the prepa-
ration of working standards. Stock halogen gases were diluted by inject-
ing 1.00 mL of the stock preparation into a dilution flask (560 mL in

volume) fitted with a § 1 Pyrex stopcock and luer tip.
3.3 Procedure

The solid reagent mixture for reaction was prepared by spotting
0.10 ml of the clear solution containing 0.05 M arsenic(III) and

1.8 x 1072 M o-naphthoflavone in 95% ethanol on a 1.5 cm X 1.5 cm square
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of filter paper (Whatman, # 541) and drying this on a hot plate at 40°¢
for about 2 min. The filter paper impregnated with the reagent mixture
was then placed on the cell drawer (Figure 2) and inserted into the cell
compartmeﬁt. Compressed air purified by passing through molecular
sieves (Type 4A; Linde Divisiom, UnionvCérbide Corp., NY) was used as a
carrier gas at a flow rate of 30 mL/min. The sample loop of the rotary
valve was filled with the halogen gas sample (volume: 160 ML) by means
of a gas-tight syringe (Precision Sampling Corp., Baton Rouge, LA)..
Sample injection was accomplished by moving the handle attached to the
rotary valve from the upright to a slanting position, so that air stream
swept the halogen sample out of the loop and forced it to impinge on the
supported reagent mixture. The transient signal was monitored at 520 nm
since this wavelength giﬁes the best sensitivity with the instrumental
setup used in this study. A back up potential of 300 mV was introduced
to bring’the signal Qithin the recorder range and then the gignal was

amplified 200 times and recorded.



CHAPTER IV
RESULTS AND DISCUSSION

The method developed for the repetitive determination of bromine in
gaseous samples in an unsegmented continuous—gas—-flow system is based on
the following chemical reactions:

k

1
+ 2NF(S*———-* 2Br -NF

) (1D

Br

2(g) (s)

b AS(ITD), « — 2 282" -+ As(V), 4 NF . (2)
2Br-NF( SUITD) gy == 2Br(y *+ As(V)( y+ 20F

in which NF stands for o-naphthoflavone [2—phenyl—4§—naphtho[1,2—b]pyran—
4-one]. A gas-solid reaction represented by equation 1 produces the
monitored species, the bromine-o-naphthoflavone complex. A solid-solid
reaction, represented by equation 2, reduces the trapped bromine to bro-
mide and regenerates the g-naphthoflavone species. Reaction 1 is very
fast relative to reaction 2; therefore the overall process from a mecha-
nistic view point can be considered as a series of reactions. These two
consecutive reactions generate a transient signal whose height is direct-
ly proportional to the amount of bromine gas present in the injected
sample.

For the determination of chlorine, the reaction illustrated in

equation 3 below is faster than reactions 1 and 2 and precedes them.

cl + 2Br, \ —> Br + 2C1, (3)

2(g) (s) 2(g) (s)
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The regeneration of a-naphthoflavone permits repetitive determinations
in subsequent samples. The regeneration is also due partly to disso-
ciation of bromine from the complex into the carrier air impinging on
the solid surface at which the complex is formed. This desorption pro-
cess, however, is much slower than the reduction by As(III) and hence
its contribution to k2 is ignored. Though reaction 2 is slower than
reaction 1, it is fast enough to permit a large number of determinations
per hour. As pointed out by Mottola and Hanna (65) the relative values
of the rate proportionality constants, k. and k_, determine thevmethod

1 2

sensitivity and the determination rate. The use of the values of kl and

k2 on the method development is discussed later under the effect of flow
rate of carrier gas. The formation and destruction of the red-brown
complex is monitored by measuring the intensity of light transmitted
through the complex formed on the filter paper. Such direct transmit-
tance photometry is found to be more sensitive with the instrumental set-
up used in this study than diffuse reflectance photometry (66) in which
the radiation reflected from the surface of a sample is measured. Fur-

thermore, only a simple instrumental set-up is needed for discrete sam—

ple analysis, and it is easily adaptable to continuous monitoring.
4.1 The Br-NF(S) Complex

o-Naphthoflavone has been used (67) as a reversible indicator for
bromate titrimetry owing to its high sensitivity to bromine. According
to Belcher (68), its indicator property is based on the adsorption of
Br2 liberated at the end point when this is used in the form of a colloi-

dal suspension in aqueous solutions.

To determine the stoichiometry of the halogen complexes of
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o-naphthoflavone, the following gravimetric analysis was carried out. A
known weight (~ 0.3 g) of solid a-naphthoflavone was exposed to halogen
gas/vapor for about 3 min. The excess of halogen was flushed out in a
stream of dry air (flow rate of 25 mL/min) at room temperature for about
one hr and the resulting complex was weighed. The red-brown product
obtained by reacting Brz(g) with solid a-naphthoflavone was found to
contain an atom of bromine per molecule of og-naphthoflavone. Iodine
vapor similarly produced a 1:1 complex of blue color. Chlorine, on the
other hand, sither forms no complex or more likely forms an unstable,
transient complex, difficult to characterize. Ozone and oxides of
nitrogen also do not add on to o-naphthoflavone. The complexes of bro-
mine and iodine slowly release the adsorbed halogen on exposure (~ 24
hrs) to the atmosphere and decompose some what faster above 60°C and in
solvents (like ethanol) in which o~-naphthoflavone is soluble.

Cramer and Elsching (69) reported a 2:5 ratio for the flavone-
iodine species, but they qualified their observations by stating that
the ratio was variable. They claimed disappearance of the flavone car-
bonyl band when ethanolic solutions of a—naphthoflavone and iodine were
mixed., However, direct infrared spectroscopy of the solid samples of
the bromine and iodine complexes in Nujol mull, obtained with a Beckman
IR8 spectrophotometer, failed to show such a disappearance. The infra-
red photoacoustic spectra of o-naphthoflavone and its complexes with
bromine and iodine, (shown in Figure 3) are similar except for the
shift of the characteristic carbonyl stretching vibration band at
1650 cm_1 in o-naphthoflavone to 1645 cm—1 in the bromine complex and
to 1640 cm_-1 in the iodine>complex. This shift suggests a very weak

interaction typical of ketones with conjugated unsaturation as observed
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in the benzophenone-iodine system (70), the carbonyl oxygen being the

donar site in front of the halogen acceptor. Additional support for

this interpretation can be found in x-ray studies of the acetone-bromine
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B: I°NF complex
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Figure 3. Photoacoustic Infrared Spectra
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system, in which bromine is found to lie colinearly with the C=0 bond
(71) and in infrared studies of the acetone-iodine system in which the
C=0 stretching band shifted to lower frequency upon formation of the
complex (70). In conjugated ketones such as benzophenone, however, the
charge transfer interaction»is reported to bg very weak (72) and és-a
result, the shift of C=0 stretching band is small, as observed also in
the a—néphthoflavone complexes.

Arsenic(III) chloride solufion in 95% ethanol has an‘absorption .
maximum at 208 nm while o-naphthoflavone in 95% ethanol shows two ab-
sorption peaks at 223 and 281 nm. An equimolar (1 x 10-3 M) mixture of
arsenic(III) chloride and o-naphthoflavone in 95% ethanol showed no
shift in Amax of the individual compounds indicating the absence of any
appreciable interaction between them. Photoacoustic infrared spectro-
scopy of solid samples of o-naphthoflavone, arsenic(III) chloride and
their mixture did not provide any evidence of interaction.

According to Mulliken (73), a charge transfer complex (D, A) is
formed from a donar (D) species and an acceptor (A) species. This com-
plex exists in two states, the dif’erence in energy between the two
being equal to the energy of a quantum at the maximum of the absorption
band. In the ground state of the complex the binding between the com-
ponents is mostly due to the Van der Waals interactions with negligible
contribution from electrostatic attraction arising from the transfer of
charge from the donar to acceptor, especially in contact charge trans-
fer complexes. 1In the excited state of the complex the predominant
structure is that involving the complete transfer of an electron from

D to A.

+ -
D + AT (D,A) , (DA)
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Between these tﬁo states optical transitions are permissible giving rise
to the absorption spectrum.

These complexes possess characteristic Amax in the visible or ultra-
violet region. Their heats of formation are low (of the order of ~ 1-5
kcal/mole), indicating the weak nature of binding in the ground state of
the complex. Contact charge transfer complexes arise out of the colli-
cions between donor and acceptor species and absorption of radiation
takes place during the contact interval; hence they have low heats of
formation. Their vibrational bands are modified only slightly. Molar
absorptivity of these complexes are very high and of the order of 104
L/mole-cm and their absorption bands extend over a range of wave length
continuously. The breadth of the band again suggests the loose nature
of binding in the ground state of the complex. All collected evidence
points to the formation of a transitory '"contact charge transfer" com=
plex (74) with a structure as illustrated in Figure 4. Solutions of the
bromine complex in various solvents such as hexane, carbon disulfide,
benzene, 2-propanol, dioxane, isopropyl ether, l-butanol, and dimethyl
sulfoxide were unstable, the red-brown color fading so rapidly as to
make recording of the spectrﬁm in the visible region difficult. The
absorption spectrum of the bromine complex on filter paper matrix ob-

tained with the instrumental set—up of Figure 1 is given in Figure 5.

4.2 Choice of Solid Support for

Chemical Impregnation

The solid support on which o-naphthoflavone and arsenic(IIl) are to
be carried should be thin enough to transmit maximum radiant power and

retain a high concentration of reagent mixture even after drying. With
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Figure 4. Suggested Structure of d-naphthoflavone-
Bromine Complex
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this in view, Whatman # 541 filter was chosen from a.varietyvof supports.
Other supports such as silica and alumina, which do not provide adequate
sensitivit§ in the transmittance photometry, would be suitable for ref-
lectance ﬁhotbmetry. Attempts to deposit the réaggnt mixtpre on Plexi~
glass support were not successful; either a nonuniform film of the re-
agents or a loose film that peeled off readily from the support was

obtained.

4.3 Effect of a~Naphthoflavone Concentration

o~Naphthoflavone in the spotting solution provides the solid re-
agent matrix on the filter paper. The variation of peak height, Smax’
for 160 UL of 50 ppm bromine with o-naphthoflavone concentration in the
spotting solution of 0.05 M arsenic(III) chloride is shown in Figure 6.
" The concentratioﬁ of a-naphthoflavone, upto 1.8 X 10—2 M, is propor-
tional to the peak height and thereafter has negligible effect. There-
fore, a concentration of 1.8 X 10_2 M, which can be easily prepared at
room temperature, has been used throughout this work. Concentrations

higher than this may extend the range of determination, but they could

be realized only at higher temperatures.

4.4 Effect of Arsenic(III) Concentration

For repetitive determinations with maximum determination rate, the

time taken by the signal to return to baseline (t as) should be as short

b

as possible without any significant loss in the signal height (S ax)'
m

In this system arsenic(III) is involved in reaction 2 which is respon-

sible for the disappearance of the monitored complex. The rate of this

reaction, which is dependent on the concentration of arsenic(III),
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determines the values of S ax and tbas: the faster the rate the smaller
m

are these signal parameters and vice versa. Figure7 shows the

effect of arsenic(III) concentration in the spot made from a solution

of 1.8 x 10_2 M o-naphthoflavone on both t and § . At 0.050 M
- bas max =

arsenic(II1I), the Sm /t ratio is maximum and provides the optimum

ax' bas

arsenic(III) concentration for repetitive determinations. A concentra-

tion larger or smaller than 0.050 M has a greater effect on Smaxthan on
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tbas’ indicating more influence on k1 than on kz. The decrease in the
value of Smax below this concentration of arsenic(III) is contrary to
the expectéd trend. This may be due to change in the nature of the col-
loidal diépersion of the reagent mixture as the arsenic concentratipn
decreases, so'that the drying process pioducés surfaces with different
characteristics for adsorption of bromine. Above 0.0SO M arsenic(III),
the increased rate of reduction of the complex is responsible for the
loss in Smax' Thus a concentration of 0.050 M is optimum and allows
processing as many as 75 samples before deterioration of Smax occurs be-
cause of a decrease in arsenic(III) concentration. Repetitive injection
of constant amounts of bromine on a freshly prepared surface of the re—
agent mixture initially generates signals of increasing heights. This is
probably due to a high local concentration of arsenic(III) on the spot.
After five injections, constant Smax is realized with also constancy in

t . This constancy in t suggests that the reduction of the complex

bas bas

by arsenic(III) is diffusion controlled. The problem of increasing Smax
during the initial injections on a freshly prepared surface, however,
has been overcome by preliminary ex,osure of the surface to the vapors
of the stockvbromine.

The adsorption df iodine by starch is favored by the presence of
iodide ionsj; this effect is described as ''polarization" (75). However,

the presence of excess bromide ion in the reagent mixture did not in-

crease S ax’ S° that no "polarization" effect was observed.
m

4.5 Effect of Carrier (Air) Flow Rate

The rate of the carrier gas is another critical variable that

).

affects both method sensitivity (S ) and determination rate (t
max bas
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An increase in flow rate shortens the time to transport the sample plug
from the point of intercalation to the surface on which the consecutive
reactions 1 and 2 take place. Simultaneously, such a high flow rate
increases the possibility of sweeping the halogen in the sample through
" the cell so fast that some of its molecules do not react with the re-
agents on the filterpaper and also favors the decomposition of the Br'NF
complex., Thus a compromise flow rate is required to achieve both good
sensitivity and limit of detection, and a reasonable determination rate.
This optimization problem was analyzed by calculation of the rate pro-

portionality constants k., and k2, the values of which have been shown

1
to dictate sensitivity and determination rate (65).

The rate expressions for reactions 1 and 2 are first order in bro-
mine and the complex respectively, since o-naphthoflavone and arsenic-
(ITI1) are present in sufficiently large concentrations that the rates
are psuedo-zero order with respect to them. In these series reactionms,
kl >> k2. As a result, the concentration of bromine decreases with time
whereas the concentration of the complex increases and reaches a maxi-—
mum when d[complex]/dt is zero and thereafter decreases exponentially
with time. The transient signal which results from monitoring the con-
centration of the complex has been shown to be useful to extract the

rate proportionality constants (65). The fundamental parameters of the

transient signal needed for such an evaluation, as shown in Appendix B,

.

are S and the time needed to reach the maximum signal value, t
max max
A filter paper square impregnated only with c—naphthoflavone was

] , trans-

exposed to a plug of a known concentration of bromine, [Br2 o

ported by the carrier stream at a very low flow rate (< 2 mL/min). The

SmaX value measured in this case corresponds to the theoretical signal



116

height that would be obtained in the absence of reaction 2. The same
concentration of bromine was interpalated into the carrier stream at
increasing flow rates so as to impinge on a mixture of o-naphthoflavone
. and arsenic(III) and Smax values were measured at each flow rate. Since
bromine éﬁd o-naphthoflavone form 1:1 complex, the concentration of the
monitored species, [C]max at various flow rates were calculated using
the expression:

5 ax'[Br2]o

[c] = =

max Smax(theoretical)

A knowledge of [C]max allows computation of values for:

Bmax - [C]max/[BrZJO
C . . Kk/(1-Kk) .
which in turn permits calculation of K from Bmax =K . Substi-
tution of K in
T = In(k)/(x-1)
max
allows evaluation of k, from T =k ot . Finally, k, can be obtain-
1 max 1 "max 2

ed from K = kz/kl. This method, referred to as Method I in Appendix B,

is used to obtain the values of kl and kz. Method II is based on the

steady-state approximation and it permits calculating k2 from

8 - e_kZ.tmax

The value of kl can be arrived from K.

These two methods (Methods I and II) give the same values of kl

and k2 for a given set of signal parameters because the value of Bmax

is above 0.4 and in the range of 0.69-0.82.
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Table IX summarizes the calculation of kl and k2 frém the signal
profiles at different flow rates of carrier gas. Figure 8 illustrates
the variation of the rate proportionality constants at different flow
rates. The value of k1 increases steadily with an increase in flow rate,
suggesting that an increased flow rate mainly shortens the time needed
for the molecules of bromine to reach the reaction site and sweeping of
halogen from the cell is negligible in the range of flow rates studied.
The insignificant change in k2 with flow rate also confirms the minimal
sweeping effect. Evidently, the return to baseline is controlled mainly

by the rate of reaction 2, which remains constant since the concentra-

tion of arsenic(III) is effectively constant.

TABLE IX

CALCULATION OF k1 AND k2 FROM THE SIGNAL PARAMETERS

AT VARIOUS FLOW RATES OF CARRIER GAS

Flow Rate S C t k k -102
(mL/min) max max max l_1 2 -1
(mV) (mM) (sec) (sec 7) (sec.™)

10 37.06 1.76 1.93 1.12 1.87

20 42,04 1.99 1.03 2.64 2.18

30 43,73 2.07 0.88 3.29 2.20

40 42,13 2.00 0.67 4,00 3.44

50 40.53 1.92 0.50 4,99 5.38

[Brz] : 2.52 mM; 53.06 mV

o Smax(theoretical)
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The ratio of S to t increases slightly in going from 10 mL/min
max bas

to 40 mL/min flow of carrier gas with a significant increase in deter-

mination rate, a flow rate of 30 mL/min is then chosen as the optimum

flow. It is of interest to note that at 10 mL/min the determination

rate per hour is 60 but at 30 mL/min it is close to 120.
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Figure 8. Effect of Flow Rate of Carrier Gas (Air) on
Rate Proportionality Constants

4.6 Effect of Sample Size and Point of Injection

Injection of the halogen-containing sample at increasing distance

from the reaction zone delays the appearance of the peak corresponding
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to the First injection and produces broader peaks (longer Lbas) as a

result of dispersion. As shown in Figure 9 and as expected, Smax increa-
ses with sample size; similar trends are observed with t and t
max bas
even when the injection point is only 2 cm from the reaction zone, as
illustrated in Figure 9. Since this distance is small, longitudinal
sample dispersion is minimal. Radial dispersion or rapid adsorption-
desorption of halogen on the walls of the sample loop seems responsible
for the observed increase in tmax and t . The overall shape of the

bas

peak suggests convection-controlled dispersion in the sample loop (76).
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4.7 Working Curve, Limit of Detection,

Under the above experimental conditions, straight—line plots, as

shown in Figure 10, were obtained up to 100 ppm of either bromine or

chlorine.

linearity and S
max

and Sensitivity

Concentrations greater than 100 ppm caused deviation from

values became more or less constant above 200 ppm.
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Figure 10. Working Curve for the Determination of

Bromine and Chlorine

This is probably due to multilayer accumulation of halogen molecules

120
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and saturation of the reaction site. Reproducibility of the method was
tesfed by repetitive injections of 160 UL of 25 ppm bromine and chlo-
rine. The limit of detection, sensitivity, and the relative standard
deviation in measurement are given in Table X. Typical signal profilesk
for bromine and chlorine injection are shown in Figures 11 and 12 res-
pectively. The irregqlar and slow return of the signal to baseline
depicted in Figures 11 and 12 shows that diffusion in the solid support
takes place,‘aé expected, intrinsically more siowly than in liquid
phase. Injection of chlorine leads to similar signals. Presence of
ozone upto 50 ppm in the samples of bromine in air did not affect the

S values and hence ozone is expected to show no interference in this

max

determination.

TABLE X

LIMIT OF DETECTION, SENSITIVITY, AND RELATIVE STANDARD DEVIATIONS
FOR INJECTIONS OF 25 ppm OF HALOGEN IN A 160 UL SAMPLE

Limit of 2 Sensitivit b Relative ©
Halogen Detection (;V/ )y Standard
(ppm) ppm Deviation (%)
Bromine 0.5 2.03 2.8
Chlorine 1.0 1.86 3.0

a. Limit of detection = Average signal for 30 blank injections
+ 3(standard deviation for the blank)

b. Slope of working curve

c. Based on 30 injections without rejecting any value
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CHAPTER V
CONCLUSION

This method demonstrates the possibility of developing analytical
techniques based on little used gas—solid interfacial interactions
and illustrates its first successful adaptation to an unsegmented con-—
tinuous-flow analysis involving an all-gas (sample and carrier) system.
With proper choice of reagents, the kinetics of series reactions are so
modified as to generate a transient signal. The usefulness of the
evaluation of the rate proportionality constants of the signal in method
development and optimization of experimental parameters is also exempli-
fied in this stud&. Such a "kinetic optimizatiomn'" approach proves to
be easier and more reliable than other procedures of optimization em-
ployed in flow-injection analysis, since it is based on experimentally
determinable signal parameters.

The instrumental set-up is simple and modular and can be assembled
easily. This method offers  competitive limits of detection and sensiti-
vity and high determination rate to adapt either discrete sample treat-
ment or continuous monitoring of gaseous samples in industrial and

environmental analyses.
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APPENDIX B

KINETIC MODEL OF THE TRANSIENT SIGNAL AND
EVALUATION OF RATE PROPORTIONALITY

CONSTANTS FROM THE SIGNAL

PARAMETERS

(From Reference 65)

The basic scheme for transient signal generation is the operation

of two consecutive first-order reactions:

Ky

A + B—>C v (1)
k)

C + X ——=>=1D (2)

Reaction 2 can-also be an instrumentally imposed process such as flow
that carries the intermediate C in and out of the detection area. If A
and X are in large excess, first-order kinetics prevails in both re-

actions. Therefore,

als]l _

Frani —kl[B] (3)
d ,

dtl cl _ kl[B] - kz[c] (4)
d|

dtD] = kz[c] (5)

139



140

Equation 3 integrates into
‘ -kqt
[B] = [B]0 e 1 (6)

Substitution of equation 6 in 4 gives

’d C = —klt _
EE’l kl[B]o e kz[C] (7)

This, on integration, gives

[B]k
kit kot .
[c] =-1;—%—112—(e1-e2> (8)
2 1
Let B = LEJ ;T = klt’ and K = kz/kl. Substituting in equation 8 yields
(81, |
1 =T KT
B = p— (e " -e ™) (9)

The concentration of C, as measured by B, goes through a maximum, the
position of which depends on K, relative values of the rate constants.

By using equation 9 and setting df/dtT = 0, it can be shown that

Tmax = pa— 1n(k) (10)
and the valué of B at the maximum is
1_
Bmax _ K|</( K) (11)

Equation 11 forms the basis of evaluation of the values of kl and k2

from the experimentally determinable parameters: S and t . Such
max max

a computation can be done by two methods.

Method I: The value of [C] calculated from S of the experi-
max max

mentally obtained signal profile and the concentration of the species



iai .

[B]o for which reaction in equation 1 is first order allows calculation of

of the value of B ;
max

max

B = [c]max / [B]o (12)

This in turn permits  the evaluation of K from

B = K|</(1 - K)

max

Substitution of K in 10, yields the value of T oax Since

T = k.t _ (13)

max 1 max

k1 can be calculated from the known value of tmax' Finally, k2 can be
obtained from K = kz/kl.
Method II: At tmax’ the net rate of change of [B], d[B]/dt = o.

Therefore, its rate of formation is equal to its rate of decomposition.
B = k_|C ‘ 14
kl[ ] 2[ ]max (14)

Substitution for [Bj gives

[c]

_kl .
. (kl/kz)-[B]oo e <1 tmax (15)

On rearrangement,

[c] [B]o-e_kz'tmax (16)

max

Thus, from the known value of tmax of the signal, k2 can be calculated.

The value of kl can be obtained from the value of K.
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Limitations of Methods I and II

The range .of Bmax values to which these two methods can be used to
calculate the values of kl and k2 was ascertained as follows: the values

of kl and k2 were calculated using the methods I and II for Bmax values
ranging from 0.0l to 2.00. Figure 13 shows the difference in k values
derived from these two methods at various values of Bmax' These dif-
ferences are significantly larger when Bmax is below 0.40. The magni-
tude of these differences also depends on the value of tmax: the smaller
the tmax’ the larger is the difference in the k values, at Bmax = 0.40
and less. The relative error in the values of k of the two methods,
(kI - kII) X 100/kI, however, is large at these lower values of Bmax but
is independent of tmax’ as shown in Figure 14. |

For Bmax greater than 1.00, the k valueé of method I are positive
while those of method I1 are negative and hence meaningless., In pseudo-
first-order reactions, Bmax greater than 1.00 is seldom encountered.
Even when Bmax is greater than 1.00, method I can be used to extract the
values of kl and k2 and the kinetic optimization is, therefore, possible.
Situations in which Bmax is greater than 1.00, however, are rare.

Large error associated with the k values for Bmax below 0.40 seems
to be due to a computational limitation in solving equation 11 for k. For
Bmax in the range of 0.1 to 0.4 the values of K reﬁain constant, in

spite of the use of high precision in solving this exponential function,

as shown below:

B K

max

0.10,000,000,000 0.99,996,948,242
0.20,000,000,000 0.99,996,948,242
0.30,000,000,000 0.99,996,948,242
0.40,000,000,000 0.84,164,428,711
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