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DESIGN, DEVELOPMENT AND OPTIMIZATION OF A
FLUOROMETRIC REACTION-RATE INSTRUMENT
AND METHOD OF ANALYSIS FOR METAL IONS
INTRODUCTION

This research is concerned with a hybrid of two analytical

techniques, kinetics-based or reaction rate analysis and molecular
fluorescence analysis, which provides a unique, sensitive and specific

means to determine trace concentrations of different species, such as
metals. Basically, the technique to be described involves the monitoring of a reaction involving a fluorescence species in which the

sought-for species is a reactant. Under suitable conditions and in the

initial stages of the reaction, measurement of the rate or an approximation to the rate yields data which can be directly related to the
concentration of the sought-for species or analyte.

The use of reaction rate methods of analysis has greatly increased

in the last decade as attested to by several recent review articles
(1-8), books (9, 10) and chapters (11-15). The majority of reaction
rate methods involve the determination of catalyst concentrations

because the catalyst affects the rate rather than the final equilibrium
conditions or concentrations. However, reaction rate techniques have
been applied to non-catalytic reactions where the initial rate is related
to the concentration of the analyte reactant and where equilibrium-

based approaches may prove unfavorable. Here, conditions are
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normally arranged so that the reaction is first-order or pseudofirst-order with respect to the analyte.
Essential to any kinetics-based analysis is a well designed
instrumental system. The basic components of an automated rate

measurement system include a reaction cell, a reaction monitor, a
signal modifier and a rate computational system. The reaction cell
is temperature controlled and may have provisions for automated

sample and reagent introduction and mixing. The reaction monitor
provides an electrical signal related to the concentration of some
species involved in the reaction. The most common detection tech-

niques employed are spectrophotometric, potentiometric, ampero-

metric and fluorometric. The signal modifier converts the reaction
monitor signal into a form and amplitude acceptable by the rate com-

putational system. Signal modifiers include current to voltage con-

verters, linear and log amplifiers and voltage dividers. From the
changing signal modifier output, the rate computational system extracts
and computes a quantity proportional to the rate of reaction or to the
concentration of the analyte. Usually the signal modifier output is

also connected to a recorder or an oscilloscope so that the reaction
can be followed continuously. Rate data can be obtained manually

from oscilloscope photographs or recorder chart paper traces.
The advantages and disadvantages of reaction rate methods have

been enumerated by several authors (5, 6, 7, 9, 11, 13, 14) and will
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only be briefly discussed here. First, with a reaction rate method, it

is possible to measure the initial rate immediately after mixing the
constituents so that it isn't necessary to wait until equilibrium is
reached. This will result in a time savings for certain reactions.

Measurement of the initial rate can be a distinct advantage for some

reactions since the measurement is completed before any interfering
side reactions begin.

Next, for a mixture of two or more constituents with closely

related chemical properties it may be possible to adjust experimental

conditions (e.g., pH) such that each constituent reacts at a different
rate so that physical separation is not required. This usually requires,

however, that the first-order rate constants differ by at least a factor
of ten.

Probably the most important advantage of reaction rate methods

of analysis over equilibrium-based methods is that in the former the
quantity measured is a relative value. With the latter methods, the

absolute value of the monitored parameter (e.g., fluorescence,
absorbance or cell potential) must be accurately and precisely

measured. Whereas with a kinetics-based method only the rate of
change of the parameter with time must be measured accurately and

precisely. Thus, interferences that contribute to the absolute value

of the parameter (e.1., dirty cells, turbid solutions, fluorescent
impurities, junction potentials) will not interfere with the relative
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measurement as long as they do not change during or take part in the

reaction itself.
A kinetics-based method has some limitations imposed on it

by the reaction itself that must be considered. First, the factors that
influence the reaction (e.g. , pH, temperature, ionic strength, reagent
concentrations) must be carefully controlled since the accuracy and
precision of the analysis depend on, the reproducibility (and to a lesser

extent, accuracy) of these factors.
An important restriction imposed by the reaction involves its
half-life which must be significantly longer than the time required
for complete mixing, thermal equilibration and measurement of the

initial rate. However, if the reaction is too slow (e.g.

t

1 /2

> few

hours) then it is impractical for routine analysis and problems may
arise due to slow drifts in the reaction monitor system being com-

parable to the measured rate.
Finally, since only a small portion of the reaction is utilized for

initial rate measurements the signal-to-noise ratio (S/N) is inherently
lower than for an equilibrium-based measurement.

Fluorescence methods of analysis are inherently more selective
than absorbance methods due to the smaller class of compounds that
will exhibit fluorescence. Second, fluorescence techniques have

potentially lower limits of detection than absorbance methods for
compounds with reasonable quantum efficiencies Li. e. , greater than

103). The experimental conditions (e.a. , fluorescent impurities)
ultimately dictate whether or not the higher sensitivities can actually
be achieved. Probably the most important advantage of fluorescence

over absorbance measurements is that there is less dependence on
variations in the absorbance of non-analyte species among different
samples.

It is clear from the above discussion that kinetics-based
analysis with fluorescence monitoring is potentially a specific and

sensitive technique for trace analysis. This thesis is concerned with
a critical experimental evaluation of this potential. Specifically, the
design and construction of a fluorescence instrument and digital

reaction ratemeter for kinetics-based analysis will be described in
detail. The application of the instrument to the determination of
Ag+ and Al3+

is discussed.
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HISTORY

Rate Computational Approaches

The advantages and disadvantages of the three basic approaches

utilized in rate computational systems have been reviewed (5, 6, 7,

10, 11, 13, 14). The most straightforward approach is the derivative
or slope method in which the derivative with respect to time of the
signal modifier output is electronically computed (16, 17).
The two remaining computational approaches, fixed-time or

constant-time and variable-time, are integral methods because they
measure concentration changes over finite times. Thus, these
measurement approaches yield an approximation to the instantaneous

rate since the average rate over the measurement time is calculated.
This can be an advantage since the rate computation can be implemen-

ted with all-digital circuitry, unlike the derivative approach which
necessarily involves some analog computational circuitry.

In the variable-time technique, the time required for a fixed

signal modifier output change to occur is measured. Usually, this
entails two signal level sensors, such as comparators, which turn on
and off when the signal attains two preselected signal levels (14). Most

recently (18, 19), the inverse of the time interval is automatically
computed because the time interval measured is inversely proportional
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to the rate or the concentration of the analyte under certain conditions.

The fixed-time approach to reaction rate analysis involves the
measurement of the change in the signal modifier output during a pre-

selected time interval. Most recently this is implemented with all
digital integration techniques (20, 21).

Theoretical studies (22) have established how the relationship
between the measured rate and analyte concentration depends on the

type of reaction, the kinetic role of the analyte, the type of rate computational system employed, and the type of reaction monitor used.

Normally a linear relationship is desired so that linear calibration
curves result. These studies indicate that the variable-time computational method is advantageous for determination of enzyme activities

and catalyst concentrations and in situations involving non-linear

reaction monitors. The fixed-time method was shown to be advanta-

geous for determination of substrates in catalyzed reactions and best

suited for analysis of the rate limiting species in first and pseudo-

first order reactions. If pseudo-zero order kinetics prevail either
the fixed- or variable-time technique can be used with good linearity.
Only the fixed-time approach will be discussed in detail since it

is employed in the instrument to be described. With a fixed-time
instrument, under suitable conditions, the measured signal change is
directly proportional to the concentration of the analyte. Also because
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integration techniques can be applied over the total measurement time,
high noise immunity results. The primary disadvantage of the fixed-

time approach is that it is not well suited for non-linear reaction
monitors unless the signal modifier provides linearization.

Three integrating fixed-time rate measurement systems have
been reported (20, 21, 23) and applied to measurements of initial

reaction rates. With these ratemeters, the measurement period over
which the output of the reaction rate monitor is observed is divided
into two equal integration intervals (At). The difference in the mag-

nitude of the integrals of the two periods, measured as a voltage or
number of counts, is directly proportional to the initial rate of the
reaction. In all three cases, relative standard deviations and errors

were reported to be 0.2 - 0. 3% for synthetic slopes generated from a
ramp generator.

In the first system, built by Cordos et al. (23), two operational
amplifier (OA) integrators and relays are used to perform the integration and subtractions. The two more recent systems (20, 21) use a
digital integration technique. The voltage from the transducer and

signal modifier is converted to a pulse train by a voltage-to-frequency

(V-F) converter. Nand gates are used to direct the pulse train to the
cascaded up/down counters at the proper time intervals. The use of
all digital computational circuitry eliminates the drifts and nonlinearities
of analog circuitry and since nand gates are used to direct the incoming

signal, the possible errors due to the contact bounce of relays are
also eliminated.

The mathematical basis for this technique is detailed by (5, 20,
23, 24). If the output from the reaction monitor is a constant slope,
then the following equations apply. The slope S is defined by

S = (E2 - E1) / At

(1)

where El and E 2 are the average voltages in the first and second

integration time intervals, respectively, and of is equal to one half
the total measurement time in seconds.
The conversion constant k of the V-F converter is defined by

k = f/E

(2)

where f is the output frequency and E is the input voltage.
Substituting Equation 2 into 1 yields

S = (f2 - f1) /k

At

(3)

The raterneter readout R in counts is
R = (f2 - f1)

At

(4)

Substituting Equation 3 into 4 yields
R=S

k

(At)

2

(5)
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Thus, the ratemeter readout is directly proportional to the slope and
consequently to the initial rate of the reaction.
Precision of Rate Me asurements

The precision of rate measurements is dependent on both the

reproducibility of reaction conditions and the S/N characteristics of
the reaction monitor. It is not clear from the literature what exactly

does limit precision in a given situation. Important reaction conditions

are temperature, reagent and analyte concentrations, mixing and the
concentration of non-analyte interfering species.
Temperature can be controlled to 0. 01oC with a properly designed

cell holder (25) and by storing reagent solutions in a temperature con-

trolled water bath. A temperature controlled cell holder is basically
a block through which water is circulated from a thermostatted con-

stant temperature bath. The cell holder must have provision for
securely holding a spectrophotometric cell. The ability of the holder

to bring solutions rapidly to a desired temperature and to maintain a
constant temperature is dependent on the thermal contact between the

holder and the cell and the flow rate and temperature stability of the
thermostatted water.
Two basic approaches have been used for construction of spectro-

photometric cell holders. In one approach (24) the sample cell is
readily removed from the holder, while the other approach (20-23)
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involves sealing the sample cell in the holder. The former approach
allows easy cleaning of the cell and use of the cell in other applications,
but often provides poor thermal contact. The latter approach provides
good thermal contact but does not possess the convenience of the first
design.

Fast and efficient mixing is achieved with overhead stirrers

(30), magnetically driven stirring bars (17, 30), or in stopped-flow

apparatus (31-33) for fast reactions. The precision of reagent and
analyte concentrations is determined by the reproducibility of sample
and reagent introduction into the cell. Both manual and automated

delivery systems (17, 30, 34) are employed. The variability in the
concentration of interfering species which affect the rate among real
samples will ultimately determine the precision. Ideally reaction

conditions are arranged so such interferences are minimal.
As mentioned in a previous section, the S/N of a rate measurement is inherently low because small signal changes are measured.
The general S/N equations which apply to fixed and variable-time

measurements have been presented (35). Only the S/N characteristics

of fixed-time rate measurements with a spectrophotometric reaction
monitor have been discussed in detail (35). This study indicated that

measurements will normally be limited by source flicker noise except
at low light levels where signal shot noise is predominate.
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Methods for Evaluating Ratemeters

Previous testing procedures for ratemeters consisted of application of known synthetic ramps generated with an operational

amplifier integrator to the ratemeter input to simulate the output
from a reaction monitor. Repetitive measurements on different
magnitude ramps allows evaluation of the accuracy, linearity and

precision of the ratemeter. Noise immunity is evaluated by superimposing sine waves of different frequencies and amplitudes onto the
input ramp.

Fluorescence Monitoring

The signal-concentration relationships for different reaction
monitors is discussed in (24). Only the fluorescence monitor will be
considered here. Since the signal-concentration relationship for

fluorescence measurements is inherently linear for dilute solutions it
is only necessary to choose a chemical system in which the change in

concentration of the fluorescing species is directly proportional to the
analyte concentration.

Little work can be found that deals with fluorescence instruments

designed specifically for kinetics-based measurements. Usually
fluorometers designed for steady-state measurements are used for

kinetics-based measurements of slow reactions. Most such
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applications are in fluorometric enzymatic analyses (36-39). Some
commercial stopped-flow instruments provide fluorescence attach-

ments. The general instrumentation design considerations for
fluorescence instruments are described by numerous authors in books
(36-41) and in reviews (42, 43).

Recently Curry et al. (44) constructed a filter fluorometer which
employed photon counting signal processing. This system had a

1000 W tungsten-halogen lamp for excitation and characteristics

comparable to a more expensive commercial spectrofluorometer.
It was applied to the kinetic determination of lactate dehydrogenase.
Tiffany et al. (45) recently described the use of the GEMSAEC fast

analyser for the fluorometric kinetic determination of glucose.
Silver Chemistry
Several books (46-49) are available that comprehensively deal

with silver chemistry. Of these, only (48, 49) cover Ag(II) and
Ag(III) chemistry in any detail. A good review of Ag(II) and Ag(III)

chemistry is given by McMillan (50) and selected articles (51-63)

cover the kinetics and mechanisms of reactions involving these species.

Some silver reactions relevant to this work are given below.
The standard reduction potentials for Ag(I") to Ag are (49)
Ag

2+

1. 98V
------>
Ag+ O. 799V

Ag

(6)
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From Equation 6 it is obvious that Ag(II) is a powerful oxidizing
agent.

Two mechanisms for the oxidation of Ag by peroxydisulfate
have been suggested (61-63).
5208

+

2S0

Ag+

S208= + Ag

4

+ Ag 3+

SO4= + SO4'

+ Ag 2+

The reactions of Ag(II) and Ag(III) with water are, respectively
Ag2+ + H2O

OH' + H

Ag

(9)

and
Ag

3+

+ 2H 20

g+

+ 20H +

2H+

(10)

Equilibrium between Ag(II) and Ag(III) is given by
2Ag

2+

=

Ag+

+ Ag 3+

which has its equilibrium lying far to the left in 4 M HNO3 or HC1O4

acid solutions.

Peroxydisulfate Chemistry

The chemistry of peroxydisulfate or persulfate is briefly discussed
in (49) and comprehensively reviewed in (62, 63). Persulfate decomposition (58-61) and silver catalyzed oxidations by S208= (64-66)
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are described in detail.
Per sulfate is a very powerful oxidizing agent as can be seen
from its reduction potential (49)
S208

=

+ 2e

2. 01V
----->

2504=

The aqueous decomposition ([H+] independent) of 520E

(12)

is given

by (62, 63)

50
2 8
SO4

250:4
H2O

(13)

HSO

4

+ OH.

H2O + 1/202

20H.

(14)

(15)

and the acid catalyzed decomposition reaction (63) is

+H
HS208

SO4

SO

+ H2O

SO44

HS

(16)

+ HSO 4

(17)

S03 +
H SO4
2

202

(18)

(19)

Both of the above mechanisms are in agreement with the experimental

rate law
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d[S20:1
dt

=

k[S208 ]

(20)

A chain mechanism and the decomposition mechanism in alkaline
solution have been proposed (63) which agree with the above experi-

mental rate law.
Aluminum Chemistry

Several books (67-69) review the chemistry of aluminum. In
this work, we are concerned with complexation reactions involving
A13+.

A typical complexation reaction with 8-Hydroxyquinoline is

given below (49)

A13+

+3

(21)

Survey of Silver Analysis

Standard analysis procedures for silver are given in several
books (70-72) and new techniques are reviewed each year in the
Analytical Chemistry Annual Reviews (April issue). It is not within

the scope of this thesis to give a complete review of the methods for
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Ag analysis, as in the above, so only a few of the more recent
techniques will be considered.

Salman (73) developed a solvent-extraction, atomic absorption
technique using a microsampling boat accessory to determine as little

as 5 ppTr (parts-per-trillion) of Ag in water. Langmyhr (74) used
atomic absorption with a graphite furnace to determine 6 x 10-11 g of

Ag in silicate rocks by direct atomization from the solid state. Three
researchers (75-77) have used atomic fluorescence to determine 0.5,
2 and 0.6 ppb of Ag, respectively. Kawabuchi (78) and Nakashima
(79) determined 40 ng/1 + 10% and 0.5 ng/O. 2 ml, respectively, by

neutron activation and R. F. plasma torch, respectively. Two other
recent techniques (80, 81) involved a dithizone extraction procedure

prior to the Ag analysis. Furnace A A and stoichiometric radioreagent
radioisotope dilution were used to detect 5 x 10-13 g /ml and 5 ppb Ag,

respectively.
Silver Catalysis

Three authors (82-84) have determined silver by its catalytic

effect on various reactions (not involving S208). Many researchers
(85-98) have taken advantage of persulfate oxidation reactions that are

catalyzed or enhanced by silver for the determination of Ag. Except
for four of the above references, the detection limit for Ag was
typically in the ppm range. Three of the molecular absorption
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kinetics-based techniques are worth discussing. Brontschev, et al.
(89) used the Ag catalyzed S 0 oxidation of sulphanilic acid to deter2 8
-4
mine Ag down to 4 x 10 ppm with a relative error of + 7.6%. The

linear range was 4 x 10-4 to 3 x 10-311g/ml. Silver catalyzed oxidation of azo compounds (90) by S208 (with a, at

dipyridyl as an

activator) yielded a detection limit of 0.1 ppb for Ag with an error of
about 5% using a cell with a 5 cm path length. The linear range was
10

4

to 3 x 10 -3 lig/ml. Mueller (94) developed a method for Ag

analysis involving the Ag catalyzed oxidation of bromopyrogallol red

by S208 with 1,10 - phenanthroline as an activator. Without the
activator the linear range was 0.5 to 1 p.g/m1 and with the activator

it was 1 to 13 ng/ml. Using an automatic variant of the simultaneous
comparison method the linear range was 0.2 to 20 ng/ml.
8 - Hydroxyquinoline - 5 - Sulfonic Acid (OXSA)

8 - hydroxyquinoline - 5 - sulfonic acid

OH

has been used as an equilibrium-based fluorometric reagent by several
researchers (99-107) for metal ion analysis; Zn, Cd, Mg (99, 100, 102),
Cd (101), Pd(II) (103), Sn (II, IV) (104), Zn (105, 106) and PO: (107).

19

OXSA has a quantum yield of 0.26 + 0. 05 when excited at 350 nm

in concentrated H 2 SO 4. The excitation and emission wavelength

maxima in the same solvent are 348 and 457 nm, respectively (108).

In the pH range of 1.5 to 3.5 the excitation and emission maxima are
385 and 485 nm, respectively (109). OXSA is a weak acid with pKals
of 8.7 and 4.1 (110).
Ag - OXSA - S208 System

Ryan and Pal (109) determined Ag by an equilibrium-based
molecular fluorescence technique involving a reaction between Ag,
OXSA and 5208

.

The fluorescence intensity reaches a maximum in

about one hour, remains constant for an hour then increases. The
fluorescence intensity is directly proportional to [Ag+] from 12.5 ppb
to 5 ppm when the measurement is made between 60 - 90 minutes

after mixing and the reagent to metal mole ratio is 10:1. Low results
were obtained for ratios less than 10:1 and ratios greater than 100:1
were not tried. The fluorescence is measured at 485 nm after
excitation at 375 nm.

Few metals interfere, however, more than 1 ppm of Cu2+ , Hg2 +,
and Pd2+ quenched while Zr4+ and Hf4+ enhanced the fluorescence.

Apparently concentrations greater than 75 ppm A13 +,
20 ppm Co

+

and 10 ppm. Ni

were not specified.

2+

and Fe

3+

_
50

ppm La 3+,

caused some problems which
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The nature of the reaction was not known but two possibilities

were postulated. The fluorescent product could be 1) a stable silver
(III) - OXSA chelate or 2) an oxidized product of OXSA. The latter
was favored.

Since it takes about an hour to reach equilibrium, it was felt
that this system could possibly be adapted to a fluorometric kineticsbased method of analysis. This system was chosen for further study
to gain knowledge of the chemistry involved and to develop a fluoro-

metric kinetics-based method of analysis for silver.
Aluminum Analysis

As with silver, books (70, 72, 111, 112) are available that
detail standard methods of Al analysis and each year new methods of
Al analysis are discussed in Analytical Chemistry Annual Reviews.
Several researchers (113-118) have recently developed methods
of analysis for Al that will be noted here. Ishibashi (113) and
Maksimycheva (114) developed equilibrium-based fluorescence

methods to determine Al down to 0.5 and 2 ppb, respectively. Flameless A A (115), flame emission (116), and X-ray fluorescence (117)

have also been used. A gas-liquid chromatographic technique
developed by Lee and Burrell (118) was used to detect picogram
quantities of Al by complexation of A13+ with trifluoroacetylacetone

followed by direct injection onto the column.
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Kinetics and Optimization

In order to utilize the full potential of any chemical system for
analytical purposes it is necessary to obtain some knowledge of the

chemistry involved. For a kinetics-based method of analysis this
involves gaining an understanding of the kinetics of the system i.e.,
the dependence of the initial rate of the reaction on each constituent
so that the optimum conditions for performing the analysis may be
chosen. Ideally, the optimum concentration of each reacting constit-

uent, except the analyte, will be the one which yields the smallest

relative standard deviation for the rate measurement and is in a
region which is zero order in concentration with respect to that
species. The latter condition is desired so that small fluctuations in

concentration will have no effect on the initial rate. Conditions should

also be chosen so that the initial rate is first order with respect to
the analyte.

To optimize the reagent concentrations and obtain their orders,
the initial concentration of one of the constituents is varied while the

rest are held constant and the initial reaction rate is measured. This
is called the differential method, suggested by van't Hoff (119). A plot
of the log of the initial rate versus the log of the initial concentration
of the species of interest yields a curve whose slope is equal to the

order with respect to that species. The above becomes obvious from
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the following. The initial rate is related to the concentration of a

reactant by the equation

= k[c] n

(22)

Taking either natural or common logarithms,
log vo = log k

n log [c]

(23)

This is simply an equation for a straight line with slope n and intercept
log k. The procedure corresponds to the simplest type of situation,

i.e. , possible complications due to side reactions and product interference are avoided since only the initial rate is involved.
The order with respect to the concentration of a reactant may
vary with the concentration of the reactant so that the log-log plot will

be non-linear. However the log-log plot may be linear in different
regions with different slopes which allows the order in each concen-

tration region to be specified.
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INSTRUMENTATION

General System

A block diagram of the complete fluorescence reaction rate
instrument is shown in Figure 1 and a list of the components is given
in Table I. The instrument is designed and constructed for maximum

versatility and ease of operation. It is a sophisticated, accurate and

highly precise instrument for measuring initial reaction rates of
reactions involving the formation or disappearance of fluorescent
species.

A 200 W Hg-Xe short arc lamp is used for the excitation source.
Isolation of the desired excitation wavelength band may be achieved

with either a monochromator or filters. A liquid filter (Figure 2) was
constructed from aluminum with quartz windows to mount between the

sample module and the light source to act as a heat absorbing filter to
prevent damage to the excitation filters. The sample module will be

discussed in detail later. Circulating water from the constant temperature bath is pumped through the temperature controlled cell

holder in the sample module at a measured rate of 1.5 1/min. Cold
tap water is circulated through cooling coils in the bath (to help maintain a constant temperature) and through cooling coils around the exit
flange on the lamp housing focusing sleeve (to prevent over heating of
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SUPPLY
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PRINTER
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TRIGGER /

0.IHz I MHz
TIME BASE

RATEME TER
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Figure 1. Block diagram of the general fluorescence reaction rate instrument.
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Table I. General instrument component list.
Lamp power supply
Lamp housing
Monochrom. ators
PMT housing

PMT supply
PT supply

Electro Powerpacs Corp. , model 352
Schoeffel Instrument Crop., model LH150
Schoeffel Instrument Crop., model GM100
Heath-Schlumberger, model EU-701-93
Heath-Schlumberger, model EU-42A
Heath Universal Power Supply, model EUW15

Recorder
Magnetic stirrer
Stirring bar
Constant temperature
circulator

Heath-Schlumberger, model SR-255B
Waco Midget, model 86335
Bel-Art, model F37150
Techne, model TU-12

Pump
Hg-Xe lamp
PT
PMT
PMT OA
PT OA
Divider

Jabsco, model Pl-M6

VRS

Hanovia, 90IB
RCA, 935
RCA, 1P28
Function Modules, Inc. , model 380J
Analog Devices, model A 540J
Analog Devices, model 434B
Newport Laboratories, Inc. , model 810
Heath, model EU-80A

Water bath

Pyrex, 1211 x 1211 jar

Digital Printer
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the excitation monochromator). Either a monochromator or filter
may be used to select the desired emission wavelength band. A
photomultiplier (PMT) is used to convert the fluorescence radiation

into a current which is then converted to a voltage by the current-to
voltage (I-V) converter.
A vacuum phototube (PT) is used to monitor a fraction of the

lamp output and the resultant signal, after I-V conversion, is divided
into the fluorescence signal from the PMT I-V converter so that
fluctuations in the lamp output due to drifts, lamp flicker and arc
wander are compensated. This compensated fluorescence signal is

then displayed on a strip chart recorder. The voltage reference
source (VRS) is used for suppression in a sum-difference mode so that

the recorder may be used on sensitive scales. The divider output is
also inputed into the digital fixed-time reaction ratemeter whose out-

put is displayed on either aNixie tube readout or a digital printer.

The ratemeter will be described in detail later.
Sample Module

The sample module is designed for simplicity and versatility.
Both fluorescence and absorption measurements may be made either
separately or simultaneously and with or without ratioing the lamp
output. Detailed drawings of the sample module and its components

are shown in Figures 3 - 7, a photograph is in Figure 3 and a component

27

5.5 CM

6.5 CM
9.1 CM

I<

Figure 2.

Diagram of the liquid filter.
a. Rubber 0-ring
b.
c.

Quartz window

Retaining ring

Figure 3. Photograph of the top view of the sample module.
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list is given in Table II.
Construction

Figures 3 - 5 show top and side views of the inside of the sample
module in the monochromator-filter

e. , excitation monochromator

and emission filter) mode. Black, opaque, I/4ff Plexiglass was used

to construct the module. To reduce reflections, the interior was
painted flat black. The cell holder will be described in detail later.

The optical rails, lens and filter holders were milled from aluminum
and then anodized black to reduce scattered light. The rails are suf-

ficiently long (dimensions are given in Figures 4 and 5) to allow proper

placement of lenses, filters, or beamsplitters

,

pellicle) in either

or both the excitation and emission light paths. Alignment of all optics

was achieved using a He-Ne laser as will be described in the experimental section. The module cover has a 5 x 5 inch hole cut out over

the sample cell, which has a separate lid, for easy access to the cell.
Operation

The sample module is divided into three sections (by two 1/8ft

black Plexiglass plates) to reduce scattered light, consisting of an
excitation compartment, cell compartment and emission compartment
(Figure 4). Light from the 200 W Hg-Xe lamp is collimated by the

lens in the focusing sleeve, set one focal length from the arc. This
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Table II. Sample module component list.

Lamp housing focusing sleeve lens (1) 1-1/211 dia., quartz, f1.5
Monochromator adaptor sleeve lens (2) 1,, dia., quartz, f 4.7

The following items refer to Figures 3 and 4.
A

1-1/2TT dia., quartz, f15 lens

B

Uncoated pellicle (8% reflectance)
National Photocolor Corp. , NPC
Cellulose Base Material

C

Thermostatted cell holder

D

Light trap

E

ITT dia., quartz, fz. lens

F

Emission interference filter
Ditric Optics, Inc.
quartz, f1.5 lens (with emission filter)
1,T dia. quartz, 14.5 lens (with emission monochromator)
1u dia.

,

H

PT filter, Corning 5-57

I

Optical rails

J

Waco magnetic stirrer, model 86335
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collimated beam is then focused on the entrance slit of the monochromator by the lens in the adapter tube (positioned one focal length

from the entrance slit).

In the excitation compartment, lens (A)

focuses the diverging beam from the excitation monochromator exit

slit in the center of the cell. The beamsplitter (B) diverts part of the
excitation radiation to be impingent on the filter (H) and finally on the
PT. In the cell compartment, the cell holder assembly (C), mounted

on a magnetic stirrer (J) is accurately positioned in both the excitation
and emission optical paths. To reduce light scatter, the light trap
(D), constructed from 1/811 black plexiglass and shown in detail in

Figure 7, is positioned after the cell holder in the excitation light
path. Lens (E), in the emission compartment, collects the fluores-

cence radiation and lens (G) focuses it on the cathode of the PMT (or

the entrance slit of a monochromator). Filter (F) isolates the desired
emission wavelength band when the emission monochromator is absent.

Figure 6 details the outside dimensions of the sample module.
The drawing labeled (A) shows the wall on which the PT and PMT are
mounted. The dimensions for the placement of these holes are shown

left to right, respectively. The entrance hole for the excitation light
beam is shown in the wall labeled (C). For absorbance measurements
the transmission hole in the opposite wall of the module would simply

be the reverse of this. The wall labeled (B) gives the placement of the
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entrance and exit ports for the circulation water from the constant
temperature bath.
Although the instrument is designed for quantitative fixed wave-

length operation rather than for spectral information, the option of
using excitation and emission monochromators allows spectra to be
quickly taken. It is critical that analyte and background fluorescence

spectra are taken on the same instrument used for analysis, so optimum wavelengths may be picked. For the monochromator-

monochromator mode, the emission monochromator is mounted so that

the entrance slit is 10.5 cm from the outside of the sample wall and
the PMT is mounted directly to the exit slit side of the monochromator.
The following is a summary of the sample module options:
1.

It can be used with or without an excitation liquid filter connected to the outside of the module.

Z.

It can be used with an excitation monochromator and/or with

excitation filters (inside the module).
3.

It can be used with an emission monochromator and /or with

emission filters (inside the module).
4.

It can be used with or without lamp output ratioing.

5.

It can be used in fluorescence and/or absorbance (by removing

the light trap and transmission port cover) modes.
6.

Any one or combination of the above may be used at any one

time.
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Cell Holder

As mentioned in a previous section, careful control of tempera-

ture is necessary for precise reaction rate measurements. To
achieve this, a temperature controlled cell holder was constructed
(25) to be part of the fluorometric reaction rate monitoring system
(although it is easily adapted to other applications).
Construction

The construction of the temperature controlled cell holder

assembly for a standard 1 cm square spectrophotometric cell is

illustrated in Figures 8 - 10. The cell holder basically consists of
four symmetrical corner blocks which are mounted to a metal plate.
The ease with which the cell holder can be made is indicated by the

construction steps listed below:
a.

An aluminum or brass bar is machined to a 12 x 12 x 170 mm

block (Figure 8a). Aluminum was chosen because it was less
expensive and easier to machine.
b.

A 6 x 6 mm notch is then cut lengthwise in the block (Figure
8b).

c.

To make the light windows, four cuts 15 mm in length and

4.2 mm in depth are made along each edge at the appropriate
distances (Figure 8c).
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d.

The block is then cut into four 4 cm segments (one is shown
in Figure 8d).

e.

For circulation of water, a hole 3/1611 in diameter and
19/1671 long is drilled from the top into each corner block.

Then, a 3/161 in diameter hole is drilled in the side of the
corner block to meet the hole from the top. These side

holes are drilled in the left face for two of the corners and
in the right face for the other two (Figure 9a).
f.

A hole is drilled and tapped in the bottom of each corner
block for the mounting screws.

g.

The corner blocks are anodized to minimize reflection and
scattering off the holder.

h.

To make ports, aluminum tubing sections (1/811 ID, 1/321
wall and 7 mm in length) are epoxied into the holes.

The mounting plate used was made from a 3-1/2 x 3-1/2 x 1/16
inch aluminum plate. The hole drilled and the slots cut are shown in

Figure 9b. The corner blocks are mounted to the plate with screws

from beneath the plate. Note that one corner block is mounter per-

manently while the other three corner blocks are movable. Connections
are made between the four side ports and between two of the top ports
of the individual corner blocks with 2 inch sections of 1/8n ID, 1/1611
wall, tygon tubing (Figure 10). The inlet and outlet tubing to the water

bath are connected to the two remaining unconnected top ports. Note
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Figure 8. Diagram of the construction of the cell holder corner blocks.
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Figure 9. Diagram of the completed corner block and mounting plate.

Figure 10. Photograph of the completed cell holder and mounting plate.
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that this flow pattern allows constant circulation of water through all
four corner blocks with essentially no dead volume.

The sample cell is positioned in the holder and the three corner
blocks are moved in and the screws tightened to grip the cell tightly
in place. The mounting plate is then attached to the top of a motor

driven magnetic stirrer in the fluorescence sample compartment as
shown in Figures 4 and 5. Note that the stationary corner block

provides a means to reproducibly align the cell, although the three
mobile corners allow quick and easy removal of the cell. This method
of providing tight contact between the cell and the holder prevents

accidental scratching of the cell during removal or placement, yet
provides good thermal contact between the cell wall and each of the

four corner blocks even for cells of slightly varied sizes.
The dimensions of the cell holder provides 8.5 x 15 mm windows

on each side of the cell holder. This window size was chosen so that

the walls of the cell are not directly visible to a light source illuminating a window or a PMT observing fluorescence radiation from a cell
window.

This is particularly critical in fluorescence work if fluores-

cence or scattering from the cell walls is significant. The position of
the cell holder windows are well above the magnetic stirring bar.
Rateme te r

The instrument (120) described here is similar in design and

42

advantages to the previous two digital fixed-time system mentioned

earlier. Unique advantages of this ratemeter include the use of a
different V-F converter than used in the other systems. This V-F

converter can be used to measure faster rates and has better linearity

and a larger dynamic range. Also, a multi-integration mode is
included which allows the number of up/down or down/up cycles in a

given measurement to be greater than one. Thus, the instrument can
be used with a modulated source as a "digital lockin ". Finally, the

output may be displayed on a Nixie tube readout or a digital printer.

The ratemeter expression given in the historical section (Equation

5) applies to all situations except the multi-integration mode. The
readout in counts for the multi-integration mode is
R=n

k

(At)

2

(24)

where At is equal to the length of each individual integration time

period in seconds and n is the number of integration sets (up/down or
down/up cycles). When At equals one half the measurement time,
n = 1, and Equation 24 is the same as Equation 5.
Construction

Figures 11 and 12 show a block diagram and schematic of the

fixed-time rate computer and Table III lists the components. Figure

13 is a schematic of the printer trigger circuitry. The entire ratemeter,
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Figure 11. Block diagram of the digital ratemeter.
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single pole, 11-position rotary switch, allows selection of
total measurement times of 2n times the time base, where
n is an integer from 0 to 10. (e.g., for a 1 Hz time base,
measurement time of 1 to 1024 sec. are available).
Sr2:

single pole, 11-position rotary switch, allows selection of
integration times.

S

single pole, 11-position rotary switch, allows selection of
delay times.

r3.

S1:
1

SPDT toggle switch, positions A and B select the continuous
and single measurement modes, respectively.

S2:

SPDT toggle switch, position A starts the timing sequence
and subsequent counting and position B clears the decade
counters and holds them on clear.

S3:

SPDT toggle switch, positions A and B select the down/up
and up/down counting sequences, respectively.

S4:

DPDT toggle switch, position A allows normal operation of
the gating and counting circuits and position B disables the
gating circuit and enables the seperate up or down external
inputs to the decade counters.

S5

SPDT toggle switch, position A connects the V-F converter
output to S6 and position B disconnects the V-F converter
output from S6 and connects it to an external BNC.

S6:

SPDT toggle switch, position A connects the pulse train from
the V-F converter to the gating circuit and position B disconnects the V-F converter output and connects an input to
the gating circuit for an external pulse train.

A:
B:
C:

External pulse train input
V-F output, external
From V -F converter
External up input
External down input

4

D:

F:

+ 5V supply

All resistor values are in lc S2 and all capacitor values are in p.F.
Figure 12. Ratemeter circuit diagram with Nixie tube readout.
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Table III. Components of ratemeter instrumentation.

Item

V-F converter

Supplier and Model

Teledyne Philbrick, Model 4705

Decoder and Readout

Digital printer

Newport Laboratories, Inc. , Model

Nixie Tube

2 - Heath Decimal Readout Modules,
Model EU-801-15

810

Voltage Reference Source (VRS)

Heath, Model EU-80A

°Al, 0A2

Function Modules, Inc., Model 380 J

Decade counters

8 - Signetics Cascaded Synchronous
Decade Up/Down Counters
(SN 74192)

Nand Gates

4 - Signetics Quadruple 2-Input
Positive Nand Gates (SN 7400)
1

- Signetics Dual 4 -Input Positive
Nand Gate (SN 7420)

Monostable

2 - Signetics Monostable multivibrator
(SN 74121)

Clock

Time Base

Heath, 1 MHz Time Base Card

Binary Counters

3 - Signetics 4-Bit Binary Counters

(EU-800KA)

(SN 7493)

Power Supplies
+ 15 V

Analog Devices, Model 915

+5V

Analog Devices, Model 904
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0.01

+5V

GND

Figure 13. Printer trigger circuit diagram. All resistor values
are in 1cS2 and all capacitor values are in F.
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less the readout modules, printer trigger circuitry and clock is contained in a 17 x 10 x 3 inch chassis box. All integrated circuits are

mounted in sockets on three printed circuit boards. The readout
modules and clock are connected to the chassis box with CINCH con-

nectors and two 18 cable ribbons. The wires in the ribbons had to be

separated when connected to the printer to prevent cross talk. This
was not required for the decimal readout modules.
The voltage-to-frequency converter (100 KHz/V) is wired for

three modes of operation, standard full scale input voltage (10 V), 1.1
to 1.32 V full scale input voltage, and 10

6

to 10-8 A full scale current-

to-frequency conversion. The three modes are wired as specified by
the manufacturer with the addition of five switches and three BNC
inputs.

Characteristics
The chassis has seven BNC connectors and fourteen switches
which allow fast and easy selection of different input/outputs and modes

as illustrated by the Figure 12 caption. The following options or
ranges in addition to the different modes for the V-F converter are
simply selectable: direct access to up and down inputs independent of

the logic circuitry, input of an external pulse train (e.

,

photon

counting), integration times from 5 x 10 -'7 to 5 x 10 3 s, measurement

times from 10-6 to 104 s, delay times of 10 -6 to 104 s, as a digital
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voltmeter with variable integration time (set integration time equal to
the measurement time), order of integration (up/down or down/up),
continuous or single measurement, and multiple integration cycles

per measurement period.
Operation of the Ratemeter
In the following discussion 0 and 1 will be taken to be logical 0
(0. 0 V) and logical 1 ( +5. 0 V), respectively.

The schematic for the ratemeter is shown in Figure 12 (less the
V-F converter section). The delay timing section of the circuit may
be described independently of the rest of the circuit since once its job

is done, it is isolated from the rest of the circuit by the latch made up
of the nand gates 10 and 11. A bounceless switch was made using S2

and gates 8 and 9 to manually trigger the ratemeter. With S2 in the
off position (position B) the output of gate 8 is a 1, gate 9 is 0, gate 10

is 1, gate 12 is a i since the clock is held on clear, gate 11 is 0, gate
13 is 1 holding the decade counters on clear, gate 14 is 1, gate 15 is 1,
gate 16 is a 1 holding the 4-bit binary counters on clear and gate 17 is
a 0, holding the 1 MHz time base card on clear.
When S2 is switched to the start position (position A) the output

of gate 8 changes to 0, and gate 9 to 1. During the delay period, gate

12 is a 1, gate 10 is 1, gate 11 is 0, gate 13 is 1, gate 14 is 1, gate 15
is 1, gate 16 is a 0 allowing the 4-bit binary counters to count and gate
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17 is a 1 allowing the 1 MHz time base to count. At the end of the

delay period, gate 12 changes to a 0, gate 10 to 0, and gate 11 to a 1.
Gates 10 and 11 are held in these states until S2 is returned to the off
position (thus isolating the delay timing circuit from the rest of the
circuit). Gate 13 changes to a 0 allowing the decade counters to start
counting. Gates 14 and 15 comprise the recycling monostable. Gate

14 changes to a 0 and gate 15 changes from 1 to 0 to 1 in one microsecond. This 1 to 0 to 1 1 p.sec pulse recycles the clock (4-bit binary

counters and 1 MHz time base card) so that each measurement and

individual integration time will start off at exactly the same time

regardless of what the delay time was. Gates 16 and 17 remain the
same as before.

The rest of the circuit does not come into play until after the
delay period has ended. For a down then up count, after the I ii.sec
pulse from the monostable has recycled the clock (delay period over),

the output of gate 6 is 1, gate 7 is 1, gate 2 is 0, gate 3 is 1, gate 4 is
1, and the outputs of gates 1 and 5 will switch from high to low with

the incoming pulse train from the V-F converter or some external
pulse train. The output of gate 3 goes to the up input of the decade
counters and gate 5 goes to the down input.

During the second half cycle of the integration time, gate 7

changes to a 0, gate 2 to 1, gate 4 to 0, gate 5 to 1 and gates 1 and 3
will switch from high to low with the incoming pulse train. Gate 6
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remains a 1 during this time.
For an up then down count, gate 7 is bypassed and the sequence

of events is just the opposite to those described above. Note that for
the above description an integration time of one-half the measurement
time was used.

The integration time (adjusted by switches Sr2 and Sr1,
respectively) is the time period in which the counter counts uninhibited

in one direction and must be 1 /2n of the total measurement time period,

where n is a non-zero integer. When n = 0, the ratemeter will perform
as a digital voltmeter. When n = 1, there will be one up/down or down/
up sequence during the measurement period as in the previous systems
(20, 21). Finally, when n > 1, n up/down or down/up integrations will

be performed.

The input to gate 1 from the clock controls the total measurement

time as selected with rotary switch Srl and is the half cycle of the clock
in which the output of gate 6 is a 1 so that gate 1 may change with the

incoming pulse train. When the second half cycle is over, gate 6
changes to a 0 thus holding the output of gate 1 at a 1. This blocks the
incoming pulse train from being counted.

During one half cycle of the clock output, the output of gate 7 is

a 1 and the up input of the decade counters is held at a 1 state and the
incoming pulse train is directed to the down input. When the output of
gate 7 changes to a 0 level on the clock's second half cycle, the down
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input of the decade counters is held at a 1 state and the incoming

pulse train is directed to the up inputs. Using gate 7, the integration
will consist of down/up counts giving a positive number for positive

slopes whereas if gate 7 is bypassed with switch S3, it will consist of
up/down counts giving a positive output for negative slopes.

Choice of single or continuous measurement modes is controlled
by switch Sl. In the continuous measurement mode the output of the

J-K flip-flop is disconnected from gates 1 and 16. Thus, when the
output of gate 6 changes from a 1 to a 0 the output of gate 1 is held at
1 blocking the pulse train from being counted. The number stored in

the decade counters and displayed on the readout module is held there
during the half cycle in which the output of gate 6 is 0. At the end of

this half cycle gate 6 changes to a 1 and the pulse train is again allowed

through the gating circuit to the decade counters. The resulting up/
down or down/up count is added to the number recorded in the previous

measurement period. This will continue until S2 is switched to the off
position.

In the single mode of operation the output of the J-K flip-flop is
connected to gates 1 and 16. The output of gate 11 prevents any change

in the output of the J-K flip-flop until after the delay period is over.
So when the output of gate 6 changes from a 1 to a 0 the flip-flop output

changes from a 1 to a 0 thus changing the output of gate 16 to a 1 and
gate 17 to a 0. This then turns the clock off, i.e., clears the 1 MHz
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time base and the 4-bit binary counters preventing gate 1 from changing
from the 1 state and consequently blocking the pulse train from being

counted. When S2 is returned to position B the flip-flop is set at the
same time the decade counters and the clock are cleared.
In the above discussion it should be noted that the half cycles

referred to for the measurement, integration and delay times are
independent of each other since they are determined by the positioning

of Sri through Sr3, respectively.
The length of the continuous measurement mode consists of one

period of delay, one period of measurement, one period of hold equal

in length to the measurement period, one period of measurement, one
period of hold, etc. During the hold period the result of the integration
is continuously displayed on the Nixie tube readout or printed on a

digital printer. The length of the single measurement mode consists
of one period of delay, one period of measurement and then a continuous period of hold or display until S2 is returned to the off position
which drives the output of all the decade counters to zero.
The timing sequence waveforms are shown in Figure 14.
Modifications

To shorten the hold period and to clear the decade counters after
the hold period, two monostable m.ultivibrators can be easily wired
between gates 6, 13 and 16. The first monostable gives the desired
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Ratemete r 'timing Sequence waveforms.
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hold period and triggers the second monostable which sends its pulse
(typically 1 ia.sec) to both gates 13 and 16 to clear the decade counters

and recycle the clock, respectively. If a SN 74121 is used for the first
monostable, hold periods of only one or two seconds can be easily
obtained. This hold period would add on to the initial delay period

at the very start of a measurement.
Ratemeter Testing Circuit

The procedure for testing ratemeters and their noise immunity
that was described in the historical section has the inherent drawback
that the instrument is being tested only for its immunity to symmetrical
fluctuations in the input signal. Since real noise is random in both

frequency and amplitude rather than symmetrical and since low

frequency noise, bursts and drifts are always present, a true indication of the instrumentts performance in a real situation is not obtained.
Also, the input slopes previously used (20, 21, 23) for testing noise
immunity (e. g.

,

100 mV/sec) are often much larger than would nor-

mally be encountered in making an actual rate measurement involving

a slow reaction. Because of input bias current and drift considerations,

the OA integrator cannot be used for slopes much less than 1 mV/sec.

The testing circuit described here eliminates or reduces the limitations
discussed above, and allows one to accurately and precisely synthesize

very small slopes, typical of real analyses, and to superimpose on
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these ramps real noise from the reaction monitor. This circuit can
be used to test any ratemeter with any particular reaction monitor
system. In this work, it is used to test the characteristics of the new

fixed-time ratemeter described above when limited by noise from a

PMT in the fluorescence spectrometer.
Operation

A schematic of the rate testing instrument is shown in Figure

15. As mentioned earlier, the previous testing procedures only used
what is enclosed in the dotted lines in the figure with a sine wave
generator connected to the summing point of OAl through a resistor
to simulate noise.
Connection of the output of OAl through a resistor,

to to the

summing point of 0A2, which is wired as a voltage deamplifier with
gains of 10-1 to 10-4 (by varying R3 from

106 to 1090 with R4 = 105 to

1062) allows small (10 to 10 4 µV /sec), stable ramps to be obtained

for testing a ratemeter. 0A2 is the I-V converter for the PMT in
Figure 1. It is also used for superimposing the real noise from the

reaction rate monitor onto the integrator ramp. Because of the current offsets and voltage drifts in OA1, it is difficult to obtain stable
and accurate ramps with only OAl which are much less than 1 mV/sec.

However, a larger more stable ramp from the integrator may be
divided down to give a small, stable and accurate slope. The net
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result is that a ramp can be generated which is identical to a real
reaction rate monitor signal in terms of a slope and noise for testing

a ratemeter. The voltage reference source (VRS) #2 is used to offset
the DC level from the PMT if so desired.

Associated Electronics
The PMT I-V converter was constructed as specified by the OA

manufacturer with feedback resistors of 105 to 10 8 SZ and feedback

capacitors of 10-3 to 1 p.F. The module was also wired for the options

of being used as an integrator, differentiator and voltage amplifier.

The PT I-V converter, with feedback resistors of

8

106 to 10 S2 and

feedback capacitors of 10-3 to 1 pi, and the divider circuits were also
constructed as specified by the manufacturers.
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Output of OA1 is a slope of 100 mV/sec.

Figure 15. Ratemeter testing deamplifier circuit diagram.
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EXPERIMENTATION

Glassware Cleaning Procedure

Unless otherwise stated, all fluorescence measurements made
on QS solutions or Ag+ - OXSA-S 208 solutions and appropriate blanks

were made with the excitation monochromator set at 366 nm with 2 mm

slits and the 480 nm emission interference filter. Even though the
maximum fluorescence intensity occurs at 460 nm. for QS, the 480 rim

interference filter produced a larger signal-to-background ratio than
the 460 nm interference filter.
Scrupulously clean glassware must be used when preparing

solutions for molecular fluorescence work or else significant fluorescence contamination (equivalent to as much as 10 ppb quinine sulfate)

will result. To obtain clean glassware, the following cleaning procedure is used:
1.

Let all glassware sit overnight filled with about 0.1 M
KMnO4 in about 10% H2SO4 or HNO3.

2.

Rinse with concentrated HC1 or aqua regia to remove the
Mn0 on the glass.
2

3.

Rinse five times with house distilled water, once with 50%
HNO3' five times with house distilled water and then five
times with double distilled water.
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4.

The glassware is then filled with double distilled water

and allowed to sit overnight. Presence of organics in the
water is checked by measuring the fluorescence signal at
the wavelengths used for analysis.
5.

The above procedure is repeated until the lowest constant
signal possible is obtained.

6.

All Teflon bottles are cleaned with 50% HNO 3 and rinsed as

described above.
7.

Between use, all glassware, and Teflon bottles, are stored
filled with double distilled water.

Once the glassware is clean, if only aqueous solutions are used,
a rinse with 50% HNO

3'

five times with house distilled and five times

with double distilled water is sufficient to keep them clean.
Solution Preparation

All solutions were prepared with double distilled water produced

by a Corning AG-3 still connected to the house distilled water. All
chemicals used were "Analytical Reagent" grade or better. All
solutions were stored in black Teflon bottles. The following is a list

of the stock solution preparation procedures:
1.

Blank and QS Solvent:

0.1 N H2SO4 = 5.56 ml H2SO4 conc. )
/ 2 1 H20
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2.

Quinine Sulfate (QS):

100 ppm. = 0.1000 g QS / 1 1 0.1 N
H SO
2

3.

8-Hydroxyquinoline -5-

4

100 ppm = 0.1000 g OXSA / 1 1 H2O

Sulfonic Acid (OXSA):
4.

Potassium Pe roxydi sulfa te:

0.1 M = 27.0320 g K2S208 / 1 1 H2O

5.

Blank and Ag Solvent:

0. 018 N H2SO4 = 1. 00 ml H 2504

(conc.) / 1 1 H2O
6.

Silver (I):

100 ppm = 0.1575 g AgNO3 / 1

1

0. 018 N H2SO4
7.

Blank and A13+ Solvent:

0.002 N 1-12504 = 0. 11 ml H2SO4

(conc.) / 2 1 H2O
8.

Aluminum:

100 ppm = 1.3903 g Al(NO3) 3. 9H20 /
1

9.

Silver (II):

1 0.002 N

100 ppm. = 0.0117 g AgO (98+%) /

0.1 1 0.018 E H2SO4
10.

EDTA:

5% = 5 g EDTA / 100 ml H2O

11.

Dithizone:

0.01% = 0.0100 g HDz / 100 ml CC14

Lower concentrations of the above were made by serial dilution.
Some problems were encountered which should be noted. First,

the OXSA and S208 concentrations listed above are the practical upper

limits due to solubility limitations. The 100 ppm OXSA solution

required heating to speed dissolution. Without heating, dissolution
took overnight. OXSA can be made more concentrated if dissolved in
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0.1 N NaOH or KOH, however, this proved unacceptable for analysis

since the reproducibility was poor, apparently due to neutralization
problems. The 5208 solution required continuous shaking for several

minutes for complete dissolution.
No significant differences were noted whether or not the QS,
OXSA, K 25208' AgNO or Al(NO )3' 9H 20 were dried in an oven at
3
3

110 °C for a couple hours before weighing.
Optimization of Optics

Alignment of both the excitation and emission optics in the

sample module was achieved with a He-Ne laser. Pin holes were

plated in the center of the entrance, transmission and fluorescence
holes. The laser beam was directed at the entrance port so that it

passed through the transmission pin hole. Next, two lenses were

positioned 90° to the excitation optical rail, one at each end, and

centered at the same height as the laser beam. The optical rail was
moved until the reflection of the laser beam from the center of both
lenses was coincident with the entrance pin hole. Once this was

accomplished, the optical rail was secured in place by four bolts.
A front surface mirror was then placed vertically in the same
position that the sample cell occupies at an angle of 45° to the laser

beam so that the reflection occurred at the position that the center of
the sample cell would normally occupy. The mirror was adjusted so
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that the reflected beam passed through the fluorescence port pin hole.
Two lenses were positioned on the emission optical rail as described
above and the rail was moved until the reflection of the laser beam

from the center of both lenses was coincident with the reflected laser
spot on the mirror and the entrance port pin hole. After this was
completed, the emission rail was secured in place with four bolts.

After the optical rails were aligned, the excitation source was
connected to the entrance port and the positions of the lenses (excitation and emission) were optimized to yield the highest signal-tobackground ratio (S/B) for measurements on 0.1 ppb QS and 0.1 N
H2SO4 solutions.

Et - Eb
B

Eb

(25)

where Et = the total fluorescence plus background signal
Eb = the background signal.

First, the cell holder was positioned so that the center of the
cell was at the intersection of the excitation and emission optical axes

with the respective walls at 90° to the axes.

Next, for use with an emission filter, the emission lenses E and
G in Figure 4 were positioned with their focal points at the center of
the cell and on the PMT cathode, respectively. Then the position of

the excitation lens, lens A in Figures 4 and 5, was optimized for the

highest S/B. The final position is 5.2 focal lengths from the center of

64

the cell because the beam of light emerging from the monochromator

is divergent and does not completely fill the lens. Once this position
was established, the position of lenses E and G were in turn optimized.

The final position of both lenses is the same as the positions initially
set. The above procedure was repeated to insure that the optimum
conditions were indeed obtained.

When the emission monochromator was employed, lens G was

positioned one focal length from the monochromator entrance slit.

Incorporation of both excitation and emission slits, 2 x 15 mm and
5 x 15 mm, respectively, mounted on the outside of the cell holder,
provided the highest S/B.
Background Signal Study

To help ascertain the nature of the background signal, separate
experiments were performed by horizontally and vertically polarizing
the excitation and emission light beams. If the blank signal was solely

(or at least mainly) due to Rayleigh (or less likely Tyndall) scattering,

then rotation of a polarizer from the vertical (

I

I

) to horizontal (a_.)

position in either the excitation or emission light paths should yield a
significant reduction in the background signal compared to any

reduction in the fluorescence signal from QS.
The above can be readily seen if we assume 100% depolarization

for the fluorescence radiation from the QS and recognize that the
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maximum depolarization ratio, pn, for Rayleigh scattering is
max
max
ax
pn
= 1/2 for natural unpolarized incident light and pm
1/3 for
linearly polarized light (121). In the above pn is defined as the ratio

of the intensity of the scattered radiation polarized perpendicular to
the vertical plane of the incident radiation (71) to that polarized

parallel to this plane (III). That is
pn =

(26)

and

P1

Pn / (2

Pn)

( 27)

The Rayleigh scattering for most molecules will have a smaller degree
of depolarization than these maximum values. The minimum value of
and p is zero. The maximum degree of depolarization for Raman
1
scattering is p nmax = 6/7 and p max = 3/4 (121). Here it is assumed
1

p

n

that the Raman scattering is polarized, i. e. , the result of totally
symmetric vibrations.
Evaluation of the Cell Holder

The stability, reproducibility, and response time of the temperature controlled cell were measured with the temperature measurement system shown in Figure 16 and the equipment in Table IV.
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Normally temperature measurements with thermistors employ
the use of conventional bridge circuits. The configuration presented

in Figure 16 with the thermistor as the resistive feedback element of
the operational amplifier is convenient because the output of the OA,

Eo, is directly proportional to the thermistor resistance, Rt' or
Rt
Eo =

E.

R.

(28)

in

Where E.in is the potential of the voltage reference source and R. is
in

the input resistance to the summing point. Values of E. = 0.100 V
in
and R.

in

= 2 Ks"2 where used so that

Eo = (5 x 10-5 A) Rt
A 0.01 C change causes Rt to change about

(29)
2

.2.

Hence from

Equation 29, Eo changes by about 0.1 mV. The voltage output of the
OA is amplified by a factor of ten with the potentiometric amplifier
and displayed on the 10 mV scale of the recorder. The D.C. offset
module was needed to suppress about 250 mV so small changes of less
than 1 mV or 0.01

oC

could be observed on the recorder. With a

readout resolution of 0.1 mV and a peak-to-peak noise of less than 1

mV, temperature changes of 0.01

oC

could easily be observed. The

current of 5 x 10-5 A that passed through the thermistor was chosen to

67

THERMI STOR

(-)

POT.

OA
RIB

_E-(+)

RECORDER

AMR

ti

D. C.

VOLTAGE

OFFSET
SOURCE

Figure 16. Temperature measurement system block diagram.
Table IV. Temperature measurement equipment.

Voltage Source

Heath, Model EU-80A

Operational Amplifier

Analog Devices, Model 41J

Potentiometric Amplifier

Heath, Model EU-200-01

DC Offset

Heath, Model EU-200-01

Recorder

Heath, Model EU-20-V

Thermistor

Victory Engineering Corp, Model T35A7

Nominal resistance at 24 oC = 4. 8K
Temperature coefficient = 3. 8%/ C
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keep the power dissipation in the thermistor low enough to prevent

error from electrical heating.
The thermistor was calibrated over a temperature range of 15
to 32

oC

with an immersion thermometer accurate to + 0.02 C. The

thermometer was read to 0.01

oC

with a cathetometer. For all

measurements, the thermistor was placed in the middle of the cell

and the stirrer was on. With stirring, the temperature throughout the
cell varied less than 0.01 o C. Without stirring, the stability, response
time, and temperature variation throughout the cell were worse.
Stability was evaluated by monitoring the temperature over a
15 minute period with 3 ml of temperature equilibrated water in the
cell. Stability is defined as one half the maximum temperature dif-

ference observed over the measurement period. Response time and
reproducibility were measured by adding 3 ml of H2O at temperatures
2 to 7 oC below the equilibrium temperature to the empty cell with a

pipet and noting the time dependence of the temperature decay back to

the equilibrium temperature. The response time is defined as the

time it takes for the cell solution temperature to rise to within both
0.1

oC

and 0.01 oC of its final equilibrium temperature from the time

of initial addition of the water to the cell. The reproducibility is

defined as the standard deviation of final equilibrium temperatures

recorded in the response time studies.
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Evaluation of the Ratemeter

The new fixed-time ratemeter was evaluated with the new testing

circuit (Figure 15). Measurements were made to evaluate the rate-

meter's precision, accuracy and noise immunity. Precision and
accuracy measurements (without noise) were made, with the PMT

disconnected from 0A2 in Figure 15, on synthetic slopes from 0.01

to 10, 000 mV/sec. Means and standard deviations from ten measurements on one ramp and ten measurements on the initial portion of ten
identical ramps were obtained from each slope.
To test how the ratemeter would perform with the fluorescence

monitoring system, i.e., noise immunity, in which the limiting noise
is often flicker noise in the scattering and background fluorescence
signal due to flicker noise in the 200 W Hg-Xe arc lamp, the sample

cell in the spectrofluorometer was filled with blank solution, the PMT
was connected to 0A2, and the exact noise that limits the fluorescence
rate measurements was superimposed on the synthetic ramps and the
measurements were made as in the above.
Ag - OXSA - S 2 08 Study

Solutions were prepared as previously described. The ratemeter
was set for measurement and integration times of 32 and 16 seconds,

respectively. Measurement times up to five minutes could be used if
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desired but do not yield any significant improvement over 32 seconds.
A delay time of 64 seconds was chosen so that the induction period for

the lower concentrations would be completed and the measurement
would be made in the linear portion of the voltage versus time curve

for all concentrations. The lamp and electronics were allowed to
warm up for at least one hour before a measurement was made to
reduce the possibility of imprecision due to instability and drifts.

The temperature bath controller, pump and stirrer motor were also
turned on at this time to insure temperature stability. Precise
temperature control is mandatory since without it, even the signal
from 0.018 N H2SO4 changes slowly and would obscure the rate information.

The cell is rinsed by adding water from a polyethelene wash
bottle and removing it with a Dispo pipet connected to a vacuum line

through a suction flask. This takes about 15 seconds. After addition

of 1 ml of OXSA solution the stirrer is turned on and left running until
the end of the measurement. If the stirrer is turned on prior to the
addition of at least 1 ml of solution bubbles result which produce

unidirectional positive scattering peaks that destroy the precision.
The order of addition of the various reagents into the sample cell
was: 1 ml OXSA, 1 ml Ag or blank, and 1 ml of S208 solution. This

order of addition was varied and no significant difference was found
for any combination. Solution introduction procedures were carefully
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studied to find the most efficient and error free technique. With the

high scale expansion used to measure small rates, subtle noise and

drift characteristics are limiting. Both glass pipets and syringes
were found to introduce bubbles into the sample cell. Finally it was

determined that Eppendorf automatic pipets with disposable tips are
the best means for quickly adding solutions without introducing bubbles.

With the automatic pipets, the cell can be filled with the two reagents
and the analyte solution in about 15 seconds.

After all three reagents are added, the sample cell compartment
cover is replaced, the PMT shutter is opened and the ratemeter is triggered. The course of the reaction is then followed on the strip chart

recorder (thus any anomalies can be seen) and at the end of the

measurement period a number proportional to the initial rate is
printed on the digital printer.
To obtain kinetic and optimization information and a calibration

curve, the above procedure is repeated for each initial concentration
at least five times to obtain a mean, standard deviation and relative
standard deviation for the initial rates of the background and analyte

plus background reactions. Each kinetics study was repeated at least
three times to insure the reproducibility of the results. For each
species the log-log plot of initial rate versus initial concentration is
made to obtain information about the orders of each constituent. The

concentration yielding the lowest relative standard deviation for the
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initial rate of the background reaction and an acceptable order with

respect to the reagent is taken as optimal.
Interference Study

In order to determine the applicability of any new analytical

technique it is necessary to determine what ions may interfere with
the analysis and at what concentration this interference ceases. The
interference study on the Ag-OXSA-S 208 system involved 24 metal and

6 nonmetal ions.

The procedure for this study was as follows:
1.

To determine if a given ion would yield an initial rate with
the OXSA alone, 1 ml of the ion solution was added to 1 ml

of the OXSA and 1 ml of the 0.018 N H2SO4.
2.

To determine the effect of the ion on the background reaction,
1 ml of the ion solution was added to I nil of the OXSA

solution and 1 ml of the 5208 solution.
3.

The effect of the ion on the Ag reaction was determined by
adding 1/2 ml of the ion solution to 1 ml of the OXSA
solution, 1 ml of the S 2 0 8 solution and 1/2 ml of 1 ppm. Ag
solution.

If the ion in question gave an interfering initial rate for any of
the above three procedures, the ion concentration was reduced by serial
dilution and the procedures were repeated. This was repeated until no
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effect (no interfering initial rate) was observed. That is, the initial
rate with and without the ion solution for the background and Ag plus

background reactions were within one standard deviation.

Interference Elimination
Two paths are available to overcome ion interference: 1) employment of a masking agent to effectively remove the ions in question

from the system without actually chemically separating them from
Ag, and 2) chemical separation of the interfering ions from Ag through
either ion exchange or solvent extraction. Both of these methods

were tried and are discussed below.
Buffer-Masking Agent

It is desirable to attain control of the pH of the final reaction
mixture without having to make a pH adjustment of the analyte solution,

and at the same time to mask all the interfering metal ions. Through
appropriate choice of a weak organic acid, both of the above may be
achieved. The question is, can both problems be solved without

creating a new one?

To find out, the following buffer and/or masking agents were

tested: phthalate, formate, tartrate, iodoacetate and EDTA. Each of
the above, except EDTA, yielded satisfactory results in acting as a
buffer. Each of the above, however, failed miserably as effective

74

masking agents for the Ag-OXSA-S
oxidized by the S208

,

208 reaction since each was itself

thus, becoming an additional interferent of the

reaction instead of removing the interferences. Oxidation of these

species is reported in the literature (62, 63, 122, 123).
Chemical Separation

The second way of eliminating interferences is to physically

remove them from the system. Two procedures were tried; ion
exchange and solvent extraction.

First, two ion-exchange resins were tried; Chelex 100 and
Dowex 50 W - X 8, both 20 - 50 mesh. Procedures used were as
specified in (124). The Ag was retained on the exchange columns and

then washed out with dilute acid. Neither of the above resins yielded

satisfactory results. In both cases the % efficiency (amount of Ag put
on the column divided by the amount that came off, times 100) was at

best 72% and typically around 50%. There was also the additional
problem of contamination of the Ag+ solution by the resin itself.

The method of interference elimination that was finally utilized
involves the well known (125-128) solvent extraction of Ag with
dithizone (HDz) or diphenylthiocarbazone in CC1

4.

In organic solvents,

HDz exists in the tautomeric forms shown below (128)
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(30)

KETO

ENOL

Dithizone can be made selective for Ag+ by adjusting the pH of the

aqueous phase below zero and extracting in the presence of EDTA.
The EDTA effectively complexes metals other than Ag so that they

will not be extracted or at least extracted very slowly. The Ag is only
very weakly complexed by EDTA so that the HDz effectively competes

for the Ag which is extracted almost instantaneously.

The extraction procedure is as follows:
I.

One ml of a Ag+ standard or sample solution containing Ag+
is diluted with 20 ml of 5 N H2SO4 to adjust the pH below

zero, thus, increasing the
2.

Ag+

selectivity.

Ten ml of 5% EDTA is added to the Ag+ solution to mask

those ions (e.l. , Hg, Au, Pd, Cu) that can still be slowly
extracted at very low pH's. As mentioned above, Ag is
easily extracted in the presence of EDTA.
3.

Extract the Ag+ twice with 5 ml of 0. 001% HDz in CC1 for
4

about 15 seconds each. The short extraction time also
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enhances the selectivity for Ag since it is rapidly complexed
by HDz whereas under the extraction conditions other

metals (above) are only slowly extracted.
4.

The CC1 layers are separated from the aqueous layer,
4

added together and evaporated down to about 1/2 ml.

Evaporation to dryness is avoided because this causes large
losses of Ag+ (129). This is because Ag at elevated tem-

peratures in the presence of charred organic material is
reduced to elemental Ag.
5.

To this 1/2 ml of silver-dithizonate in CC14, about 2 ml of
30% H202 are added and then evaporated to dryness. This

step is necessary to destroy the HDz to prevent interference
in the Ag-OXSA-S 208 reaction since it is easily oxidized by

the S208

.

In contrast to step 4, this evaporation does not

cause appreciable loss of Ag since the organics were
destroyed by the H202.
6.

The residue from step 5 is then dissolved in O. 018 N H2SO4

and brought up to the mark in a 10 ml volumetric flask.

No

pH adjustment is required after this step. The final concentration is 1/10 of that in the original sample.
7.

The silver content is then measured as previously described.
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Zinc Spelter Analysis

To verify the viability of the analysis technique including the

extraction procedure, an analysis was made of the Ag content of the
National Bureau of Standards, Zn Spelter standard number 109. The

procedure is as follows:
1.

Weigh out six 0.5 to 1.0 g N. B.S. No. 109 standards.

2.

Dissolve each sample in 5 ml of 8 N HNO3 and then evaporate

the solution to about 1 ml. The presence of as little as 2
N HNO will oxidize the HDz from the keto to the enol form,
3

making it useless for silver extractions. Hence, it is
important that most of the HNO3 be fumed off.
3.

The extraction and measurement procedures are then performed as previously described.
Al - OXSA Study

The Ag interference study indicated that Al 3+ could possibly be

analyzed using the OXSA without 5208. Other metals, Zn, Sn and Au
also reacted with OXSA in the absence of 5208 but the initial rate did

not appear to be first order with respect to their concentrations as it
appeared for Al.

The procedures for the Al

kinetics, optimization and inter-

ference studies are basically the same as that for Ag with the exception
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that the 1 ml of 0. 1MS 2 0 solution is replaced with an additional 1
8
ml of OXSA solution. Since the A13+ - OXSA system reaches equili-

brium in about 30 minutes (longer for the lower concentrations), to
insure measurement of only the initial 2% of the reaction the measure-

ment, integration and delay timing periods were set at 32, 16 and 16
seconds, re spectively.
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RESULTS AND DISCUSSION

Glassware Check

Nine, one liter volumetric flasks were cleaned and checked
according to the procedure given in the experimental section. After

the first cleaning, the mean and relative standard deviation of the
background signal among the nine flasks were 185 nA and 13% (Rf =

1060, EPMT = 800 V), respectively. The background signal from

fresh double distilled water was 0.1 nA. After three cleanings there
was no difference

e., within one standard deviation) between fresh

double distilled water and the water stored overnight in the 1 1 flasks
and the relative standard deviation among the flasks was reduced to
about 0.5%. Clearly, careful cleaning of all glassware is critical.
Background Study

Table V summarizes the results obtained with polarizers for the
radiation from a blank and QS solution as described in the experimental
section. Ratios of the signals obtained with a polarizer (horizontal-

perpendicular or vertical-parallel) to the signals obtained without a
polarizer indicated that both signals were only reduced by the expected

amount due to the transmission of the polarizers of unpolarized light.
Since the difference between the depolarization ratios for the blank and
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QS radiation are similar and close to unity, Rayleigh scattering is a
minor component of the blank signal and fluorescence of species in

the water or of the cell, lenses or filters are responsible for the
majority of the background signal.

Table V. Summary of polarizer data. a
Visible Polarizer

Solution

0. 1 N H2SO

0.1 ppb QS
a

(Emission Beam)

4

UV Polarizer
(Excitation Beam)

Pn

P1

0. 92

0. 89

0. 97

1. 01

Visible polarizer = HN32 and UV polarizer = HNP'B (Polaroid
Polarizer Div. , Polaroid Corp.)

Subsequent tests indicated that fluorescence due to the cell and

quartz lenses was negligible, however, glass lenses, cutoff and
narrow band filters exhibited significant fluorescence. Use of inter-

ference filters and all quartz lenses essentially eliminated this problem.

Hence, for all measurements reported in this work, the residual background signal is due to fluorescence from impurities in the solutions.
Cell Holder

Stability, response time, and reproducibility measurements were
made, as previously described, at temperatures indicated in Table VI.
Measurements made over a few hours gave similar stability results.
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The stability and reproducibility are to a large extent limited by the
constant temperature bath. The temperature controller has control
specifications of + 0. 01 °C.

The cell temperature was 0.26 to 0. 88 °C higher than the water
bath temperature (30 to 15 °C respectively). This is believed to be due
to two factors: 1) heating of the circulating water by the pump, and

2) heating of the cell holder by the magnetic stirrer. The latter is
believed to be a minor effect since the mounting plate is separated

from the stirrer top by 1/8 inch of air and since the magnetic stirrer
was chosen because of its relatively cool operation. This difference
in temperature between the bath and cell did not cause any difficulties

since it was reproducible to within + 0.03 °C for all temperatures used.
Evaluation of the Fluorescence Instrument
QS Data

To evaluate a fluorescence instrument so that it can be compared

to others, the fluorescence standard quinine sulfate is usually used
(44, 130 -133). In evaluating the instrument described here, excitation

and emission spectra of 10 ppb QS in 0.1 N H2SO4 were taken. The

spectra are shown in Figures 17 and 18, respectively. For these
spectra, a slit width of 0.5 mm (smallest available) which corresponds
to a spectral bandpass of 4.25 nm was used in both the excitation and

Table VI. Summary of temperature measurements.
Response
time

Response
time

to
0.1 oC

to

Reproducibility
°C

min.

0.01°C
min.

Stability
oc

Equil.
Temp.
oc

ATI
°C

15.88

2.31

1.6

2.7

<0.01

<+ 0.02

20.60

2.67

0.5

1.7

< 0.01

< + 0.02

25.38

5.38

2.3

3. 9

< 0.01

< + 0.02

30.27

7.17

2.7

4.1

< 0.02

<+ 0.03

1

Average of 5 or more runs.
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(nm)
Figure 17. QS excitation spectrum. [QS] = 10 ppb in 0.1 NH SO ,
Rf = 107 0, T = 0.1 S, E
= 800 V, X
= 46.0 rrri, 4
PMT
scan rate = 100 nm/min,
excitation slitem= 0. 5 min,
emission slit = 2.5.
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Figure 18. QS emilsion spectrum. [QS] = 10 ppb in 0.1 N H2S0

R = 10 c, t = 0.1 s, E

= 800 V, X

= 366 nm,
scan
an rate = 100 nm/min, excitation
excitationslit z-x"2. 0 mm,

emission slit = 0.5 mm.

,
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emission monochromators. Obviously, this instrument is not intended to be used to obtain high resolution spectra.

From the excitation spectrum it can be seen that the best excitation wavelength corresponds to the 366 nm mercury line. The

emission spectrum shows the Rayleigh scatter peak at 366 nm and the
Raman scatter peak at 418 nm which has about the same peak height
as the QS fluorescence maximum at 460 nm with a half-width of about
170 nm.

Figure 19 and Table VII show the results of quantitative measurements made on QS. The calibration curve data indicate a leveling off

effect at low concentrations which presents some problems in calculating the detection limit. The detection limit is normally defined
(134) as the concentration which yields a signal such that
El = Et - Eb = zo-E=0

(31)

if the z statistic is the confidence factor and where
E1

= analytical signal at the detection limit

Et

= total signal (analyte plus blank) at the detection limit

Eb

= blank signal

o-

= standard deviation for measuring E1

E=0

Practically 6E=0 = \FIT b where 6b is the standard deviation for a. blank
measurement. For these definitions it is assumed that enough measurements are made to obtain a good estimate of the standard deviation. If
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not, the t statistic may be employed.
Note that the analytical signal is taken as the difference between
the total signal and the blank signal and usually a reagent blank is
used to establish the mean of the blank signal. The data in Table VII

and Figure 19 indicate that the latter point requires more scrutiny
because the calibration curve levels off near the detection limit.

Thus, the extrapolated intercept of the calibration curve is not zero
but some finite positive value. Hence, it is proposed that where this

behavior is exhibited that the extrapolated blank signal (signal at zero
analyte concentration) instead of the measured blank signal mean be
used for Eb in the detection limit definition. For identification pur-

poses the detection limit obtained by letting Eb equal the measured

blank signal is denoted the theoretical detection limit while the value
obtained by letting Eb equal the extrapolated blank signal is denoted

the practical detection limit.

Four possible types of calibration curves are identified in
Figure 20. The dotted line represents a confidence factor times the

standard deviation for the blank measurement. Hence, the intersection
of the dotted line and the calibration curve is a theoretical detection
limit. In Figure 20a, the theoretical and practical detection limits are

identical. As long as the lower slope is used in Figure 20b, the
theoretical and practical detection limits are equal. Figures 20c and
20d, show the two cases in which the theoretical and practical detection
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2

3

4

5

6

7

LOG (EQS3 X10), ppTr

Figure 19. QS calibration curve. Conditions are specified in Table
VII.
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Table VII. Calibration curve data. a
CONC

E

(ppTr)

(counts)

b

Ef
(counts)

R. S. D.

Std. Dev.

(%)

(counts)

cr

106

5991

12678 x 103

104

3100

12336 x 10

103

1415

102

t/Et

cr

c

E
r41

t

0.03

2

300

0.09

3

500

11148

0.21

3

600

1882

1237

0.14

3

800

60

1431

786

0.21

3

800

30

1072

427

0.76

8

800

10

891

246

0.28

3

800

3

805

160

0.71

6

800

1

753

108

0.77

6

800

0.5

749

104

0.80

6

800

0.1

707

62

1.3

9

800

0.0

645

-

1.4

9

800

a.

b.

c.

1

T

Mean and standard deviation calculated from 6 measurements with
output ratioing. PMT and PT OA RE = 1070 . T = 1 s. Measurement time = 8 s.

Normalized to a gain m of 1.0 x 106 (E
= 800 V).
MT
5
4
m = 470 at 300 V. m = 2.5 x 10 at 500 V. m = 1.2 x 10 at 600 V.
Gain determined by previously established procedure (135).
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Figure 20. Four possible calibration curve shapes.
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limits may greatly differ (in some cases as much as two orders of
magnitude).

In Figure 19, the analytical signal plotted has been corrected
for the blank fluorescence and all analyte solutions were prepared by
serial dilution of a stock quinine sulfate solution with exactly the same

solution from the same bottle used for the blank measurement.

The reasons for this behavior are not clear but may be due to
equilibria involving the analyte at low concentrations and sorption and

desorption of the analyte and contaminants from the sample containers
and the sample cell. If the blank solution is first transferred to a

scrupulously cleaned beaker and then to the sample cell, the blank

signal increases.
Curry et al. (44) encountered this leveling off effect for fluorescence measurements at concentrations below 3.1 x 10

1- 0

M for

fluorescein and below 1.6 x 10-11 M for Rhodamine B which they

attributed to chemical interferences. Perchalski et al. (135) show
analytical curves for QS that are similar to that shown in Figure 19.

The apparent non-zero intercept is particularly critical for QS
since the detection limit of this chemical is used as a figure of merit

for molecular fluorescence instruments. Many manufacturers of
spectrofluorometers report a detection limit for QS of one part-per-

trillion (ppTr) or less based on the traditional interpretation of the
detection limit definition. The detection limit of the American
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Instrument Cots Aminco-Bowman Spectrophotometer is stated as 0.5

ppTr. However in their Compendium 2392-12-1, it is stated that
solutions prepared by serial dilution appeared to be valid only down
to 10-5 µg /ml.

Their conclusion is that solvent impurities which

were not significant at higher concentrations display marked fluorescence or quenching effects. Farrand Optical Co. (136) concurs with
these findings.

Hence reported detection limits can be misleading since a point
is reached at which further dilution of the analyte does not significantly decrease the analytical signal even though the S/N is much

greater than 2. For this case, one cannot actually prepare an analyte
solution by serial silution which yields a signal one to three standard
deviations greater than the measured blank signal. Although not

usually stated, it is implied that one should be able to see a difference
in concentration equal to the detection limit near the detection limit.

In other words, if the detection limit for a technique is 1 ppTr one
should be able to distinguish 2 ppTr from 1 ppTr with some reasonable
confidence.

Clearly this is not the case for some of the reported

detection limits for quinine sulfate. Defining the blank signal (Eb) as

the extrapolated value rather than the measured value gives a more
realistic assessment of the actual minimum concentration the technique
may be applied to.
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The use of this interpretation of the detection limit definition

with the data in Figure 19 is discussed below. The slope of the loglog plot is 1 at higher QS concentrations as expected but is 0.3 at
lower concentrations which is difficult to explain although others have

reported such behavior for molecular fluorescence measurements
(44, 133, 136). At 0.1 ppTr QS the S/N was measured to be 7 and
hence the detection limit would traditionally be expected to be less

than 0.1 ppTr. The theoretical detection limit cannot be calculated
here because the QS fluorescence signal is always several standard
deviations above the measured blank signal.

The practical detection limit is obtained from the calibration
data and Equation 31 by finding the concentration at which the fluores-

cence signal is 242 (z taken to be 2) times the standard deviation of
the blank (cr

= 9) above the extrapolated blank signal (Eb = 60 counts).

This procedure yields 0.7 ppTr as the practical detection limit which
is much greater than the detection limit expected from the S/N at 0.1
ppTr. This corresponds to about the concentration in Figure 19

where the calibration curve levels off. The practical detection limit
indicates the minimum concentration of QS that can be realistically

measured in this particular system.
Excitation-Emission Configuration

The use of an excitation monochromator with a relatively large
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spectral bandpass is superior to the use of an excitation filter. The
monochromator provides a narrower excitation band with corresponding

narrower Rayleigh, particle, and Raman scattering peaks which can
more easily be discriminated against with the emission interference
filter or monochromator and hence higher S/N is obtained. Without
the excitation monochromator and with the liquid filter in place, the
water heated up and bubbles were formed which caused additional

drifts and noise.
For the same QS solution and excitation conditions, the fluorescence signal observed with the emission monochromator is about 0.1

times that observed with an interference filter. The half-width and
peak transmission of the 480 nm interference filter are 17 nm and
0.55, respectively-, while the corresponding values for the emission
monochrorn.ator with a 2 mm slit are 17 nm and 0.34, respectively.
The image produced on the entrance slit by the focusing lens is about

four times the entrance slit dimensions. When these factors are
taken into consideration then the factor of ten reduction in the fluores-

cence intensity is reasonable.
Signal-to-Noise Ratio Study of Steady-State Measurements

To evaluate the S/N characteristics of the fluorescence instrument, measurements were made on the dark current signal and signals
for the blank and 0.1 ppm QS solutions with and without ratioing the
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output. Noise data are given for the chart recorder traces and for

the ratemeter output (used as a voltmeter) for various integration
times in Tables VIII and IX. Experimental conditions are the same

as in the previous section.
The rms noise in the total signal (0- t) seen by the PMT, without

ratioing its output, is found by summing the noise contributions from
shot and flicker noise in the background and fluorescence signals and

noise from the dark current and amplifier-readout system (137) and
is given below.

1

where

(E2
f

E2)
b

2

/1/2

dt

(32)

K

= bandwidth constant = 2e(1 + a) of = 4.08 x 10 -19sf,

e

= charge on an electron, C

a

= secondary emission factor, dimensionless

s

1

= noise equivalent band pass = 1/4 T if bandwidth limited
by simple RC low pass filter, S-1

= low pass filter constant, RC, s
of

= 1/(2 At) if bandwidth limited by integration time ( At), s

m

= PMT current gain, dimensionless

Rf

= PMT OA feedback resistor, S2

-1

= source flicker factor for PMT output, dimensionless
Et

= total signal, Ef + Eb' V

E.

= fluorescence signal due to QS, V
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Eb

= fluorescence signal of the blank, V

'at

= rms noise for measuring dark current (includes shot
and excess noise in dark current and amplifier
readout noise), V.

Equation 32 was solved for the source flicker factor,

for

each of the six cases in Table VIII and the results are also shown in
Table VIII.

The data in Table VIII indicate that both signal shot noise

and source flicker noise are important and that the total noise decreases
with longer integration time in most cases. As would be expected for

1/f noise, the source flicker noise (proportional to

) or the total

noise does not decrease as (Af)1/2. For the 32 second integration,

the total noise and hence the source flicker noise is greater than that
for the 16 second integration because slow drifts become significant

over the time necessary to obtain the data to calculate the standard
deviation. Noise from the dark current and amplifier-readout system

are seen to be negligible compared to 6

The noise in the blank signal
The

is due to dark current and amplifier-readout noise and shot noise in
the background signal.

With output ratioing, the standard deviation in the total signal,
0-

t/r, is given by
2

tir

(Et
117)

r

+

(Er

1/2
(33)
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where

Er

= reference voltage from PT, V

o-

= rms noise in Er, V

r

= divider scaling factor (adjustable from 0 to 10,
set to 1 for all measurements), dimensionless

y

Expansion of the noise terms in Equation 33 yields
Et
0-

t/r

Km.R

2

2

f(E

E

Eb)

TZ(Ef

Eb)

2

(a dt)

2

Et

2
K Rf Er + 'fE2
2 r

2

t

1/2

(crdt)

(34)

2

Er
where

Rf

= PT OA feedback resistor, S2

= bandwidth constant for PT = 3.2 x 10-19d,
Cr

dt

s

-1

= total noise for measurement of dark current from
PT, V
= source flicker factor for output ratioing,
dimensionless

and all other terms are the same as before and the noise from the
divider circuit is assumed to be negligible (experimentally verified).
Note that the source flicker factor is different than in Equation
32 because the ratioing configuration should compensate for some

source fluctuations. The source flicker factor as observed by the PT

separately is also different from vl For of = 0.25 Hz, it was
calculated to be 2.7 x 10-4 which is less than

as expected since the
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PT views a larger portion of the arc and is not as susceptible to arc
wander.

Equation 33 was solved for

and the results are shown in

Table IX. Source flicker noise was limiting in the signal from the PT

in all cases. The values for cr t / Ef and

Z

are seen to be less than

the values without ratioing for equivalent noise bandpasses, with the
exception of the 16 s integration time. Thus, as expected ratioing

reduces the source flicker noise and the relative contribution from
signal shot noise increases. The other main advantage of ratioing,

not illustrated with the data here, is that it reduces the effect of
drifts in the lamp intensity and changes in the fluorescence signal due
to changes in the lamp intensity from day to day.
Sample Module Transfer Function

To characterize the sample module so that either comparisons
can be made with other instruments or theoretical calculations can be

made to predict the fluorescence output for a particular system, it is
mandatory that the transfer function be known. The purpose here is
to write an equation for the transfer function which expresses the
fluorescence signal voltage observed on the readout to instrumental

and chemical parameters, and to evaluate these parameters so that
the observed signal can be compared to a theoretically predicted
signal. The equations and evaluation of the parameters are approximate

Table VIII. S/N data without ratioing. a
No.

mode

tiEf

(KmR E t )1/2
f
(V x 10 4)

7.0

4.7

3.9

3.9

At

Al

(s)

(s-1)

(V x 104)

--

0.25

(x 104)

(x 104)

1

chart

2

ratemeter

2

0.25

6.1

4.1

3.9

3.2

3

ratemeter

4

0.12

5.3

3.6

2.8

3.1

4

ratemeter

8

0.06

3.7

2.5

1.9

2.1

5

ratemeter

16

0.03

1.4

1.0

1.4

6

ratemeter

32

0.02

5.6

3.8

1.0

a.

3.7

For 0.1 ppm Qs solution, Ef = 1.48 V, Eb = 6. 4 x 10-4 V (normalized to Rf = 106 Q ), Rf = 106Q
for Et measurements, R f = 107Q for E measurements. For the ratemeter data, E E and 0f' b
t
b
-I
were calculated from E = counts / (At x 10 counts /V).
1.0
x
10-6
V
for
Af
=
0.25
s
ffdt
and Ed (dark current voltage) = 1.0 x 104 V (normalized to R f = 106 Q) and is seen to be much
less than E1; From the recorder data, 0- is taken as 1/5 the peak-to-peak noise (138),
t
a from the ratemeter data is the calculated standard deviation from 7 measurements.
t

Table IX. S/N data with ratioing. a
At

No.
1

mode

(s)

chart

f

fft/r5

t /Ef

1/2

(KmRfEt)
(V x 105)

(s-1)

(V x 10

0.25

8.0

3.0

7.0

)

(x 1°4)

/Er
1.0

2

ratemeter

2

0.25

2.5

0.9

7.0

3

ratemeter

4

0.12

4.5

1.7

5.1

4

ratemeter

8

0.06

4.8

1.8

3.5

0.9

5

ratemeter

16

0.03

5.1

1.9

2.5

1.2

6

ratemeter

32

0.02

3.4

1.3

1.8

0.8

a.

For 0.1 ppm QS, Ef = 1.48 V, Eb = 6.4 x 10-4 V (normalized to Rf = 106 S2).
Er = 5.51 V, R =f 10752 . The signal shot noise for the PT (for Af = 0.25 s -1) was 2.1 x 10-6 V,
cr
< I x 10 -7 V and Ed = 1.5 x 10-6 V (both normalized to Rf = 106S2).
dt
All other conditions are the same as in Table VIII.
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since the purpose is to obtain a general idea of the efficiency of dif-

ferent parts of the instrument.
Equations in the literature (41, 137) were modified to fit
this instrument and the modified equation for the excitation monochro-

mator emission filter configuration is given below

Ef=mR.Q
T T T 2a
f x IexOTTaT
1
2 1 op A B C 2
1

2. 303 ebcY (

/4Tr)Ff

(35)

Equation 35 was evaluated for a 0.1 ppm QS solution with

the experimental parameters specified in Table X. It is assumed that
all excitation parameters are constant over the line width of the 366

nm line from the Hg-Xe lamp and that all emission parameters are

constant over the emission bandpass (17 nm). These are reasonable
assumptions except for Ff which is taken to be the average value over
the emission spectral bandpass (see Table X). It is also assumed that

all the radiation from lens A (Figure 4) that passes through the beam-

splitter is incident on the cell and that all radiation from lens E passes
through the emission filter (over its bandpass) and is collected by lens
G and incident on the PMT photocathode.

It is also assumed that the reflection loss at all glass-air
interfaces, as calculated from the Fresnel Equation, is 8% and the
reflectivity of all mirrors is 85%. The optical efficiency of the
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monochromator is determined by four mirror reflections and the
grating efficiency (54% as specified in the Schoeffel monochromator

instruction manual). The limiting area of lens 1 (Table II) (A1), and

hence the solid angle collected by this lens (c21), is determined by the

effective diameter of lens 2 (1.6 cm). The solid angle collected by
the monochromator (02) is determined by lens 2 which is less than the
monochromator acceptance solid angle. The limiting area of lens E

and hence the solid angle collected by this lens is determined by the

emission slit attached to the cell holder.
The radiant intensity of the source is determined from the data
from the Oriel Corporation of America 1975 catalog for the 200 W
Hg-Xe arc lamp number 6291. In this catalog the irradiance at 366 nm,

with a 2 nm bandpass, at a distance of 50 cm, with the reflector
mirror in the lamp housing, is specified to be 61 }J.W/cm.2.

These

measurement conditions correspond to a solid angle of 4 x 10-4 sr so
that the radiant intensity is 61 x 10-6 vT/4 x 10-4 sr = 1. 5 x 10-1

W/sr.
The theoretical value of Ef calculated from Equation 35 and the

measured or calculated values in Table X is 2.50 V which is within a
factor of two of the experimental value of 1.48 V.
Evaluation of the Ratemeter

Evaluation of the ratemeter was made as described earlier.
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Table X. Sample module transfer function parameters.
No.

Parameter

1

m

2

Rf

3

4

a

QX

Iex

5
1

6

T1

Magnitude

Definition

1.0 x

106

PMT current gain

1.0 x

106 Q

PMT OA feedback resistance

4.6 x 10-2 A/W

PMT photocathodic sensitivity at 480 nm

0.15 W/sr

Source radiant intensity

6.1 x 10-2 sr

Effective solid angle collected by lens 1

0.92

Transmission factor of
lens 1

7

T2

Transmission factor of

0.92

lens 2
8

ale

0.46

op

0.26

9

10

TA

Fraction of arc image
formed by lens 2 that
passes through entrance
slit
Optical efficiency of
monochromator at 366 nm

Transmission factor of

0.92

lens A
11

TB

0.92

12

TC

0.96

13

a

Transmission factor of
beamsplitte r
Transmission factor of
cell wall
10-3 ppm-I cm -1

Absorptivity of QS

14

b

0.5 cm

cell path length viewed by
emission optics

15

c

0.1 ppm

QS concentration
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Table X. Continued
No.

Parameter

Definition

Magnitude

16

TE

0.92

17

TF

0.55

18

TG

0.92

Transmission factor of
lens E
Transmission factor of
emission filter
Transmission factor of
lens G

19

a2

0.5

20

Al

2.0 cm2

Fraction of light incident
on cell entrance slit that
passes into cell
Effective limiting area of
lens 1

2.0 cm

2

Effective limiting area of
lens 2

21

A

22

S7.2

3.4 x 10

23

0

4.5 x 10-2 sr

24

W

0.2 cm

25

H

0.65 cm

Slit height of monochro
mator

26

(P

fc

0.55

27

yd

0.44

QS quantum efficiency
QS power yield

2

m

f

28

S2

29

AE

30

W

31

s

32

X

33

X

0.13 sr

E

3.3 cm2
a

170 nm

h

-2

sr

Solid angle viewed by
monochromator
Solid angle of acceptance
of monochromator
Slit width of monochromator

Effective solid angle collected by lens E
Effective limiting area of
lens E
Half-width of QS emission
band

a

366 nm.

Spectral bandpass or halfwidth of emission filter
Wavelength of excitation

480 nm

Wavelength of emission

17 nm
a

ex
a

em
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Table X. Continued.
No.

Parameter

34

35

a.

Magnitude
0. 85

a
X

m

460 nm

Fraction of emission peak
intensity at emission
wavelength
Wavelength of maximum

emission

Experimentally determined

b.

From reference (139).

c.

From reference (140).

d.

Definition

Yf = cl)f(X ex/X

), from reference (137).

e.

monochromator entrance slit area (0. 2 x 0.65 cm2) divided by
the area of the arc image focused on the slit (0.4 x 0.7 cm2).

f.

a 2 = intensity of fluorescence signal with slit in place divided by

the intensity without a slit present.

105

Results of the measurements on precision, accuracy and noise
immunity are shown in Tables XI and XII. As specified in Table XI,

some rates were measured with the simple OA integrator circuit
previously used by researchers to allow comparison to the new

deamplifier testing circuit. At 10 mV/sec and above, both circuits
yield similar results. (Compare runs 4 and 14 in Table XI).
The high degree of precision and accuracy, without noise, is
obvious from Table XI and is comparable to the previous fixed-time

ratemeters (20, 21, 23). The useful range of the ratemeter extends
over six orders of magnitude. Slopes an order of magnitude greater
than those reported previously (20, 21) are measurable because of the

use of a faster V-F converter.
Comparison of the data from runs 1 and 2 to runs 8 and 9,

indicates that the circuit in Figure 15 provides a significant improvement in precision for the two slowest rates compared to the simple

integrator circuit. At greater than the 98% confidence level (F-test)
the standard deviations of runs 1 and 2 compared to 8 and 9, respec-

tively, are significantly different. This shows that the higher relative
standard deviations reported for a 0.1 mV/sec slope here (run 2) and

previously are due primarily to the testing circuit and not the rate-

meter, and that the new testing circuitry provides a better means to
evaluate the precision characteristics of the ratemeter for small
slopes. However, the accuracy of the deamplifier circuit for slopes
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Table XI. Ratemeter precision and accuracy without noise.

Rel.
Input
Slope
No.

Readout a
(counts)

(mV/sec.)

2
3

0.01b
0.1b
lb

4

10

1

5

6
7
8
9

b

100b
1000b
b
10000

10

0.01c
0.1c
0.1c

11

O. lc

12

0.lc
c

13

10c

14

a.
b.

c.

Std.
Dev.
(%)

1516
1028
10045

99940
9995
99974

10003
1610
995
3989
1994
992
9927
99988

13.16
0.86
0.20
0.01
0.03
0.01
0.01
0.32
0.36
0.11
0.33
0.51
0.16
0.02

Rel. d

Error
(%)

Meas.
Time

(sec.)

-5.19
2.86

Integ.
Time

(sec.)
40

0.51

80
20
20

----

20

10

0.01
0.03
0.09
0.69

2
2

1

-0.44
-0.22
-0.24
-0.74
-0.67
0.05

0.2

10
10

1

0.1

80
20

40
10

40
40
40

20

20
20

10
10

10
5

Average of 10 or more runs.
Measurement made using only portion of circuit shown in dotted lines
in Figure 15. Slope was adjusted by varying VRS1 output by exactly
factors of 10 as measured on an external voltmeter.

Measurement made using complete deamplifier circuit in Figure 15.
R4 = 105 E2, R3 = 106 - 109E2, °Al output slope was 100 mV/sec.

0A2 output slope was adjusted with R3. Time constant of 0A2 is

0.1 s.
d.

Run 4 was taken as the standard for relative % error.
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Table XII. Ratemeter precision and accuracy with noise. a
b

No.

Readout
(counts)

Rel. Std.

Rel. Errorc

Dev. (%)

(%)

Integ. Time

Noise P-P

(Sec.)

(mV)

1

3998

0.16

0.01

20

2

3997

0.30

-0.02

20

3

3999

0.50

0.04

20

4e

4

4003

0.76

0.14

20

1.2 e

5

1987

0.72

-0.59

10

1.2e

6

998

4.83

-0.14

5

1.2e

7

3903

5.99

-2.37

20

4e

a.

Input slope of 0.1 mV/sec and measurement time of 40 sec.
Measurement made using complete deamplifier circuit in Figure
15, R4 = 106 ct, R3 = 109S-2, °Al output slope was 100 mV/sec,
time constant was 1 s.

b.

Average of 10 or more runs

c.

Relative to run 4 in Table XI.

d.

e.

10 Hz sinewave.

Real noise and drift from a spectrofluorometer PMT.
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of I mV/sec or less does not appear to be much better. Most likely
this is due to the fact that 1% resistors were used for R and R3.
4
A comparison of the precision and accuracy for the continuous
and single measurement modes of operation showed no significant

differences. That is, tests on the differences in the means and

standard deviations from ten measurements on one ramp or ten
measurements on the initial portion of ten identical ramps indicate

less than 10% (t-test) and 90% (F-test) confidence, respectively, that
there is any difference. Comparison of the single to multiple up/down
or down/up integration cycles without noise (runs 10-12) Table XI,

also revealed no significant differences in means or standard
deviations at the same levels except when the integration time is 5
sec (99% confidence that the means (10 and 12) are different).

The data in Table XII illustrate the effect of noise on the accuracy

and precision of rate measurements. Since the output slopes for slow
reactions are often in the 0.1 - 1.0 mV/sec range, the test slope for
noise immunity measurements was chosen to be 0.1 'mV /sec rather

than the unrealistic (for slow reactions) 100 mV/sec slope used
previously (20, 21, 23) for testing. Run 1 (without noise) serves as a
standard for comparison with the other runs. Note that 1 mV of p-p
noise is equal to 25% of the total change in the input signal over the

measurement time and it is unlikely that real measurements would be
made under these or worse noise conditions. In most applications, the
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p-p noise would be equal to or less than the 0.4 mV p-p noise in run
3 in which the precision and accuracy are quite acceptable.
In Table XII, a comparison of the means and standard deviations

for runs 1 and 2 (no noise and artificial noise) indicate that there is
less than 10% (t-test) and 90% (F-test), confidence, respectively, that
there is any difference. There is a significant difference in the
standard deviations for run 1 compared to 3 - 7. Since this is the case
the means cannot be compared using the t-test. However, visual
inspection of the means for runs 1-6 (multiplying runs 5 and 6 by 2

and 4, respectively, to account for the integration times) shows that

there is only a very small difference. It is important to note here
that the artificial noise (run 2) (10 Hz sine wave) is 15 times larger

than the real noise (run 3) yet the relative standard deviation is 1.7

times less. Obviously, the use of artificial noise for testing purposes
yields a false indication of the instruments/ noise immunity. There
is no significant difference in means or standard deviations for

measurements with artificial noise (run 2) and real noise (runs 3 - 4).
Using the F-test, there is less than 90% confidence that there is any
difference in the standard deviations between runs 2 - 4 in Table XII.

There is less than 40% confidence (t-test) that there is any difference
in the means for runs 2 - 4, between runs 2 and 3 (< 10%), 2 and 4
(40%), 3 and 4 (< 30%) .

The mean and standard deviation with the

largest amount of real noise (run 7) are significantly different (99%)
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from any of the other runs. Clearly precision and accuracy are

degraded when the real noise level is approximately the same size as
the total voltage change during the measurement period.
Runs 4 - 6 show the effect of multiple integrations on the

precision and accuracy of a measurement with real noise. The
results are similar to those without noise in Table XI (runs 10 - 12)

where the 5 sec integration time yields the worst accuracy. With

noise, the precision of this was also significantly reduced. As yet no
good explanation for this behavior is available.

The precision, accuracy and linearity for a straight count up or
down measurement was checked by setting the integration time equal
to the length of the measurement period (1 to 64 s) and inputting a
steady state (zero slope) 10 V signal (1 MHz out) and were found to be
0. 003%, 0. 002% and 0.0002 %, respectively.

A comparison of the up/down and down/up integrations (1 to 64
s) was made by integrating the 1MHz zero slope signal mentioned
above. The results indicate that the down count is less than 0. 001%

longer than the up count.
Ag - OXSA - S208 System

An equilibrium study was made of the Ag - OXSA - S203 system

in order to make a comparison with the work previously described
(109) and to help determine the proper conditions under which the
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initial rate measurements should be made. It was discovered that a
background reaction occurs between OXSA and 5208 in H2SO4. This
is believed to be due to the formation of an oxidized product of OXSA
by the S208

The previous researchers (109) did not mention the

presence of a background reaction. Excitation and emission spectra

were also taken in order to obtain the maxima for excitation and

emission, 366 and 485 nm, respectively. The emission spectrum of
OXSA is in Figure 21 and the excitation and emission spectra of the
fluorescence species produced in the Ag - OXSA - S208 system are

shown in Figures 22 and 23, respectively. The excitation and
emission spectra of the species formed in the background reaction
with OXSA - H2SO4 - S208

, are identical to those in Figures 22 and

23, respectively. A comparison of the emission spectrum in Figure
23 to that given by (109) indicates that they are the same (e..E., halfmax
width = 90 nm and X.
em = 485 nm).
The length of time the reaction takes to reach the maximum
fluorescence signal (Efmax ) and the length of time it remains stable
(fluorescence signal constant within 1%) before decreasing, are
dependent on both the Ag and OXSA concentrations as shown in Table
XIII. The pH and persulfate concentration were held constant for all

the equilibrium studies. All concentrations specified in this work are

initial concentrations. Cell concentrations are 1/3 the initial since
one ml of each reagent is used.
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As can be seen from the table, the time it takes to reach Efm ax
increases with increasing OXSA concentration with or without Ag +,

is shorter when Ag is present, and is also shorter at higher Ag+
concentrations. The stability time also follows a clear trend,

increasing with increasing OXSA concentration in the presence of Ag+
and at constant OXSA concentration decreasing with increasing Ag+

concentration. From this data it is clear that the use of this system
for an equilibrium-based technique for Ag is at least questionable, if
not entirely unsuitable.

During the course of the equilibrium studies emission spectra of
both the Ag and the background reactions were taken at times before,
during and after the maximum fluorescence signal was reached. In

all cases, the fluorescence spectra for the background reactions were
identical to those for the Ag reactions. These data support the idea of
an oxidation reaction rather than a complexation reaction taking place

since the fluorescence product appears to be the same with or without

Ag+ since without Ag or other metals, no complex can be formed. The
equilibrium data cannot directly indicate the nature of the reaction

but clearly Ag enhances the rate of the reaction and shortens the time
to reach equilibrium.
Kinetics and Optimization

The kinetics and optimization study of the Ag - OXSA - S208
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F

6

4
MIA

350

450
m

550
(nm)

Figure 21. OXSA emission spectrum. [OXSA] = 30 pprn, Rf = 107 0,
T = 0. 1 s, E
= 366 nm, scan rate = 100
= 800 V, X
PMT
ex
nm/min, excitation slit = 2.0 mm, emission slit = 0.5 mm.
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120

>

80

E

40
MO

350

450

)-ex

250

(nm)

ppm,
Figure 22. Ag+ - OXSA - S2 O8 excitation spectrum. [Ag +]
[OXSA] = 10 ppm, [S20:] = 0.1 M, Rf = 106 0, T = 0.1 s,
EPMT = 800 V, X
= 480 nm (interference filter), scan
ern
rate = 100 nm/min, excitation slit = 0.5 mm.
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350

400

450 500
em (n m)

550

600

Figure 23. Ag+ - OXSA - S 08 emission spectrum. [Ai) = 1 ppm,
2
S20: = 0.1 M, [OXSA] = 10 ppm, Rf = 107
= 0.1 s,
= 800 V, X
EPMT
ex = 366 nm, scan rate = 100 nm/min,
excitation slit = 2.0 mm, emission slit = 0.5 mm.
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Table XIII. Summary of Ag

OXSA

S208 equilibrium data. a

[OXSA.]
(PPrn)

[Ag4-]

Ef
time

(PPrn)

(min.)

30

10

127

8

32.80

30

0

145

10

3040

10

10

34

3

1350

a.

Stable
time
(mina)

max

Ef
(mV)

10

0. 3

110

5

1030

10

0

131

12

910

1

10

1
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1

0

3.5

Final pH = 2.2, [S70:] = 0.1 M, R,t

Without ratioing.

0.25

16

=

1060, E

PMT

= 800 V

96
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system was made as previously described. The data for the dependence of the initial rate and precision on the persulfate concentration
are shown in Table XIV and Figure 24. The optimum 5208 concen-

tration (for the Ag+ reaction less the background reaction) was found

to be 0.094 M. At this concentration, S20; has an order n equal to
1/2 and the lowest relative standard deviation is achieved. Although

n = 1/2 is not ideal, it is better to have the initial rate dependent on
the square root of the S2 0 8 than be linearly dependent.
The results for the OXSA study are shown in Figure 25. The
optimum OXSA concentration was found to be 10 ppm because it pro-

vided the lowest relative standard deviation (R. S. D.) and was zero
order for both the Ag and background reactions. The range of R. S. D.

over the concentration range studied for the background reaction was
1.22 - 0. 37% and for the Ag reaction, 0. 92 - O. 23%.

The results for the [H ] study are shown in Figure 26. The
final pH was adjusted by making dilute H2SO4 solutions (which were

used as the blank and Ag+ solvent) such that the final [H +] (after

mixing with S208 and OXSA) are as shown in the Figure. A final pH

of 2.2 (corresponding to an initial H 2 SO4 concentration of 0.018 N)

was optimal since it resulted in the best precision and a zero order
dependence on H+ for both the Ag and background reactions. The

range of R.S. D. was 1.59 - 0.21% for the background reaction and
0.57 - 0. 16% for Ag.
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Table XIV. S,O0 optimization data. a
S208

Rate

R.S.D.

R. S. D.
Ag

(counts)

Rate
Blank
(counts)

(%)

(%)

9.4 x 10-2

29841

2012

0.4

1.2

6.2 x 10-2

23803

1493

0.9

8.1

3.1 x 10-2

16489

706

0.5

3.8

1.6 x 10-2

10995

360

0.8

5.0

1.6 x 10-3

1041

34

2.4

36

1.6 x 10-4

82

8

7.2

42

Ag

(M)

a.

+]

Blank

= 10 ppm, [OXSA] = 6 ppm, pH = 2.5. Measurement time =
32 s, Integration time = 16 s, Delay time = 64 s.
= 800 V,
Rf = 106
T = 1 s, with ratioin E r 5.72 V.
[Ag
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5.0
a
op.°

4.0
o
Jo'

cn

z
2)

0
0

0

b

/o

CJ

0 2.0

1.0--

0.0

I

OD

1.0

LOG ES 0 21

2.0

3.0

4.0

( M x 104

Figure 24. Log-log plot of [S 08 1 vs. initial rate. a = Ag reaction
2
less the background reaction, b = background reaction,
[Ag +] = 10 ppm, [OXSA] = 6 ppm, pH = 2.5, measurement
time = 32 s, integration time = 16 s, delay time = 64 s,
Rf = 106 ct, EPMT = 800 V,
= 1 s, X ex = 366 nm, X
em
480 nm (interference filter).
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5.0

4.0 -

0

0
3.0 -

2.0
0.0

1.0

LOG ED<SA

2.0

3.0

(ppmx 10)

Figure 25. Log-log plot of [OXSA] vs. initial rate. a = Ag reaction
less the background reaction, b = background reaction.
[Ag f] = 10 ppm, [S20V = 0.1 M, pH = 2.5, measurement
time = 32 s, integration time = 16 s, delay time = 64 s,
Rf = 106 s'2, T = 1 s, E
= 800 V, X
= 366 nm, X em =
ex
PMT
480 nm (interference filter).
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A study was also made to determine the dependence of the

reaction on the type of acid used. No difference was found between
H2SO4, H3PO4 and HC104, however, HNO3 inhibited the reaction.

Various concentrations of the first three acids were tried and the

results were in agreement with those in Figure 26. A pH versus
time (1 hour) measurement was made by following both the Ag and

background reactions with a pH meter. No change in pH was noted,

hence the production of H or OH is negligible.
The Ag concentration study yielded two results, the order of
the initial rate with respect to the Ag+ concentration and the Ag+

calibration curve. Results are given in Figure 27. The initial rates
plotted on the Ag+ calibration curve are the difference between the Ag

enhanced rate and the background rate. Relative precision ranged
from 0.44 - 0. 24%.

The standard deviation for the background reaction was 7 counts.
The detection limit for Ag+ is 6 ppb as calculated from Equation 31,

where the signals, El, etc. , are taken as the initial rates and z = 1
(84% confidence level).

Silver (II) Study

To determine if the reaction in question involves the oxidation of
Ag (I) to Ag (II) which in turn oxidizes OXSA, a study was made using

a Ag solution made from AgO. The Ag (II) solution is actually a 50 -50
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I.0

LOG [1141

2.0

3.0

4.0

( M x 105)

Figure 26. Log-log plot of [1-1+] vs. initial rate. a = Ag reaction less
the background reaction, b = background reaction. [Ag+]
10 ppm, [OXSA] = 10 ppm, [S 2 0 8 ] = 0.1 M, measurement
time = 32 s, integration time = 16 s, delay time = 64 s,
Rf = 106 Q, T = 1 s, E PMT zt 800 V, X ex = 366 nm, em =
480 nm (interference filter).
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z
0

0

1

1.0

I

1

2.0

3.0

LOG LAg

5.0

(ppb)

Figure 27. Ag calibration curve. [OXSA] = 10 ppm, [S208 ] = 0.1 M,
pH = 2.2, measurement time = 32 s, integration time =
T = 1 s, EPMT
16 s, delay time = 64 s, Rf = 106
= 480 nm (interference filter).
800 V, X
ex = 366 nm, X em
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mixture of Ag (I) and Ag (III)(49) but forms Ag (II) in acid, probably

according to the equation
AgO+ + Ag+

+

2H+

2Ag++ + H2O

(36)

A 1 ppm Ag (II) in 0.018 N H2SO4 was reacted with OXSA alone

and with OXSA plus S208 (10 ppm and 0.1 M, respectively). The

initial rates were compared to those obtained with a 1 ppm. Ag (I)

solution and were found to be the same, within one standard deviation.

Since the initial rates were the same for Ag (I) and Ag (II) this suggests:
1) an oxidation by Ag (II) is not involved in the reaction, and 2) an
oxidation by Ag (III) occurs, or 3) Ag (II) is reduced to Ag (I) before

it can be reacted with OXSA, or 4) the equilibrium in Equation 36 lies

to the left in very dilute acid. Number four above requires that AgOT
and Ag+ react the same way with OXSA.

Ag - OXSA - S208 Kinetics Study

The results of the Ag - OXSA - S208 kinetics study are shown in

Table XV. From the experimental rate laws and a knowledge of S208
chemistry it is possible to propose mechanisms to help explain what
is taking place. The mechanisms presented here are not intended to

cover every possibility since there are at least 22 possible reactions
that could take place to some extent. These mechanisms are consistent

with S208 and Ag chemistry and as will be shown, yield the experimental
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Table XV. Summary of the Ag - OXSA - S208 kinetics data
Background reaction:

[S20:] -9 .4 x 10 -2

for 1.6 x 10-3 M

vo

cc

[S2081 1

vo

cc

[OXSA] 1 /3 for [OXSA]

vo

cc

[OXSA] °

for 3 ppm

vo

cc

[14+] 0

for pH

M

3 ppm

30 ppm

[OXSA]

2.2

Ag enhanced reaction less background reaction:
vo

cc

[Ag+] 1

for 6 ppb

[Ag+]

vo

=

[5208] 1

for [5208 ]

<

3.1 x 10-2

M

vo

cc

[5208 =]1/Z

for [5208 ] > 3.1 x 102

M

vo

cc

[OXSA] 0

for 1 ppm

vo

cc

[OXSA] -1/3for [OXSA] > 10 ppm

vo

cc

[H+]°

30 ppm

[OXSA] < 10 ppm

for 2.8 > pH > 1.7

Rate laws under analysis conditions:

[520;] = 0.1 M, [OXSA] = 10 ppm, pH = 2.2
Background reaction:
vo =

Ag+

obs

[S 0 8

(37)

enhanced reaction less background reaction:
v

0

=k

obs

[Ag

+]

[5208 ]

/1 2

(38)
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rate laws. They correspond to the simplest situation in which

no

side reactions are taking place (i.e., the first 2% of the reaction).
A possible mechanism for the background reaction involves the
well known thermal decomposition of S208 (62, 63, 141, 142, 143):
k
S 20
0

1

>

25047
k2

SO4'

OXSA

SO4:-

OXSA

+ SO4

OXSA+

k3
+

SO4

which yields the overall reaction
S2O8

+ OXSA

>

2

OSO

XSA-Ff

(42)

The charges on the OXSA are for balancing the charges for the
equations. Since the exact nature of the product is unknown the charge

on it can not be determined. The rate determining step is assumed to
be step one.

If the rate of production of the product is considered, then
d[OXSA-F-F] /dt

= k3[SO4']

[OXSA-H-]

(43)

If steady state conditions are assumed for [SO4] and [OXSA+] then the
following is obtained.
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d[OXSA+] /dt = k2[SO4] [OXSA] - k3[SO4] [OXSA+]

[ OXSA

=

0

(44)

k2

+]

= k [OXSA]

(45)

3

and

d[S041 /dt = 2k1[S20:1 - k ES041 [OXSA] - k3[S041 fOXSA+i = 0
(46)

[SO4

k1
[S2 0 8
1

=

(47)

k2 [OXSA]

Substituting Equations 45 and 47 into 43, yields
d[OXSA

/dt

=

k

[S20:]

(48)

which is identical to the experimental rate law (Equation 37) if
kl

= kobs.

For the silver enhanced reaction under analysis conditions, a
possible mechanism consistent with both Ag+ and 5208 chemistry

(62, 63, 141, 142, 143) is given below
1

S208

>

SO4

+

5208

+ Ag+1-

2SO4

4

Ag

Ag+f3

>

Ag

+ SO4
+

SO4

+

SO4
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Age

k4
+ OXSA
k5

(52)

OxsA+4.

Ag

S 0=8

2504

(53)

2

which yields the overall reaction

5208 + OXSA

2S0

+

4

(54)

OXSA+E

is

The rate of production of the product OXSA
d[OXSA

] /dt = k 4 [Ag +H-

(55)

[OXSA]

If a steady state assumption is made for [SO4], [Ag+f+ ] and [Ag4+]
then for
d[Ag

[Ag4-1+]

,

we have

] /dt = k 3 [52

8

[Age] - k4 [OXSA

] [

g

-H+

=

0

(56)

and for [Ag4+] :

d[Ag] /dt =

[Ag+]

[

-

3

[Ag 4+ ] [5208 ]

=

and finally for [SO4] we have
d[S0 '4 ] /dt = 2k1 [S 2

8

-k

[SO

4

[Ag

+

] + k3[

g

] [5208]

(57)
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Substituting Equation 57 into 58, and rearranging, yields
[SO4]

=

(ki/k5)1/2 [5208]1/2

(59)

Substituting Equation 59 into 57 and solving for Ag++ yields

[Ag+1.]

(k1 /k5 )1/2 k [Ag +,
k3

(60)

:]1/2

Using the above in Equation 56 to solve for Ag+1+ gives

[Agn

]
)1/2 k 2 [Ag +] [52 08
8

1/2
(61)

k4 [OXSA]

Finally, substituting Equation 61 into 55, yields
d[OXSA+1/dt = ki/ 5) 1/2 k2 [Ag + [S 08 ] 1
2

2

(62)

which is identical to the experimental rate law (Equation 38) where

(k1 /k5 )1/2k

= k o s'

Interference Study

The interference study on the Ag - OXSA - S20; system was

made as described earlier. A summary of the results is given in
Table XVI. From Table XVI it is obvious that there are a number of
serious interferences for determination of Ag+ at trace levels by this
kinetics-based technique.
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Table XVI. Summary of Ag + interference study data. a
No.
1

2
3

4
5

6

7
8
9

10
11

12
13

14
15
16
17
18

19
20
21
22

23

24
25
26
27
28

a.

Species
Na (I)
K(I)

Mg(II)
Ba(II)

Sr(II)
Pb(II)
Ca(II)
Ca(II)

Conc.
(ppm)

No.

Species

(ppm)

Effect

300
300
300
300
300
300
300

N. E.
N. E.
N. E.
N. E.
N. E.
N. E.

29
30

V(IV)
V(IV)
Sn(II)

300

13

0.03

0.3

0.3

I2

El

N. E.

35
36
37

300

30

Sn(II)
Sn(IV)
Sn(IV)
Al(III)
Al(III)

N. E.
El
N. E.
El
N. E.

0.3

N. E.

Zr(IV)
Zr(IV)

10

Cu(II)
Cu(II)

300

Fe(III)
Fe(III)

300

Hg(II)
Hg(II)

300

Cr(III)

300

C r(III)
Co(II)
Co(II)
Ni(II)
Ni(III)
Zn(II)
Zn(II)
Cd(II)
Cd(II)
Mn(II)
Mn(II)

30

Ti(II)
Ti(II)

Conc.

Effect

30
3
3

300
3

300
3

300
3

300
3

300
3

300
3

12

N. E.

31

32
33

34

I2

N. E.

38
39
40

12

41

N. E.
13

42
43

N. E.

44

Pt(II)
Pt(II)
Au(III)
Au(III)

E11

45

SO

El

46

N. E.

N. E.
El
N. E.

Hf(IV)
Hf(IV)

E3

N. E.
13

N. E.

300

13

0.01

N. E.

10

13

0.1

N. E.
13

3

N. E.

0. 3
3

Ei

0.03
0.18 M

N. E.

P043-

O. 15 M

N. E.

47

C10

N. E.

48

NO3

0.12 M
0.16 M

49

NO3

10-3 M

_

N. E.

50

Cl

10-3 M

13

51

Cl

10-4 M

52
53

F

N. E.
El
N. E.

z.-

4

4

13

N. E.

300

F-

0.5M
0.01 M

N. E.

13

N. E. = No Effect e., initial rates with and without the above ions
are within one standard deviation).
E
=
Ion
enhances the Ag reaction more than the background reaction
3
E2 = Ion enhances both the Ag and background reactions equally
El = Ion enhances the background reaction more than the Ag reaction
13
= Ion inhibits the Ag reaction more than the background reaction
12
= Ion inhibits both the Ag and background reactions equally
Ii = Ion inhibits the background reaction mo re than the Ag reaction
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Dithizone Extraction

The procedure for the dithizone extraction of Ag described
earlier was applied to Ag+ solutions in the range of 0.3 to 10 ppm.

Measurements of the concentration of the standard Ag solutions

before and after extraction were made with the fluorescence reaction
rate instrument and a Varian Techtron AA-6 Spectrophotometer. The
mean and relative standard deviation of the extraction efficiency at
different Ag+ concentrations was 94% and 2%, respectively. Since

extraction of the blank solution gave the same results as a nonextracted blank and since the extraction efficiency for Ag+ was

reproducible over the concentration range tried, it was not necessary
to prepare a separate Ag calibration curve for extracted Ag+ standards.
Zinc Spelter Analysis

The N. B.S. No. 109 standard Zn sample certification sheet is

reproduced, in part, in Table XVII. As can be seen from the Table,
the Zn spelter sample contains many of the metal ions which were

identified to interfere with the reaction rate technique for Ag.
The sample consisted of small metal fillings. There was some
difference in the coloration of some of the fillings so that to obtain a
homogeneous sample, the fillings were thoroughly mixed, spread out
on a piece of paper and randomly transferred to the weighing paper on
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a Mettler balance. The average weight of the six samples weighed
was

x = 0.8644 g
cr-Tc

=

0.0025 g

The average Ag content was

x = 6.92 x 10 -7
o-

g

x = 1.98 x 10-9

g

R. S. D. = 0.29%

Table XVII. Copy of the Certificate of Analysis Sheet for the N. B.S.
Zinc Spelter Standard No. 109.
Metal

Percent

Lead

0.0020

Cadmium

0.018

Iron

0.0006

Copper

0.0005

Tin

0.0002

Silver

0. 00008

The presence of bismuth was indicated by chemical methods
while magnesium was indicated spectrochemically.
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The results of the analysis are shown in Table XVIII for the
fluorescence reaction rate method and by AA analysis (Varian AA-6).

As can be seen, the fluorescence reaction rate technique is very
precise (0.38% R. S.D.) for measurement of the Ag content in a given

sample solution and the extraction procedure minimizes interferences

so that an accurate measure of the Ag} concentration is obtained.
Since the R.S. D. for the difference in the means of all six samples is

42 times larger than the average for each individual sample, it is
obvious that the sample preparation procedure is the limiting factor
in the analysis precision. Quite possibly the sample inhomogeneity is

the largest contributor to the R.S.D. since the R.S.D. for repetitive
extractions on a given Ag standard (3 ppm) is only about 3%.

Table XVIII. Summary of the zinc spelter analysis data. a
Ag

taken
Mode

(g)

Agb
found
(g)

R. S. D.

each
sample

c

R. S. D.

six

samples

(%)

(`io)

Rel.
%

error

Fluorescence
reaction rate

6.92 x 10-7

6.7x 10-7

0.38

16

3.5

Varian AA-6

6.92 x 10-7

6.4 x 10-7

-

21

8.1

a.

-

Six samples
After correcting for 94% extraction efficiency
c.
At least 5 runs for each sample.

b.
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Aluminum Analysis

The kinetics and optimization study of the

A.13+

- OXSA system

was performed as previously indicated. The plotted A13+ rates have
had the background reaction rate subtracted out and the reported

relative standard deviations are for the total rate

(A13+

plus back-

ground). The rate of the background reaction appeared essentially
independent of experimental conditions. The nature of this reaction is

not known but may be due to the presence of trace metals in the distilled
water. The reaction between OXSA and dilute H2SO4 has an initial
rate of about 10% of that for OXSA, H SO4 and S208 and went
2

unnoticed during the Ag - OXSA - S208 study. The fluorescence

excitation and emission spectra for Al 3+ - OXSA are shown in Figures
28 and 29.

A summary of the results for the pH optimization is shown in
Figure 30. The pH adjustments were made the same as for the Ag pH

optimization. Optimum conditions, a. e. , lowest R.S.D. ) were found
between a final pH of 3.1 and 3.4. Unfortunately, in this region the
initial rate is dependent on [H + ] to the inverse 5/3 power. Therefore,

careful pH control is required. Over the pH range studied, the range
of relative standard deviations was 1.63 - 0.43%.
The results for the OXSA optimization is shown in Figure 31.

The optimum concentration was found to be the same as for the Ag -
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Figure 30. Log-log plot of [H ] vs. initial rate. [A13+] = 1 ppm,
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OXSA - S208 system, that is 10 ppm. Relative standard deviations
ranged from 4.90 to 0.48%, with 10 ppm OXSA yielding 1.34%. Thirty

ppm OXSA gave better precision than 10 ppm but did not provide

linearity between the initial rate and [A13+ at lower Al 3+ concentrations.

The combined A13+ kinetics and calibration curve data are
shown in Figure 32. This system is first order in Al 3+ over the

concentration range 0.4 ppb to 10 ppm. For 1 - 10 ppm A13+, the
precision is 0. 43%. As the Al3+ concentration is decreased the R. S. D.
in the Al

3+

plus background rate increases to 2. 1% at the detection

limit. From the data in Figure 32 and Equation 31, the detection
limit for A13+ with this system is 0.4 ppb (0- b

=

1 count and z = 1).

The Al interference study was made as specified in the experimental section. All initial ion solutions were adjusted to a pH of 2. 7.

The results are shown in Table XIX. Each metal that caused an
interference to the A13+ reaction enhanced the initial rate indicating

that they were probably forming a complex with the OXSA. The interfering metals affected the background and A13+ reactions equally and
the interference with A13+ was additive.
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Figure 32. Al 3+ calibration curve. OXSA = 10 ppm, pH = 3.2,
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Table XIX. Summary of A13+ interference study data.
No.

Species

Conc.

a

(PPrn)

a.

1

Zn(II)

10

2

Hf(IV)

0.5

3

Zr(IV)

0.5

4

Au (III)

50

5

Sn(IV)

1

6

Sn(II)

0.5

Concentration that had no effect on the rate of the reaction of 50
ppb A13+ and which could not be distinguished from the background
reaction (i. e., was within 10-). At higher concentrations, all of
the above enhanced the initial rate.

Metals giving no interference at 100 ppm are: Na(I), K(I),
IvIg(II), Ba(Il), Sr(II), Ca(II), Pb(II), Hg(II), Cr(ILI), Co(II), Mn(II),
Cd(II), Cu(II), Ni(II), Fe(III), Fe(II), Ti(II), V(IV), Pt(II). Of these,
Cd(II) and Mg(II) undergo fast reactions but donit interfere with the
initial rate measurements.
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Fluorometric Reaction Rate S/N Data

Signal-to-noise (S/N) expressions for fluorometric kinetics-

based measurements have not previously been derived. For a rate
measurement the signal is the initial rate or slope S which is actually
a change in the signal PE during the time interval At or
S = DE/ At

(63)

Application of propagation of error theory to Equation 63 yields (35)
1/2

6E \

At
At

at
where 0o

AE
A

t

(64)

= standard deviation in 6E, V
= standard deviation in At,

s

The S/N is

0-

S/N = S/o-s

2

AE

-1 /2

At
At

AE

(65)

For fixed-time measurements, the variance in At is assumed negligible,

i.e.,

(a.

6 t)

< < ( 602

so that

S/N= AE/cr

AE
AE

2
(cr

El

+

2
cr

E2

1/2

(66)
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For fluorescence rate measurements, the S/N for measuring the total
rate (analyte plus background) without ratioing is given by
AEt
Cr

AE
2

2

A Et

o-

((rtl

1

2

(67)

t2

and
AE

E

t

tl

Et2

= Et2

(68)

= Efl + Ebl + Edt

(69)

= E f2 + Eb2 + Edt

(70)

= Eb2

Ef

Etl

Ebl

(71)

= AEt - oEb

(72)

2

2

2

(rtl

((rfl

Bbl

dt

2

2

2

(rt2

= (0- f2

T1D2

dt

l/2
1/2
)

(73)

(74)

where Ea and Et2 are the total signals at times t 1 and t2, respectively,
V

Ebl and Eb2 are the background signals at times t 1 and t2,
respectively, V
E

fl and Ef2 are the analyte fluorescence signal at times t 1 and t2,

respectively, V
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AEt is the change in the total signal during the time interval
At, V

A Eb is the change in the background signal during the time

interval A t, V
AEf is the change in the analyte fluorescence signal during the
time interval A t, V
a-

1

and 0-

t2

are the standard deviations for measuring E

t2' respectively, V
and 0..b2 are the standard deviations for measuring E

and

E

and

b2' respectively, V
are the standard deviations for measuring Eft and
fl and 6 f2
E
f2' respectively, V
E

Thus
S

N

Et
AEt

Et /ErnRfK(Efl

b

2

°-dt)

1/2

(75)

where all terms have previously been defined.

For a fluorescence rate measurement with output ratioing, the
following equation applies
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AE

N

Cr

mRIK(En. + Ef2 + Ebi + Eb2)

t/r

=

[

A Et/r

2

fl

Et

2
+E
Ef2 + E + E

bl

2

b2

)

+

2(2(6

2(cr

)

)2

2

LE t

2R

,2 2
fK Er + 2 '2 E r
E

+

2

dt

2

-1/2
(76)
11

r

where A Et/r is the total change in the signal during the time interval
At divided by Er, V
cr

AE

t/r

is the standard deviation in measuring AsEt/r' V

and all other terms have previously been defined.

Table XX shows the experimental data for rate measurements
made on 2 ppm. Ag with OXSA and 5208 both with and without ratioing

the PMT output. The experimental S/N is just the inverse of the

relative standard deviation for the rate measurement. The theoretical
S /N's are calculated from Equations 75 and 76 where the flicker factors

are taken from Tables VIII and IX for the 16 s integration time for
without and with ratioing, respectively.
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The theoretical S/N calculations show that signal shot noise is
the limiting noise source and hence ratioing the PMT output should not

significantly improve the precision (i.e., the theoretical S/N is the
same for both cases) since the source flicker noise is relatively small.
The data indicate that the experimental S/N is about a factor of two

better when ratioing is used. This is due to the presence of slow

drifts in the lamp intensity during the total analysis time (i.e., length
of time to make ten initial rate measurements on a given sample)
which are somewhat compensated by ratioing.
Table XX also indicates that Equations 75 and 76 give a good

prediction of what the actual S/N will be. The theoretical S/N for the

case without ratioing is a little high due to the fact that the slow drifts
are not considered in the equation. For larger slopes, the theoretical

S/N is significantly greater than the experimental S/N because the
sampling and mixing reproducibility (0. 3 - 0. 5 %) becomes limiting.

A comparison of run 3, Table XII, to the background initial rate
with ratioing, Table XX, was made and is summarized in Table XXI.

Tests on the differences in the standard deviations for measuring the

synthetic slope with real noise and for repetitive initial rate measurements indicate less than 90% confidence (F - test) that there is any

difference and hence, the relative standard deviations are essentially
identical. Thus, the ratemeter testing procedure with real noise

superimposed on synthetic slopes gives a very good estimate of the

Table XX. Summary of fluorescence rate S/N data. a
0-t

t

or

Mode

or

Ef2

(mV)

Efl
(mV)

(mV)

(mV)

(mV)

(mV)

31.1

28.6

37.2

15.7

7.1

8.6

16.5

7.6

8.9

3.3

8.1

8.6

3.5

8.1

9.6

tl

Ebl
(mV)

Eb2

(mV)

Et2
(mV)

52.6

68.3

24.0

E

AE

t/r

AE

AE
Ef

S/N
(expt. )

(theo.)

0.10

1.7 x 102

4.0 x 10-

0.01

3.5 x 102

4.1 x 102

0- AET
(mV

S/N

W/O
ratioing
(b)

(c)
VV/

ratioing
(b)

56.4

73.2

26.9

(c)

a.

35.1

29.5

38.1

Values are means of 10 measurements
+
Rf = 106S-2, T = 1 s, E
=
800
V,
Er
=
5.08
V,
Rf
=
107S2, T = 1 s, LAg
= 2 ppm, [OXSA] =
PM T
10 ppm, [570 = 0.1 M, pH = 2.2. Measurement time = 32 s, integration time = 16 s, delay time
= 6.4 s.
b.
Values taken from chart paper traces.
c.

Values from the ratemeter.
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experimental S/N for fairly small slopes. Again, at much larger
slopes, the sampling and mixing reproducibility becomes limiting
and the testing procedure gives too high an estimate of the S/N.
Table XXI. Comparison of synthetic and real rate measurements. a

Mode

At

Noise
p-p

(s)

(mV)

Readout
(counts)

°t
(counts)

R. S. D.
(%)

E

PMT

(V)

Synthetic
ramp

20

0.4

3999

20

0.50

1000

Real
rate

16

0.2

2624

14

0.53

800

a.

10 measurements each
Rf = 10652
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CONCLUSIONS

The design, construction and operation of a sophisticated

instrument uniquely suited for making rapid and precise initial rate
measurements of reactions which involve fluorescence species has
been described in detail. This instrument consists basically of a

molecular fluorescence spectrometer and a ratemeter and associated
electronics to provide a digital readout of the measured rate. The
fluorescence spectrometer is shown to possess a low background

signal, high S/N, and low drift characteristics for both equilibriumand kinetics-based measurements so that extremely low concentrations

of fluorescence species and small changes in fluorescence signals can

be precisely measured. The background signal is primarily due to
fluorescence of impurities in the solutions and not stray light, scattered
radiation, or fluorescence of optical components.

This fluorescence instrument is extremely versatile and is
suitable for a wide range of kinetics- and equilibrium-based studies.
The information about a particular chemical system that can be
obtained with this instrument include, absorption and fluorescence

excitation and emission spectra; rate data at any preselected time

during a reaction as well as the initial rates of reactions; temperature
dependence data, and equilibrium-based quantitative data.
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The versatile temperature controlled cell holder in the sample
module is simple to construct and possesses excellent stability,

reproducibility and response time characteristics. These characteristics are within about a factor of two of the best results reported for
the 15 - 30 oC temperature range (20-24).

The improved fixed-time digital ratemeter possesses the excel-

lent characteristics of previous ratemeters and also has many
additional helpful options and ranges. Its excellent noise immunity has
been demonstrated. The new ratemeter testing circuit allows one to

much better evaluate the precision and accuracy of ratemeters for

slopes less than 1 mV/sec. More importantly, this circuit allows one
to superimpose real noise on synthetic ramps. By comparing the

precision obtained with real noise on a synthetic ramp, to the precision obtained with real noise on an actual reaction curve, the relative
contributions of noise and sampling and mixing reproducibility canbe

determined.

The detection limit for quinine sulfate with the instrument is
0.7 ppTr and the relative standard deviation for QS concentrations

above 10 ppTr is typically 0. 3%. S/N calculations show that the precision is limited by signal shot noise for concentrations below about
100 ppb and by source flicker noise for concentrations above this value.

At 100 ppb, signal shot and source flicker noise each comprise about
508/0 of the total noise.

The QS calibration curve levels off at low

concentrations which illustrates that the definition of the detection limit
must be carefully used. It is suggested that the blank signal should be
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taken as the extrapolated value and not the measured value for a blank
solution. Use of the extrapolated blank signal will insure that the

detection limit reflects not only the precision and noise characteristics
of the measurement system but also the sample handling and blank
problems. If the calibration curve is linear with a zero intercept, the

theoretical and practical detection limits are equivalent.
The kinetics of the Ag - OXSA-S208 system was studied in detail
and a new analytical method for trace Ag determinations was developed.

Conditions for Ag analysis were chosen for highest precision and for

smallest reagent concentration dependence. Experimental rate laws
were determined and possible mechanisms under analysis conditions
have been given to help understand the reaction in question.

The exact

nature of this reaction is not known but the evidence suggest that the
product is an oxidized form of OXSA and that Ag+ acts as a catalyst.
Possibly the product is a quinone type compound since in alkaline (pH
10 - 14) solution phenols are known to be oxidized by 5208 to quinones
(144).

The initial rate of the Ag - OXSA - S208 reaction is first order
in

[Ag+]

over a large dynamic range, 6 ppb to 30 ppm and only depends

on the square root of the 5208 concentration. Because many metal ions

interfere with Ag determinations, a dithizone extraction procedure
was developed to make the technique specific for Ag.

152

This kinetics-based method with a prior extraction step provides
a selective and viable method for trace Ag determination which is

accurate and precise over a large dynamic range. Typically, the
relative standard deviation for rate measurements is about 0. 4 %.
However, this technique would not be expected to replace existing
methods such as atomic absorption which provide equivalent detection

limits and do not require a separation step before analysis. S/N
calculations reveal that the rate measurements are limited by signal
shot noise and sampling and mixing reproducibility.

Studies of the Al - OXSA system revealed that the reaction is
first order in both A13+ and OXSA and inverse 5/3 order in [13 +]. From

these studies, a new kinetics-based method for Al 3+ was developed with
a linear range of 0.4 ppb to 10 ppm and typical relative standard
deviations of about 1. 3 %. Few metal ions interfere. The detection
limit is considerably lower than obtained with common techniques such

as flame atomic absorption.

Further research should be directed at ascertaining the exact
nature of the Ag - OXSA - S208 reaction. With the use of solvent

extraction, gas or liquid chromatographic techniques, the final product
of the reaction might be isolated and identified. Verification of the

presence of radicals in the proposed mechanisms might be made by use

of electron-spin resonance spectroscopy.
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An investigation of the use of masking agents, ion-exchange or

extraction techniques to eliminate the few interferences in the Al OXSA system should be made. With the appropriate technique this

system could easily become a selective and viable technique for trace
Al determinations.
The potential of the fluorescence kinetics-based technique and

the instrument constructed has clearly been demonstrated by the

chemical systems studied. The instrument will be useful for further
kinetics and equilibrium studies of other chemical systems and for
development of new analytical techniques for trace metal analysis.
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