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ABSTRACT 

The centrifugal fast analyzer (GeMSAEC Fast Analyzer) was applied 

to the analysis of pollutants in air and water. Since data acquisition 

and processing are computer controlled, considerable effort went into 

devising appropriate software. A modified version of the standard 

FOCAL interpreter was developed which includes special machine language 

functions for data timing, acquisition, and storage, and also permits 

chaining together of programs stored on a disk. Programs were 

written and experimental procedures developed to Implement 

spectrophotometric, turbidimetric, kinetic (including initial-rate, 

fixed-time, and variable-time techniques), and chemiluminescence methods 

of analysis. Analytical methods were developed for the following 

elements and compounds: SO^, Ca Cr, Cu, Fe, Mg, Se(IV), Zn, Cl~, 
- - - 3 - 2 -2 I , NO2 » , S , and S0^ . In many cases, standard methods 

could be adapted to the centrifugal analyzer, in others new methods 

were employed. In seneral, analyses performed with the centrifugal fast 

analyzer were faster, more precise, nnd more accurate than with 

conventional instrumentation. 
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INTRODUCTION 

There has been, in recent years, considerable public concern about 

environmental quality, particularly with respect to the presence of toxic 

and carcinogenic contaminants in air and water. In response, the United 

States Congress has enacted several pieces of legislation aimed at solving 

current problems and preventing future abuses. The chief enforcement arm, 

the Environmental Protection Agency, has the responsibility of defining 

hazardous materials, setting maximum tolerance limits, issuing standards, 

and requiring that appropriate tests be made. Individual states, moreover, 

may require compliance with additional regulations. It is evident that to 

meet these diverse requirements there is a serious need for rapid* reliable, 

and inexpensive analytical methodology. Recently, a new type of 

instrument for automated spectrophotometry analyses has been developed, 

the centrifugal fast analyzer. Instruments based on this concept 

have proven to be versatile, fast, and precise analytical tools and this 

work was undertaken to investigate its application in performing analyses 

of interest in evaluating environmental quality. 

The prototype centrifugal fast analyzer, called the GeMSAEC Fast 

Analyzer, was developed at Oak Ridge National Laboratory primarily for 

analysis of enzyme activities and enzyme substrates in physiological 

fluids in the clinical laboratory; commercial versions of the instrument 

are currently marketed for this purpose. The GeMSAEC analyzer and its 

operation have been described in detail elsewhere (1-5). The analyzer 

system consists of a multicuvette spectrophotometer interfaced to a 

computer which controls the timing and sequent? of data collection 
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operations, and which processes the data to give the final analytical 

results. In principle, there is no reason why the analyzer should be 

restricted to clinical applications - photometric methodology is 

commonly employed in many areas of analytical chemistry. We show here 

that many of the fcestB required of an environmental testing laboratory 

can be carried out with the centrifugal fast analyzer in much greater 

numbers than with conventional instrumentation and with corresponding 

savings in time and money. 

EXPERIMENTAL 

Apparatus 

Details of the design and construction of the centrifugal fast 

analyzer used in this work, including blueprints and parts lists, are 

available from Oak Ridge National Laboratory (6). Basically the 

instrument consists of: a rotor with 15 cuvettes in the rim, a teflon 

transfer disk for samples and reagents, a Heath Model EU-701 monochromator, 

and a photomultiplier assembly; interfaced to a Digital Equipment Corpora-

tion Analog to Digital Converter and PDP-8/I Computer. A Tektronix 

Type 503 Oscilloscope permits visual inspection of the signal. 

In operation, the cranafer disk is loaded with samples and 

reagents and installed as the inner part of the rotor assembly. When 

the rotor Is accelerated, samples end reagents are mixed and discharged 

by centrifugal force through a channel in the transfer disk to the 

cuvettes. For absorbance measurements, a perpendicular light beam 

from the monochrooator is passed through the cuvettes to photomultiplier 

assembly. As each cuvette passes over the stationary light beam, the 
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photomultipller signal la amplified, digitized, and stored in the 

computer which also performs the necessary calculations. Rotor speed 

was normally 600 rpm. For luminescence measurements, the rotor speed 

was set at 1000 rpm, the monochromator light source turned off and 

the light emission measured directly. 

Two types of transfer disk were employed, For spectrophotometry 

and kinetic analysis, a 15-place transfer disk was fabricated (4), each 

place having three wells, one for sample, one for reagents and the other 

a mixing chamber. The sample and reagent wells had a capacity of about 

0.5 ml each. For chemilumlnescence assays, where faster mixing of sample 

and reagents was required, a parallel-mixing disk was fabricated (7). 

In this case, each of the two slots hsd a capacity of 0.5 ml. 

Computer Interface and Compiler 

The FDP-8/I computer used in this work had 4K. of core memory and a 

32K disk. The computer receives three separate signals from the analyzer -

photomultiplier voltage signals to the analog to digital converter, a 

sync pulse at the start of each revolution of the rotor, and cuvette 

sync pulses wheu each cuvette passes over the monochromator light 

beam - which enable collection and storage of data. Details of the 

Interface and the data collection process have been published elsewhere (8). 

Because the analyzer system would be applied in implementing a variety of 

analytical methods, a considerably greater degree of programming 

flexibility was desirable than is possible with machine language 

programming, hence we utilized the standard 70CAL interpreter provided 

for use with PDP-8 computers. However, the language as usually supplied 

does not provide for the timing, data acquisition, and control of 
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peripheral devices that are needed. Moreover, the FOCAL interpreter 

itself occupies a considerable fraction of the 4K of available core 

memory, leaving a limited text space for programs. To overcome these 

problems, a modified version of the FOCAL language was developed called 

FOCG (FOCAL for GeMSAEC). A complete listing is available from the 

authors. The greatest modification is the Introduction of a machine 

language function, 137 instructions in length, which accepts the 

signals from the Interface and controls data timing, acquisition, 

and storage. In addition, there are machine language functions for 

storing and recalling data from specific core locations, for storing 

core contents or FOCAL variables on the disk and recalling them, for 

controlling and reading the real time clock, and for plotting data 

on an-X-Y recorder. Another significant modification is the 

implementation of a modified "Library" command, which makes it possible 

not only to store FOCAL programs on the disk and recall them whenever 

needed, but also to program such calls so that one can in effect 

use all or part of another program as a subroutine of the current 

program. The variable list in the computer is left undisturbed in 

this transfer, thus providing communication among the programs. This 

technique also permits several programs to be chained together 

when a single program cf maximum length is insufficient. This type of 

operation allows great flexibility in programming and very effectively 

overcomes the limitations imposed by the limited FOCAL text space. 

Programming 

The centrifugal fast analyzer is a photometric device and hence 

applicable to any of the photometric methods of analysis. Programming 
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requirements with respect to both data acquisition and processing, 

however, will differ markedly for different methodologies. It was 

necessary therefore to develop strategies and programs to implement each 

of the analytical methodologies. A complete listing of our programs, 

written in the modified FOCAL language and requiring the FCCG compiler, 

are available from the authors. Brief descriptions follow. 

Calibration. Since the values stored in the computer after the data 

acquisition operation are simply digitized photomultiplier outputs for 

each cuvette, calibration procedures are required to correct these numbers 

for dark current and for optical differences be(ween cuvettes and convert 

them to transmlttance values on a 0 to 100% transmittance scale. Before 

any analyses are run, the cuvettes are corrected by filling them all with 

water and averaging a series of measurements on each. A dark current 

reading is taken when the light beam is interrupted by the body of the 

rotor at the start of each revolution and subtracted from each of the 

cuvette readings. A correction factor is then calculated for each 

cuvette by dividing the reading for the first cuvette by each 

individual cuvette reading. This factor is retained by the computer 

and applied as a correction factor to every subsequent measurement on 

that cuvette until a new calibration is run. This procedure is 

equivalent to adding or subtracting an appropriate absorbance to each 

cuvette so that its blank absorbance becomes zero relative to the first 

cuvette. In analyses, a reagent blank is always placed in the first 

cuvette and in all computer programs treated as a reference representing 

100% transmittance. The transmittance or absorbance of any cuvette can 

them be calculated from the ratio of its corrected reading to that of 

the first cuvette. 
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Spectrophotometry. Usually in spectrophotometry methods a color develops 

over a period of time, reaches a maximum, and then may decrease. One 

wishes to make a very accurate and precise measurement of absorbance 

after an appropriate color development time. Our computer program 

therefore allows for a variable time delay after the solutions are 

mixed and befor measurements are made, which is established empirically 

for each analysis. We also take advantage of the fact that computer-

interfaced analyzers can rapidly average large numbers of independent 

observations. In this program, one can average up to 18 groups of 16 

observations each for each absorbance measurement. There is also 

provision for running standards in the same rotor as the samples. The 

concentrations of the standards are entered in computer memory and, 

after data collection and averaging, a calibration curve Is constructed 

by a linear least squares fit to the data for the standards, and the 

concentration in each of the other cuvettes calculated and printed out. 

If necessary, a non-linear (parabolic) fit can be made Instead. 

Initial-Rate Kinetic Analysis. In some chemical reactions the kinetic 

characteristics are such chat the initial rate of reaction can be related 

to the initial concentration of one of the reactants or to the quantity 

of a reaction catalyst. With a reaction that is first order with respect 

to both the components being measured and analyzed for, this technique 

is implemented in the following manner. After a delay to allow for 

solution mixing, up to 20 absorbance measurements are made on each 

cuvette at preset time intervals. The log of the ratio of the absorbance 

at each time to the initial absorbance in that cuvette, or the the absorbance 

of a blank, is calculated and the slope of the log ratio versus time 



8 

determined by a least squares fit. For each cuvette, the complete set 

of absorbance measurements and log ratios is printed out as well as the 

slope. The operator should verify that the rate of reaction is 

constant during the measurement period. Standards may be included 

and their slopes used to establish a calibration curve and calculate 

concentrations. For klnetically more complex reactions it will probably 

be necessary to treat.the data differently. 

Fixed-Time Kinetic Analysis. In the fixed-time approach to kinetic 

analysis, the change in concentration of a reactant or product that 

occurs during a fixed time interval is measured and related to the initial 

concentration of the substance to be analyzed. In general, this requires 

measurements at two known times after the reaction has been started, but 

if one is measuring the concentration of a product then only one 

measurement is necessary since the concentration of product at zero time (the 

time at which the reaction is started) is known to be zero. To implement 

this method with product measurement, absorbance measurements are made 

on standards and samples at several preset times after rotor startup. 

At each time, the data for the standard is used to construct a 

calibration curve (absorbance of a product at that time versus concentration 

in the standard of substance being analyzed) by a non-linear (parabolic) 

least squares fit, and the concentrations in the samples calculated. 

The operator can then select the data for the time at which the calibration 

curve is most nearly linear and use these results. 

Variable-Time Kinetic Analysis. In the variable-time method, the time 

required for the reaction to proceed by a fixed amount is measured and 

the initial concentration of the substance to be determined related to 

the reciprocal of the measured time Interval. In practice, one measures 
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the time required for absorbance to change from a specified initial value 

r.o a specified final value. With the centrifugal analyzer, standazds 

and samples are run in the same rotor with the same reagents and volumes, 

and the reactions are all started simultaneously. The initial 

absorbancies are therefore identical in all cuvettes and we need only to 

determine the time required to reach the final absorbance selected. 

Absorbance measurements are made on each cuvette at preset intervals 

after rotor startup over a period of time that is sufficient for all 

the cuvettcs to reach the specified final absorbance. As data is 

collected it is transferred to disk storage so that as many as 100 

sets of data may be acquired, each set consisting of the clock time 

since rotor startup and the absorbance measurement for each cuvette 

at that time. Following data collection, the absorbance set for each 

cuvette is recalled from storage and compared with the specified 

final absorbance. When a pair of absorbancies are found that bracket 

the final absorbance value, the time at which the final absorbance 

was reached is calculated by linear interpolation. A calibration 

curve is calculated from the data for the standards (concentration 

in the standard versus reciprocal of the time) and the concentration 

in the samples calculated and printed out. 

Chemiluminescence Analysis. In analyses based on chemiluminescence, a 

pulse of light is produced when sample and reagents are mixed. The 

concentration of the substance to be determined is related to the peak 

intensity of the light output or to the total light emission. 

Since measurements are made on each of the 15 cuvettes in the rotor 

in sequence, light emission cannot be monitored continuously, hence it 
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Is necessary to i_«ike a sufficient number of discrete readings during 

the light pulse to define the shape of the pulse. The shortest 

reading Interval on any individual cuvette is obviously the time required 

for one rotor revolution, and in the data collection routine, a specified 

number of sets of observations are taken for each cuvette at intervals 

defined in terms of rotor revolutions (every revolution, every second 

revolution, etc.). In practice, the rotor Is started from a stationary 

state aligned so that the first cuvette is the first to pass the 

photomultiplier, and accelerated at a maximum rate to 1000 rpm. This 

requires about 2 sec. A clock is started at the beginning of the second 

revolution and the first set of emission readings taken for each of the 

15 cuvettes. Each cuvette is read 16 times during a single pass under 

the photomultlplier, and the readings for each averaged, stored, and 

treated as a single observation. After the specified number of rotor 

revolutions, a clock reading is again taken followed by the second 

set of light emission readings. As many as 21 sets of data can be taken 

in this way, each set consisting of a clock reading taken at the 

beginning of data collection and the averaged readings for each of the 

15 cuvettes. A dark current reading is taken after all the data have 

been collected, the individual cuvette observations corrected for dark 

current, and the corrected sets of observations for each cuvette are 

added to integrate the light pulse signal. The data printed out consist 

of a dark current reading, a table of times for the beginning of each 

data set, the data set for each cuvette, and the sum of the observations 

for each cuvette. Finally, the sums for the cuvettes containing standards 

are used to prepare a calibration curve by a non-linear least squares fit 
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to the data. Using this calibration curve, the concentration in each of 

the other cuvettes is calculated and printed out. Peak emission can also 

be used in place of summed readings. 

APPLICATIONS 

Because the centrifugal analyzer allows one to perform large numbers 

of determinations we emphasized those areas where high sample throughput 

is required, primarily natural and drinking water analysis and air pollution 

analysis. In general, we selected specific elements and compounds for 

which standards or criteria have been established sln".e these analyses 

represent immediate problems. The primary limitation, at this time, is 

the lack of suitable photometric methods for some substances, which are 

adaptable to the centrifugal analyzer and which have the proper 

sensiLivity range. 

A listing of the specific analyses developed is shown in Table 1. 

Detailed descriptions of the methods for sulfur dioxide (9), ozone (10), 

chromium (11), selenium (12), zinc (13), phosphate (14), and sulfate (15) 

have been published. Methods developed for the other elements listed in 

Table 1 are as follows. 

Calcium. A survey of photometric methods for calcium indicated that none 

was readily adaptable to the centrifugal analyzer, so we chose to develop 

a turbldimetrlc method based on precipitation of calcium oxalate. The 

sample (0.4 ml) containing 10 to 100 npm of calcium is mixed with 0.3 ml 

of a 0.025 M phthalate buffer, pH 4, saturated with ammonium oxalate, and 

the absorbance at 470 nm is measured after 5 min. The computer program 

written for spectrophotometry is also used for turbidimetry. Interfering 



elements, mainly the rare earths, are not likely to be present In natural 

waters. The precision of the method is not outstanding, about 10% relative 

standard deviation, because of variable rates of crystal growth. High 

concentrations of calcium (>70 ppm) rapidly form large crystals which 

tend to sediment in the cuvette, while low concentration (<10 ppm) form 

crystals very slowly, reaching maximum absorbance after 15 min. Measurement 

of absorbance after 5 min represents a compromise to obtain the most nearly 

linear calibration1curve. The calcium content of several natural water 

samples was found to be in the 50-100 ppm range, while a sample of well 

water contained 135 ppm. 

Iodide. Iodide was analyzed by a modification (16) of a standard method 

based on its catalytic effect on the reduction of cerium (IV) by arsenic 

(III) in acid solution (17). Iodide concentration is proportional to 

the initial rate of reduction of eerie ion. To determine iodide in 
_3 

natural waters,,0.2 ml of cerium (IV) solution (2.3 x 10 M in 0.5 M 

H^SO^) is placed in one well in, the transfer disk and 0.2 ml of arsenic 

(III) solution (2.5 x 10~2 M in 0.5 M H^O^) is placed in the other. 

A 10 ml sample of water was acidified with 0.3 ml of concentrated 

H^SO^ and 0.2 ml of this solution was added to the well containing 

the arsenic solution. Acidified distilled water was used in place of 

sample in cuvette one. Starting in 10 sec after rotor startup, ten 

absorbance measurements were made at 407 nm (cerium (IV) ion 

concentration) at 5 sec intervals. The computer program for initial-

rate kinetic analysis was used to process the data and calculate the 

results. From 20 to 100 ppb of iodide were determined with a relative 

standard deviation of about 10%. Compared to the standard manual 
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methods using this reaction, the centrifugal fast analyzer method is 

faster, requires less sample, has linear calibration curve, and is 

operationally much simpler. 

Copper. For the determination of copper we adapted a method in which 

copper acts as a catalyst in the reduction of ferric ion by thlosulfate 

(18). In practice, thiocyanate ion is also added to the solution as 

indicator for Fe(III) and to slow the reaction to a reasonable time 

scale. This is a variable-time kinetic method, using the time required 

for the absorbance of ferric thiocyanate at 455 nm to decrease from its 

initial value of about 2.6 to 1. The procedure involves mixing 0.4 ml 

of sample with 0.1 ml of 0.2 N sodium thiosulfate in one well of the 

transfer disk, and 0.2 ml of 0.05 N ferric thiocyanate in 1 N HC1 

is placed in the other. From 0.1 to 1 ppm of copper was determined 

with a relative standard deviation of about 5%. 

Iron. Analysis of iron is a complex problem because, in natural water, 

iron may be in solution in either the oxidized or reduced state and as 

complex ions, or incorporated in insoluble matter such as colloidal 

material and suspended particulates. For the determination of soluble 

iron, we selected the well-known thiocyam.es spectrophotometry method 

(9) because of its high sensitivity, freedom from interferences, and 

easy adaptability to the centrifugal analyzer. For the analysis, 0.4 

ml of sample and 0.1 ml of 3 M HNO^ are placed in one well of the 

transfer disk, and 0.2 ml of 1.7 M KSCN in the other. Absorbance is 

measured at 480 nm after a color development time of 5 min. From 0.1 

to 3 ppm of iron was determined with a relative standard deviation 

of less than 3%. Although only Fe(III) is determined by this method, 
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Fe(II) can be measured by difference after oxidation with KMnO^. 

Copper is the only serious interference. Several natural water 

samples from the Walker Branch Watershed were analyzed and found to 

contain less than 0.1 ppm of total soluble iron. Spikes added to these 

samples were recovered quantitatively. 

Magnesium. Virtually all of the existing colorimetric methods for 

magnesium in the concentration range usually found in natural water 

involve the formation of colloidal colored lakes. We were unsuccessful 

in adapting any of them to the centrifugal analyzer. A simple 

turbidimetric method based on the precipitation of Mg(NH^)PO^ was 

developed which is relatively free of interferences and linear in 

the 5 to 70 ppm of magnesium range. A 0.4 ml sample containing the 

magnesium is placed in one well and 0.3 ml of a saturated (NH^^HPO^ 

solution, pH 10.8, containing 1 mg of KCN per ml as a masking agent, 

placed in the other. After a 5 min delay to allow formation of the 

precipitate the solution was stirred vigorously by air bubbling for 

15 sec and the absorbance measured at 470 nm. The spectrophotometry 

computer program Is used. Relative standard deviations were about 5%. 

Reasonable concentrations of Fe, Al, Cu, Zn, Cd, and Ca do not interfere. 

Water samples were analyzed and contained about 5 ppm of magnesium; a 

well water contained 26 ppm. Spikes added to these samples were recovered 

quantitatively. 

Chloride. Chloride ion was determined by an adaptation of the standard 

mercuric thiocyanate method (20). The chloride Ion is reacted with 

mercuric thiocyanate to produce thiocyanate ion which in turn combines 

with ferric ion to form red ferric thiocyanate. A 0.2-ml sample was added 
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to 0.1 ml of a saturated mercuric thlocyanate solution in 1 M HCIO^ 

in one well of the transfer disk, and 0.4 ml of 2.5% ferric perchlorate 

in 2 M HCIO^ placed in the other. Absorbance measurements were made 

at 460 nm, 10 sec after rotor startup. From 5 to 75 ppm of chloride were 

determined with a relative standard deviation of about 27,. Although the 

calibration curve becomes nonlinear above about 10 ppm, the chloride 

content of natural waters is usually less than that. Our natural and 

potable water samples had less than 5 ppm of chloride, and a well water 

contained 15 ppm. 

Nitrite. Nitrite was analyzed by a standard method involving first 

diazotizing sulfanilic acid with nitrite, then coupling with naphthylamine 

hydrochloride (21). A 0.4 ml sample was combined with 0.1 ml of sulfanilic 

acid solution (3 ng per ml in 1 N HC1) in one well and 0.2 ml of 

naphthylamine solution (4 mg of naphthylamine hydrochloride per ml in 

water) placed in the other. The reactions proceed very rapidly after 

mixing and absorbance measurements were made at 520 nm, 10 seconds after 

rotor startup. From 0.1 to 1 ppm of nitrite was determined with a 

relative standard deviation of about 1%. Natural and potable water 

samples were found to contain very little nitrite, less than 0.05 ppm. 

Sulfide. This determination was made by a standard method based on the 

reaction of sulfide ion with N,N-diethyl-p-phenylenediamine, in the 

presence of FeCl^ as catalyst, to form ethylene blue which absorbs 

strongly at 670 nm (22). A 0.4 ml sample is placed in one well in 

the transfer disk, and 0.2 ml of the acidified amine solution (5 mg 

amine per ml in 1:1 l^SO^) in the other. When the FeClj catalyst 

(10% Fed- in H„0) was premixed with either the sample or amine 
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solution, th , -Its were unsatisfactory, so we used the mixing 

chamber in x... xsk for the catalyst. The mixing chamber held 0.1 ml 

of catalyst without overflow. Color development was complete within 60 

sec after mixing. From 0.1 to 1 ppm of sulfide was determined with a 

relative standard deviation of less than 1%. Several water samples 

were analyzed but none of them contained detectable quantities of 

sulfide ion, Sulfide spikes could be recovered however. 

CONCLUSION 

The centrifugal fast analyzer ought to find an important place in 

environmental analytical chemistry. Compared to conventional manual or 

automated photometric instrumentation, the fast analyzer system has some 

distinct advantages. Speed of analysis is outstanding. Routinely, 4 

standards and 10 samples could be completed in about 10 min using the 

15-place rotor. Chemiluminescence analysis, an especially favorable 

case, was completed In 2.5 sec. Rotors with as many as 42 cuvettes 

have been fabricated (23) and transfer disks can be loaded automatically 

(24) saving additional time. Since the computer does the calibration 

and calculations, the analytical results are printed out as soon as 

the measurements are completed; the analyst does not have to take time 

to process data. 

Because a large number of measurements can be rapidly made on each 

cuvette and processed statistically, precision is usually better than 

with conventional instruments which make one, or only a few, measurements 

on each sample. As a result, precision is not, for the most part, 

limited by instrument noise. Similarly, analytical accuracy is improved 
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when samples and standards are run simultaneously In the same rotor. 

The effects of Instrument drift, reagcmt instabilities, and temperature 

changes are minimized resulting in excellent wlthin-rotor precision and 

accuracy. This Is particularly important in kinetic analyses which 

are very sensitive to changes in ambient conditions. The operational 

simplicity of the centrifugal fast analyzer also serves to reduce human 

error. All the standards and samples are prepared and loaded into the 

rotor for analysis at the same time, using the same pipettes and reagents. 

No additional manual handling, timing, or instrument adjustment is 

required. 

Probably the most significant advantage of the centrifugal fast 

analyzer system is versatility. One can measure light absorption, 

light scattering, or light emission. The analyzer system need not be 

dedicated to one, or only a few, analyses selected by the manufacturer 

as with many other automated analytical systems, but can be adapted to 

whatever analyses are required In a particular laboratory. Given 

the basic computer software, it is relative easy to adapt or develop 

one's own methodologies. The analyzer is easily shifted from one 

particular analysis to another simply by tuning the monochromator to 

the new wavelength and calling the appropriate program from disk storage. 

Finally, only small volumes of samples and reagents are used, usually 

less than 0.5 ml, which can be an advantage when reagents are expensive 

or only a limited amount of sample is available. 
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TABLE 1 

ANALYSES ADAPTED TO THE GeMSAEC FAST ANALYZER 

Substance 

so2 

°3 

Ca(II) 

Or ( I I I ) , (VI) 

Cu(II) 

Fe(III) 

Mg(II) 

Se(IV) 

Zn(II) 

CI" 

I~ 

V O ~ 

ro, 

s2 

Method of Analysis Concentration Range, Rel. Std. Dev., 
mg/ml % 

2 

3-
'3 
. 2 -

SO, 2 -

West-Gaeke Method fixed- < 1 
time kinetic 
reaction with eugenol < l a 

fixed-time kinetic 
as calcium oxalate 10-100 
turbidlmetric 
catalytic luminol method 0.05-0.6 
chemilumlnescence 
catalytic method 0.1-1 
variable-time kinetic 
reaction with thiocyanate 0.1-3 
spectrophotometry 

as Mg(NH4)P0 5-70 
turbidimetric 
catalytic method 0.1-1 
variable-time kinetic 
reaction with PAR 0.2-1 
spectrophotometry 
reaction with Hg(SCN)2 5-75 
spectrophotometry 
catalytic method 0.02-0.1 
initial-rate kinetic 
diazotization and coupling 0.1-1 
spectrophotometry 
reduced phosphomolybdate 1-14 
method fixed-time kinetic 
synthesis of ethylene 0.1-1 
blue spectrophotometry 
reaction with Ba(II) or 5-50 
CAD turbidimetric 

1 

2 

10 

1 

5 

3 

5 

5 

3 

2 

10 

1 

5 

1 

2 

dependent on sample collection time 
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