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ABSTRACT

The use of controlled pore glass immobilized 
8-hydroxyquinoline (CPG-8H0Q) for preconcentration of 
trace metals in aqueous media has been examined with 

in situ sampling as the objective. Quantities of the 

immobilized chelate were synthesized for the subsequent 
characterization which included determining capacities, 
batch kinetics, and kinetics in a flow system.

Capacities were determined by analyzing the CPG- 

8H0Q by X-ray fluorescence spectrometry and by polaro- 
graphy. For x-ray fluorescence, samples of the immobilized 

chelate were equilibrated with an aliquot of copper (II) 
solution, filtered, rinsed with distilled/deionized water, 
and analyzed directly by non-dispersive x-ray fluorescence. 
In the polarographic method, a sample of CPG-8II0Q was 
equilibrated in a pH 6.70 buffer solution with an excess 

of copper (II). The amount of copper (II) remaining in 

solution after equilibrium was determined polarographically.
A semi-continuous limited bath method using polaro­

graphic measurement of copper (II) and nickel (II) was 
used to determine the kinetics of exchange. By examining 

the affects of particle size, temperature, and exchanging 
cation, in solutions 25 to 10 ppm in metal ion, it was de­

termined that diffusion through a surface gradient film
xi
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was the rate controlling process. Air entrapped in the 
porous glass was found to interfere significantly with 
the kinetics so was removed by vacuum degassing.

Affects of column configuration, particle size, and 

flow rate were examined in a flow system providing infor­
mation useful for in situ use of the CPG-8H0Q for precon­
centration. Samples of 100 mg of CPG-8H0Q (212 to 150 
microns) removed Cu (II) ions when used with flow rates of 
2 to 5 ml/min. Columns narrower than 3.6 mmID resulted in 

columns with back pressures too high to achieve useful flow 

rates. Effluent of the extraction columns was monitored 
with a copper ion specific electrode. Use of CPG-8HOQ 
appears to be attractive for in situ preconcentrations 
where information about both the quantity and speciatiori 

of metal ions can be obtained.

xii
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CHAPTER I

INTRODUCTION

A. Chemistry of Trace Metals

Trace metal concentrations of marine samples are 
of use to a number of scientific disciplines. Biochemist'; 

interested in the availability and metabolism of trace 

metals need reliable data concerning the sources and con­

centrations of these trace metals. Oceanographers use 
trace metal concentrations to characterize and identify 
water masses and marine geochemists are interested in the 
incorporation and redissolution of minerals in ocean water. 
More recently, as our interest in the quality of our en­

vironment has increased, the effects of modern industrial­

ization and agriculture on our environment have been mea­
sured by monitoring the increased concentrations of marine 
trace metals near highly developed population centers.

B. Trace Metal Analysis

Trace metal analysis, especially in environmental 
samples and specifically in marine samples is the source of. 
many difficulties and errors. This fact is demonstrated by 
two intercalibration studies in which carefully prepared

1
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samples were distributed to and analyzed by a variety of 

different laboratories.

Rottschaffer, Jones, and Mark (1971) conducted an 
inter-lab analysis for mercury in homogenized fish tissue 
using results of their own ion exchange/neutron activation 
procedure (Jones, Rottschaffer, Mark, Paulsen, and Patriarch 
(1971)) and those of LaFleur (1970) of the National Bureau 

of Standards as a baseline for the comparison. The results 

of 15 different laboratories (industrial, government, and 
academic) showed deviations up to 5%--clearly unacceptably 
high.

A more comprehensive inter-lab study was coordi­

nated by Brewer and Spencer (1970) using large samples of 

sea water which were carefully handled to assure homogene­
ity and minimize sources of error in the sample. Sources 
of error were limited to subsampling by the participating 
laboratory, sample storage, and the analysis itself. Sub­
sampling was shown not to be a source of error and no clear 

conclusion could be reached about the effects of sample 

storage. Still, coefficients of error ranged from 2.5% 

for strontium to >301 for nickel (II) from the 20 partic­
ipating labs.

Studies have shown that chemical changes occurring 
in the sample during storage result from biological activ­
ity and interaction with container surfaces. One group of
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samples in Brewer and Spencer's study was discounted be­

cause of continued biological activity in the sample during 
storage, which resulted from an improperly "fixed" sample. 
There are a variety of methods for controlling biological 
activity but problems arise when some treatments interfere 
with subsequent analyses, and, as in Brewer and Spencer's 

case, are not adequately effective.

Adsorption and contamination of the sample by the 
storage container have led to ambiguous results. One group 
of workers found contamination of trace mercury samples 
stored in polyethylene containers to be a problem (Bothner 
and Robertson (1975)) while others have found adsorption to 

decrease the mercury concentrations of similar samples stored 

under similar conditions (Bate (1971); Feldman (1974)). 
Robertson (1968a,b) has determined potential contaminants 
in common laboratory equipment and storage containers and 
suggests procedures for minimizing contamination of stored 

samples. Chemical properties such as pH and salinity have 

been shown to change in s t o r e d  samples (K. Parks (1968)).
Such changes clearly affect trace metal concentrations 

through their coupled equilibria.
It becomes clear, then, that the initial problem 

in studying the effects of changing trace metal concentra­
tions is one of analytical chemistry. Of the various trace 

techniques available in analytical chemistry, several well
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defined methods such as emission spectroscopy, anodic 
stripping voltammerty, neutron activation analysis, atomic 
absorption spectroscopy, electron microprobe spectroscopy, 
etc., and some mass spectrometry are sufficiently sensitive 

to carry out trace analysis of metal ions in natural water 

systems. But while the sensitivities may be adequate, 
these methods still require some form of preconcentration 
to remove interferences.

Neutron activation, for example, has a sensitivity 
of one part per billion (Leddicotte and Reynolds (1953); 
Yule (1965)) but direct analysis of sea water or serum 

samples is impossible because of interferences arising from 

the activation of the ever-present sodium chloride.

C. Preconcentration Methods

Commonly used methods for .preconcentrating samples 

include evaporation, solvent extraction, precipitation, 

electrochemical deposition, and ion exchange. The most 
common methods are discussed in detail elsewhere (Riley and 
Skirrow (1965); Rottschafer, Boczkowski and Mark (1972); 
Cendelman and Caruso (1971)). These methods are possible 
sources of error in that they involve sample transfers and 
addition of reagents, steps that can be eliminated by doing 

the preconcentrating ill situ. Methods such as solvent ex­
traction and precipitation are not adaptable to in_ situ
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use. However, electrochemical and ion exchange methods can 
be adapted for in. situ use.

ill Situ Preconcentration

The requisite characteristics of in situ preconcen­

tration are only slightly more demanding than for laboratory 
preconcentration. The ideal characteristics include:

1. The system is sampled in a manner which is 
chemically and physically inert upon removal 
from its environment.

2. The sample is in a form which can be analyzed 
by a direct, nondestructive method (no addi­
tional preparative steps).

3. The preconcentrated sample is quantitative 
and representative with respect to the 
concentration of the original sample.

It should also be inexpensive and result in a small sample 
for convenient storage. Techniques involving the electro­
chemical plating of the trace metals onto a graphite elec­

trode have been reported (Vassos, Hirsch and Letterman 

(1973); Rottschaffer, Boczkowski, and Mark (1972)). Modi­
fications in their original design are results of different 
approaches to adapting the electrochemical instrumentation 
to in si tu use.

Ion exchange techniques have also been adapted for 

in situ sampling. Ion exchange membranes have been used 
for in. situ preconcentration of metals, but the long equi­
libration times (30 hours) were found to be unsatisfactory
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(Mark, Eisner, Rottschaffer, Berlandi, and Mattson (1969)). 

Others have used the long equilibration times to advantage 

to obtain "integrated" samples where high frequency vari­

ations in estuaries were averaged out over the sampling 
period of 2 to 3 days (Lochmuller, Galbraith, Walter and 
Joyce (1972)).

General use of weak and strong cation exchange res­

ins has found little application in the preconcentration of 

sea water trace metals because of their affinity for mono­
valent alkali metals at the high concentrations present in 
marine samples. However, chelating ion exchange resins 
with imidodiace tic acid functional groups have been used 
to preconcentrate metals from sea water samples, but not 

for in situ work. These resins have a very high specif­

icity for divalent transition metals and a reasonably high
■Hcapacity (0.6 mmole Cu(NHj)g /gm, Dow Chemical Co.) Riley 

and Taylor (1968a, 1968b, 1972) have successfully precon­
centrated Bi, Cd, Co, Cu, In, Mn, Mo, Ni, Pb, Re, Sc, Th,
W, V, Y, Zn and the rare earth elements from sea water.

The elements were analyzed by atomic absorption in the acid 

effluent. The work of Riley and Taylor was applied to the 
determination of indium (Matthews and Riley (19 70)) and 
vanadium (Kireyama and Kuroda (1972)) in sea water and to 
traces of copper, lead, zinc, cadmium, nickel and iron in 
industrial effluents (Biechler (1965)). Callahan, Pascural
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and Lai (1966) found Chelax 100 useful for concentrating 
cobalt (II). They were concerned with concentrating radio- 
nucleides (principally cobalt), and found that while cobalt 

(II) could be quantitatively concentrated, cobalt (III) was 

not removed from solution. Chelating resins like Dowex A-l 
and Chelex 100 have not been used for in si tu applications 
for several reasons. One, the kinetics have been shown to 
be relatively fast but still not adequate enough to make 

it attractive for in situ preconcentration (Eger, Anspach, 

and Marinsky (1968)). Two, organic polymer based resins 
like Dowex and Chelex swell and contract as ion exchange 
proceeds and with changes in ionic strength. This, in turn, 
alters the flow characteristics of a column or cartridge 

configuration and makes the calibration and measurements 

required for in situ work difficult to maintain. Finally, 

it is possible that the organic substrate would be biolog­
ically degraded during storage. These problems, both real 
and potential, were reasons enough to look at another sub­
strate to be used as a sampling matrix for in situ precon­
centration.

E. Glass Immobilized Chelates

Recently, a material has been developed which con­
sists of an Organic chelating ligand covalently immobilized 
on the surface of controlled pore glass (Sugawara, Weetall,
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and Schucker (1972, 1973, 1974)). This material has sev­

eral attractive properties as a matrix for iri situ pre­

concentration of trace metals. Of these ion exchangers, 
the most successful in terms of synthetic yield, capacity, 
and general applicability was immobilized 8-hydroxyquino- 
line (8-HOQ). At neutral pH, the control pore glass 
immobilized 8-HOQ (CPG-8H0Q) was found to quantitatively 

remove nickel (II), copper (II), cobalt (III) and vana­

dium (II) from solution. Further, it has been shown that 
the immobilized chelate will remove these and other tran­
sition metals from sodium chloride matrices (Fasching, 
Buono, Karin (1974)) and from electrolytes used in anodic 
stripping vottammetry (Moorehead and Davis (1974)).

The control pore glass product, when compared 

to organic polymer chelating ion exchangers with the 
8-hydroxyquinoline functional group (Vernon and Eccles 
(1973); Parrish and Stevenson (1974)), clearly has 
several advantages. Most importantly, equilibration 

rates will be expected to be much greater for the CPG 

8-HOQ because of its more open macroporous nature com­
pared to a highly cross-linked polymer. The kinetics of 
the CPG 8-HOQ will be examined as part of this work. At 
the same time the glass substrate gives the immobilized 
chelate material the rigid structure needed to prevent ex­

pansion or contraction coincident with ion exchange as is 

the case with organic polymer based ion exchangers. Also
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the inorganic glass substrate is inert to most solutions.

The silane will hydrolyze under ammonical alkaline con­
ditions and the glass will dissolve with hydro-fluoric acid, 
but both will remain unchanged under the conditions used 
sea water analysis.

F. Analysis of the CPG-8H0Q

There are several methods of analysis available for 
determining the amount of metals contained on the CPG-8H0Q 
which fall into two general categories. One group requires 

the metals to be eluted from the immobilized chelate with 

acid. This is a necessary step for most methods from grav­
imetry to mass spectrometry. However, elimination of this 
additional manipulatory and chemical step would be advan­
tageous. First, it presents the possible introduction of 
errors through contamination or incomplete recovery from 
the immobilized chelating agent. Second, the elution step 
would extend the analysis time. Most solution methods re­

quire sequential analysis if more than one element were of 
interest, and this would extend the analysis time even 
further. Elution does make additional preconcentration 
possible, but, as mentioned previously, methods of analy­
sis are available which are sensitive enough to analyze 

the immobilized chelated metals without additional precon­

centration.
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Methods which can be used to analyze directly the 
metals on the CPG-8H0Q include non-flame atomic absorption 
spectroscopy, neutron activation analysis and x-ray fluo­

rescence spectrometry. Non-flame atomic absorption using 

a graphite rod or tantalum atomizer could be used with di­

rect atomization of a small sample of CPG-8H0Q. Atomic 
absorption has a fairly high sensitivity but would require 
separate analysis for each element of interest and is a 
destructive type of analysis. Possible sources of diffi­

culty include incomplete atomization and the imprecise de­

livery of small samples of the granular solid. Neutron 
activation analysis has very high sensitivity for most ele­
ments, has the inherent capability of analyzing a wide va­
riety of elements simultaneously and is nondestructive. 

However, neutron activation analysis is not generally 

available nor is it readily adaptable to on-site use. X-ray 

fluorescence (XRF) spectrometry has the capability of si­
multaneous analysis, is adaptable to on-site use but suffers 
from limited sensitivity. XRF has been shown to be useful 
for analysis of ion exchange material, mainly for ion ex­
change resin loaded papers and membranes (Campbell, Green 

and Law (1970)) where limits of detection are generally <.5 
mg for most transition metals (Campbell, Spano, Green (1966)). 
XRF has been used in the direct analysis of trace metals in 
geological samples preconcentrated on Chelex 100 (Blount,
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Leyden, Thomas, and Guill (1973)). The 100 to 200 mg 

samples of ion exchange resin were made into pellets using 

pressure (30,000 psi) and heat (150°C), but still retained 

their characteristics of swelling and shrinking with changes 

in water content making storage and duplication difficult.
Using XRF for analysis of metals in CPG-8H0Q pre­

sents no special problems. Interelement effects will be 
minimal by using copper (II) and nickel (II) solutions for 

"model" studies. Matrix absorption will be somewhat higher 

than found for the organic resins (Blount, Leyden, Thomas, 
and Guill (1973)) because of the higher absorption coeffi­
cient of Si compared to C, but will not be excessive.

G. Research Objective

This work examines some of the characteristics of 

the glass immobilized 8-hydroxyquinoline to evaluate, its 
usefulness for in_ situ preconcentration and its applica­
bility to simple, direct analysis by x-ray fluorescence 
(XRF) spectroscopy. Included are experiments character­
izing its analysis by XRF, capacities, kinetics and opti­

mum column configuration and flow conditions.
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CHAPTER II

PREPARATION AND CAPACITIES OF CONTROLLED PORE GLASS 
IMMOBILIZED 8-HYDROXYQUINOLINE (CPG-8-HOQ)

A. Introduction

The CPG-8H0Q was synthesised and the capacity mea­
sured by XRF. Several 10 gram batches of CPG-8HOQ were 

blended together to give a supply of material with a con- 
sistant capacity. XRF analysis was used to determine the 
capacities which agreed well with results obtained by 
K. F. Sugawara (1973a) and which was more convenient for 

use in our laboratory.

B. Experimental

1. Formation of the arylamine glass: Controlled
O

pore glass (177 to 12S microns, 550 A pore dia., supplied 
by Pierce Chemical Co., Rockford, 111.) was refluxed in 5 
HNOg for one hour, filtered in a fritted glass funnel and 

washed twice with boiling distilled water. The glass was 

allowed to dry overnight at 95°C. Twenty grams of the 
activated glass was then refluxed overnight in 101 
Y-aminopropyltriethoxysilane (A1100, Union Carbide Corp.) 
in toluene. The sample was filtered, washed with toluene,

12
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and allowed to air dry.

The dried sample of alkylamine glass was refluxed 

overnight in chloroform containing 10% triethylamine and

0.6 gram para-nitrobenzoyl chloride. The sample was then 
filtered, washed with chloroform, and allowed to air dry.
The nitro group was reduced by heating the sample in fresh­

ly prepared 10% sodium dithionite after which the sample 

was again filtered, washed with distilled water, and air 

dried. The resulting product is the arylamine glass.

2. Coupling the 8-Hydroxyquinoline: In an ice 
bath, 10 grams of arylamine glass and 100 ml of 2N HC1 were 

allowed to cool before transferring to a vacuum dessicator 

also containing ice. Sodium nitrite (2.5 grams) was then 

added to the reaction mixture. A water aspirator was used 
to remove entrapped air from the porous glass and excess 
NO2 from the dessicator. After 30 minutes, the sample was 
filtered and washed with ice cold 1% sulfamic acid solu­
tion. The diazotized glass was quickly transferred to a

0.05 M NaCOj solution saturated with 8-hydroxyquinoline. 
After 30 minutes the sample was filtered, washed with 
distilled/deionized water and air dried.

2. Capacity measurements: Solutions were made using
distilled/deionized (D/D) water that was stored in high 

density polyethylene carboys (Nalgene).
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Figure 1: Synthisis of controlled pore

glass 8-hydroxyquinoline

Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.



0I
-0-Si-OH I

0
gl ass

ch3ch2-o
c h 3c h 2o - s i -( c h 2 )3n h 2
c h 3c h 2-o
y-aminopropyl - 
triethoxysilane

4
glass -0-Si-(CH2 )3-NH2

0i
alkyl amine glass

toluene
reflux

0
IICl-C- NO,

chloroform
reflux

glass -0-Si-(CH,),-N-C-
I c  o  \

"NO, Na2S2°4

0 0i Hglass -0-Si-(CH0 ),-N-C'I X o |
0 H1

arylamine glass

NH, Na2N02 .
HC1

i
0iglass -0-Si-(CH2 )3 -N-C
0 H

n 2 c i ' 8-HOQ
0°C

0 0 
glass -0-Si-(CH2 )3-N-C

0 H1

Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.



15

A stock solution of copper was prepared by dissolv­
ing a 0.5013 gram piece of acid cleaned copper foil in a 

minimum amount of reagent grade nitric acid and bringing 

the solution volume to 500 ml. The final concentration was 
1,003 yg/ml (0 . 0 1 5 8  m) .

Two procedures were used in determing the capacities.
Method I: A measured volume of copper (II) solution

was equilibrated with 200 mg. CPG-8H0Q and 10 ml D/D water 

in acid washed (8 M HNO^) polyethylene bottles for 4 hours 
on a reciprocating shaker. The samples were filtered and 
washed with two 15 ml aliquots of D/D water, air dried, and 
analyzed by x-ray fluorescence spectroscopy (XRF).

Method II: A set of standards was first prepared by

measuring out 100 mg. of CPG-8H0Q, two to five ml. of D/D 

water, and a measured aliquot of copper (II) stock solution 

into a plastic x-ray analysis cell (Spex Industries, Metuchen, 
N. J.) and allowed to evaporate. The air dried sample was 
analyzed by XRF. Then a single 100 mg. sample of CPG-8HOQ 
of unknown capacity was prepared by equlibrating the sample 
with an excess of copper (II) (1.5 ml stock solution), 

filtering, rinsing with two 15 ml aliquots of D/D water, 
and analyzing by XRF.

For both methods, samples were analyzed by non- 
dispersive XRF (FDAX, International, Chicago, 111.) for 
100 seconds using a gold x-ray tube for x-ray excitation
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Figure 2: Capacities determined
by.XRF, Method I.
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Figure 3: Calibration curve for

determining capacities by 
XRF, Method II.
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operated at 32 microamps and 30 kev. The intensity of 
emitted x-ray at 8.040 kev was measured by integrating 
the area at full width at half the maximum (FWHM) and sub­
tracting the background. The background was obtained from 

a sample treated identically as the other samples but with­

out the addition of copper (II).

C. Results

The conditions necessary to optimize surface acti­
vation of silylic groups were studied by Aue and Hastings 

(1968). The procedure used here is a modified version 
based on their conclusions. The remaining procedures were

as described by Sugawara, Weetall and Schucker (1972, 1973)
*

and more recently by the same authors (19 74).
A fairly large range of product yields was encountered 

as indicated by the varied intensity of the red color re­

sulting from the azo chromophore. The color intensity 

correlated well with subsequently determined metal capac­
ities and so served as a convenient indication of yield.
The primary reason for poor yield was found to be incomplete 
reduction of the p-nitro group caused by the use of degraded 
dithionite solution. It is important therefore that the

*Corning Glass (Corning, N. Y.) now manufactures 
CPG-8HOQ which is commercially available through Pierce 
Chemical Co., (Rockford, 111.).

Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.



dithionite reducing solution be prepared fresh as it is 
needed. Small variations in yields were undoubtedly also 
caused by variations in surface coverage by the organo- 

silane. •

Capacities determined by Method I involved plotting 

the intensity measured by XRF versus the mg of copper (II) 
added. The amount of copper (II) taken up by the CPG-8H0Q 
increases linearly up to the level where the number of 
equivalents of copper (II) is equal to the number of equiv­
alents of 8H0Q. Figure 2 shows some typical results for 

4 samples. Two samples, 050572 and 050172, were prepared 

in the lab and show the variation in yield, and hence 
capacity, encountered. The other two samples were pro­
vided by Sugawara at Corning for comparison. Both Corning 
samples were from the same lot and so indicate the repeat­
ability of the method for capacity measurements. A dis­

advantage of Method I is that it requires several samples 

and measurements for each capacity determination.
In Method II the capacity is calculated by deter­

mining the maximum amount of copper (II) which will react 
with a single sample of CPG-8HOQ. The amount of copper 
present is determined by comparing the XRF results with 

those of a set of standards using the calibration curve in 
Figure 3. Table ± summarizes the capacities of various 
batches of CPG-8H0Q determined by XRF using Cu (II).
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Table II shows the capacities determined by Sugawara 

(1973a) using Fe at a pH = 5. For this work the XRF 
method was preferred because of its convenience and 
the XRF results are in reasonable agreement with those 
by Sugawara.

Analyzing the metal uptake by XRF has several 

distinct advantages over other, more frequently used 

methods. First, it measures the amount of elements 
contained directly in the CPG-8H0Q without depending 
upon elution of the metals from the material prior to 
analysis. Errors which may be introduced in the elu­

tion step are incomplete elution resulting in capacities 

lower than expected and/or the loss or contamination of 

the sample during elution resulting in lower or higher 
capacities, respectively. The accuracy of either 
approach is further dependent upon careful instrument 
calibration.

Second, XRF is well suited to direct analysis 

of metals in the CPG-8H0Q because of the low absorption 
by the silica matrix of both the excitation and emitted 
x-rays. This results in a low background and allows 
quantitative determination of 10 mg. Cu or less in a 0.1 
to 1.0 gm. sample of CPG-8H0Q.

Because of the variation between batches of syn­

thesized CPG-8H0Q, a number of batches were combined
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T A B L E  I

Capacities determined by x-ray 
fluorescence spectroscopy

Sample: CPG-8HQQ Capacity (pH7)

050572 1.05 mg Cu (II) gm'1
Corning a 1.10
Corning b 1.05
050172 0.25
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TABLE II

Capacities determined by the method of 
K. F. Sugawara, et al. (1974)

Sample; CPG-8H0Q Capacity (pH5)

050572 1.7 mg Fe gm"1
Corning 1.4
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and the capacity determined to be 1.05 mg Cu (II)/gm. 

This is the material which was used for most of the 
subsequent work. Commercial CPG-8H0Q was used where 
noted.
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C H APTER  I I I

KINETICS: BATCH

A. Introduction

1, General: In field tests conducted in and around

the Straits of Florida, samples of CPG-8H0Q were evaluated 
for in situ preconcentration sampling. Samples of sea 
water were pumped through 15 cm x 0.36 cm glass columns 
containing the immobilized chelate or were equilibrated in a 

5 1. carboy containing the immobilized chelate. Some samples 
were prefiltered using a .45y Millipore filter, others were 
not. XRF analysis indicated no detectable amounts of any 

transition metals except in two samples. These two samples 
were equilibrated with sea water which was made 0.05 ppm in 
Cu (II) by spiking it with standard solutions. Still, the 
CPG-8H0Q contained only trace quantities (<20 mg) of copper 

instead of the expected quantities (250 mg).

These results suggested several possible sources of 
difficulty. Either there were no metals in the samples 
taken, the metals were not available for complexation with 
the immobilized CPG-8HOQ, or there were operational diffi­
culties which prevented complexation. Florida waters, like 

all ocean waters do contain trace metals of average
24
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concentrations (Brewer and Spencer (1970)). Stability con­
stants for metal complexes of unattached 8-hydroxyquinoline 
presented in Table III indicate the thermodynamic favorabili 
of complex formation for a number of metal ions and similar 

values can be expected for immobilized 8H0Q. Therefore the 

possibility of operational difficulties indicated a need 

for a more detailed study of the complexation kinetics of 
copper (II) and nickel (II) with the CPG-8HOQ.

TABLE III

Complexes of 8-hydroxyquinoline
pk, = 3.76 r la
pk9 = 11.90

L c l

M log K1 log K2

Cu (II) 12.2 11.2

Ni (II) 9.9 8.8

Co (II) 9.1 8.1
Fe (II) 8.0 7.0

Sillen and Martell (1964)
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2. Ion Exchange Kinetics: There are four generally
accepted rate - controlling mechanisms which may predominate 
under various conditions in the exchange of ions in both 

chelating and non-chelating ion exchange resins. One mech­

anism is that of a second order reversible chemical reaction. 
This mechanism has been found to be rate determining for

4- 4* ̂large and/or tetravalent cations like UO^ and Th on a 
chelating resin containing phosphonic acid functional groups 

(Heitner-Wirguin and Urbach (1965); Heitner-Wirguin and 
Kendler (1971)). Other authors have, erroneously, con­

cluded that the rate of exchange of non-chelating alkali 

earth ion pairs on Chelex 100 was controlled by second 
order chemical kinetics (Turse and Reiman (1961)). Their 
conclusion was based on data where capacities were incor­
rectly calculated as a result of the resin-bed volume 
changes accompanying ion exchange in the polymer-based 

resin. The work was later repeated and correctly reported 

as being diffusion controlled (Varon and Reiman (1964)).
The other three mechanisms involve diffusion as 

rate limiting but only two are important. Rate limitations 
by slow bulk diffusion are rarely encountered in stirred 

batch or column systems so are of little consequence.
The two important diffusion mechanisms are particle 

diffusion, where diffusion through the pores of the matrix 
is rate limiting, and film diffusion, where diffusion
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through a Nernstian-type film is rate limiting. Generally, 

it has been shown by two experimental approaches that par­

ticle diffusion predominates at higher concentrations 

C>0.1M) and low valence while film diffusion predominates 
at low concentrations (Boyd, Adamson and Myer (1947) ; 
Reichenberg (1953); Heitner-Wriguin and Kendler (1971); 

Heitner-Wirguin and Markowitz (1963)).
Factors which determine which rate-limiting mecha­

nism predominates are: 1) particle size, 2) degree of
agitation of solution, 3) diffusion coefficients of the 
exchanging ions in the solution and within the resin par­
ticle, 4) temperature, 5) equilibrium distribution coeffi­
cients, and 6) solution concentration. The influence of 

these factors in determining the rate-limiting mechanism 

can be evaluated using either the infinite bath technique 
or the limited bath method.

Boyd, e_t ajL (1947) utilized an infinite bath tech­
nique and developed equations to describe the rate limiting 

mechanism for the existing boundary conditions. This method 

uses a column in which the concentration of the incoming 

cation remains constant because a large volume and high flow 
rate through a shallow resin bed are used. The outgoing ion 
is measured to monitor the extent of exchange with time.

Kressman and Kitchener (1949) used a limited bath 
method to study exchange kinetics. This is a non-continuous
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batch method where the decreasing concentration of the in­
going ion is monitored to follow the exchange kinetics. An 

important result of the limited bath method is that the ion 
exchange reaches an equilibrium level and is not forced to 

completion as in the infinite bath method. This necessi­
tates the derivation of a different set of equations for 

the two diffusion mechanisms (Kress.man and Kitchener (1949)) 
and for second order chemical reaction mechanism (Turse and 

Reiman (1961)) which are summarized below:

Film Diffusion

log (1-5) 2.30 3

whe
diffusion coefficient and film thickness, 
and the equation is found to apply up
to F = 0.9.

Particle Diffusion

where D is the observed diffusion coefficient 
and an approximation in the derivation causes 
deviations in the equation when F>0.6
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Second Order chemical reaction 

InZ = 2kQo CQ0-QJ t/Q„

where

, Qt (Q0-2QJ * QoQ_
- Q0 ■

k is the effective rate constant

Application of these equations to the kinetic data 
taken under limited bath conditions should indicate the 
rate-limiting mechanism.

Very useful information for identifying the slow 

step of an ion exchange process can be determined on a 
qualitative basis. In two experiments conducted under 
identical conditions except for changes in particle size, 
a diffusion controlled exchange will be accelerated by a 
decrease in particle size while a chemically controlled 
exchange will be unaffected by particle size changes.

Another indication of the rate limiting mechanism 

can be determined by changing only the concentration. As 
long as the change in concentration is not so great as to 
exceed the limits where diffusion in the resin is the slow 
step, the change should have no affect on the diffusion 

controlled process. However, an exchange controlled by a 

slow second order chemical reaction should be significantly 

changed by a change in concentration.
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Still another experiment useful in identifying the 

slow step in an exchange is ‘to change only the exchanging 
cation. Copper (II) complexes are generally labile while 
those of nickel (II) are generally inert. There should be 

a marked increase in the rates of exchange by using Ni (II) 

compared to Cu (II) if the chemical reaction is rate- 
limiting. Both would be expected to have similar diffusion 

coefficients so that there would be little difference in 
the exchange rates if the rate-controlling mechanism is 
diffusion controlled.

B. Experimental

1. General: In this experiment, the limited bath 
method has been modified slightly to use semi-continuous 
polarographic monitoring of the metal ion concentration. 
Such a method requires the ion exchange reaction to be not 

too fast (t^/2 > 1 min.) because of the necessity to inter­
rupt the solution agitation to measure the diffusion cur­
rent. This semi-continuous method was compared to the dis­
continuous method of Kressman and Kitchener (1949) and 
agreed within 1 to 31 (Kendler and Heitner-Wirguin (1970)) 
and so has been adapted for use here.

2. Instrumentation: A Sargent Model VII polaro­

graphic analyser was used with a dropping mercury electrode 
and a saturated calomel reference electrode (SCE). The

Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.



31

latter was connected to the sample cell via a double 
junction saturated KC1 salt bridge using porous Vycor 

(Corning Glass, Corning, N. Y.) in polyethylene tubing.

For copper (II) solutions, a reduction potential of -0.40V 

(vs. SCE) was used and for nickel (II), -1.20V (vs. SCE) 
(Figure 4). Current sensitivities used were 0.001, 0.002, 
or 0.004 microamp/mm. depending on the metal ion concen­
tration.

The temperature was controlled by equilibrating the 

polarographic cell in a 500 ml thermostated water bath.

The controller (H. B. Instrument Co., Phila., Pa.) used 
mercury thermometer probes and maintained the temperature 
to within 0.1°C. of the designated temperature.

Reagents and solutions: The copper (II) stock

solution used was the same as described in Chapter II.

A nickel (II) stock solution was prepared by dis­
solving 0.5002 grams of high purity nickel metal in minimum 
volume of nitric acid and diluting to 500 ml with D/D water. 
The final concentration of the stock solution was 1000.1 ug/1 
(0.0170 M) . Volumes of metal solution were delivered using 

a Gilmont micrometer pipet which measures to 0.001 ml (Cole 
Parmer, Chicago, 111.).

A single volume of pH 6.70 phosphate buffer was pre­
pared from reagent grade K^HPO^ and KT^PO^ and D/D water.
The buffer was prepared with an ionic strength of 0.1 moles/ 
liter.
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Figure 4: Polarograms
Ni (II) and Cu (II

[Ni] = 4.98 yg/ml

[Cu] = 4.98 yg/ml

pH = 6.7
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The CPG-8H0Q used was from two sources. Several 

lots of synthesized CPG-8H0Q were combined. This mate­

rial had an average particle size of 177 to 125 microns 

and a capacity of 1.05 mg Cu/gm> Several bottles of com­
mercially available CPG-8HOQ were also combined in a 
separate batch. This material was ground with an agate 
mortar and pestle and seived to an assorted range of 

particle sizes. All samples of CPG-8H0Q were stored in 

a dessicator over CaC^.
The high purity nitrogen used to deoxygenate polr- 

ographic samples was further purified by passing it through 
copper turnings heated in a tube furnace (150°C.) and then 

bubbled through buffer solution to saturate the nitrogen 

stream with water vapor. Samples were deoxygenated with 
purified nitrogen for 30 minutes prior to the first polar- 
ographic measurement and maintained under a blanket of 
nitrogen during the kinetic experiment.

4* Procedure: a) Calibration: A twenty ml. sample

of buffer solution was deoxygenated and the diffusion cur­

rent measured prior to the addition of a measured volume 
of stock metal ion solution. The diffusion current was 
then measured after the addition of each aliquot of metal 
ion solution using the initial measurement for the deoxygen­
ated buffer solution as the blank.

b) Kinetics: A measured sample (100 mg) of dry
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CPG-8H0Q was added to 20 ml of buffer solution and degassed 

under vacuum. Degassing was accomplished by placing the 

sample in a vacuum dessicator and drawing a partial vac­
uum with a water aspirator for 30 minutes or until no air 
bubbles were observed from the porous glass. The sample 
was then deoxygenated with purified nitrogen for 30 minut&s. 

A measured volume of metal ion solution was added to the 

mixture and the magnetic stirrer and clock started. The 

magnetic stirrer was stopped 15 seconds prior to and re­
started immediately following each polarographic measure­
ment.

c) Capacity measurement: The sample of 100 mg. of

CPG-8H0Q was added to 20 ml of buffer, degassed, and de­

oxygenated as described above. A 1.50 ml aliquot of the 

copper (II) stock solution was allowed to equilibrate for 
60 to 90 minutes. The amount of copper (II) remaining in 
solution was then measured polarographically.

C. Results

1. Degassing: Early experiments indicated the im­

portance of removing air entrapped in the porous glass. 
Samples took excessively long times to equilibrate (>10 
hours) as the solution slowly displaced the air, making 
diffusion of Cu(II) ions to the 8HOQ sites possible. Each 
CPG-8H0Q sample was therefore degassed in buffer solution. 

The resulting equilibration rates in subsequent experiments
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are representative of the ion exchange and not air dis­
placement.

2. Calibration: The diffusion current was plotted 

vs. calculated metal ion concentration giving a linear cal 

ibration plot like the one shown in Figure 5. Calibration 

curves were run frequently because of small changes in the 

characteristics of the mercury capillary. All of the cal­
ibrations were linear but had slightly different slopes.
A least squares analysis was done on each calibration to 

calculate the slope and intercept and are presented in Ap­

pendix I with an example plotted in Figure 5. These data 
were then used to calculate the metal ion concentrations 
from the experimentally determined current measurements.

3. Effeet of initial metal ion concentration: The 

rate curves of the metal ion concentration versus time for 

different initial metal ion concentrations are shown in 

Figure 6. Initial concentrations ranged from 2.5 to 8.75 

mg/ml and the rates, which are measured by the time re­
quired to reach 501 of the equilibrium concentration 
(ti/z), are essentially the same. These rates are suf­
ficiently equal to indicate the absence of a chemically 
controlled exchange mechanism. If the chemical reaction 

was rate-limiting, there would be a strong dependence on 

changes in the initial concentration.
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Figure 5: Polarographic calibration curve

for copper (II)
E = -0.40 volts (vs. SCE) 
Experiment No. 03037505 

(see Appendix I)
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Figure 6: Rate £ [Cu]Q

(see Appendix II)
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4. Effect of particle size and exchanging cation:
The effect of particle size further indicates the absence 
of a chemically controlled slow step and gives positive in­
dication of a.diffusion controlled rate limiting step. The 

values of the tq/2 ^0r  ̂particle size ranges are shown 
in Figure 7 for [Cu ]q = 4.98 mg/ml and in Figure 8 for [Ni]Q 

= 4.9 8 mg/ml. Both experiments show a marked dependency on 
particle size which is characteristic of diffusion controlled 
processes.

Further, the rates of exchange are the same (within 
experimental error) for both nickel (II) and copper (II) 
for equivalent particle sizes. These data indicate that 

the rate of exchange of both metal ions is limited by dif­
fusion. A noted exception to the equivalency of rates for 
the two metals is in comparison of the <150 micron particle 
size. This is explained by the possibility that, when the 

particle size is <150 microns, the chemical reaction becomes 

limiting for the exchange of the more stable nickel (II).

This seems to be the case when we examine the results of 
applying the equations of Kressman and Kitchener (1949) -to 
this experiment. By plotting F vs t (eqtn. #2) and -log 
(1-F) vs t (eqtn. #1), we can determine the type of dif­
fusion controlling the rate of exchange for copper (II) and 

nickel (II). The nonlinearity observed in Figures 9 and 10 
indicates that particle diffusion is not the predominate
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Figure 7: Rate £ (Particle Size)

Copper (II)
(see Appendix IV)
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Figure 8: Rate £ (Particle Size)

Nickel (II)
(see Appendix V)
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Figure 9: F vs. VtT
Copper (II)

(see Appendix IV)
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Figure 10: F vs. 'ft

Nickel (II)

(see Appendix V)
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Figure 11: -log (1~F)

Copper (II) 

(see Appendix IV)

vs. t
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Figure 12: -log (1-F) vs. t

Nickel (II)
(see Appendix V)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



-L
OG

(1
-F

)
3

E X P T P A R T I C L E  S I Z E

212 to 355 
355 to 500

2

1

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



4 5

Figure 13: Rate f (T)
(see Appendix III)
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controlling mechanism. If equation 2 did fit these ex­

perimental results, linearity would be expected up to 

F = 0.6 or 0.8.

Figures 11 and 12 demonstrate that film diffusion 
controls the rate of exchange for both copper (II) and 
nickel (II) except at the <150 micron particle size for 
nickel (II). The slopes of the graphs are proportional to 

the effective rate constants. Comparing the slopes for 

each particle size and corresponding metal ion for the 
355 to 500 micron particle size, the slopes and therefore, 
rate constants are the same for the exchange of nickel 
(II) and copper (II). This is true for each particle size 

except the very small <150 micron. Here, the initial slope 

for nickel (II) is the same as that of copper (II) but de­

creases quickly. This nonlinearity indicates a change in 
the rate controlling mechanism, to perhaps, a chemically 
controlled step. Because the initial slopes are the same, 
but change during the ion exchange, there are probably a 

mixture or combination of mechanisms occurring in this 

particular case.

5. Effect of Temperature: Figure 13 illustrates
the minimal effect temperature has on the rate of chela­
tion of copper (II) with CPG-8H0Q. The rate actually in­
creases slightly with a decrease in temperature. This 

effect indicates a non-trivial mechanism where the rate
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law possibly includes an equilibrium constant. The effect 

of temperature is, however, very small.

The data in Figure 13 have been corrected for the 
effect temperature has on the measurement of current. 
Changes in temperature affect the diffusion characteristics 
at the DME. However, a correction of 1.7 per cent per de­

gree C has been used. The raw data and corrections are 

shown in Appendix II.

6. Equilibrium Capacity Measurements: By allowing
the immobilized 8-HOQ to equilibrate with a slight excess 
of copper (II) and measuring the amount left in solution, 

the capacity of the CPG-8H0Q can be determined.

Cu - Cu 
capacity = g i n 0 C p G _ 8 H O Q

where Cu and Cu refer to the number of milligrams or
O  oo °

milliequivlents initially and at equilibrium. The re­

sults are summarized in Table IV for a variety of immobil­

ized chelate samples.

The capacity of the alkylamine glass was determined 
to evaluate the effect on capacity of unreacted interme­
diate products from the synthesis which may be present 
in the CPG-8H0Q. As indicated in Table IV it does have 
a small capacity, however this information gives no indi­

cation regarding the stability of the complex formed.
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Neither does it rule out the possibility of adsorption, 

on the glass particles as does the procedure used for 

XRF analysis because in that case, the sample was rinsed 
with buffer solution to remove adsorbed, non-complexed 
metal ion.

The presence of weakly adsorbed copper (II) in 

the batch polarographic method also would explain the 

higher capacity for sample 050572 measured by this method 

compared to that determined by XRF (1.05 mg Cu/gm).
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TABLE IV

Equilibrium Capacity Measurements 
by Polarography

  Sample  Capacity

CPG-Alkylamine 0.324 mg Cu g
050572 CPG-8HOQ < 1.38
062974 CPG-8H0Q 1.13
Corning CPG-8H0Q 1.45
Corning CPG-8H0Q 1.4 7
Corning CPG-EDTA 0.93
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CHAPTER IV

KINETICS: FLOW SYSTEM

A. Introduction

For in situ preconcentration sampling, the immobil­

ized 8-hydroxyquinoline would be used in a column configu­

ration. It is therefore clear that the optimum flow rate 

and column configuration should be determined. This set 
of experiments makes use of one of the recently developed 
ion specific electrodes which have become commercially 
available. The particular electrode used here was received 

without supporting documentation about applications, inter­

ferences, etc. It was therefore necessary to first examine 

the electrode response under conditions used in these ex­
periments. Once characterized, the electrode was used to 
monitor the copper (II) concentration at the column outlet.

B. Experimental

1. Instrumentation: The copper ion specific elec­

trode was obtained from Chemtrix (Model CU800, Seattle, 
Washington) but was manufactured by Luminon (Los Angeles, 
Calif.). The millivoltmeter used was an Orion (Cambridge, 
Mass.) Model 801 digital pH meter. The output of the

50
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meter was connected to a Sargent Model TR strip chart re­

corder through a Heathkit (Benton Harbor, Mich.) summing 
amplifier and precision voltage source. The latter was 
needed to compensate for the offset of -50 millivolts so 
that recorder sensitivites of 1 and 2 millivolts/inch 

could be used.

2. Column preparation: Two different size columns
were prepared. The 36 mm I.D. glass columns were prepared 
by tapering one end to seat a frit of porous polyethylene. 
The 1.6 mm I.D. glass columns were prepared by first fusing 

on a segment of 3.6 mm I.D. glass to one end and inserting 

the other into a tapered length of polyethylene tubing 

fitted with a porous polyethylene frit as shown in Figure 

14. Both columns were easily attached to the Tygon tubing 
flow system using Nylon Swagelock fittings and contained 
100 mg. of dry CPG-8IIOQ.

The columns were wet packed by adding 100 mg. of dry 

CPG-8H0Q to 10 ml of buffer solution. The sample was vac­

uum degassed as described above to remove air entrapped in 
the porous glass. An empty disposable polyethylene syringe 
was attached to the top of the column with a short length 
of Tygon tubing to act as a funnel. After the CPG-8HOQ had 

settled, the remaining buffer solution was forced through 
the column to test for channeling around the porous poly­

ethylene. The column was capped full of buffer to prevent
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the column from drying or air bubbles forming.

3. Flow cell and electrode holder: The function
of the flow cell is to direct the flow from the column over 

the surface of the ion specific electrode and the reference 

electrode junction. Several configurations were tried, the 

major difficulties being reduction of the sample volume at 
the specific ion electrode while maintaining unrestricted 
flow, and the prevention of bubble accumulation. Figure 14 

shows the flow cell configuration used for the data taken 

in the subsequent experiments. The volume of the sampling
3cell is 0.0785 cm when the electrode is 1.0 mm from the 

back surface. A saturated calomel reference electrode was 
connected to the cell via a double junction saturated KC1 
salt bridge.

4. Rate control and Measurement: The flow rate was 

controlled using a Masterflex variable speed peristaltic 

pump (Cole Parmer, Chicago, 111.) and was measured with a 
rotometer (Ace Glass Co., Vineland, N. J.).

5. Reagents and Solutions: Phosphate buffers were 
prepared in 25 liter quantities from reagent grade I^HPO^ 
and KH^PO^ with a pH = 6.7 and y = 0.1 M. Copper (II) so­

lutions were prepared by adding a measured volume of the 
previously described stock solution to a one liter volu­
metric flask and diluting to volume with buffer solution.
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Figure 14: Flow Cell

and Columns
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Fresh copper (II) solutions were prepared for each experi­

ment.

A solution of Instant Ocean (Aquarium Systems, East- 
lake, Ohio) which is synthetic mixture intended to simulate 
sea water, was prepared according to instructions and sub­
stituted for the buffer solution in the indicated experi­
ment.

6. Procedures: While determining the electrode re­

sponse to various experimental factors, an empty column was 
used in the flow system diagramed in Figure 15. Buffer 
solution was pumped through the system until a stable base­
line at -50 to -70 millivolts was established. The stop­

cock was rotated to change over to the copper solution and 

the electrode response observed. This procedure was repeat­

ed during each subsequent experiment prior to the use of a 
packed column.

The blank column was then exchanged for a packed 
column and rinsed with buffer solution until a stable base­

line was established. The copper (II) solution was then 

pumped through the system and the electrode response ob­
served.

C. Results

Ce.l 1 Design: The first objective was to obtain

a fast electrode response, which necessitated reducing the
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cell volume to a minimum. Figure 16 shows a comparison 

of the electrode response with an earlier cell design with 
the flow cell used here and which is described in Figure 
14. Using the copper ion selective electrode in the hor­
izontal position eliminated the problem of air bubbles 

accumulating on the electrode surface which would inter­

fere with its response.

2* Electrode Response: The electrode, which is
of the solid state epoxy type, required several days to 
equilibrate in buffer solution after it was first received. 
Even then, significant variations in response were observed.

Day to day variations in electrode response included 

changes in both relative and absolute response. Figure 17 
shows extremes in the variation in relative electrode re­
sponse to copper (II) solutions of the same concentration. 
While small variations of this type could be caused by 
solutions of different concentrations, variations of the 

magnitude of 20 to 30% are attributed to changes in the 
response of the electrode.

Absolute variations were observed where the base­
line for the same buffer solution was from -30 to -80 
millivolts. No relationship was observed between the 

relative and absolute variations.

Short term variations in the repeatability of the 
electrode response using the same solutions were just a
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Figure 15: Flow System
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Figure 16: Electrode Response

£ (cell volume)
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Figure 17: Electrode Response
Relative Variations 

[Cu] = 5 ppm 

pH =6.0 

y = 0.1
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few per cent. This effect is shown in Figure 18 where 

solutions of copper (II) and buffer were alternately cycled. 
The electrode response is logrithmic with concentration as 
shown in Figure 19. A calibration curve provided with the 
electrode indicated linear log response over three decades 

of concentration.

Flow rate had two measurable effects. Higher flow 

rates resulted in more rapid changeover in the solution in 
the sample cell which had the effect of increasing the rise 
time of the electrode response without affecting the abso­
lute, or equilibrium response in the same way as cell vol­
ume. The other effect of increased flow rate was to reduce 

the dead time between changeover of solutions. The volume 

of tubing through the pump between the stopcock and column 
were kept to a minimum and so dead times were kept below 
1.5 minutes.

Information about interfering ions was not provided 

by the supplier. Epoxy-type electrodes have been found to 

be susceptable to interference from Ag+, Cl , Br , and I 

and give erratic response in solutions of low ionic strength 
(Olson (1975)). None of these interferences were encountered 
in experiments using the buffer solutions but in using the 
synthetic sea water, Cl caused considerable interference 

which made the use of this electrode impractical in this 

application.
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Figure 8: Electrode Response

Repeatability 

[Cu] = 1 ppm 
pH = 6.7 
u '= 0.1
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Figure 19: Electrode Response

£ [m]
pH = 6.0 

y = 0.1
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The continued use of an empty column prior to a 
packed column in subsequent experiments was necessary for 

several reasons. First, because of the previously describ­

ed variations in the electrode response, a calibrated maxi­

mum response had to be determined for each experiment.
This gave the maximum response expected and could be used 
as a comparison for determining at what point the CPG-8H0Q 

was saturated with copper (II). The second reason for 

calibration with an empty column was to determine the dead 

time for each experiment. This was then subtracted from 

the overall time measured for the time response of the 
electrode when the packed column was used. Figure 20 shows 
typical tracings of an experiment; the calibration curve 
with the empty column and the experimental curve using a 

packed column.

Table V summarizes the results of different column 
configurations, flow rates and particle sizes which have 
been corrected for dead time. As would be expected, smaller 
particle size increases the extraction efficiency for an 
equal quantity of CPG-8H0Q. The 150 to 212 micron material 

was therefore used for the remaining experiments where col­

umn diameter and flow rates were altered.
Decreasing column diameter had little effect in in­

creasing extraction efficiency and was determined to be a 
disadvantage. The resulting longer column length resulted
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Figure 20: Experiment

No. 03047502
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table V

Column, Particle Size and Flow Conditions

Column Particle Size Flow *50
1.6 mm ID 355 to 500 micron 5.5 ml/min. 3 min.
1.6 mm ID 212 to 355 5.5 ml/min. 11 min.
1.6 mm ID 150 to 212 5.5 ml/min. 33 min.
1.6 mm ID 150 to 212 2.5 ml/min. 42 min.
3.6 mm ID 150 to 212 5.5 ml/min. 9 min.
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in higher pressure drop through the column so that flow 
rates grater than 5.5 ml/min were beyond the capacity of 
the pump used in these experiments.
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CHAPTER V

APPLICATION OF GLASS IMMOBILIZED 8-HYDROXYQUINOLINE 

T0 IE SITU PRECONCENTRATION SAMPLING

Trace metal ions in natural water sources are found 

t in a soup rich in organics where they are highly complexed 
with both organic and inorganic complexing agents. Much 
recent work has been directed at determining the specia- 
tion of trace metals for purposes of describing the proper­

ties of sea water and determining biological availability 
of those trace metals. Anodic stripping voltammetry has 

been used to characterize trace metal complexes in aquatic 
samples (Chau (1973); Chau, and Lum-Shue-Chan (1974); Allen, 
Matson, and Mancy (1970); Schrimff (1971)). , These methods 
require the addition of reagents which radically alter the 

character of the metals analyzed. Even for the determina­

tion of labile metals, electrolyte must be added and oxygen 

removed in order to carry out the analysis. This changes 
the ionic strength, anion concentration and, because CC^ 
is displaced along with oxygen by nitrogen, the pH of the 
solution. A four electrode system has been devised to 
eliminate deoxygenation and is a partial improvement 

(Schrimff (1971)) but the other affects are still present. 
Strongly complexed metals are determined by a variety of

66
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preliminary acid digestion methods with subsequent analysis 
by anodic stripping voltammetry.

The CPG-8H0Q will be useful not only for trace metal 
analysis, but will also give an indication of speciation 

when used in conjunction with a total metal analyses. With­

out adding any additional chemicals or otherwise altering 
the character of the trace metals prior to sampling, the 
CPG-8H0Q will complex only with metals from complexes less 
stable than the CPG-8H0Q/metal complex. Total metal con­
centration could be determined iii situ using a column of 

CPG-8H0Q followed by a column of activated carbon (Boczkowski

(1973)). A column of activated carbon would adsorb the metal 

complexes too stable to be converted to the CPG-8H0Q complex. 
Using this as a functional differentiation between labile 
and stable complexes, the labile metals would be determined 
on CPG-8H0Q, the stable complexes on activated carbon, and 

the total would be the sum of these two.

The results of the kinetics experiments has made it 
possible to identify the best conditions for using the CPG- 
8H0Q for trace metal preconcentration sampling. Flow will 
have to be between 2 and 5 ml/min. This represents a com­
promise between the very high flow rates required to mini­

mize the film diffusion layer thickness, therefore the ob­

served exchange rate, and the necessary time the solution 
must be in contact with the immobilized chelating agent.
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Small particle size is desirable for increasing the extrac­
tion efficiency but is limited by the high pressure drop 
across a column that results with very small particles of 
CPG-8H0Q. The 150 to 212 micron particle size has good 
flow characteristics when used in columns under 10 cm. long 

and with the low pressure pumping system. The 100 mg. of 

CPG-8H0Q sample provided a high enough preconcentration 

factor in the single element studies to be easily analyzed 
by x-ray fluorescence. Larger sampling matrices may be de­
sirable for multi-element preconcentrations.

Two difficulties which were encountered but not 

identified at the time of the field studies have been eli­

minated from further work. The columns for the field study 
were packed dry without pretreatment to remove entrapped 
air from the porous glass. Failure to do so resulted in 
the solution not wetting the entire surface and so not pre­

venting its complexation with the metal ions in solution. 

Conclusions drawn from the work of Turse and Reiman (1961) 

indicating that the slow step in the exchange kinetics would 
be the chemical reaction and that that reaction is fast, 
resulted in the use of optimistically high flow rates (15 
to 20 ml/min) in the field studies. On the basis of the 
kinetic experiments presented here, more realistic flow rates 

have been suggested, - .
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CONC (jug/ml)

E X P T :
0 1 0 2 7 5 0 1

I  Quanips) W FACTOR CALC'D CONC

1 0 . 0 0 . 0 1 . 0 0 0 0 0 0 0 . 0 0 1 0 4 6
2 0 . 4 9 9 8 0 0 0 . 0 4 8 0 0 0 1 . 0 0 0 0 0 0 0 . 0 3 9 9 6 2
3 0 . 9 9 9 9 0 0 0 . 0 8 4 0 0 0 1 . 0 0 0 0 0 0 0 . 0 7 8 9 0 1
4 1 . 4 9 7 9 9 9 0 . 1 2 0 0 0 0 1 . 0 0 0 0 0 0 0 . 1 1 7 6 8 4
5 1 . 9 9 5 9 9 9 0 . 1 5 6 0 0 0 1 . 0 0 0 0 0 0 0 . 1 5 6 4 6 0
6 2 . 4 9 3 9 9 9 0 . 1 9 5 0 0 0 1 . 0 0 0 0 0 0 0 . 1 9 5 2 3 5
7 2 . 9 9 0 0 0 0 0 . 2 1 2 0 0 0 1 . 0 0 0 0 0 0 0 . 2 3 3 8 5 5
8 3 . 4 8 8 0 0 0 0 . 2 7 0 0 0 0 1 . 0 0 0 0 0 0 0 . 2 7 2 6 3 1
9 3 . 9 8 0 0 0 0 0 . 3 0 8 0 0 0 1 . 0 0 0 0 0 0 0 . 3 1 0 9 3 9

1 0 4 . 4 8 0 0 0 0 0 . 3 5 4 0 0 0 1 . 0 0 0 0 0 0 0 . 3 4 9 8 7 1
1 1  4 . 9 7 4 9 9 9  

OF P O IN T S  11
0 . 4 0 0 0 0 0 1 . 0 0 0 0 0 0 0 . 3 8 8 4 1 2

’ERCEPT 0 . 1 0 4 6 E - 0 2 STD DEV 0 . 2 9 3 7 E - 0 2

SLOPE 0 . 77  8 6 E - 0 1  STD DEV 0 . 1 7 0 7 E - 0 2

OVERALL STD DEV 0 . 8 9 0 5 E - 0 2

E S F X  i
0 2 0 3 7 5 0 1

1 0 . 0 0 . 0 1 . 0 0 0 0 0 0 0 . 0 6 3 0 8 0
2 0 . 4 9 9 8 0 0 0 . 1 0 3 5 0 0 1 . 0 0 0 0 0 0 0 . 1 1 2 5 5 6
3 0 . 9 9 9 9 0 0 0 . 1 5 0 0 0 0 1 . 0 0 0 0 0 0 0 . 1 6 2 0 6 2
4 1 . 4 9 7 9 9 9 0 . 2 0 6 0 0 0 1 . 0 0 0 0 0 0 0 . 2 1 1 3 7 0
5 1 . 9 9 5 9 9 9 0 . 2 6 2 0 0 0 1 . 0 0 0 0 0 0 0 . 2 6 0 6 6 8
6 2 . 4 9 3 9 9 9 0 . 3 1 6 0 0 0 1 . 0 0 0 0 0 0 0 . 3 0 9 9 6 7
7 2 . 9 9 0 0 0 0 0 . 3 8 1 0 0 0 1 . 0 0 0 0 0 0 0 . 3 5 9 0 6 7
8 3 . 4 8 8 0 0 0 0 . 4 6 0 0 0 0 1 . 0 0 0 0 0 0 0 . 4 0 8 3 6 5
9 3 . 9 8 0 0 0 0 0 . 4 8 8 0 0 0 1 . 0 0 0 0 0 0 0 . 4 5 7 0 6 9

1 0 4 . 4 8 0 0 0 0 0 . 5 3 6 0 0 0 1 . 0 0 0 0 0 0 0 . 5 0 0 5 6 5
11 4 . 9 7 4 9 9 9 0 . 6 1 1 2 0 0 1 . 0 0 0 0 0 0 0 . 5 5 5 5 6 6
12 5 . 9 6 4 0 0 0 0 . 6 3 2 0 0 0 1 . 0 0 0 0 0 0 0 . 6  53 4 6 9
13 6 . 4 5 7 9 9 9 0 . 6 8 4 0 0 0 1 . 0 0 0 0 0 0 0 . 7 0 2 3 7 2
1 4 6 . 9 5 0 0 0 0 0 . 7 2 8 0 0 0 1 . 0 0 0 0 0 0 0 . 7 5 1 0 7 6
1 5 7 . 4 4 3 9 9 9 0 . 7 8 4 0 0 0 1 . 0 0 0 0 0 0 0 . 7 9 9 9 7 8
16 7 . 9 3 6 9 9 9 0 . 8 4 8 0 0 0 1 . 0 0 0 0 0 0 0 . 8 4 8 7 8 1
1 7 8 . 4 2 9 9 9 9 0 . 8 8 0 0 0 0 1 . 0 0 0 0 0 0 0 . 8 9 7 5 8 4
1 8 8 . 9 1 9 9 9 9 n .930000 1 . 0 0 0 0 0 0 0 .  9 4 0 0 9 0

MO.  OF P O IN T S  18

IN T E R C E P T  0 . 6 3 0  8 E -0 1  STD DEV 0 . 8 0 0 2 E - 0 2

SLOPE 0 . 9 8 9 9 E - 0 1  STD DEV 0 . 2 5 4 0 E - 0 2

OVERALL STD DEV 0 . 2 9 9 3 E - 0 1
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CONC (/ig/ml) I (/lamps) W FACTOR CALC'D CONC
E X P T : 
0 1 2 5 7 5 0 1

1 0 . 0 0 . 0 1.000000 0 . 0 1 0 8 2 9
2 0 . 2 5 0 0 0 0 0 . 0 3 5 0 0 0 1.000000 0 . 0 3 3 7 1 9
3 0 . 4 9 9 8 0 0 0 . 0 5 8 0 0 0 1.000000 0 . 0 5 6  5 9 1
4 0 . 7 4 9 4 0 0 0 . 0 8 5 0 0 0 1.000000 0 . 0 7 9 4 4 4
5 0 . 9 9 9 9 0 0 0 . 1 0 9 0 0 0 1.000000 0 . 1 0 2 3 8 0
6 1 . 2 4 7 9 9 9 0 . 1 3 5 0 0 0 1.000000 0 . 1 2 5 0 9 6
7 1 . 4 9 7 9 9 9 0 . 1 5 7 0 0 0 1.000000 0 . 1 4 7 9 8 6
8 1 . 7 5 0 0 0 0 0 . 1 9 6 0 0 0 1.000000 0 . 1 7 1 0 5 9
9 1 . 9 9 5 9 9 9 0 . 2 1 2 0 0 0 1.000000 0 . 1 9 3 5 8 3

10 2 . 2 4 5 0 0 0 0 . 2 1 0 0 0 0 1.000000 0 . 2 1 6 3 8 1
11 2 . 4 9 3 9 9 9 0 . 2 2 8 0 0 0 1.000000 0 . 2 3 9 1 7 9
12 2 . 4 9 3 9 9 9 0 . 2 2 2 0 0 0 1 . 0 0 0 0 0 0 0 . 2 3 9 1 7 9
13 2 . 7 4 0 0 0 0 0 . 2 4 6 0 0 0 1.000000 0 . 2 6 1 7 0 3
1 4 2 . 9 9 0 0 0 0 0 . 2 7 0 0 0 0 1.000000 0 . 2 8 4 5 9 3
15 3 . 2 4 0 0 0 0 0 . 3 1 8 0 0 0 1.000000 0 . 3 0 7 4 8 3
16 3 . 4 8 8 0 0 0 0 . 3 2 8 0 0 0 1.000000 0 . 3 3 0 1 9 0
17 3 . 7 3 5 9 9 9 0 . 3 6 2 0 0 0 1.000000 0 . 3 5 2 8 9 7
1 8 3 . 9 8 0 0 0 0 0 . 3 7 4 0 0 0 1.000000 0 . 3 7 5 2 3 7
19 4 . 2 3 1 9 9 9 0 . 4 0 0 0 0 0 1.000000 0 . 3 9 8 3 1 1
20 4 . 4 8 0 0 0 0 0 . 4 2 4 0 0 0 1 . 0 0 0 0 0 0 0 . 4 2 1 0 1 7
21 4 . 7 3 0 0 0 0 0 . 4 5 0 0 0 0 1.000000 0 . 4 4 3 9 0 7
22 4 . 7 3 0 0 0 0 0 . 4 1 2 0 0 0 1.000000 0 . 4 4 3 9 0 7
23 4 . 9 7 4 9 9 9 0 . 4 4 8 0 0 0 1.000000 0 . 4 6 6 3 4 0
24 5 . 2 3 0 0 0 0 0 . 4 9 2 0 0 0 1.000000 0 . 4 8 9 6 8 7
25 5 . 4 6 9 9 9 9 0 . 5 0 4 0 0 0 1.000000 0 . 5 1 1 6 6 2
26 5 . 7 1 6 9 9 9 0 . 5 3 6 0 0 0 1.000000 0 . 5 3 4 2 7 7
27 5 . 9 6 4 0 0 0 0 . 5 4 8 0 0 0 1.000000 0 . 5 5 6 8 9 2
28 6 . 4 5 7 9 9 9 0 . 6 1 6 0 0 0 1.000000 0 . 6 0 2 1 2 3
29 6 . 9 5 0 0 0 0 0 . 6 4 0 0 0 0 1.000000 0 . 6 4 7 1 7 0
30 7 . 4 4 3 9 9 9 0 . 7 0 0 0 0 0 1 . o o o o o o 0 . 6 9 2 4 0 1
31 7 . 9 3 6 9 9 9 0 . 7 4 8 0 0 0 1 . 0 0 0 0 0 0 0 . 7 3 7 5 4 0
32 8 . 4 2 9 9 9 9 0 . 7 8 8 0 0 0 1.000000 0 . 7 8 2 6 7 9
33 8 . 9 1 9 9 9 9 0 . 8 3 2 0 0 0 1 . 0 0 0 0 0 0 0 . 8 2 7 5 4 3

NO.  OF P O IN T S  33

IN T E R C E P T  0 . 1 0 8 3 E - 0 1  STD DEV 0 . 2 3 2 8 E - 0 2

SLOPE 0 . 9 1 5 6 E —01 STD D E V  0 .8 6 1 3 E - 0 3

OVERALL STD DEV 0 . 1 2 0 0 E - 0 1
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CONC (iicr/ml) I (jaamps) W FACTOR CALC'D CONC
E X P T :
0 2 0 3 7 5 0 2

1 0 . 0 0 . 0 1 . 0 0 0 0 0 0 0 . 0 0 1 6 5 8
2 0 . 9 9 9 0 0 0 0 . 1 2 0 0 0 0 1 . 0 0 0 0 0 0 0 . 1 0 3 7 0 5
3 1 . 9 9 5 9 9 9 0 . 2 0 0 0 0 0 1 . 0 0 0 0 0 0 0 . 2 0 5 5 4 6
4 2 . 9 9 0 0 0 0 0 . 2 9 0 0 0 0 1 . 0 0 0 0 0 0 0 . 3 0 7 0 8 2
5 3 . 9 8 0 0 0 0 0 . 4 0 0 0 0 0 1 . 0 0 0 0 0 0 0 . 4 0 8 2 0 9
6 4 . 9 6 9 9 9 9 0 . 5 2 0 0 0 0 1 . 0 0 0 0 0 0 0 . 5 0 9 3 3 6
7 5 . 9 6 4 0 0 0 0 . 6 2 4 0 0 0 1 . 0 0 0 0 0 0 0 . 6 1 0 8 7 2
8 6 . 9 5 0 0 0 0 0 . 7 0 4 0 0 0 1 . 0 0 0 0 0 0 0 . 7 1 1 5 9 0

NO.  OF P O IN T S  8

IN T E R C E P T  0 . 1 6 5 8 E - 0 2  STD DEV 0 . 5 0 8 8 E - 0 2

SLOPE 0 . 1 0 2 1 E  00  STD DEV 0 . 2 0 0 9 E - 0 2

OVERALL STD DEV 0 . 1 2 9 2 E - 0 1

E X P T :
0 2 1 8 7 5 0 1
1 0 . 0 0 . 0 1 . 0 0 0 0 0 0 - 0 . 0 0 2 5 7 3
2 0 .  4 9 9 8 0 0 0 . 0 5 4 0 0 0 1 . 0 0 0 0 0 0 0 . 0 4 8 9 7 1
3 0 . 9 9 9 9 0 0 0 . 1 1 1 0 0 0 1 . 0 0 0 0 0 0 0 . 1 0 0 5 4 5
4 1 . 4 9 7 9 9 9 0 . 1 5 0 0 0 0 1 . 0 0 0 0 0 0 0 . 1 5 1 9 1 3
5 1 . 9 9 5 9 9 9 0 . 1 9 5 0 0 0 1 . 0 0 0 0 0 0 0 . 2 0 3 2 7 1
6 2 . 4 9 3 9 9 9 0 . 2 3 8 0 0 0 1 . 0 0 0 0 0 0 0 . 2 5 4 6 2 9
7 2 . 9 9 0 0 0 0 0 . 2 9 0 0 0 0 1 . 0 0 0 0 0 0 0 . 3 0 5 7 8 1
8 3 . 4 8 8 0 0 0 0 . 3 6 3 0 0 0 1 . 0 0 0 0 0 0 0 . 3 5 7 1 3 9
9 3 . 9 8 0 0 0 0 0 . 4 2 6 0 0 0 1 . 0 0 0 0 0 0 0 . 4 0 7 8 7 8

1 0 4 . 4 8 0 0 0 0 0 . 4 6 0 0 0 0 1 . 0 0 0 0 0 0 0 . 4 5 9 4 4 2
N O.  OF P O IN T S  10

IN T E R C E P T  - 0 . 2 5 7 3 E - 0 2  STD DEV 0 . 4 1 5 1 E - 0 2

SLOPE 0 . 1 0 3 1 E  00 STD DEV 0 . 2 5 9 7 E - 0 2

OVERALL STD DEV 0 . 1 1 7 4 E - 0 1
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CONC fyug/ml)
EXPT:

O 3 0 2 7 5 0 1 , 0 6
1 0 . 0
2 0 . 4 9 9 0 0 0
3 1 . 0 0 0 0 0 0
4 1 . 5 0 0 0 0 0
5 2 . 0 0 0 0 0 0
6 2 . 4 9 0 0 0 0
7 2 . 9 9 0 0 0 0
8 3 . 4 9 0 0 0 0
9 3 . 9 8 0 0 0 0

1 0 4 . 4 8 0 0 0 0
11 0 . 0
12 0 . 4 9 9 0 0 0
13 1 . 0 0 0 0 0 0
14 1 . 5 0 0 0 0 0
1 5 2 . 0 0 0 0 0 0
16 2 . 4 9 0 0 0 0
17 2 . 9 9 0 0 0 0
18 3 . 4 9 0 0 0 0
19 3 . 9 8 0 0 0 0
20 4 . 4 8 0 0 0 0

NO.  OP P O IN T S  20  

IN T E R C E P T  0 . 1 3 3 3 E - 0 1

SLOPE 0 . 9 7 6  4 E - 0 1

OVERALL STD DEV

E X P T :
0 3 0 3 7 5 0 1
1 0.0
2 0 . 4 9 9 0 0 0
3 1 . 0 0 0 0 0 0
4 1 . 5 0 0 0 0 0
5 2 . 0 0 0 0 0 0
6 2 . 4 9 0 0 0 0
7 2 . 9 9 0 0 0 0
8 3 . 4 9 0 0 0 0
9 3 . 9 8 0 0 0 0

NO.  OF P O IN T S  9

IN T E R C E P T  0 . 4 3 9  4 E - 0 2

SLOPE 0 . 1 0 3  7E 00

OVERALL STD DEV

I (juamps) W FACTOR

0 . 0 1 . 0 0 0 9 0 0
0 . 0 7 0 0 0 0 1 . 0 0 0 0 0 0
0 . 1 1 7 6 0 0 1 . 0 0 0 0 0 0
0 . 1 6 5 0 0 0 1 . 0 0 0 0 0 0
0 . 2 1 2 0 0 0 1 . 0 0 0 0 0 0
0 . 2 5 4 0 0 0 1 . 0 0 0 0 0 0
0 . 3 0 2 0 0 0 1 . 0 0 0 0 0 0
0 . 3 4 2 0 0 0 1 . 0 0 0 0 0 0
0 . 3 9 2 0 0 0 1 . 0 0 0 0 0 0
0 . 4 5 0 0 0 0 1 . 0 0 0 0 0 0
0 . 0 1 . 0 0 0 0 0 0
0 . 0 5 8 0 0 0 1 . 0 0 0 0 0 0
0 . 1 1 6 0 0 0 1 . 0 0 0 0 0 0
0 . 1 6 4 0 0 0 1 . 0 0 0 0 0 0
0 . 2 1 6 0 0 0 1 . 0 0 0 0 0 0
0 . 2 7 3 0 0 0 1 . 0 0 0 0 0 0
0 . 3 0 5 0 0 0 1 . 0 0 0 0 0 0
0 . 3 5 9 0 0 0 1 . 0 0 0 0 0 0
0 . 3 9 8 0 0 0 1 . 0 0 0 0 0 0
0 . 4 5 3 0 0 0 1 . 0 0 0 0 0 0

STD DEV 0 . 2 0 4 2 E - 0 2

STD DEV 0 . 1 2 7 5 E - 0 2

0 . 8 1 5 1 E - ■02

0 . 0 1 . 0 0 0 0 0 0
0 . 0 6 0 0 0 0 1 . 0 0 0 0 0 0
0 . 1 1 0 0 0 0 1 . 0 0 0 0 0 0
0 . 1 7 3 0 0 0 1 . 0 0 0 0 0 0
0 . 2 0 8 0 0 0 1 . 0 0 0 0 0 0
0 . 2  5 4 0 0 0 1 . 0 0 0 0 0 0
0 . 2 9 3 0 0 0 1 . 0 0 0 0 0 0
0 . 3 7 2 0 0 0 1 . 0 0 0 0 0 0
0 . 4 2 6 0 0 0 1 . 0 0 0 0 0 0

STD DEV 0 . 3 6 7 8 E - 0 2  

STD DEV 0 . 25 5 4 E - 0  2 

0 . 9  8 4 8 E - 0 2

CALC'D CONC

0 . 0 1 3 3 3 4  
0 . 0 6 2 0 5 6  
0 . 1 1 0 9 7 3  
0 . 1 5 9 7 9 3  
0 . 2 0 8 6 1 3  
0 . 2 5 6 4 5 6  
0 . 3 0 5 2 7 6  
0 . 3 5 4 0 9 5  
0 . 4 0 1 9 3 9  
0 . 4 5 0 7 5 8  
0 . 0 1 3 3 3 4  
0 . 0 6 2 0 5 6  
0 . 1 1 0 9 7 3  
0 . 1 5 9 7 9 3  
0 . 2 0 8 6 1 3  
0 . 2 5 6 4 5 6  
0 . 3 0 5 2 7 6  
0 . 3 5 4 0 9 5  
0 . 4 0 1 9 3 9  
0 . 4 5 0 7 5 8

0 . 0 0 4 3 9 4  
0 . 0 5 6 1 4 4  
0 . 1 0 8 1 0 2  
0 . 1 5 9 0 5 6  
0 . 2 1 1 8 1 0  
0 . 2 6 2 6 2 6  
0 . 3 1 4 4 8 0  
0 . 3 6 6 3 3 4  
0 . 4 1 7 1 5 1
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CONC (jug/ml) I (jiamps) W FACTOR C A L C ' D  CONC
E X P T :

0 3 0 3 7 5 0 5
1 0 . 0 0 . 0 1 . 0 0 0 0 0 0 0 . 0 1 2 2 2 1
2 0 . 5 0 0 0 0 0 0 . 0 5 2 0 0 0 1 . 0 0 0 0 0 0 0 . 0 5 6 1 5 7
3 1 . 0 0 0 0 0 0 0 . 0 9 9 0 0 0 1 . 0 0 0 0 0 0 0 . 1 0 0 0 9 3
4 1 . 5 0 0 0 0 0 0 . 1 4 6 0 0 0 1 . 0 0 0 0 0 0 0 . 1 4 4 0 2 9
5 2 . 0 0 0 0 0 0 0 . 1 9 3 0 0 0 1 . 0 0 0 0 0 0 0 . 1 8 7 9 6 5
6 2 . 4 9 0 0 0 0 0 . 2 5 0 0 0 0 i . n n o o o o 0 . 2 3 1 0 2 2
7 2 . 9 9 0 0 0 0 0 . 2 8 2 0 0 0 1 . 0 0 0 0 0 0 0 . 2 7 4 9 5 8
8 3 . 4 9 0 0 0 0 0 . 3 2 4 0 0 0 1 . 0 0 0 0 0 0 0 . 3 1 8 8 9 3
9 3 . 9 8 0 0 0 0 0 . 3 5 9 0 0 0 1 . 0 0 0 0 0 0 0 . 3 6 1 9 5 0

10 4 . 4 8 0 0 0 0 0 . 3 9 8 0 0 0 1 . 0 0 0 0 0 0 0 . 4 0 5 8 8 6
1 1 4 . 9 8 0 0 0 0 0 . 4 4 0 0 0 0 1 . 0 0 0 0 0 0 0 . 4 4 9 8 2 2

N O ,  OF P O IN T S  11

IN T E R C E P T O'. 1 2 2 2 E - 0 1 STD DEV 0 . 3 1 5 7 E - 0 2

SLOPE 0 . 87 8 7 E - 0 1 STD DEV 0 . 1 8 0 7 E - 0 2

OVERALL STD DEV 0 . 9 4 3  0 E - 0 2

E X P T :
0 3 1 5 7 5 0 2
1 0 . 0 0 . 0 1 . 0 0 0 0 0 0 0 . 0 1 0 3 4 6
2 0 . 5 0 0 0 0 0 0 . 0 7 1 0 0 0 1 . 0 0 0 0 0 0 0 . 0 6 3 7 1 3
3 1 . 0 0 0 0 0 0 0 . 1 2 1 0 0 0 1 . 0 0 0 0 0 0 0 . 1 1 7 0 0 0
4 1 . 5 0 0 0 0 0 0 . 1 7 0 0 0 0 1 . 0 0 0 0 0 0 0 . 1 7 0 4 4 8
5 2 . 0 0 0 0 0 0 0 . 2 2 9 0 0 0 1 . 0 0 0 0 0 0 0 . 2 2 3 8 1 5
6 2 . 4 9 0 0 0 0 0 . 2 7 6 0 0 0 1 . 0 0 0 0 0 0 0 . 2 7 6 1 1 5
7 2 . 9 9 0 0 0 0 0 . 3 2 6 0 0 0 1 . 0 0 0 0 0 0 0 . 3 2 9 4 8 2
8 3 . 4 9 0 0 0 0 0 . 3 8 0 0 0 0 1 . 0 0 0 0 0 0 0 . 3 8 2 8 4 9
9 3 . 9 8 0 0 0 0 0 . 4 3 6 0 0 0 1 . 0 0 0 0 0 0 0 . 4 3 5 1 4 9

NO.  OF P O IN T S  9

IN T E R C E P T 0 . 1 0 3  5 E - 0 1 STD DEV 0 . 2 1 2 3 E - 0 2

SLOPE 0 . 1 0 6 7 E  00

OVERALL STD DEV

STD DEV 0 .  1 4 6 6 E - 0 2

0 . 5 6  5 1 E -0 2
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CONC (pg/ml) I (juamps) W  FACTOR CALC'D CONC
EXPT:

0 4 1 8 7 5 0 3
1 0 . 0 0 . 0 1 . 0 0 0 0 0 0 - 0 . 0 1 8 7 2 3
2 0 . 4 9 9 8 0 0 0 . 0 3 0 0 0 0 1 . 0 0 0 0 0 0 0 . 0 2 3 3 8 5
3 0 . 9 9 9 9 0 0 0 . 0 8 3 0 0 0 1 . 0 0 0 0 0 0 0 . 0 6 5 5 1 8
4 1 . 4 9 7 9 9 9 0 . 0 9  6 0 0 0 1 . 0 0 0 0 0 0 0 . 1 0 7 4 8 3
5 1 . 9 9 5 9 9 9 0 . 1 3  8 0 0 0 1 . 0 0 0 0 0 0 0 . 1 4 9 4 3 9
6 2 . 4 9 3 9 9 9 0 . 1 8 6 0 0 0 1 . 0 0 0 0 0 0 0 . 1 9 1 3 9 6
7 2 . 9 9 0 0 0 0 0 . 2 3 1 0 0 0 1 . 0 0 0 0 0 0 0 . 2 3 3 1 8 4
8 3 . 4 8 8 0 0 0 0 . 2 7  4 0 0 0 1 . 0 0 0 0 0 0 0 . 2 7 5 1 4 0
9 3 . 9  8 0 0 0 0 0 . 3 1 2 0 0 0 1 . 0 0 0 0 0 0 0 . 3 1 6 5 9 1

1 0 4 . 4 8 0 0 0 0 0 . 3 6 2 0 0 0 1 . 0 0 0 0 0 0 0 . 3 5 8 7 1 6
11 4 . 9 7 4 9 9 9 0 . 4 1 8 0 0 0 1 . 0 0 0 0 0 0 0 . 4 0 0 4 2 0
12 2 . 4 9 3 9 9 9 0 . 1 7 4 0 0 0 1 . 0 0 0 0 0 0 0 . 1 9 1 3 9 6
13 2 . 9 9 0 0 0 0 0 . 2 3 4 0 0 0 1 . 0 0 0 0 0 0 0 . 2 3 3 1 8 4
14 3 . 4  8 8 0 0 0 0 . 2 8 5 0 0 0 1 . 0 0 0 0 0 0 0 . 2 7 5 1 4 0
1 5 3 . 9  8 0 0 0 0 0 . 3 2  8 0 0 0 1 . 0 0 0 0 0 0 0 . 3 1 6 5 9 1
18 4 . 4  8 0 0 0 0 0 . 3 5 7 0 0  0 1 . 0 0 0 0 0 0 0 . 3 5  8 7 1 6
17 4 . 9 7 4 9 9 9 0 . 3 9 0 0 0 0 1 . 0 0 0 0 0 0 0 . 4 0 0 4 2 0

NO.  OF P O IN T S  17  

IN T E R C E P T  - 0 . 1 8 7 2 E - 0 1 STD DEV 0 . 2 9 3 1 E - 0 2

SLOPE 0 . 8 4 2 5 E - 0 1 STD DEV 0 . 1 7 2 9 E r - 0 2

OVERALL STD DEV 0 . 1 0 5 9 E - 0 1
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[Cu] = 2.50 ppm 
pH = 6.7 
y = 0.1

EXPT 1 13 7 5 02 NO. OF PC!II NTS 8
S LOPP 0 . 7 7 ! -'jr-0 1 0: V = (J. 1 70 71- 02
INTtRCF PT 0. 1046F-02 DCV = 0.29371- 02

CUP PONT CONC UG/ML DtV U M / ML TIME!
1 0. 13 3 r 00 0.16 9E 01 0.26 71- 01 0. 2 6 91-01 1.00
2 0. 5 33 \-31 0. 7 3 81 0 0 0. 4 0 71- 0.1 0.1171-01 3.00

- 3 0.2 10F-O1 0.2 5 ,F 00 0, 9 7 tic- 01 0. 40 /E-02 6.004 C. L I O F - 0 1 0.12 81 0 0 0.L83E 00 0. 203E-02 9.00
■ 5 0-600E-0? 0.6 36F.-0 L 0. 33 4F CO 0. 10 IF-02. 18.00
6 o. 2 our - 0. 1 231-01 0. 100E 01 0. 196E-03 30.00
7 0. IOC -02 - 0. 8 0 IF-0 3 o. 20cr 01 — 0. 9.3BE -09 60.00 :
a 0. 1 30' 0 8 -■O.t 341-01 0.2211— 01 -0.213E-03 90. 00

jIEXPT 118 7 9 0 1 NO. OF POINTS 0
SLOPE 0. 7 7 66E -01 0 EV- 0.17071- 02
INTERCEPT Q.1046F -02 9 E V = 0.2 93 71- 02

CURRENT CONC UG/ML DEV JM/ML T IMEl
1 0.150F 00 0. ! 9 I1 01 0. 25 8 F - 01 0. 3041-01 1.00
2 0. 61 OF -01 0.7 7C1 00 0. 3961:- 01 0.122E-01 3.00
3 0. 3 OOF -01 0. 9 72- 00 0. 7 021- 01 0.5 90E-02 5.00
4 0.14 OF-0 1 . 0.1 66F 00 0. 1451 00 0. 264E-02 8.00
5 0.4 OOF-0 2 c • -s* m i o 0.500C 00 0.6 02E-03 17.00
6 0. 1 5 0 c - 0 2 0. 5 83=~02 0. 13 31 Gl 0. 92 6E.-04 30.00
7 0. 1 OOF-0 2 -0.591E-0 3 0.200F 01 -0. 93 81-05 60. 00
8 0. 1 OOF 0 8 - 0. 1 341-01. 0. 22 11- 01 -0.21 3E— 03 90.00

!

IE XPT 118 75 02 MO. OF POINTS 8
jS LOPE 0. 7 78 61-0 I DEV- 0. 1 70/1 -02
; INTERCEPT 0. 104 61-0 2 DF.V=. 0.2 93 7E-02
1 CURRENT CONC UG/ML DEV UM/ML T I ME (
j L 0.12 71 00 0.162b 0 1 0.2721 -01 0. 25 71-01 1.00
! 2 0.61 Of--01 0. 7 7OF 00 0.3961 -01 0. 1221-01 3.00

■ 3 0.3 25F-0 1, 0. •»(!•*' 00 0. 6541 - Gl 0. 64 IE-02 5. 00
4 0. 101F-01 0.116b 00 0. 199E 00 0. 1851-02 10.00

I 5 0. 500 r-02 0. 6G8F -01 0. 40IF 00 o. 8061-03 20.00
6 0.3001-02 0.25 11-0 1 0.66 71 CO 0. 3981-03 30.0 0
7 0. 1 OOF-02 -0. 3 91F -03 0.2 001 01 -0. 9381-05 60.00
8 0.5OOF-0 3 ~0.7 011-02 0. 4001 01 -0. I I 11-03 90. 00
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[Cu]q = 4.90
pH = 6.7 
y = 0.1

E XPT 1. 197301 NO. OF POINTS 10
SLOPE 0.7/8 61 -01 0 F V- 0. i 707F- 02
INTERCEPT 0. 1 04 6 f.-02 1- f:V — 0.2 93.7F— 02

CURRENT CONC UN/Ml DEV- u m / ml T I ME {
1 0.320': 00 0.4 101 0 1 0.23 OF- 01 0. 650E-01 1.00
2 0 . 13GE 0 0 0.2 3DC 0 1 0. 2 4 3E - 01 0. 365E-01 2.00
3 0. 119' 0 0 0.1 5 IF 0). 0.27 8F- 01 0.240E-01 5.00
4 o. tioof — o i 0.112F 01 0* 31 7E - 01 0. 177E-01 7.30
6 0.5 TO F-0 L 0,7 44F , 00 0.4051— 01 0. 118E-01 LO.OO
6 0. 3 03c -0 I 0. 7 70r on 0.692E- 01 0.6 OOF-02 17.30
7 0. 1921— 01 0. 23 3L 0 0 0.106F 00 0. 3 70S:-02 25.30
8 O.B03F-02 0.893E-01 0.25 IF 00 0. 142E-02 60.00
9 0.5 OOF-02 >~“4

01•'Ts

u
“\• 0.40 IF 00 (5. 806E-03 93.3 0

10 0.400 E-01 0.3 79F-0 1 0.5OOF 00 0. 6 0 2E-031 20. 00
EXPT 1 18 7*303 N'T.  f IF P 0 I N T S 9.
S LOPE 0 .778 6F-01 DEV- 0.1707E-02
INTERCEPT 0. 1046E -02 ) l V 0.293 7E-02

CJPRINT C3MC 0 0/Ml DEV UM/ML T I ME (
1 0. 2 52F 0 0 0.3 22E 01 0. 23 5.E-01 0.512E-01 1.00
2 0. 1 3 9* 00 0.2 4 IF 0 1 0. 245F - 01 0. 3 8 3E-01 3.00
3 0. 1 1.5 : 00 0.147 E 01 0.2 8 IF- 01 0. 233E-01 5.00
* 0. 5/3f~0i. 0. 7251 00 0.41 2E— 01 0. U S E -01 13.00
5 0. .3831-01 0. 4 05f 00 0. 57* IE -01 0. 7 70E— 02 15.00
6 0.236f-31 0.8 151 0 0 0.812 E-01 0.50 IE-02 30.00
7 0. 1101-01 0.1281 0 0 0. 18 3F 00 0. 2 03E-02 60.00
8 0. 7 00 r  —02 0. 7 6 5F-01 0.287E 00 0.12 IE— 02 90.00
9 0.680E-01 0. 66 0: 00 0. 36 BE-01 0.13 6E-0112 0.00
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[Cu]0 ■ 6..23
pH - 6 ., 7
P = 0., 1

i

EXPT 1257304 NO. UP POINTS 8
SLOPE 0.915.0 E -01 D E V ~ C. 861 OF-03
INTERCEPT 0.1083F-01 DEV* 0.2042E-02

' CURRENT CONC UG/ML 0 E V U M/ ML T I ME (
L 0.4 IGF OU 0.443F 0 1 0. 10 3F. - 01 0. 702E-01 1 . 0 0

2 0.2 6HF 0 0 0.2 3 IF 01 0.122E-OL 0.446E-01 3 . 0 0
3 0. 1 72F 00 0. 1 7GE 0 1 0. 15 IF-Cl 0.  2 7 9 E - 0 1 6 .  0 0
4 0.124E 00 0.124E 01 0. 138E-01 0. 196E-01 1 0 . 0 0
5 o.  aaor-oi o .  d43P oo 0.247E-01 0 .  1 3 4 F - 0 1 2 0 . 0 0
6 0. 7 60 E-01 0.712 F 00 ■ 0. 28 OF - 0 1 0 .  1 1 3F: — 01 3 0 . 0 0
7 0. 730r-0 I Q.679E 00 0.290E-01 . 0. 108E-01 4 5 . 0 0
8 0. 730F-01 0. 6 79E 00 0.  2 9 0 E - 0 1 0. 1 08E-01 6 0 . 0 0

FXPT 123 7 303 NO. OF POINTS 8
SLOPE 0. 91, 56 E-01 . D FV = 0.861 OF:-03
INTERC EP T 0. 10835-01 D E V = 0. 2 042E - 02

CUPRP NT CONC 0 0/ML DEV UM/ML T I ME (
1 0.464F 0 0 0. 4 95 f 01 0.108F-01 0. 786F - 0 1 1 . 0 0
2 0. 294 F 00 0. 3 09F 0 1 0.11 BE- 01 0. 49 IE-01 3 . 0  0
3 0. 1 92 F 00 O.iOoE 01 0. 142F-0L U. 314E-01 5.00
4 0. 120F 00 0. L19E oi 0. 192E-G1 0. 18 9E-01 1 0 . 0 0
5 0. BOO F-0 I 0.8 4 3' 00 0.247E-01 0. 1 34E-01 15.00
6 0. 5 80F-01 0. 5 15E 0 0 0. 35 BE-01 0. 810E-02 3 2 . 0 0
7 0.500F-01 0.428F; 00 0.41 IT-01 0. 6 7 9C-02 45.0 0
8 . 0.480E-01 0.406 r  00 0. 42.8F-01 0 . 6 4 4 F - 02 5 0 . 0 0

E XPT 128/503 NO. OF PDINTS 11
S LOPF 0. 9 1565-01 D C V = 0.3 61 OF - 03
I NTERCEPT 0.1083F-01 OF.V = 0.2 04 2E- 02'

CUP RENT CONC IJG/ML DEV !J M /  ML TIME!
I 0. 4 32E 00 0.4 60F 0 1 0. IQ/E-Ol 0. 73 OE -01 L.  00
2 0 .  3 4 2 E 00 0.362E 0 1 0. 113E-01 0.574E-01 2 . 0  0
3 0.284F 00 0.2 58F 0 1 0. 119E-01 0. 4 74E-01 3.00
4 0. 2 4OF 00 0. 2 8 Of 01 0. 12 7E-0.1 0.39 7E-01 4.00
5 0. 2 0 ti C 0 0 O.’ l 5C 01 0 . 13 (> F - 0 I 0. 342E — 01 5.00
6 0.148F 0 0 0.1505 01 0.16oF~ 01 0. 2 38E-01 8.0 0
7 0.12UF 00 0. 1 2BF 01 0.134F-01 0.203E-01 1 0 . 0 0
8 0.9 3 9 1 -9 1 0 .8 9 7^ 0 0 0.236F — 01 0. 142E-01 17.00
9 0. 3 8 0' -91 0.3 I Of 00 0 . 2 5 4 c ■- 01 0. i29L: —01 20. 00

10 0.7OOF-0 1 0.6 4GF 0 0 0.50 I E-0I 0. 10 3E - 01 3 0 . 0 0
11 0 . 6 8 0 f - 0 1 U. 3 9 2 F 0 0 0.322F-Gl 0. 9 39E-02 6 0 . 0 0
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[Cu]Q = 7.47
pH = 6.7 
y = 8.1

EXPT 12 87 '3 01 
S LOPE 0.915
INTERCFPT 0.L08 

CURRENT
1 0.3 4 BE GO
2 Q.204F 00
3 0 . 2 3 2 r- 00
A 0.214E 0 0
5 0.L90P i)0
6 0.1 74F 00
7 0. 171c 00
8 0. 169F 00

NO. OF POINTS 8
6 F - 01 0 6 V =
TP-01 0 F V = 

CONC UG/ML 
0. 36 OF .01 
0. 2 9 3 r 0 1 
0.242 6 0 1 
0.2 22c 0 1
0 . 19 6 E 0 1 
0.1786 OL 
0. 1 7 5f 01 
0.1736 01

0.86106-03 
0.2042F-02 
D F V •

0. 112F-01 
0. 119E-01 
0. 129E-01 
0. 13 4F - 01 
0. 1436-01 
0. I'3 0F -01 
0.13 IE- 01 
0.153E-01

UM/ML TIME!
0.585E-01. 3.00
0.4746-01 5.00
0. 38 3E-01 8.00
0. 352E-01 10.00 
0-311E-01 15.00 
0.283E-0L 23.00 
0. 278E-01 30.00 
0.274E-01 60.00

F XPT 12878 0 J NO. OF POINTS 8
SLOPE 0 . 0 1 5 6 F -0 I OEV- 0.861 0 E - 0 3
'INTERCFPT 0 . 108 3F-01 DEV = 0.20A2E- C2

CUPRENT CONC UG/ML DEV JM/ML T I ME 1
1 0.AOOF 0 0 O.A 34 F 0 1 0 . 108F-01 0.689E-0L 2.00
2 0. 3 5 OF 0 0 0.3706 GL 0. U2F-01 0. 58 OF-01 3.0 0
3 0. 3OOF 00 0. 3 2 5 F 01 0. 116F-01 0.5 L5F-01 4.00
A 0.2 76 F 00 0.2906 01 0. 120E-0L 0. 460E-01 5.00
5 0. L 95 F 00 0.2G2F 0 1 0. 14 OF-01 0. 3 2 IE-01 10.00
6 0. 16 5F .00 0.16 BE 01 0. 15 5 F — 01 0.26 7E-01 22.00
7 0. 161 F 00 0.1646 01 0. 1576-01 0. 26 OE- 01 30.00
8 o.isyp 00 0. 162E 01 0. 15 BE - 01 0. 25 7F-01 45.00

F XPT 12 87 5 09 N1). OF POINTS 9, SLOPE 0 .915 6F-0I DEV= 0.86LOt-03
INTERCFPT 0 .L08 3F-0L DEV= 0.2 04 2F- 02

; • CURRF NT CONC UG/ML DEV 0 M/ ML TIMEI
. l 0.424E 0 0 0.451F 01 0. 10 7E-01 ! 0. 7166-01 2.00

j 2 0. .808r- GO 0.3 25F 01 0.116F-01 0. 5 L5F-0L 4. 00
3 0. 2 06 F 00 0.2 13F 01 0.13 7F-0L 0.3 3 86-01 6.00

1 0 . 232 F. 00 0.2 42 E 01 0.1296-0 1 0. 3836-01 8.00
j 5 0. 2 11: r 0 0 0.2 18r 0 1 0. 13 51 - 01 0. 34 56-01 10. 00
1 6 0. 1 da F 0 0 0. 1946 0 I 0 . 1A 31 - 01 0. 30 76--01 20.007 0 . 172F oc ■0.1 76F 0 1 0. 15 IF-01 0. 2 796-01 30.00

.8 0. 1 00 0.1 69E 01 0.1506-01 0.2526-01 6 0 . J 0
9 0.155 6 0 0 0.15 0 F  01 0.1606-01 0. 2526-01 90.00
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[Cu]Q = 8.70
pH = 6.7 
y = 0.1

F XPT 125760) NO. OF POINTS . 7
' S LOPE- 0 .'115 6 F-01 1)FV= 0.8610F-03
INTERCFPT 0.1083F-0L UFv = 0.2042F-02

CURRENT . CONC UG/ML DEV UM/ML T I ME (
1 0.4 44E 00 0 .4 73E 01 0.106E— 01 0. 75 IE-01 3.00
2 0. 3 64P 0 0 0.3 36F 01 0. 11 IE — 01. 0.6 1 2 E—01 5 .00
3 0 . 3 04 £ 0 0 0.3 2OP 0 1 0. 11 7E-01 0. 508E-01 ti. 00
4 0.2 06 5 0 0 0.3 OIL 01 0. 119F-01 0.4 77E— 01 10.00
5 0.2 58F 0 0 0. 2 7 O': 01 0. 12 4F - 0 L 0. 42 8E-01 20.00
6 0.2 5 OF 00 0. 2 6 IF 0 1 0. 12 5E-01 0.4.1 3 E-01 30.00
7 0.250F 00 0.26 IF 01 0. 12 5F-01 0. 415F-01 60. 00

E XPT I 2 8 7 5 02 INC. OF PC I NT S 8
SLOPE 0. H 5  6'--01 D E V -- '0. 861 OE -0.3
INTERCEPT 0.108 3t-01 0 PV= 0.2042E-02CUKRF-NT CUUC UG/ML DEV J M/ ML TIME!

1 0 « 6 2 4 F 00 0 . 6 /OE 0 1 0. 101E-01 0.106E 00 1.00
2 0. 4 72 F 0 0 0. 6 04r 01 0.105F-01 0 . 799E-01 2.00
3 0.44RF 0 0 0.4 7 7E 01 0. 106F-01 0. 75 8F-01 3.004 0.3/2 F 00 0 . 3 94f 01 0. 110E-01 0.6 26E-01 5.005 0. 2 7at* 00 0. 2 92F 01 0. 12 OF-01 0. 463E-01 10.00
6 0.253 f: 00 0.2 63F 0 1 0 . 124F-01 0.42 5F - 01 15.007 0.24 4 F, 00 0. 255 F: 01 0.126E-01 0. 4 04 E -01 30.00a 0. 2381" 0 0 0. 2 4at 01 0. 12 8E-0L 0. 394E-01 50.00
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DIMENSION Y! 100) ,T!l 00) ,XCALC!L0J) ,<CALCP<100)
C INPJT D M A /  NO. DATA SETS

RF AD (5,1 9) NN ' .... ....
. C INPUT DATA/ EXPERIMENT NUMBER AND N3. OF POINTS 

DO 10 K=1,NN 
READ (5,1 9) N I, B ,N 

C IN UT DATA/ SLOPE, STD DEV, INTERCEPT, STD DEV 
READ!5,29> Al,Sl,AZ,SZ 
WRITF(6*39) NL8,N,A1 ,Slt AZ,SZ 
WRIT F ! 6, 4 9 )

C INPUT DATA/ CURRENT, TIME (SEC)
READ (5,59) (V(I ) ,T( I),I = l,N)
DO 10 1=1,N

C CORRECT FOR TEMP EFFECT AR 1.7 PER CENT PER DEG C 
TFACT= (50.-25. >*0.01 7*Y( I)
Y CI ) = Y CI ) +-TFAC T

C CALC CON CN
XCALCtI)=(Y ( I ) - A Z ) / A 1
M W = 6 3 . 5 4
I F ( X CALC ( I ) ) 3, 5, 5 

1 XC AL C{ I) =0 
5 XCAL C P (I)=XC ALCI I I/MW 

C CALC DEV
C ASSUME ERROR IN CURRENT .002 MICRO AMP 

S B=0.002 
I f ( y  ( I ) )  a , a , 9

8 Y (I>=9999999.
9 SY=( (Sl/Al )* *2 +( SB/Y ( I ) ) **2) +SZ**2 

OEV= SORT( SY)
WRITE (6, 69) I, Y( I ),XCALC (I ) , DEV, XC A L CP I I I ,T(I )

10 CONTINUE
19 FORM AT(218)
2 9 FORMAT (A FI 0.6 )
39 FORMAT!//,* EXPT *,2X,I8,5X,' NO. OF POINTS ',15/,* SLOPE U  

1AX,E12.A, ' DEV = * , F1 2 . A, /, ' INTERCEPT *,E12.4,' DEV = ',E12.4) 
49 F ORMAT ( 7 X ,' CURRENT *,3X,' CONC JG/ML *,' DEV »,5X,

I* UM/ML * , 5X, • TIME ( MIN ) ' )
59 FORMAT (8 F10.A )
69 FORMAT!I 5 ,AEL2.3 ,F6. 2)

STOP
END
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[Cu] =4.9 ppm 
pH = 6.7 
y = 0.1 
T = 2 °C

EXPT 2187502 NO. CF POINTS 11
SLOPE 0. 103 IE .00 D£V= 0. 2597E- 02
INTERCEPT -0.2573E -02 DEV = 0.415 IE-02

C U R R F NT CONC JG/ML DEV
I 0.154E 00 0.L52E 01 0. 286F-C1
2 0.1 18E 00 0. 1 17E 01 0. 306E-01
3 0.955F-01 0.952E 00 0.330E-01
4 0.798E-01 0. 7 9 9F 00 0. 35 8E- Cl
5 0.664E-0I 0.6 69E 00 0. 395E-01
6 0.499F-01 0. 509E .00 0. 475E- 01
7 0. 329E - 0 t 0.344E 00 0.65 OE-01
8 0 . 2 I 3 F -0 1 0.232E 00 0.9 72E-01
9 0. 158E-01 0.1 79E 0 0 o. 12or GO
10 0. 12 2E-01 0 .L43E 0 0 0. 166E 00
11 0.974E-02 0.1 19E 0 0 0.207E 00

f XPT 2137504 NC. OF POINTS 11
SLUPE 0.103 IE 00 ')L V - 0. 2 59 7F- 02M U K t  uu u c v - u* L  j  J i r - u c

INTERCEPT -0.2573E-02 DEV = 0.4 15 IE-02
’ CURRENT CONC UG/ML DEV

1 0.135F 00 0.181E 01 0.277E- 01
2 0.1 41? 0 0 0. 140C- 0 1 0.292E- 01
3 0. 1 16F 00 0. 1 15E 01 0. 30 BE — 01
4 C. 9 74 E-0 1 0. 9 7 OE 00 0. 32 3E- 01
5 0.828E-01 0 .8 28 E: 00 0.35 IE- 01
6 0.621F-0 1 0.6 2 7E 00 0. 41 IE- Cl
7 0.426E-01 0.4 38F 00' 0.534F- OL
8 0.26? P-0 I 0.2 79F 00 0.805E- 01
9 0.177F-01 0. 196E 00 0. 116F 00
10 0 . 9 74E-02 0.1 19F 0 0 0. 20 7E 00
11 0. 609E-02 0. 8 40E-■01 0. 32 OF 00

UM /ML T I ME (
0. 24 IE -01 1.00
0.186E-01 2.00
0. 151E-01 3.00
0. 127E-01 4.00
0 . 106E-01 5.00
0. 800E-02 7.00
0.546E-02 10.00 
0. 36BE— 0 2 15.00 
0. 283E-02 22.00 
0.227E-02 30.00 
0 . L90E-02 45.00

UM/ML TIME!
0.2 8 8E-01 1.00
0.22 IE-01 2.00
0. 182E-01 3.00
0. 154E-01 4.00
0. 13 IE-01 5.00
0. 996E-Q2 7.00
0.696E-02 10.00 
0.443E-02 15.00 
0. 312E-02 20.00 
0. 190E-02 30.00
0. 133E-02 50.00

Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.



89

[Cu]
cH
v
T

4.9 ppm 
6.7 
0.1 
25 °C

F XPT 2 04 73 01 NO. or POINTS 11
S LOPE 0 . 102 1 £ 00 DEV = 0.2009E-02
INTERCEPT 0. 16 3 fef-02 0 F V - 0.5Q8 8E-02

CURRF NT CONC UG/ML DEV IJ M/ PL T I ME 1
1 0.21 3 E 00 0 . 2 12 F 0 1 0 . 2 2 3 E - 0 I 0.3 36E-01 2.00
2 0.184C 0.0 0.17'vr oi 0. 230F-01 0. 283E-Q1 3. 00
3 0. 1.5 OF 0 0 O.l45F 01 0.24 3E-01 0.23 IE-01 4.00
4 0. 12?;: 00 O.tliiF 0 1 0.26 IF-0 I 0. 1B7E-01 5.00
5 0. 72OF-01 0.6 8 9E 00 0.344F-01 0 . 109E-01 8.00
6 0. 5 72 F-0 I 0.5 44E 0 0 0.404E— 01 0. 863E -02 10.00
7 0.340F-0L 0.3 17E 00 0. 622E-C1 0. 503E -02 15. 00
3 0. 240r - 0 1 0.2 19F 0 0 0. 853E-01 0. 34 7E-02 20.00
9 0. 1 70E-01 0.150E 00 0.11 OF 00 0. 239E-02 30.00
10 o. ioor-oi 0. B L 7E-0 L 0.20 IE 00 0. 1 3 OE -02 60.00
11 o. ooor-o? 0.6-2 IF -01 0.25 IE 00 0. 986E-03 90.0 0

F XPT 2 04 7 5 02 n o . or pc I NT S 11
S LOPE 0 .102 IE 00 0 E V = 0.2009E-02
I NTRCr PT 0.165 BP -02 DEV = 0.5083F-02

CURRENT CONC IJG/OL DEV JM/ML ~ T IMEI
1 0.2 7(4 00 0.269F 0 1 0. 216E-01 0. 4 2 7E-01 1.00
2 0. IB OF 00 0.1 75E 01 Q.232F-01 0.2 7 7E-01 2.00
3 0 . 12 7 F 0 0 0.123F 0 I 0.25 7E-01 0. 195E-01 4.00
4 0.1 QBE 00 0.105F 01 0. 274E-01 0. 16 6E-01 5.00
5 0. 734F-01 0.7 52F CO 0. 326E-01 0. 1 19E-01 7.00
6 0.540F-01 0.5 62F 0 0 0. 39 5 E - 0 I 0. 89 IE-02 10.00
7 0 . 3 6 0 f: -0 1 0.3 3GH 0 0 0. 59 2E-01 0. 534E-02 15.00
8 0. 2 7or - 01 0. 24 8F 0 0 0. 76BF-01 0. 394E-02 20.00
9 0. 160 -0 1 0.140 E 00 0.12 7E 00 0. 2 2 3F-02 30.00
10 0. 1 2OF -0 I O.l OIF 00 0.15 BE 00 0. 161E-02 45.00
11 o.nor-oi 0.915 E-01 9.18 IF 00 0. 145E-02 60.00
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[Cu] - 4.9
pH = 6.7
u = 0.10
T = 35 °C

E XPT 223750+ NO. OF POINTS 8
SLOPE 0.103 IE; 00 0 EV = 0 .2597F- 02
INTERCEPT - 0 . 2 5 H E -02 0 E V = 0.415 IE-02

CURRENT CONC UG/ML DEV J M/ ML TIMET
1 0 • 2 i 8 F 00 0.214E 0 I 0. 27 IE-01 0. 339E-01 1. 00
2 0. I53E 00 0. L 5 IE OL 0. 28 7E-01 0. 24 OE -01 2.00
3 O. 889E-01 0. 8 07? 00 0.340E-Q1 6. 141E-01 4.00
4 0.655 E-0I 0.660F 00 0.39 8E-01 0. 105E-01 6. 00
5 0.409E-01 0.4 22 E 00 0.5516-01 0.6 7QE-02 10.00
6 0.211E-0I 0.2 29 F. 00 0.98 3E-01 0. 3646-02 20.00
7 0. 164F-01 0.184E 00 0. 12 56 00 0. 2 92E-02 30.00
8 0. 164E-QI 0.184E 00 0.125E 00 0.292E-02 60.00

E XPT 2237505 NO. CF POINTS 8
S LOPE 0.103 IE 00 D EV ■= 0.259 7E-02
INTERCEPT - 0.23 736 -0? 3 E V = 0.4 15 IE-02

CURRENT CONC UG/ML DEV JM/ML T IMEI
I 6. L39E 00 0. L 38 E 01 0.29 3E-01 0. 2186-01 2. 00
2 6. 913 E -01 0.91 OF: 0 0 0.336E-01 0.144E-01 4.00
3 0.655F-0I 0.660E 00 Q.39 8E-01 0. 10 5E-Q1 6.00
4 0.456 E-01 0.468E 0 0 0. 5076-01 0. 742E-02 8.00
5 0. 3516-01 0.3656 00 0.624E-01 0.5806-02 10.00
6 0.18 7 E-01 0.2 07E 0 0 0.110F 00 0. 32 8E-02 20.00
7 0. 1.29 E-0 I 0.130E 00 0. 15 7E 00 0. 2 3 8E-02 30. 00
8 0. 936E-02 0.1 16E 00 0.215E 00 0.184E-02 60.00

EX'! 
'St i 
I N  i
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Rate f (particle size) 

for Copper (II)
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[Cu] = 4.98 
Experiment D

pH = 6.7
particles:

y = 0.1
355 to 500 microns

EXPT 3027502 
SLOPE 
INTERCEPT

0.9764E-01 DfcV= 
0.133 3 E-01 HEV=

NO. OF POINTS 8
O.I275E-02 
0.2042E-02

SLOPE
/INTERCEPT

0.9764E-0I 0 E V =
0.1333E-01 DEV-

0.12 75 E— 02 
0.2042E-02

CURRENT CGNC UG/ML DEV UM/ML TIME
1 0.411E 00 0.4 0/E 01 0.141F-01 0.646E-01 1.00
2 0.3 52E 00 0.347E 01 0 . 14 4 F-01 0.551F-01 2.00
3 0.293E 00 0. 2 8 6 E OL 0.149E-01 0.455 E-01 3.00

... 4- - 0.232E 00 0.224E 01 0. 1 58E-01 0.355E-01 5.00
5 0.170E 00 0. 160 F 01 0.177E-01 0.255F-01 7.00
6 0.1 05f: 00 0.939E 00 0.232E-01 0.149E-01 10.00

. . .  7 0. 380F-0 t 0 . 2 5 3 F 00 0.543E-01 0* 401E-02 15.00
8 0.700E-02 -0.648E -01 0.286E 00 -0.103E-02 30.00
.

F 1 SQRT(T) LOGIl- F)
...-.. -.— '

1 0.1782 1.00 1.00 -0.0852
2 0.2982 2 .00 1.00 -0.1538
3 0.4182 3.00 1.00 -0.2352
4 0. 542 3 5.00 1.00 -0.3 394

.... 5 ■ 0.6684 7.00 1.00 -0.4794
6 0.8007 10.00 1.00 -0./004
7V 0.9 369 15.00 1.00 -1.2002

EXPT .3027*303 NO. JF PG INT S 8

CURRENT CONC UG/ML DEV UM/ML TIME
1 0.436F 00 0.433E 01 0. 140E-01 0.687E-01 1.00
2 0.382F 00 0.37 BE 01 0. 142E-01 0.599F-01 2.00
3 0.332E 00 0 . 3 2 6 E 01 0. 145E-01 0.518F-01 3. 00
-4~~ 0.26OF 00 0.253F 01 0. 153E-01 0.401E-01.-- 5.00
5 0.187E 00 0.178F 01 0.170E-01 0.282E-01 7.00
6 0.125E 00 0.114E 01 0.208E-0 1 0. 182E-01 10.00
7 C.66 OF-01 0. 5 39F 00 0. 33 1E-01 0. 856F-02 15.00
8 0.130F-01 -0. .33 8E--02 0.154F 00 -0.536E-04 3 0.00

F T SQRT (T) LU G ( 1- F )
" ... .

’ 1 0..12 89 I . 00 I. 00 -0.0599
2 0.2401 2.00 1.00 -0.1193 *
3 0.34 31 3.00 1 .00 -0.1825
4 0.4914 5 . 00 1.00 -0.2 936
5 0.6417 7. 00 1.00 -0.4457
6 0.7694 10.00 1.00 -0.6 371
7 0.8909 15. 00 1.00 -0.9620
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[Cu] = 4 . 9 8  pH = 6.7 u = 0.1
Experiment C particles: 212 to 355 microns

EXPT 302 750/ NO. OF POINTS 8
-SLOPE 0.9764F-01 DEV = 0.1275F-02
INTERCEPT 0.I333F-01 OEV = 0.2042E-02

CURRENT CONC UG/ML DEV UM/ML TIME
'.. 1 . 0. 35 7F 00 0.352F 01 0. 14.4F-0L 0.559E-01 1.00 -

2 C.278F 00 0. 2 71 E 01 0.150F-01 0.430F-01 2.00
3 G.22.1E 00 0 . 2 1 3 F 01 0.160F— 01 0.338F-01 3.00
4 0.I4OE 00 0.13 6F 01 0.190E-01 0.216F-01 5.00

,...5.. 0.880F-01 0.7O5F 00 0. 2635— 01 0*12 IF-01— ..7.00
6 0.460F-0I d . 3 3 5 E 00 0.454F-01 0.531F-02 10.00
7 0. 160E-01 0. 273E--01 0.126F 00 0.434F-03 15.00
8 0.500F-02 -0. 8 5JF--01 0.400F: 00 -0.135F-02 30.00

>...... ......... - —--------------- -...  ~  -
F T SQKT(T) LOG(l-F )

1 0.2869 1 .00 l. 00 -0.1468
2 0.4 46 9 2.00 L. 00 -0.2572
3 0.5624 3 .00 L . 00 -0.3589
4 0.7L43 5.00 1 . 00 -0.5442

----------5 0.83L8 /. 00 1.. 00 -0.7743 .........
6 0.9169 10.00 1 . 00 -1.0006
7 0.97 7 7 15.00 1 . 00 -1.6520

EXPT 3035500 NO. OF PUINTS 8
SLOPE 0.103/E 00 DEV = 0.2554F-02
INTERCEPT 0.4394E— 02 DFV= 0.3678F-02

CURRENT CONC UG/ML DEV UM/ML TIME
1 0.38BE 0 0 0.3 70E 0 1 0.254E-01 0 . 587F-01 1.00
2 0. 300E 00 0.285 E 01 0.258F-01 0.452F-01 2.00
3 0.260E 00 0.246 E 01 0. 26LE-01 0.39LE-01 3.00
4 0.178F 00 0.167F 01 0.273F-01 0.266F-0I - 5.00
5 0.118F 00 0.11 OF 01 0.301F-01 0.174E-01 7.00
6 0. /80F-01 0.71 OF 00 0.357F-01 0.1 13F-01 10.00
7 0.420F-01 0.363F 00 0.5 37 E— 0 I 0.576F— 02 15.00a 0. 300F.~02 - 0 . 134r-01 0.667E 00 -0.213F-03 30.00

* F T SORT{T ) LUGtl- F )
l 0.2 95 0 1.00 I. 00 -0.1278
2 0.4 2 53 2.00 1. 00 -0.2406
3 0. 5 02 7 3.00 I. 00 -0.3034
4 0.6614 5.00 1. 00 -0.4/03
5 0. 7775 7.00 1. 00 -0.6526
6 0.8549 10.00 1. 00 -0.8382
7 0.9 245 15.00 1. 00 -1.1222
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[Cu] = 4.98 PH = 6.7 y = 0.1
Experiment B particles 150 to 212 microns

EXPT 315 7301 NO. OF POINTS 8
SLOPE 0 . 1 067F 00 nt:v= 0.1466F-02 .............................- .. -------
INTERCEPT 0.1035E-01 DEV = 0.21 23E-02

CURRENT CQNC UG/ML DEV UM/ML TIME
1 0. 370E 00 0. 33 7E 01 0.I49F-01 0. 535E-01 1.00
2 0.252E 00 0.226F 01 0 * 160F-01 0.359F-01 2.00
3 0.213F 00 0. 19 2 E 01 0.167F-0 1 0.304F-01 3.00

...4 0.128E 00 O.ilOE 01 0. 209F-01 0.175E— 01 5.00
5 0.800E-01 0.o5 3F 00 0.2 86E-01 0. 1.04F-01 7.00

v 6 0.400F-01 0.2 78E oO 0.319F-01 0.44 IF— 02 10.00
V  -.7.. 0.24QF-01 0.128F 00 0.845F-01 0.2 03F-02 15.00

8 0.100E 08 - 0. 9 7 0 E~ 0 1 O'. 139F-01 -0. 154F-02 30.00

f .. F T SORT(T) LOGtl- F 1-.......— .-.______
1 0.3136 1.00 1. 00 -0.1647
2 0.5330 2.00 1. 00 -0.3315
3 0.6023 3.00 1. 00 -0.400 5

I 4 0.7o32 5.00 1. 00 -0.6257
j— .. 5"" 0.8520 7.00 1. 00 -0.8298 .. ;.......—.-

6 0.9260 10.00 I. 00 -1.1309
7 0.9556 15.00 1. 00 -1.3527

EXPT 3157503 N U .  OF POINTS 8
SLOPE 0.1O67F 00 Oh V = 0.1466E-02 .... ; .■... . ■- — ....-
INTERCEPT 0.1035F-01 DEV= 0.2123E-02

CURRFNT CUNC UG/ML DEV UM/ML TIME
1 0.3 72F 00 0.339F 01 0.149E-01 0.538F-01 1.00
2 O ^ O O ^  00 0.2 62E 01 0 . 155E-0L 0.416 F —01 2.00
3 G.212F 00 0.189F 01 0.168F-01 0.300F-01 3.00

..  4 0.134F 00 0.1 16 F 01 0.2 04F- 0 1 0. 184E-01 5.00
5 0.300E-01 0.653F 00 0.286E-01 0.104E-01 7.00
6 0.590c-01 0.456F 00 0.366F-0 1 0.724E-02 10.00
7 0. 120F-0I 0.153E-01 0.1.67F 00 0.245F-03 15.00
8 0.200F-02 -0.703F-01 0.1OOE 01 -0.124F-02 30.00

S Q R f ( T )  L U G ( L - F )
1 0.3 131 I .00 1 . 00 -0. 1631
c 0.4653 . 2.00 1.00 -0.2719
3 0.6101 3.00 1.00 -0.4091

0.7549 5 .00 1 .00 -0.6107
3 0.8552 7.00 1. 00 -0. 8392
6 0.-89 42 10.00 1.00 -0.9754
7 0.9314 15.00 1. 00 -1.7313
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EXPT 303 7303 NO. IT POINTS 0
SLOPE 0.a 78 7F-01 DEV= 0.1807E-02
INTERCEPT 0.1222E-01 DEV= 0.3157F-02

CURRENT CONC UG/ML DEV UM/ML TIME
1 0.298E 00 0.3 2 5F 01 0.219E-01 0.516E-01 1.00
2 C. 223 F 00 0.240E 01 0.227F-01 0.38 IE-01 2.00
3 0.176E 00 o.las^ 01 0. 237E-01 0.296E-01 3.00
4 0.104E 00 0.104E 01 0. 283E-01 0.166E-01 5.00
5 0. 590E-0 1 0.532F 00 0.3 98F-01 0.845F-02 7.00
6 0.310E-01 0. 214E 00 0.678F— 01 0.339F-02 10.00
7 0.100E-01 - 0. 2 5 3 F --01 0.201E 00 -0.401F-03 15.00
8 0.2 00':-02 -0.116F 00 0.100F 01 -0.185E-02 30.00

F T SORT(T ) LOGtl- F)
... ....

1 0.3377 1.00 1. 00 -0.1790
2 0.3035 2 .00 1.00 -0.3059
3 0.6107 3.0 0 1.00 -0.4097
4 0. 7 7 L 0 3.00 1.00 -0.6416
3 0. 8 725 7 .00 1 .00 -0.8944
6 0.9351 10. 00 1.00 -1.1878
7 0.9 021 13.00 1. 00 -1.7471
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[Cu] =4.98 pH =6 . 7  y = 0.1
Experiment A particles: <150 microns

EXPT 302 7504 NO. OF POINTS 8
ASLOPE  0.9764E-01 DEV = 0.1275F-02
INTERCEPT 0. 13 3 3 E-0 i DEV= 0.2042E-02

CURRENT CUNC UG/ML DEV . UM/ML TIME
1 0.203E 00 0.194E OL 0. 165F-01 0.308E— 01 1.00
2 0.14CF 00 0. 13 UF 01 0.195F-01 0.206E-01 2.00
3 0.100E 00 0. 3 a 8 F 00 0.240E-01 0.14lF-01 3.00

.-.A 0.450E-01 0.324E 00 0.464F-01 0.515F— 02 5.00
3 0.210F-Q1 0.786E- 01 0.962F-01 0.I25E-02 7.00
6 0.800c-02 -0.546E- 01 0.250E 00 -0.866F-03 10.00

..7 0.2005-02 -0.116F 00 0.100F 01 -0.184F-02 15.00
8 0 .L00E 08 -0. 13 7E 0 0 0.L32E-01 ■-0.217E-02 30.00

F T SQRTIT) LUG ( 1
1 0.5 92 9 1 .00 1.00 -0.3903
2 0.7192 2.00 1.00 -0.5516
3 0.7994 3. 00 1.00 -0.6 97 8
4 0.9 09 7 3.00 1.00 -1.0445
5 0.9579 7.0 0 ■ 1. 00 -1.3 75 5
6 0.9 840 10.00 1. 00 -1. 7947
7 0.9 96 0 15.00 1.00 -2.396 7

EXPT 3027300 NO. OF POINTS 6
SLOPE 0.9 764E-01 DEV= 0.12 75E-02
INTERCEPT 0.1333E-01 DEV= 0.2042E-02

CURRENT CONG UG/ML DEV UM/ML TIME
1 0.2 3 4 E  00 0. 22 t ) F 01 0. 157E-01 0.359F-01 1.00
2 0. 162F 00 0 .  1 3 2 F 01 0. 181F-01 0.242E-01 2.00
3 0.108E 00 0.9 7 OF 00 0.228F-01 0. 154E-.01 3.00
4 0. 5OOF-01 0.3 76E 00 0. 421F— 01 0.596F-02 5.00
5 0. 180F-01 0.47 3 F-01 0.112 E 00 0.759F-03 7.00
6 0 .  12 0r: — 0 1 -0. 136F--01 0.167F 00 -0.216F-03 10.00
7 0.300 E-02 -0. 1061 0 0 0.66 7F 00 -0. 168E-02 15.00
8 0.10UE 08 - ) .  13 7f 00 . 0.132F-01 -0.217F-02 30.00

F T SORT IT) LOG I 1- F)
..........

1 0.5 30  7 I .00 1 . 00 -0.3285
2 0. 6 751 2 . 0 0 1 . 00 — 0.4 882
3 ' 0.78 34 3 . JO 1 . 00 -0.6 64 3

. 4 0.89 9 7 5 . 0 0 1 . 0 0  -0.9988
' 5 0 . 9 0 3 9 7.00 1 . 00 -1.442 5
6 0.9759 10.00 1 . 00 -1.6186 *
7 0.9 940 15.00 1 . 00 -2.2206

Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.



APPENDIX V

Rate f (particle size) 

for Nickel (II)

Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.



9 8

[Nil = 4.98 pH = 6.70 y - 0.1
Experiment A particles: <150 microns

EXPT 4187504 NO. OF POINTS
SLOPE 0.8425E-01 DEV=
INTERCEPT —0.18 72 E—01 DEV=

7
O.L729E-02 
0.2931E-02

CURRENT CONC UG/ML DEV UM/ML TIME
1 0.293E 00 0.370E 01 0.218E-01 0.638E—01 1.00
2 0.168E 00 0.222E 01 0.239E-01 0.382 E—01 2.00
3 0.130E 00 0.177E 01 0.258E-01 0.304E-01 3.00
4 0.760E-01 0.112E 01 0.335E-01 0.194E-01 5.00
5 0. 160E-01 0.412E 00 0.127E 00 0.71IE-02 15.00
6 0. 600E-02 0.293E 00 0.334E 00 0.506E—02 25.00
7 0.200E-Q2 0.246E 00 0.100E 01 0.424E-02 30.00

F T SQRT(T) LOG(i- F)
I 0.2688 1.00 1.00 -0.1360
2 0.5829 2.00 1.00 -0.3798
3 0.6784 3.00 1.00 -0.4927
4 0.8141 5.00 1.00 -0.7307
5 0.9648 15.00 I.00 -1.4538
6 0.9899 25.00 1.00 -1.9978

EXPT 4187505 NO. 1DF POINTS 7
SLOPE 0.8425E-0I DEV= 0.1729E-02
INTERCEPT -0.1872E-01 DEV= 0.2931E-02

CURRENT CONC UG/ML DEV UM/ML TIME
1 0.228E 00 0.293E 01 0.225E-01 0.505E-01 1.00
2 0.166E 00 0.219E 01 0.240E—01 0.378E-01 2.00
3 0.128E 00 0.174E 01 0.260E-01 0.300E—01 3.00
4 0.7 OOE-QI 0.105E 01 0.353E-01 0.182E-01 5.00
5 0.280E-01 0.555E 00 0.744E—01 0.956E-02 10.00
6 0.160E-01 0.412E 00 0. 127E 00 0.711E—02 15.00
7 0.200E-02 0.246E 00 0.100E 01 0.424E-02 30.00

F T SQRT(T) LOG(1-F)
1 0.4322 1.00 1.00 -0.245 8
2 0.5879 2.00 1.00 -0.3850
3 0.6834 3.00 1.00 -0.4995
4 0.8291 5.00 1.00 -0.7674
5 0.9347 10.00 1.00 -1.1849
6 0.9648 15.00 1.00 -1.4538
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[Ni] = 4.9 8 pH = 6.70 y = 0.1
Experiment B particles: 150 to 212 microns

; EXPT 4187506 NO. OF POINTS 8
I SLOPE 0.842 5E-01 DEV= 0.1729E-02
j  INTERCEPT -0.1872E-01 DEV= 0.2931E-02

CURRENT CONC UG/ML DEV UM/ML TIME
1 0.190E 00 0.248E 01 0.232E- 01 0.427E-01 2.00
2 0.147E 00 0.L97E 01 0.248E- 01 0.339E-01 3.00
3 0.980E-01 0.L39E 01 0.291E- 01 0.239E-01 5.00
4 0.68QE-01 0.103E 01 0.360E- 01 0.177E-01 7.00
5 0.420E-QI 0.721E 00 0.519 E~01 0 . 124E-01 10.00
6 0.210E-01 0.471E 00 0.975E- 01 0.813E-02 15.00
7 0.8QQE-02 0.3L7E 00 0.251E 00 0.547E-02 30.00
8 0.40QE—02 0.270E 00 0.500E 00 0.465E-02 60.00

F T SQRT(T) LOG(i-F)
1 0.5303 2.00 1.41 -0.3282
2 0.6389 3.00 1.41 -0.4424
3 0.7626 5.00 1.41 -0.6246
4 0.8384 7.00 1.41 -0. 7915
5 0.9040 10.00 1.41 -1.0179
6 0.9571 15.00 1.41 -1.3672
7 0.9899 30.00 1.41 -1.9956

EXPT 4187507 NO. OF POINTS 7
! SLOPE 0.8425E-01 0EV= 0.1729E-02

INTERCEPT -0.1872E-0I DEV= 0.2931E-02
CURRENT CONC UG/ML DEV UM/ML TIME

1 0.270E 00 0.343E 01 0.220E-01 0.591E-01 1.00
2 0.138E 00 0.186E 01 0. 253E-01 0.321E— 01 3.00
3 0.940E-01 0.134E 01 0.297E-01 0.23 IE—01 5.00
4 0. 670E-01 0.102E 01 0. 363F-01 0.175E-01 7.00
5 0.420E-01 0.721E 00 0.519E-01 0.124E-01 10.00
6 0.210E-01- 0.47IE 00 0.975E—01 0.813E-02 - 15.00
7 0.100E—01 0.341E 00 0.201E 00 0.588E-02 30.00

F T SQRT(T) LOG(l-F)
1 0.3333 1.00 1.00 -0.1761
2 0.6718 3.00 1.00 -0.4839
3 0.7846 5.00 1.00 -0.6668
4 0.8538 7.00 1.00 -0.8352
5 0.9179 10.00 1.00 -1.0859
6 0.9718 15.00 1.00 -1.5497
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[Ni] = 4.98 pH = 6.70 u = 0.1
Experiment C particles: 212 to 355 microns

EXPT 4187501 NO. OF POINTS 9
SLOPE 0.8425E-01 DEV= 0.1729E-02
INTERCEPT -0.1872E-01 OEV= 0.2931E-02

CURRENT CONC UG/ML DEV UM/ML TIME
1 0.342E 00 0.428E 01 0.215E- 01 0.738E-01 1.00
2 0.290E 00 0.366E 01 0.218E- 01 0.632E-01 2.00
3 0.244E 00 Q.312E 01 0.223E- 01 0. 538E-01 3.00
4 0.214E 00 0.276F 01 0.227E- 01 0 . 476E-01 3.00
5 0.192E 00 0.250E 01 0.232E- 01 0.431E-01 5.00
6 0.800E- 01 0.117E 01 0.325E- 01 0.202E—01 10.00
7 0.450E- 01 0.756E 00 0.490 E-01 0.130E-01 15.00
8 0.120E- 01 0.365E 00 0.168E 00 0.629E-02 30.00
9 0.400E- 02 0.270E 00 0.500E 00 0.465E-02 45.00

F T SQRT1T ) LOG(l-F)
1 0.1465 1.00 1.00 -0.0688
2 0.2778 2.00 1.00 -0.1413
3 0.3939 3.00 1.00 -0.2175
4 0.4697 3.00 1.00 -0.2755
5 0.5253 5.00 1.00 -0.3235
6 0.8081 10.00 I.00 -0.7169
7 0.8965 15.00 1. 00 -0.9849
8 0.9798 30.00 1.00 -1.6946

EXPT 4187502 NO. OF POINTS 8
SLOPE 0. 8425E—01 DEV= 0.1729E-02
INTERCEPT -0. 18 72 E-01 DEV= 0.2931E-02

CURRENT CONC UG/ML DEV UM/ML TIME
1 0.322E 00 0.404E 01 0.216E-01 0.697E-01 1.00
2 0.270E 00 0.343E 01 0. 220E-01 0.59IE-01 2.00
3 0.184E 00 0.241E 01 0.234E-01 0.415E— 01 4.00
4 0.161E 00 0.213F 01 0. 242E-01 0.368E-01 5.00
5 0.120E 00 0.165E 01 0.266E-01 0.2 84E-01 7.00
6 0.800E- 01 0.117F 01 0.325E—01 0.2 02E— 01 10.00
7 0.460E- 01 0.768E 00 0.482E-01 0. 132 E—01 15.00
8 0.900E- 02 0.329E 00 0.223E 00 0.567E-02 30.00

F T SQRKT 1 LOG(1
1 0.1995 1.00 1.00 -0.0966
2 0.3325 2.00 1.00 -0. 1755
3 0.5524 4.00 1.00 -0.3491
4 0.6113 5.00 1.00 -0.4103
5 0.7161 7.00 1.00 -0.5469
6 0.8184 10.00 1.00 -0.7409
7 0.9054 15.00 1.00 -1.0240
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[Ni] = 4.9 8 pH = 6.70 y = 0.1
Experiment D particles: 355 to 500 microns

I EXPT 4197502 NO. OF POINTS 9
i SLOPE 0.8425E—Ol OEV= 0.1729E-02
j INTERCEPT -O.1872E-01 DEV= 0.2931E-02

CURRENT CONC UG/ML OEV UM/ML TIME
1 0.338E 00 0.423E 01 0.216E-01 0.730E-01 1.00
2 0.290E 00 0.366E 01 0.218E-01 0.632F-01 2.00
3 0.258E 00 0.328E 01 Q.221E-01 0.566E-01 3.00
4 0.190E 00 0.248E 01 0.232E-01 0.427E-01 5.00
5 0.680E-01 0.103E 01 0.360E-01 0.177E-01 10.00
6 0.400E-01 0.697E 00 0.541E-01 0. 120E-01 15.00
7 0.210E-01 0.471E 00 0.975E-01 0.813 E —02 20.00
8 0.800E-02 0.317E 00 0.251E 00 0.547E-02 30.00
9 0.600E-02 0.293E 00 0.334E 00 0.506E-02 30.00

F T SQRT(T) LOG(l-F)
1 0.1574 I.00 1.00 -0.0744
2 0.2792 2.00 1.00 -0.1422
3 0.3604 3.00 1.00 -0.1941

V * 0.5330 5.00 1.00 -0.3307
I ■ 5 0.8426 10.00 1.00 -0.8031
!1 6 0.9137 15. 00 1. 00 -1.0640
! 7 0.9619 20.00 1.00 -1.4194
‘ 8 0.9949 30.00 1.00 -2.2945

i .  EXPT 4197503 NO. OF POINTS 8
i SLOPE 0.8425E-01 DEV= Q.1729E-02
! INTERCEPT -0. 18 72E-01 OEV= 0.2931E-02

CURRENT CONC UG/ML DEV UM/ML TIME
I 0.286E 00 0.362E 01 0.219E- 01 0.624E-01 2.00
2 0.256E 00 0.326E 01 0.222E- 01 0.562E-01 3.00
3 0.196E 00 0.255E 01 0.231E- 01 0.439E-01 5.00
4 0.154E 00 0.205E 01 0.245E- 01 0.353E-01 7.00
5 0. H OE 00 0.153E 01 0.2 76E- 01 0.263E-01 10.00
6 0.630E- 01 0.970E 00 0.379E- 01 0.167 E-01 15.00
7 0.220E- 01 0.483E 00 Q.932E- 01 0.833E-02 20.00
8 0.900E- 02 0.32 9E 00 0.223E 00 0.567E-02 30.00

F T SQRT(T) LOG(1-F)
1 0.2916 2.00 1.41 -0.1497
2 0.3683 3.00 1.41 -0.1995
3 0.5217 5.00 1.41 -0.3203
4 0.6292 7.00 1.41 -0.4308
5 0.7417 10.00 1.41 -0.5879
6 0.8619 15.00 1.41 -0.8598
7 0.9668 20.00 1.41 -1.4782
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